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Introduction

The beginning of the 21st century is marked by a tremendous change in communication
technology. With the development of data communication technologies, a new area has be-
gun — connecting the mass communication systems radio, television, and telecommuni-
cation with computer technology. Thus, information becomes available — for everyone,
always, and everywhere. The medium that provides this new flexibility is the internet;
the backbone of the internet is data communication. Given the vast amount of infor-
mation that is transfered, the transmission has to be as fast as possible. Consequently,
optical data transmission provides the foundation of this new form of communication,
so that the new century is sometimes referred to as the century of the photon [1].

But the transmission of data is only one aspect — it is of equal importance to store
the data. Again, light provides the solution. Optical data storage systems allow to store
information with a high density and fast access. Both applications have in common that
they pose special requirements to the light source. Its light has to be as monochromatic
as possible and of defined color, of high intensity, and easy to focus — even over long
distances. In addition, the source should be small, efficient, robust, and cheap. A light
source that satisfies all these conditions is the semiconductor laser diode: lasers provide
light amplification by stimulated emission of radiation, which results in monochromatic,
coherent light of high intensity; semiconductor technology allows mass-production of
small devices with high reliability. Thus, the semiconductor laser diode is the ultimative
light source of the communication age.

The use of semiconductor lasers is not limited to communication systems. Other ap-
plications include systems for environmental detection, health science, biotechnology,
medicine, and even production [1]. The most attractive and fascinating application,
however, is reserved for the special set of laser diodes — devices that produce the three
primary colors red, green, and blue: display technology. Using lasers, new, sharp, and
brilliant displays with a color spectrum, never seen before, can be fabricated — in a size
smaller than a box of cigars.

The first electrically pumped semiconductor laser diodes were realized in 1962. In
the last 40 years, these devices transformed from pure academic curiosities to commer-
cial products that can be found in almost every household nowadays. Commercially
available laser diodes cover an emission spectrum from the red to the infrared. Recently,
blue-violet emitting laser diodes based on galliumnitride (GalN) were commercialized.
The emission wavelength of these devices is specially optimized for optical data stor-
age systems, where data density is mainly determined by the emission wavelength — the
shorter the emission wavelength, the higher the density. Thus, the emission of these de-
vices is not true-blue (around 480 nm), as required for display application. Such lasers
are expected for the near future — at present, the longest emission wavelength obtained
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from a GaN-based laser diode is 465 nm [2]. That leaves a green-emitting semiconductor
laser diode as remaining task.

Until today, there exists only one semiconductor material system that enables the re-
alization of electrically pumped lasers in the green part of the visible spectrum: the II-VI
material system based on zincselenide (ZnSe). Initially, the research activities on these
devices were motivated by the demand to develop a short-wavelength semiconductor
laser source for optical data storage systems. In the recent years, the research intensity
cooled down considerably due to the overwhelming success of the GaN-based emitters.
Nowadays the motivation to continue the research on ZnSe-based laser diode devices
is directly connected to their unique possibility to emit green laser light. Naturally, the
display technology dominates this motivation — yet, there is a broad spectrum of appli-
cations beyond this. Especially the fact, that the human eye has its highest sensitivity
in the green spectral region, gives rise to numerous applications, mainly connected to
optical feedback devices, such as laser pointers or guiding-lasers for medical surgery
systems.

The research on ZnSe-based laser devices was stimulated by the development of a
reliable p-type doping technique in 1990 [3, 4]. In the following years, these devices
have been brought from short-lived pulsed-operation at low-temperatures (77 K) to
continuous wave (cw)-operation at room-temperature, with a record-lifetime of 389 h
at present [5]. This limited lifetime is the primary reason that ZnSe-based lasers have
not been commercialized, yet, and are still in the research-stage. Obviously, the most in-
teresting and pressing problem here is to develop an understanding for the underlying
degradation mechanism that causes the insufficient stability, which is closely connected
to the active region of the laser diode — the Cd-containing quantum well. Consequently,
a significant part of this thesis is concerned with the limitations of quaternary CdZnSSe
quantum wells in terms of degradation. However, the investigations will not be restricted
to the characterization of the process —novel approaches to slow it down or to minimize
its effect will also be presented — revealing the unique possibilities of this special material.

The work of this thesis was performed in the Halbleiterepitaxie group of the Institut
fiir Festkorperphysik of the Universitit Bremen, which took part in the research on ZnSe-
based devices as soon as the epitaxy system was installed in the beginning of 1996. In
the course of several Ph.D. and Diploma thesises, some of the most basics problems
involved in the growth and fabrication of ZnSe-based laser diodes were investigated,
such that at the beginning of the experimental work of this thesis, the principle devices
design and fabrication process could be considered as established. Accordingly, the
foundation of the experimental work of this thesis, which is presented in Chapter 1, does
not only contain a brief introduction into the physics of semiconductor laser diodes,
but also describes the present state of the art of ZnSe-based laser diodes, including a
summary of the results of the preceeding thesises mentioned afore.

A laser diode is one of the most complex semiconductor devices that can be fabri-
cated. In order to achieve electrically pumped laser oscillation, a stacking of several
thin, individual layers of different electronic and optical properties is necessary. Such
a stacking is commonly fabricated using epitaxial' methods, e.g. molecular beam epitaxy
(MBE), which allow a precise control of the composition as well as of the layer thickness
on an atomic scale. Due to the complexity of the structure, a variety of different exper-

Lepitaxy, the term is formed from the greek words epi (above) and tdxis (stacking)

vi
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imental techniques is necessary in order to characterize it completely. These methods —
that are in part performed by other members of the group — will be introduced in Chapter
2, during the course of a standard characterization of an exemplary laser structure. This
standard procedure was developed to compare results from different laser structures.
Thus, it is possible to utilize the laser structure as a tool for the investigation of specific
aspects and problems.

In Chapter 3 the new tool laser diode will be used to characterize the degradation
process of the Cd-containing active region formed by the quantum well in detail. The
main focus of the characterization is to identify the driving forces of this process, espe-
cially from a device-relevant point of view. Being not only concerned with the limitations
of CdZnSSe quantum wells, also new approaches to improve the stability will be inves-
tigated — thus exploring some chances of these active regions.

Approaches to improve the device characteristics are not limited to the epitaxial
growth process alone. The ex-situ device fabrication process is of equal importance. In
Chapter 4, some more advanced processing technologies will be developed and tested.
For this processing, the leitmotiv is to optimize the heat management of the device,
so that the driving-force-effect of the heat is minimized. This work was performed in
co-operation with external partners.

The last part of the thesis is focused on the unique possibilities of CdZnSSe quan-
tum wells and the chances connected to them. Motivated by the demand of a new
light source for plastic optical fibers — a transmission medium for short- and medium-
ranged communication networks — devices with an emission wavelength in the 560 nm
region are developed in Chapter 5. In order to achieve such long emission wavelengths
from conventional ZnSe-based quantum well laser diodes, a high Cd content is neces-
sary, which will result in a highly lattice-mismatched quantum well, when grown on
the standard galliumarsenide (GaAs) substrate. It will not only be investigated which
growth conditions are required for high Cd contents, but also how the high lattice mis-
match affects the device performance.

An extreme composition limit of CdZnSSe is the binary compound CdSe. In Chapter
6 the chances of such binary CdSe layers as active region of a laser diode will be inves-
tigated. Again, a special motivation is responsible for this research work. Due to the
large lattice mismatch of CdSe and ZnSe, the self-assembled growth of CdSe quantum
dots is possible. This phenomenom was extensively studied in a parallel Ph.D. thesis [6].
During the experimental work of that thesis, a technique that allows the fabrication of
a CdSe quantum dot stack without the massive generation of defects was developed.
Thus, it is possible to study — for the first time — the effects of three-dimensional con-
finement on the characteristics of ZnSe-based laser diodes.

The results of this work will be summarized in Chapter 7. Also an outlook will be
given, which does not only concern the potential of ZnSe-based devices, but also gives
some hints, which kind of experimental work should be performed next, in order to
understand the degradation mechanism in these devices better on the one hand, and
improve the stability on the other hand.

Some of the laser structures, grown in the framework of this thesis, were also made
available to external research groups. In these co-operations, more advanced device
concepts and novel processing technologies were applied to the ZnSe-laser diodes. The
results obtained from these works illustrate nicely the potential of these devices, there-
fore, they are reported in Appendix A.

vii
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Chapter 1

Background and prerequisites

1.1 Physics of semiconductor lasers

The interaction of electromagnetic radiation and matter is one of the most fascinating
and most complex fields of modern physics. Only a small part of this field is concerned
with the amplification of light in semiconductors, yet it covers a wide range of experi-
mental techniques and theoretical methods. It is outside the scope of this thesis to give
a complete overview and introduction into the physics of semiconductor laser diodes.
Only the most basic concepts — as they are necessary to understand the presented work
— are introduced. For a thorough theoretical description of lasing in semiconductors, it
is advised to refer to the work of Chow et al. in Ref. [7]. A general description of the
basics of semiconductor laser diodes can be found in Ref. [8], while Ref. [9] is more fo-
cused on the operational characteristics of such laser diodes, in particular devices based
on AlAs/GaAs. Reference [10] also covers the basics, but new developments such as
vertical cavity surface emitting lasers (VCSEL) and more advanced processing techniques
are presented as well, while the focus is in particular on InGaAsP-based lasers.

The technological relevance of lasers in general is based on their unique character-
istics, especially their ability to deliver an intense beam of monochromatic radiation with
a high coherence length and low divergence. Depending on the application different types
of lasers can be used. Gas lasers are used where high optical intensities on the order of
several kW are required, e.g. for welding'. Solid state lasers deliver moderate intensities
(on the order of W) with excellent beam profiles and very short pulses (in the fs regime).
Semiconductor diode lasers are cheap and small laser sources, ideal for applications in
consumer products such as CD players or computer peripherals.

1.1.1 Electromagnetic wave inside a crystal

The three types of interaction of electromagnetic radiation with matter that are com-
mon to all types of lasers are: absorption, spontaneous emission and stimulated emission.
These interactions are transitions of the charge carriers in the matter between different
energy levels, which are induced by the electromagnetic field, i.e., the photons. In a
semiconductor crystal, these energy levels are determined by the band structure and

'a typical application of COs lasers; at the Bremer Institut fiir Angewandte Strahlforschung (BIAS) up to
10 kW can be obtained from such a system, for instance [11]
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Figure 1.1: Interaction of light with a semiconductor [10].

the properties of the semiconductor material. Figure 1.1 schematically illustrates these
processes. The semiconductor is characterized by its band gap energy F;, = Ec — Ey,
which corresponds to the energy difference between the conduction band E¢ and the
valence band Ey. If a photon with the energy E, = hv = % is absorbed by the semicon-
ductor, its energy is transferred to the crystal and an electron is excited from the valence
band into the conduction band, while leaving a hole in the valence band, as depicted
in Fig. 1.1(a). However, this excited state is unstable and the electron will eventually
recombine with the hole thus returning into the ground state. During the transition, the
energy of E, is released by emitting a photon with the same energy. This spontaneous
emission, shown in Fig. 1.1(b), proceeds on a time scale of 107 to 107% s, depending on
the semiconductor material and band structure, in particular on the type of band gap:
direct (fast) or indirect (slow). The spontaneous emission is a random process and no
preferred direction of emission exists for the emitted photon.

A different situation is depicted in Fig. 1.1(c). Again, an electron was excited to the
conduction band by external pumping (e.g., by optical excitation or current injection). If
a photon of the energy F, impinges on the excited electron, it can stimulate the recom-
bination of the excited electron with the hole in the valence band, which results in the
emission of a second photon. The characteristic feature of the stimulated emission is that
the emitted photon is in phase with the impinging photon, i.e., they have the same en-
ergy and propagate in exactly the same direction. Thus, the photon has been amplified
and coherent light is created. Stimulated emission occurs on a much faster time-scale.

Guain is achieved, as soon as more photons of the energy F, leave the system than
enter it. In this situation the rate of stimulated emission compensate the losses due to
absorption and non-radiative recombination. This condition is achieved, when the sys-
tem is in inversion, i.e., more carriers are in the excited state than in the ground state.
The point at which inversion is reached is called the laser threshold. Below the threshold,
spontaneous emission dominates. Directly at threshold the semiconductor is optically
transparent, i.e., gain equals loss. Above the threshold stimulated emission dominates,
which amplifies the light passing through. Normally, the electron population in the
valence band by far exceeds that in the conduction band, such that the absorption dom-
inates over the stimulated emission. The condition for the threshold is obtained from
the occupation propabilities of electrons of the energy E. in the conduction band f.(E.)
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and holes of energy E, in the valence band f,(E,). These probabilities are determined
by the Fermi-Dirac statistics, with the quasi-Fermi levels Ef. and Ej, in the conduction
band and the valence band, resp. [10],

1 1
fe(Ee) = 55— and folBy) = 55— (1.1)
e kBT + 1 e kT + 1

If photons of energy £ = hv = E. + E, + E, impinge on the semiconductor of band
gap E,, they can be absorbed, creating electrons of energy E. and holes of energy E,, at
arate R,,

R, = B[l — f EI[L — f.(E)p(E). (12)

Here, B is the transition propability and p(F) the density of photons of energy E. The

factor [1 — f.(E.)] give the propability that the electron state with energy E. is not occu-

pied, whereas [1 — f,(E,)] gives the propability of an free hole state of energy E,.
Stimulated emission can also occur, at a rate of

R. = Bf(E.) fo(Ey)p(E), (1.3)

which represents the fact, that stimulated emission requires an excited electron. Stimu-
lated emission dominates over absorption as soon as

R. > R,. (1.4)
From Egs. 1.2 and 1.3 follows, that
fe(Ee) + fo(Ey) > 1, (1.5)
which can be rewritten by using Eq. 1.1, leading to
Et. + By > E. + E,. (1.6)
Adding the band gap energy to both sides results in
Ey+ B+ By > E.+ E, + E, = hv > E,. (1.7)

Equation 1.7 represents the condition for optical gain. In the case of electrical pumping,
it implies that the externally applied electric field must result in a separation of the
quasi-Fermi energies, that exceeds the photon energy of the stimulated emission and
the band gap energy of the semiconductor [10]. The specific absorption and emission
rates can be calculated using time-dependent pertubation theory and summing over the
available electron and hole states, which depends on the specific band structure of the
semiconductor, as well as on the presence of additional confinement effects, as, e.g., in
quantum wells or quantum dots.

Lasing, however, is only obtained, if a second requirement is fulfilled: optical feed-
back. The feedback provides the selectivity for the stimulated emission in terms of direc-
tion and wavelength and thus enables the laser oscillation. Optical feedback is usually
provided by placing the gain medium between two parallel semi-transparent mirrors,
which form a so-called Fabry-Pérot resonator.



Chapter 1: Background and prerequisites
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Figure 1.2: A hot cavity: Fabry-Pérot resonator of length L, enclosing an amplifying
medium. Only the portion of the light transmitted at the output mirror is considered
in the calculation of the lasing condition. E; represents a plane wave, incident onto the
input mirror [8].

1.1.2 Fabry-Pérot cavity filled with a gain medium: condition for
lasing

A quantitative description of the laser process and in particular of the laser threshold can
be obtained from calculation of the optical field inside the Fabry-Pérot cavity [8]: Fig-
ure 1.2 shows such a resonator of length L with a gain medium between two partially
reflecting mirrors, which have the transmission coefficients ¢; and ¢, and the reflectiv-
ities r and ry, resp. Using a plane-wave ansatz, it is sufficient to consider only the
propagation part of the wave E ¢~ 1%, where I is the complex propagation constant, in-
cluding gain as well as absorption, while the time dependence can be neglected. A wave
E; incident onto the input plane z = 0 on the left hand side will be partially transmitted
into the cavity. Inside the cavity the light will be partially reflected and transmitted ev-
erytime it reaches one of the two mirrors. For the calculation of the lasing condition, it is
only necessary to consider the part of the wave that leaves the cavity at = = L. Summing
up the transmitted fields gives a geometric progression,

—

Et = tltz E_I)Z'eirL + 7o tltz E_TZ 6731‘[1 + ...
= [ tite
- B[ ). (18)

1 —ryrye 2L

The condition for lasing oscillation is, that for an incident wave with vanishing intensity
E;, a finite transmitted intensity E; is obtained. This is fulfilled, when the denominator
of Eq. 1.8 approaches zero, or,

rirg e 2T 1. (1.9)

The complex propagation constant I' in Eq. 1.9 describes the damping a and the phase

¢ = & of the wave,
27
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Since the cavity is filled with an amplifying medium, Eq. 1.10 can be modified to

2
r— (ai—g)Jri%n, (1.11)
where «o; represents all internal losses, g the negative damping, i.e., gain, and % is the
wavelength inside the medium of refractive index n. Combining Eq. 1.11 with the lasing
condition of Eq. 1.9 gives,

) _;92rn |
1Ty e(g—a,)QLe 20558

1, (1.12)

which represents a wave that makes a round trip of 2L inside the cavity and returns to
the input mirror with the same amplitude and in-phase.

Threshold current density

In Eq. 1.12 two conditions have to be fulfilled in order to obtain lasing oscillation. The
tirst one concerns the gain,

—a !
Py €92l =

Ly b (1.13)

= o + — )
Geh 2L 172

where ¢, stands for the threshold gain necessary for laser oscillation. Equation 1.13
illustrates that the gain must compensate the losses due to internal absorption («;) on
the one hand, and the light ;- In %, leaving the cavity on the other hand, which is also
referred to as mirror losses. It has to be noted that both — gain and absorption — are in
general frequency dependent.

For an electrically pumped laser diode the gain depends on the amount of injected
carriers. Experimentally, a quadratic dependence of the gain on the current density was
found for conventional II-V laser diodes, whereas for higher gain values (50-400 cm ™)
only a linear relation is found. The same results were reported for ZnSe-based laser
diodes as well, however, thermal effect can lead to significant deviations [12, 13]. Using
the nominal current density Juom = %j and the transparency current .J?, the linear
relationship can be written as

g = F5(Jr1om - JO); (114)

In this equation [ denotes the gain constant or gain factor. It is a purely phenomeno-
logical factor without physical significance, as Casey and Panish point out — but since
it is directly related to the material quality, it is a useful figure of merit to compare dif-
ferent laser structures [8]. The nominal current density is the current density j injected
into the device, normalized by the thickness d of the active region, i.e., the light pro-
ducing region, and the internal quantum efficiency 7;. It represents only that portion of
the current density, that contributes to the amplification of the light. Furthermore, the
optical wave in a semiconductor laser diode does not completely overlap with the gain
medium, which makes it necessary to introduce in Eq. 1.14 the confinement factor T,
defined as the overlap of the optical wave with the gain medium [14].

Zalso referred to as nominal threshold current density
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Using Eq. 1.14 and Eq. 1.13 the threshold current density j;;, can be calculated in de-
pendence on the physical parameters of the cavity,

Jod d 1 1
= — i +F—In— ). 1.15
Jih i * Bl (a * 2L n’ﬁ"’z) ( )

Equation 1.15 illustrates, that the threshold current density does not only depend on
intrinsic parameters, but also on extrinsic parameters, namely cavity length and reflec-
tivity. Thus the threshold current density can still be modified after the growth process.

Longitudinal mode selection

The second lasing condition contained in Eq. 1.12 is related to the phase, which results
in the well-known Fabry-Pérot condition,

ZL%TH — m2r with m=1,2,3, ...
A\
m— = 2L. (1.16)
n

From Eq. 1.16 the longitudinal mode separation in the cavity is obtained by differentia-
tion and a mode difference of Am =1,

)\2

AN = — (1.17)

2nL [1 - 2]
For a small wavelength region the dispersion % can be neglected, and replacing the
refractive index n by an effective refractive index n.g the Eq. 1.17 simplifies to
)\2
AN . 1.1
2N L (1.18)

Quantum efficiency

The quantum efficiency is another important parameter concerning the operational char-
acteristics of semiconductor laser diodes. It is defined as the ratio of injected carriers to
emitted photons. Ideally, each electron is converted into a photon, which corresponds
to a quantum efficiency of unity. One has to distinguish between the internal quantum
efficiency n;, which describes the efficiency of the stimulated emission, and the external
or differential quantum efficiency ny which only accounts for the light that escapes from
the cavity [10],
eX AP

M= T (1.19)
where P is the total light putput power of the laser® and I is the driving current. Using
Eq. 1.19, one can obtain the external quantum efficiency of a laser diode from the slope
of the light output in dependence of the driving current (cf. Section 2.3.4).

%i.e., the light power emitted at both facets
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The external quantum efficiency is directly related to the internal quantum efficiency
by the escape probability. This escape propability is the ratio of emitted light intensity
Py to the total amount of produced light,

Pex
=15 a (1.20)

ext + P, abs

A representation for the light emitted from the facets was given in Eq. 1.13, combining
both gives

1 1

2L r17T2

Na = 1 1 1
a; + 55 In

i
= — 1.21
1+ 2ol (1.21)
7"17"2

rir2

Comparing Eq. 1.15 and Eq. 1.21, it follows, that threshold current density and external
quantum efficiency are complementary. That implies, that it is not possible, to fabricate
a device, that has both, a low threshold current density and a high external quantum
efficiency. This fact is most intuitive for the mirror reflectivities: a high-reflectivity coat-
ing will reduce the laser threshold significantly, however, only a small amount of light
can leave the device in this case.

1.2 Design of a semiconductor laser diode

Any type of laser requires
e a medium with gain
e optical feedback

Both requirements are met in a semiconductor crystal. Gain is realized by external
pumping of the system through which the carrier inversion is produced. This can be
achieved either optically or electrically. In the case of electrical pumping the crystal has
to be doped p- and n-type, such that under forward bias current passes through the
crystal. In that case electrons and holes are simultaneously present in the region of the
pn-junction, such that they can recombine under the emission of a photon with an en-
ergy corresponding to the band gap of the semiconductor? as described in Section 1.1.1.
The specific physical mechanisms that produce gain in semiconductors, however,
are rather complex and beyond the scope of this thesis. In typical III-V semiconductors,
e.g., lasing involves an electron-hole plasma, whereas several different lasing mecha-
nisms have been identified in ZnSe-based laser structures, depending on the samples
and the experimental conditions. At low temperatures (below 80 K), excitonic — and
even bi-excitonic — lasing occurs [15]. At higher temperatures, a transition to lasing by
the recombination of a strongly correlated electron-hole plasma is observed [16]. This
was reported for binary ZnSe-wells, as well as for Cd-containing structures. Further
details concerning lasing in ZnSe-based structures can be found in Refs. [17, 18, 19].

40of course, non-radiative recombination occurs as well
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(a) pn-junction (b) double-heterostruc- (c) waveguiding
ture

Figure 1.3: Schematic band alignments for different types of laser structures. (a) sim-
ple pn-junction — the active region is very small. (b) double heterostructure with band
discontinuities for carrier confinement. (c) dielectric wave guiding. The active region
(refractive index ns) is sandwiched into the cladding layers of refractive index n, (after
Ref. [10]).

Optical feedback is usually provided by placing the gain medium between two parallel
semi-transparent mirrors. In some semiconductor crystals, these mirrors can be easily
formed by cleaving the crystal along one of its crystallographic axes. The reflectivity of
the cleaved facets mainly depends on the refractive index of the semiconductor and is
given for the case of normal incidence by [20, 21]

(1—n)°

R= .
(1+mn)

(1.22)

For ZnSe, which has a refractive index n ~ 2.7, a reflectivity of 21% can be expected [22].
By applying dielectric coatings, these reflectivities can be increased beyond 99% (cf.
Sec. 4.3).

Indeed, the first electrically pumped lasing in semiconductors has been obtained
from such simple diodes. However, the practical use is very limited, since lasing is only
realized at low temperatures (77 K) and at current densities on the order of 50 kA /cm?
[23, 24, 25, 26]°. The main problem of these simple structures is that the thickness of
the region, where electrons and holes overlap, i.e., the active region where light ampli-
fication occurs, is only on the order of 0.01 ym, as indicated in Fig. 1.3(a) [10]. Nev-
ertheless, this region can be considerably enlarged by a carrier confining mechanism.
In a semiconductor this confinement is achieved by sandwiching the active region be-
tween two semiconductors of a higher band gap energy. Thus, the carriers can freely
move inside the active region, but cannot escape from it due to the potential barriers
resulting from the band gap discontinuities, as shown in Fig. 1.3(b). Such a design is
called a double-heterostructure (DH) and was independently proposed by Kroemer and
Alferov and Kazarinov for which they received the Nobel Prize in 2000 [28, 29]. In a
double-heterostructure, not only the carriers are confined, at the same time, the band

5A collection of the key papers about semiconductor devices, including laser diodes, can be found in
Ref. [27].



1.2 Design of a semiconductor laser diode

gap discontinuities give rise to an optical confinement of the wave inside the active re-
gion. Since a higher band gap implies a lower refractive index, total reflection occurs at
the interface between the cladding layers and the active region for angles 0, satisfying,

sinf > L. (1.23)
2

Therefore, the cladding layers form a dielectric waveguide for the light inside the active
region and efficient amplification is obtained, which leads in turn to a drastic reduction
of the laser threshold. A more detailed description of DH laser structures requires the
use of Maxwell’s equations and can be found in Refs. [8, 10]. The typical thickness of
the active region of a DH laser is about 0.1-0.3 ;zm— obviously, such a device is more
complex to realize, and in general, epitaxial techniques are necessary to fabricate the
desired structure.

Modern edge-emitting semiconductor lasers
are based on the DH concept. With the inven- electron injection
tion of recent epitaxial techniques, such as molec-
ular beam epitaxy or vapor phase epitaxy, which
allow a precise composition and thickness con-
trol on a nanometer scale, the original DH con-
cept was extended by adding waveguiding lay-
ers to the system. Accordingly, two band gap
discontinuities exist on each side of the active
region. The discontinuities between the active
layer and the waveguide are chosen such that
efficient carrier confinement is achieved. How-
ever, this discontinuity is usually not sufficient
for a good optical confinement. This is real-
ized by a larger band gap difference between
the waveguide and the cladding layers. In this
kind of structure the carriers and the optical
wave are separately confined, as shown sche-
matically in Fig. 1.4. Such a structure is called a
separate confinement heterostructure (SCH). This
design allows lower threshold currents and bet-
ter emission characteristics [8, 9].

A further reduction of the laser threshold is
achieved by reducing the thickness of the ac-
tive region to a size, where quantum mechan-
ical effects dominate (3-10 nm). In such a sys-
tem the movement of the carriers normal to the
plane of the active region is restricted. As a re-
sult the kinetic energy of the carriers is quan-
tized into discrete energy levels. This one-di-
mensional well is called a quantum well. For
this thin active region, the overlap of the opti-
cal wave with the gain medium is very small,
such that a quantum well as active region is only useful in a SCH laser design. In this

_

conduction
band

band gap energy

refractive
index n

Light intensity

active layer

Figure 1.4: Schematic representa-
tion of the separate confinement het-
erostructure (SCH) design. Shown are
the profile of the band gap energy,
refractive index and the intensity of
the optical wave perpendicular to the
junction plane (after Ref. [14]).
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case the confinement factor I' is in the order of 1-5%, which is large enough for a rea-
sonable threshold current density. Quantum wells as active regions have several advan-
tages, in particular a higher temperature stability and better dynamical characteristics,
which is especially relevant in communication applications [30, 7].

All laser structures fabricated in the course of this thesis are based on the SCH con-
cept and utilize quantum wells as active region. For a practical use, it is necessary to
reduce the threshold current of the laser diodes to a region, that is accessible by normal
lab power sources (0-500 mA). Given a typical threshold current density of 500 A/cm?
for ZnSe-baser laser diodes, this requires a pumped area of about 0.001 cm? — an addi-
tional lateral confinement is necessary. Usually, this is achieved by limiting the current
injection region to a small stripe (10 ym width), and thus an amplification of the wave
occurs only in that section of the quantum well, in which carriers are injected. Such
a structure is called gain-guided. More advanced techniques can provide index-guiding,
where the wave is confined by a lateral variation of the refractive index. Additional
details can be found in the appendix A. Lateral confinement has significant influence
on the emission characteristics and the threshold current density of the laser diodes.

Recent novel semiconductor laser devices exploit the quantum mechanical effects
even further by employing quantum dots as active region. These quantum dots provide
a three-dimensional carrier confinement, which in principle results in a further reduced
threshold and improved temperature stability [31]. The use of quantum dots, fabri-
cated from the II-VI material system CdSe/ZnSe, in a ZnSe-based laser diode will be
presented in Chapter 6.

Clearly, there are more aspects concerning the physics of semiconductor lasers, than
presented in this section. For many applications, a careful design of the emission charac-
teristics, e.g., the shape of the far-field pattern, or a single-mode emission are necessary.
Other aspects are related to the correct theoretical description of the gain processes or
the optimal composition and thickness of each layer in the laser structure. For studies
of these topics of ZnSe-based laser diodes, one should refer e.g. to Refs. [32, 17, 33].

1.3 The II-VI material system ZnSe

Semiconductor material systems are classified according to the elements that they are
formed of. For opto-electronic applications compound semiconductors are commonly used.
Most compound semiconductors have direct band gaps, which are the prerequisite for
an efficient radiative recombination. Due to the direct band gap, no phonons are neces-
sary to observe the momentum conservation and the recombination rate is much higher,
as compared to indirect semiconductors. Compound semiconductors are formed from
two elements of complementary groups of the periodic system. As a consequence, the
type of binding between the atoms of the semiconductor are not purely covalent, but
also exhibit ionic character. However, in the technologically most prominent III-V semi-
conductors — formed of elements of the third and the fifth group, e.g. GaAs, GaP and
InP — the covalent binding character dominates. For the II-VI semiconductor ZnSe the
opposite case is true.

From a commercial point of view, the most important II-VI semiconductors are CdTe,
HgTe and their alloys, especially CdHgTe. These materials have a band gap suitable for
applications in the infrared region of the spectrum, where these compounds are primar-
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1.3 The 1I-VI material system ZnSe

Parameter ZnSe CdSe CdS MgSe MgS ZnS ZnTe GaAs
Lattice constant a [A] 56684 6.050 5.832 5890 5.620 5409 6.103 5.653
Band gap E, at 300 K [eV] 269 170 242 359 445 368 226 142
Melting point [°C] 1517 1239 1477 1827 1295 1237
Density [g/cm®] 542 5.674 4.826 4.079 6.34 5316
Micro hardness [N/mm?] 1350 1300 1250 1780 900 7500
Thermal conductivity [W/(Kcm)] 019 0.09 02 0.251 0.108 0.44
Lin. thermal expansion  [107¢ 1/K] 8.2 3.8 4.7 6.36 8.19 6.4
Eff. electron mass [m.] 0.134 011 0.14 0.20 0.11 0.063
Eff. heavy hole mass [m.] 0.894 044 051 0.6 0.35
Ex. binding energy F% [meV] 20.8 40 124 42
Dielectric constants €0 8.6 8.9 94 15.15
€0 D7 57 728 1225

Table 1.1: Physical parameters of some of the semiconductors used in this thesis. This
table was first complied by H. Wenisch from whose thesis it was taken [34]. The values
were verified using the latest edition of the Landolt-Bornstein [36].

ily used in detectors. Another relevant system is CdS, which is particularly suited to
study the physics of semiconductors in general. Concerning opto-electronic devices for
the visible part of the spectrum, ZnSe is without any doubt the most important II-VI
semiconductor, because

e it has a direct band gap with an energy of 2.69 eV at room-temperature.
e it can be doped n- and p-type.

e alloying it with Mg, S and Cd provides material suitable for cladding, waveguid-
ing, and quantum well layers.

Although the technological relevance of ZnSe-based devices cannot be compared to
that of the conventional III-V lasers, or even the new GaN-based emitters, the material
system is well-established and intensively studied at the Institut fiir Festkorperphysik.
As mentioned before, several Ph.D. thesises dealt with specific aspects of the growth
and the physics of ZnSe-based material and devices. It is therefore justified to refer to
these works for a more detailed presentation of the ZnSe material system. In particu-
lar, Ref. [34] gives a complete overview of the physical properties of ZnSe as well as
a description of the different ZnSe-based alloys, whereas in Ref. [35] the problems of
the heteroepitaxy and the different types of defects in this material are presented. The
following section contains a short summary of both.

1.3.1 Physical properties

The thermodynamically stable crystal structure of ZnSe is the zincblende structure.
Only at temperatures above 1425°C the wurtzite structure occurs [37]. The lattice con-
stant of ZnSe along the [001] direction is a = 5.6684 A [36]. Being a cubic crystal, ZnSe
can be cleaved along the [110] direction, which is allows a simple fabrication of mirror
facets. The melting point of ZnSe is relatively high (1527°C) and in conjunction with the

11



Chapter 1: Background and prerequisites

also relatively high vapor pressure of 0.15 Torr® at the melting point this complicates
the fabrication of bulk ZnSe crystals [36]. In fact, ZnSe single crystals with a crystalline
quality suitable for device fabrication are rare and usually only available in small sizes.
A detailed description of the fabrication of ZnSe single crystals is found in Ref. [38],
whereas Ref. [34] deals with the realization of devices, fabricated on ZnSe substrates.
Concerning devices, it should also be mentioned that due to the high ionicity of the
atomic bonds, the thermal conductivity of ZnSe is relatively low: 0.19 W /(K cm) [36].
The electronic structure of ZnSe at the I" point allow the parabolic approximation of
the energy bands with a good agreement such that the effective mass approximation is
valid. The resulting effective masses for the electron and the holes are high, which in
turn gives a small exciton Bohr radius a . Furthermore, the dielectric constant € of ZnSe

is rather small and with

62

EB = (1.24)

Smeepan’
a high exciton binding energy E% of 20.8 meV follows [21]. Consequently, excitonic ef-

fects dominate at low temperatures. The most important physical parameters of ZnSe,
as well as that of other semiconductors relevant for this thesis are summarized in Tab. 1.1.

1.3.2 Epitaxy

For the fabrication of SCH laser diodes, it is necessary to deposit thin layers of semi-
conductor material with a defined composition and thickness and high crystaline per-
fection. In such an epitaxy process, the semiconductor material is deposited on a seed
crystal, the so-called substrate. This substrate crystal determines the crystallographic
orientation of the deposited layers. All substrates used in this thesis were oriented in
the [001] direction, which is therefore the growth direction. If the substrate is made from
the same material as the deposited layers, i.e., ZnSe layers grown on a ZnSe crystal, a ho-
moepitaxial growth process is performed. Since ZnSe crystals are difficult to obtain, most
ZnSe layers and devices are grown on a different substrate material, where one has to
find a compromise between suitability for the epitaxial growth process on the one hand
and the availability, size, cost, and quality of the crystals on the other hand. Alternative
substrates found in the literature, are Ge, AlAs, and In,Ga;_,As, nevertheless, these are
only of small relevance concerning devices [39, 40, 41]. Some research groups focus on
unstrained CdZnSe quantum wells — in that case, InP is of particular interest [42, 43].

The most important substrate material for ZnSe-based devices is GaAs. Accordingly,
the heteroepitaxial growth of ZnSe devices on GaAs is well-established. Since GaAs is not
only well-known material system, but also used in many commercial applications, such
as laser diodes or high performance transistors, substrates are available in convenient
sizes (starting with 2” diameter) and with extremely high quality (less than 100 defects
per cm~? [44]). However, most important is the relatively small lattice mismatch be-
tween ZnSe and GaAs at room-temperature of

AznSe — AGaAs

= 0.27%. (1.25)
AGaAs

61 Torr equals 133.322 Pa. In the vacuum technology — and in particular under MBE growers — it is
still common to use Torr instead of the appropriate SI unit Pa. To make comparison with literature values
easier, the use of Torr will be retained in the course of this thesis.
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1.3 The 1I-VI material system ZnSe

Even a small lattice mismatch gives rise to the for-
mation of defects inside the growing crystal. In the d <dgitcal 9> dritical
case of ZnSe on GaAs, the latter has the smaller lat-

tice. Thus, the ZnSe layer is compressively strained, as A

indicated on the left-hand side of Fig. 1.5. Inthiscase, §

the lateral lattice constant of the ZnSe layer equals ‘§ ZnSe ZnSe
that of the GaAs substrate and the layer is elongated 5

along the growth direction — the layer is fully strained g

or pseudomorphic. With increasing layer thickness, the o

strain energy accumulates, and as soon as the crit- GaAs GaAs
ical thickness is exceeded, the strain is released via

the generation of dislocations. Accordingly, the lattice pseudomorphic  relaxed

constant of the layer relaxes to its bulk value. Finally, .
the fully relaxed case is reached and the whole layer Figure 1.5: Schematic represen-

has the ZnSe lattice constant, as schematically shown tation of pseudomorphic and re-
on the right-hand side of Fig. 1.5. The critical thick- laxed ZnSe grown on GaAs. Re-
ness does not only depend on the lattice mismatch, la>'<at1on occurs when the I.a'y er
but also on the substrate preparation and the growth th1.c1<ness d exceeds the critical
start procedure. Under the specific growth condi- thickness deiticar-

tions used in Bremen, a critical thickness of 300 nm is

typically found, whereas a fully relaxed ZnSe layer on GaAs can be expected for layer
thicknesses beyond 1000 nm [45]. It has to be noted, that additional strain is induced
due to the different thermal expansion coefficients of GaAs and ZnSe (c.f. Table 1.1),
when the sample is cooled down from growth temperature (typically 280°C) to room-
temperature. Therefore, a ZnSe layer can be lattice matched to the GaAs substrate at the
growth temperature or at room-temperature, but never both.

1.3.3 Defects

The degradation of semiconductor devices is directly related to the existence of defects
inside the crystal. The different types of crystalline defects in ZnSe-based devices and
their influence on the degradation has been studied intensively (e.g. Refs. [46,47, 48, 49,
50, 51]). It was found that two different types of defects play a major role in this context:

e stacking faults
e misfit dislocations.

Stacking faults (SF) usually nucleate at the GaAs/ZnSe heterointerface. They are di-
rectly related to the substrate surface morphology, which is affected by the substrate
preparation, the deoxidation process, and the growth start procedure. A stacking fault
is created, when the stacking sequence along the [111] direction is broken. Such a SF is
bound by partial dislocations, which have a Burgers vector b = 1/3(111) in the case of
a Frank-type SF, and a Burgers vector b = 1/6(121) for a Shockley-type SF [46]. These
SF propagate upwards during growth and form a V-shaped defect in cross section, as
shown in Fig. 1.6(a). Sometimes, the partial dislocations of a SF can react and form
a perfect 60°-dislocation that threads upwards. Such a dissociation process often oc-
curs at a layer interface [46, 47]. The lifetime of a light emitting device depends on the
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Figure 1.6: Defects in ZnSe-based devices. (a) TEM micrograph of a stacking fault (this
particular SF is generated at a highly strained Cd-containing quantum well, but the
same type is also observed at the GaAs/ZnSe heterointerface [TEM preparation and
micrograph by H. Selke]). (b) At the semiconductor surface, SF are visible as distinct
features in [110] direction under an optical microscope after short wet etching. Differ-
ent types of SF are identified (cf. text). (c) schematic representation of the nucleation
of mistit dislocation networks (D) in the quantum well by a stacking fault (S) and its
associated threading dislocations (T). The network is generated under current injection
(taken from Ref. [47]).

density of SF in the structure, since they are electrically active and act as non-radiative
recombination centers [46]. Using an etching technique, these SF are visible in an optical
microscope, where they appear as pits of distinctive shape on the surface, as shown in
Fig. 1.6(b). In Sec. 2.3.3 this etching technique is used to determined the defect density
of laser structures. It is even possible to distinguish different types of stacking faults,
as Fig. 1.6(b) also shows. Large, lense-shaped pits (type I) originate from a pair of nar-
rowly separated Shockely partial dislocations, whereas the single small lense shaped pit
(type II) stems from a single Shockely-type stacking fault [52]. Paired Frank-type stack-
ing fault are observed in form of narrowly separated pair of small lenses [not shown in
Fig. 1.6(b)] [52].

Another negative feature of SF is that they act as nucleation centers for misfit dis-
locations (MD). Misfit dislocations are generated, when the layer and the substrate do
not have the same lattice constant. For ZnSe-based devices, this is especially relevant in
the case of Cd-containing quantum wells. When a SF (or its associated threading dislo-
cation) intersects the highly strained quantum well, the dislocation can dissociate and
form a MD in the quantum well. Under current injection, these MD can multiply and
finally form a network of dislocations as indicated in Fig. 1.6(c) [47, 53]. These networks
are responsible for the formation of the so-called dark defects, which will be discussed in
Sec. 3.2.
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1.3 The 1I-VI material system ZnSe

1.3.4 Alloys

The fabrication of semiconductor heterostructures — and in particular SCH laser struc-
tures — requires the stacking of layers with different band gap energies and refractive
indices. Semiconductor alloys allow to vary the band gap energy and consequently the
refractive index of the material depending on the composition. By adding an additional
element to the binary material, a ternary alloy is formed. The additional element should
belong to either group of the host system, i.e., in case of ZnSe either a group-II or group-
VI element can be used. The composition change mainly influences the lattice constant
and the band gap energy of the newly formed crystal A,B;_,, obeying Vegard’s law for
the lattice constant a(z) [54],

a(x) =xaac + (1 — ) apc. (1.26)

However, for the band gap energy F,(x) the simple linear interpolation is not valid such
that often a bowing parameter b has to be introduced [55],

E)x)=xE;ac+ (1 —2)E;pc —x(1l —x)b. (1.27)

Since both physical properties are directly coupled to the composition z, it is not pos-
sible to change only one of the properties individually. Only in the case of the III-V
material Al,Ga;_,As this limitation is unproblematic, because the lattice constant dif-
ference between AlAs and GaAs is not more than 9 x 1072 A, while the bang gap energy
differs by 0.85 eV”.

This limitation is bypassed by adding a fourth element to the alloy, and with an
appropriate choice of elements, the lattice constant and the band gap energy of the gua-
ternary alloy A,B,_,C,D,_, is independently controlled by the composition x and y — at
least to a certain degree. In analogy to Eqs. 1.26 and 1.27 one finds [56]:

a(x,y) = zyasc+ (1 —z)yapc +x(1 —y)aap + (1 —x)(1 —y) app (1.28)
Ey(r,y) = wyEgac+ (1 —x)yEgpc+2(l—y) Egap+ (1 —z)(1 —y) Egpp
—2(1 — x) [y basc + (1 — y) basp)
—y(1 —y) [xbacp — (1 — ) becp) - (1.29)

It should be noted, that in general not all elements can be mixed to form a ternary or
quaternary alloy. A common problem often observed is a miscibility gap, i.e., a certain
compositional range is not stable and phase separation occurs (e.g. In,Ga;_,N [57, 58]).
Other difficulties are related to different modifications of the binary compound, e.g.,
zincblende ZnSe and rocksalt MgSe, or a transition from a direct to an indirect band
gap.

Although the composition = and y of the alloy determine the physical properties,
they are not the relevant parameters for the device fabrication. More important are
the resulting properties, i.e., the lattice constant and the band gap energy of the alloy.
In fact, for some alloys not all parameters are known with certainty and significant
discrepancies are found in literature for important values, e.g. the band gap of one of
the binary compounds (cf. the MgZnSSe alloy below). Thus, the band gap and the
lattice constant can vary for a given composition, depending on which model and which

"This one of main reasons for the success of GaAs-based laser diodes
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Figure 1.7: Band gap vs. lat-
- tice constant for the ZnSe-
based material system. For the
most important alloy systems
se] Cds 7nTe | MgzZnSSe, CdZnSSe and Zn-
\/0 TeSe, the bowing of the band

e CdSe gap energy is indicated. GaAs

I GaAs W WP 1 and InP are III-V semiconduc-

1 S e— tors that can be used as sub-

5.4 5.6 . 5.8 6.0 6.2 strates for the heteroepitaxy of
Lattice constant (A) ZnSe- based compounds.

Band gap energy (eV)
w
I

bowing [eV] MgZnSSe [56] CdZnSSe [22] ZnSSe [56] ZnTeSe [60]

basc = baBp 0 0.47 0.68 1.27
bacp = bcp 0.68 0.68 - -

Table 1.2: Bowing parameters for several ZnSe-based quaternary and ternary alloys.

parameters are used. To avoid this problem, compositions itself will not be given in the
course of this thesis, but rather the physical properties of the alloys.

In the following, the different for ZnSe-based laser diodes relevant ternary and qua-
ternary alloys will be introduced. For a more detailed description of the ZnSe-based
alloy system, cf. Ref. [34].

ZnSSe Probably the most important ternary alloy of the ZnSe-based material system
is ZnSSe. In the first ZnSe-based laser diode, ZnSSe was used as cladding layer mate-
rial [59]. By adding S to ZnSe it is possible to fabricate material lattice matched to GaAs.
Thus, the critical thickness is significantly enlarged and layers of several ym thickness
can be grown pseudomorphically, which is a major requirement for laser structures.
For that reason ZnSSe was used as cladding layer material in the first ZnSe-based laser
diode [59]. A S content of 5.9% is necessary for lattice matching at room-temperature,
as derived from Eq. 1.26. This amount is small enough to approximate almost all im-
portant physical properties of the lattice matched ternary ZnSSe by the corresponding
value for ZnSe. Nevertheless, a strong bowing of the band gap energy of ZnSSe is ob-
served (cf. Tab. 1.2).

However, obtaining lattice matching is not as straightforward as Eq. 1.26 suggests:
comparing the linear thermal expansion coefficients o of GaAs and ZnSe in Tab. 1.1, one
finds a significant difference. Consequently, with

a(T) = a(300K) [1 + a x (T’ — 300 K)] , (1.30)

lattice matching at the typical growth temperature of 280°C is achieved for a S content of
6.9% [61]. Therefore, one has to choose between lattice matching at room-temperature
or at growth temperature. This question is further complicated by the fact that the com-
position control in the MBE system is difficult, since the S sticking coefficient exhibits a
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1.3 The 1I-VI material system ZnSe

strong temperature dependence [62, 63, 64]. Most samples fabricated during the exper-
imental work of this thesis have a S content between 5.9% and 6.9%.

MgZnSSe In the same way as ZnSSe played a major role for the fabrication of the first
ZnSe-based laser diode, the quaternary alloy MgZnSSe played an important role for the
realization of the first room-temperature cw-laser diodes [65, 66]. Figure 1.7, in which
the lattice constant of some ZnSe-based alloys is plotted vs. the associated band gap en-
ergy of the material, nicely illustrates the advantage of the MgZnSSe alloy: it is possible
to tune the band gap from 2.7 eV to more than 4.0 eV, while still being lattice matched to
GaAs. Thus, waveguiding and cladding layers can be grown using MgZnSSe alloys of
different composition®. A particularly convenient feature of the MgZnSSe alloy is, that
the band gap and the lattice constant can be controlled almost independently, with the
Mg content being largely responsible for the band gap, whereas the S content controls
the lattice constant. This is mainly related to the different bowing factors of (Mg,Zn)SSe
on the one hand and MgZn(S,Se) on the other hand (cf. Tab. 1.2 and Fig. 1.7).

For the quaternary MgZnSSe alloy, the composition control is basically limited by
the control of the S incorporation, since Mg has a sticking coefficient of unity, which
is in addition not sensitive to temperature [67, 64]. It was first proposed and success-
fully grown by Okuyama et al. and also studied in detail in Bremen [68, 64]. Most
structural problems of this alloy are connected to the Mg. Generally, Mg containing
materials are hygroscopic and tend to fast oxidation for high Mg contents — apart from
the problem, that it has the tendency to grow in rocksalt structure above a layer thick-
ness of a few nm [68, 69]. Especially for the binary compound MgSe, this leads to a
considerable variation of the reported room-temperature band gap energy [56, 70]. Fur-
thermore, high-purity Mg is difficult to obtain (typically a purity of 4N, i.e. 99.99%, is
offered, which is two orders of magnitude lower compared to the rest of the materials).
Consequently, pronounced impurity signals can be found in Mg containing layers [56].
Another problem of the MgZnSSe alloy is related to p-type doping and will be reported
in Sec. 1.4.3.

For the cladding layers in typical green-emitting ZnSe-based laser diodes with Cd-
containing quantum wells, no high Mg contents are necessary and therefore, the struc-
tural quality and stability of the cladding layers is not a problem. An effective car-
rier confinement with a negligible carrier overflow over the quantum well requires a
band gap energy difference of more than 0.35 eV [71]. Assuming an emission wave-
length around 510 nm, a quantum well with a bandgap of 2.45 eV is necessary, thus, the
claddings should have a bandgap energy of at least 2.8 eV. A lower band gap energy dif-
ference will result in a drastic increase of the threshold current density, e.g., for a binary
ZnSe active layer, a threshold current density of 20 kA /cm? results from the insufficient
confinement [72]. In the standard laser structures grown for this thesis, a cladding layer
band gap energy of 2.89 eV at room-temperature, resp. an energy of 2.99 eV at 10 K, is
targeted, in order to be on the safe side.

CdSSe and CdZnSSe The most important layer of a modern semiconductor laser
diode is the quantum well, since here the light is produced. The quantum well is formed

8For practical reasons the waveguides are usually made of ZnSSe.
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from a material of a lower band gap compared to the waveguiding and cladding lay-
ers. By adding Cd to Zn(S)Se, a suitable quantum well material is obtained. As Fig. 1.7
indicates, the band gap energy and consequently the emission energy of the quantum
well can be tuned over the complete high-energy part of the visible spectrum — just by
varying the Cd content’.

However, the CdZnSSe alloy system does not provide the composition flexibility as
the MgZnSSe system, as Fig. 1.7 reveals as well. For large Cd contents a high lattice mis-
match to GaAs occurs, which cannot be compensated by adding S. Thus the quantum
well is under high compressive strain, and since the critical thickness for such layers
(8-10 nm for 35% Cd) is very small, only moderate amounts of Cd are incorporated in
most devices reported in the literature[73]. This is done in order to avoid a relaxation
and the massive generation of non-radiative defects connected to it. Typically, Cd con-
tents about 20-30% are found [59, 74, 65, 75]. Since the addition of S cannot improve the
lattice matching significantly for a given band gap energy (cf. Fig. 1.7), a ternary CdZnSe
alloy is commonly employed as quantum well material. Yet, there exists one report of a
quaternary CdZnSSe quantum well, where improved lifetimes were found [76].

The degradation of ZnSe laser diodes is directly related to the stability of the active
region and in particular to the Cd-containing material, as it will be established in the
course of this thesis. The main problem of Cd-containing alloys is the strong diffusion
of Cd. Especially in the presence of point defects and p-type doping, this diffusion is
enhanced, as it was investigated in detail in a co-operation with the Technische Univer-
sitit Berlin [77, 35]. Furthermore, a direct connection to the degradation mechanism was
found [78]. Sulphur, on the other hand, is very stable in ZnSSe and CdZnSSe alloys,
and consequently, only minimal diffusion is observed [77]. This is one of the main rea-
sons, why ZnSe-based laser structures grown in Bremen employ a quaternary CdZnSSe
instead of a ternary quantum well [79].

Due to the high lattice mismatch of about 7% to ZnSe the binary compound CdSe
has special significance. The high lattice mismatch can lead to a strain-induced self-
organized formation of quantum dots [80]. The self-assembled quantum dots have been
successfully incorporated as active region in laser diodes in the III-V semiconductor
material system — most prominently the material combination InAs/GaAs, which has
a similar lattice mismatch as CdSe/ZnSe [81]. CdSe quantum dots were one of the
hottest topic in II-VI semiconductors in recent years, although most studies concentrate
on structural and optical characterization [82, 83, 84, 85]. First results concerning electri-
cally pumped lasing in these structures will be discussed in Chapter 6.

ZnTeSe Concerning band gap energy and lattice constant the ternary alloy system
ZnTeSe is an alternative quantum well material for green light-emitting devices. Con-
sidering the strong bowing factor of 1.27 eV, the band gap variation with composition
is almost identical to the CdZnSSe system (cf. Tab. 1.2 and Fig. 1.7). However, the band
alignment of ZnSe and ZnTe leads to a type-II quantum well, where only the holes are
confined [86]. Obviously, such a system is not useful for an efficient laser diode, al-
though it has been successfully employed in high-brightness LED structures [87]. In
the active region of those LEDs Te acts as an isoelectronic trap for holes, giving rise to

9The emission energy of a quantum well is not simply determined by the band gap energy of the
material, but also by the quantum well thickness.
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very efficient, but spectrally broad, recombination [88]. Furthermore,Te tends to form
clusters when incorporated in contents of more than a few percent [89].

The importance of the ZnTeSe alloy for ZnSe-based laser diodes comes from its high
p-type dopability [90, 91]. In Sec. 1.4.3 and 1.4.4, the problematic p-type doping of ZnSe
and the lack of a low-resistance metal contact to p-ZnSe will be discussed; at this point
it should be noted, that these problems make the addition of an epitaxial p-side contact
structure necessary for the stable operation of ZnSe-based laser diodes. This can be
achieved by using a highly doped p-ZnTeSe alloy structure [92, 93, 60].

Although the full composition range of ZnTeSe can be grown with MBE, the com-
position control is difficult, since the difference in the sticking coefficients of Te and
Se favors the incorporation of Se [94]. By using a digital alloy, where the alloy ZnTeSe
is grown in form of a ZnTe/ZnSe superlattice and composition control is achieved by
varying the thickness ratio of the two binary compounds, this problem can be avoided,
which has been investigated in a Diploma thesis prior to the start of this work [95].

1.3.5 Doping

Electrical pumping of laser diodes requires the ability to grown n-type, as well as p-
type doped semiconductor material. For ZnSe-based material the halogenide CI and I
are efficient dopants for n-type doping. The donor activation energy of these dopants is
in the range of 25-30 meV [20]. Using Cl, a free-carrier concentration of 1 x 10' cm™3,
with mobilities in the order of 100 cm?/Vs can easily be obtained [96, 97]. With lower
doping, higher mobilities are possible.

In a MBE system, the dopants are usually provided by compound sources (ZnCl,
and Znl,), which allow a precise control of the doping level. The source materials are
hygroscopic and special care has to be taken during a chamber opening to avoid the con-
tamination of the source material with water. Other problems are related to the rather
low vapor pressure, which leads to high doping level even at moderate cell tempera-
tures!?. Consequently, the maximum bake-out temperature of the chamber is limited to
levels, where no excessive contamination of the chamber with Cl occurs!'.

The p-type doping of ZnSe is considerably more difficult to realize. In fact, it was
the invention of an efficient p-type doping technique, that started the research on elec-
trically pumped ZnSe-based laser diodes [59]. In the early work on doping of ZnSe, ion
implantation techniques were often employed, which lead to the first fabrication of a
ZnSe pn-junction by Li implantation [98]. Implantation of P even allowed the first ob-
servation of electroluminescence [99]. However, the emission was around 590-630 nm
and thus corresponds to P-related impurity luminescence. With the implantation of N,
tirst blue emitting ZnSe pn-junctions were fabricted [100]. All these results were ob-
tained on ZnSe single crystals.

The first p-type doped epitaxial ZnSe structures were obtained by ion implantation
of N on the one hand, and the by the incorporation of O'? from a ZnO-source on the
other hand [101, 102]. However, neither could a high concentration of free carriers be
realized by this techniques, nor were they reliable or reproducible. These requirements

19Tn the Bremen system a free-carrier concentration of 1 x 10*® cm~3 is obtained at a ZnCly-cell tem-
perature of 220°C.
10 Bremen: 115°C

123cting as an isoelectric impurity that forms an acceptor level
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could be fulfilled for the first time by incorporating Li, although, the doping level was
limited below 1 x 10'” em™~3, which is too low for devices. In addition, a strong diffusion
or electromigration of Li was observed [103, 104]. The breakthrough concerning p-type
doping of ZnSe was finally achieved in 1990, when activated N from a plasma source
was successfully incorporated into ZnSe, leading to free carrier concentrations in the
mid-10'" em™® [3, 4, 105]. Until today, the N-doping of ZnSe using a RF-plasma cell
in a MBE system is the only successful way to obtain a reproducible p-type doping
with a sufficiently high free carrier concentration for electronic devices. Neither could
a good p-type doping of ZnSe be realized by other epitaxial methods (MOVPE), nor
were other doping elements — such as P — successful, although a P-acceptor was clearly
identified [106, 107, 108]. A strong self-compensation is identified as main reason for
the lack of sufficient p-type conductivity from P [109]. The problems connected to the
p-type doping of ZnSe will be discussed in Sec. 1.4.3.

1.4 State of the art and solved problems

1.4.1 History of ZnSe-based laser diodes

Two major ingredients were necessary for the realization of an electrically pumped
semiconductor laser diode based on ZnSe:

e a suitable epitaxy process to produce high-quality thin layers
e an efficient p-type doping.

The epitaxy of ZnSe-based material by means of MBE proved not to be difficult. Ac-
cordingly, optically pumped lasing from ZnCdSe quantum wells was realized first [139].
As mentioned before the work on electrically pumped ZnSe-lasers was started by the
invention of a reliable p-type doping technique, in 1991 by Haase et al. from the 3M
company [59]. In the following years, ZnSe-based lasers became an very actively inves-
tigated topic. The exciting history of these research activities is summarized in Tab. 1.3,
which list the important milestone papers and the corresponding device parameters.

From this table, some important conclusions can be drawn. First, it is notewor-
thy that in the early days some important contributions came form university-based
research teams. But by 1994, the leading pace was taken over by company-based re-
search, leaving the more “advanced” concepts — such as ridge-waveguide or DBR lasers
or novel materials, such as Be containing compounds — to the universities. On the com-
pany side, the leading activities were initially done by 3M (USA), Philips (USA) and Sony
(Japan), but by mid-1994 Sony started to dominate. In the university-based research, the
joint efforts of Purdue University and Brown University (both USA) was initially most suc-
cessful, but stopped around 1995. Later, this was taken over by the Universitit Wiirzburg
and the Universitiit Bremen.

Looking through the literature, one counts a total of 9 companies and 5 universities
reporting ZnSe-based lasers; from these 14 groups, only 7 obtained cw-operation. It is
interesting to note, that the cw-lifetimes of the two university devices is below 1 min at
room-temperature, whereas the leading companies achieved operation over at least 1 h.
This reflects the different processing technology capabilities. An instructive example
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Group Date Struc-| QW Clad- | ZnTe | Type | Facet | Top- | Op. tem- | Emission | Operation | Threshold | Voltage | Lifetime (cw) | Output | Remark Ref.
ture | num- | ding coat- | down | perature | [nm] [A/em?] | [V] (pulsed)
ber ing K] [mW]

3M 09/1991 | SCH |1 V4 - G - - 77-200 490 pulsed 320 20 100* first laser [59]

Purdue/Brown | 12/1991 | SCH |3 V4 - G - - 77-250 480-500 | pulsed 850* 600* first university, p-on-n and n-on-p | [110]

Purdue/Brown | 04/1992 | SCH | 6 Z - G - - 77-273 490-500 | pulsed 4007, 30-35 | several hours | 400* InGaAs buffer [111]

1500 (RT) (pulsed)*

Heriot-Watt 08/1992 | SCH | 4 Z - G - - 4-100 4732 pulsed 50* first European laser [112]

Sony 09/1992 | DH |6 M - G - - 77 447 cw* 225* ECR plasma, first MgZnSSe, first | [113]
Japanese laser, first cw

Matsushita 10/1992 | SCH |1 Z G - - 77 490-520 | pulsed 160-580* | 30 100 [114]

Purdue/Brown | 12/92 SCH |3 z X G - - 77-200 490-500 | pulsed 2000* 15-17 first ZnTe contact [92]

North Carolina | 01/1993 | SCH | 1 Z - G - - 77-200 470 pulsed, 174*-725 | 12-13 200* [115]

State University cow*

Sony 03/1993 | SCH | 1 M X G X X 300-324 | 507 w 460 7.9 40s 30f first high temperature cw [65]

3M 05/1993 | SCH |1 V4 - G X - 77-300 508-535 | pulsed, 1500 9-20 20 min (80 K) 70t first RT [116]

cw (80 K)
Philips 05/1993 | SCH |1 M - G - - 77-394 496-516 | pulsed 500 12 5-10 min (pul- | 500 first MgZnSSe SCH, high-temp- | [66]
sed) erature operation

Sony 08/1993 | SCH | 1 M - G X X 300 523.5 w 1400 11.7 2f first RT cw [65]

3M 10/1993 | SCH |1 M - I X - 300 511 pulsed 630-700 first buried ridge-waveguide [117]

Toshiba 11/1993 | SCH |3 z - G - - 77 509 pulsed 1750* 600" n-on-p, InGaP buffer [118]

Sony 12/1993 | SCH |1 M X G X X 300 490 w 1500 6.3 1s 3f first blue RT cw [119]

Purdue/Brown | 12/1993 | SCH |1 M X I - - 300 509 cw 600-1100 | 5.8 20s 10t first ridge-waveguide [74]

Wiirzburg 01/1994 | SCH |1 Z - G - - 77-250 497 pulsed 570* 3 h (pulsed)* 50* first German laser [120]

Sony 07/1994 | SCH | 1,3 M X G X X 300-380 | 509 cw 638 4.7 3 min (SQW), cw at 380 K [71]

9 min (MQW)

Purdue/Brown | 12/1994 | DH 2 M X G - - 300 462.7 pulsed 4000 1 shortest emission wavelength [121]

Purdue/Brown | 03/1995 | SCH |1 M X G - - 300 508 w 250 37s university record [63]

Sony 05/1995 | SCH |1 M X G - X 300 517 pulsed, 307,834 | highest output power [122]

W

Sony 06/1995 | SCH |1 M X G X X 300 507 cw 1300 9 1h 1f first lifetime above 1 h [123]

Eagle- 08/1995 | SCH | 1 M H G - - 77-220 507-517 | pulsed, 160* 9 first on ZnSe substrate [124]

Pitcher/NCSU cw*

Tampere Uni- | 08/1995 | SCH | 1 M - G - - 300 520 pulsed 1200~ 20 several min | 9 n-on-p at RT [125]

versity 1500 (pulsed)

Sony 09/1995 | SCH | 1 M X I X - 300 512 pulsed 240 3 structured (channeled) substrate [126]

Sony 10/1995 | SCH |1 M - G - - 77 473.3 pulsed 900~ 13 2 only MOVPE-grown laser [106]

1800*

Wiirzburg 12/1995 | SCH | 1 M X I - - 300 517 pulsed 2300 first DBR laser [127]

Wiirzburg 01/1996 | SCH |1 B B G - - 77 530 pulsed 240" 20 70* Be-containing laser [128]

3M 02/1996 | SCH | 1 M X I - - 300 529 ow 460 45 3.2h 20f CdZnSSe quaternary QW [76]

Sony 03/1996 | SCH |1 M - G X X 300 514.7 cw 533 11 101.5h 3f record lifetime, without ZnTe [75]

3M/Philips 07/1996 | SCH | 1 M X I - X 300 529 w 470 3.6h 201 top down study [129]

NTT 05/1997 | SCH |1 M X G X - 300 517.3 cw 1100 15 1f first RT cw on ZnSe substrate [130]

Samsung 05/1997 | SCH |1 M X G X X 300 536.5 cw 1000 8 11s 40t first Korean laser [131]

Sony 02/1998 | SCH | 1 M X G X X 300 514 cw 431 53 389h 20t world record lifetime [5]

Bremen 02/1998 | SCH |1 M X G - - 300 529 w 400-500 |12 2s first European cw [132]

Sumitomo 03/1998 | SCH | 1 M X G X - 300 5279 w 222 5.4 74s 8f first cw on ZnSe conductive sub- | [133]
strate

Bremen 04/1998 | SCH |1 M X G - - 300 512 pulsed 980 14 32 first Bremen on ZnSe substrate [134]

Sumitomo 06/1998 | SCH |1 M X G X - 300 538 cw 175 3.9 21h 4f lowest threshold [135]

Sony 09/1998 | SCH |1 M X G X X 300 500 cw 310 3.5 330 h 3t lowest voltage [136]

Sumitomo 09/1998 | SCH |1 M X G X - 300 517 cw 205 4.5 75h world record lifetime on ZnSe sub- | [137]
strates

Wiirzburg 10/1998 | SCH |1 B B G - - 300440 | 521 pulsed 750 short-period super lattice wave- | [138]

guide
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Chapter 1: Background and prerequisites

for this are the results reported by Sony. Almost from the beginning they applied facet
coating and performed top-down mounting. Considering the technological difficulties
of this processing (cf. Sect. 4.2), the consequent employment of advanced technology
is one of the reason for the success. It is also worth mentioning, that the third longest
lifetime and the lowest threshold current density was obtained from a device grown on
a ZnSe substrate. This illustrates the principle suitability of homoepitaxy for devices.

Using Tab. 1.3 one can distinguish three different phases in the research on ZnSe-
based lasers. In the early stage, the principle design had to be found. Different sub-
strates and buffer layers were explored, the optimum number of quantum wells had
to be found, and even different configurations (n-on-p or p-on-n) were investigated. By
mid-1994, the standard design was established as a p-on-n SQW structure grown on a
GaAs buffer layer, which is still the state of the art.

During the second phase, the fundamental material limitations had to be solved. In
the beginning, the work was motivated by the need of a new laser light source for the
next generation of compact disk and optical data storage systems. Since the data density
of such systems scales with the square of the emission wavelength of the laser diode,
the main research was aimed at the short-wavelength region, i.e., blue laser emission.
However, one major problem in these devices is the insufficient confinement, which
was an especially severe problem in the early designs with ternary ZnSSe cladding and
ZnSe waveguide layers. Thus, room-temperature operation was difficult to realize. By
introducing a new material combination — the quaternary alloy MgZnSSe — this prob-
lem was solved (cf. Sec. 1.3.4) and consequently, room-temperature operation was easily
achieved, even in cw-mode [65]. Another material problem that had to be solved, was a
low-resistive p-side contact (cf. below). Here, a ZnTe-based design was first proposed in
1992 [92]. Around end of 1993, such p-side contact structures were successfully incorpo-
rated in laser devices, and low operating voltages were obtained. Nevertheless, a very
interesting fact is, that in the record laser diode from Sony from the year 1996 — which
showed a lifetime of more than 100 h —no special p-side contact structure was used [75].
This illustrates again the effectiveness of facet coating and top-down mounting.

The third phase in ZnSe-laser diode research concentrated on the degradation mech-
anism, since it turned out that a low-ohmic p-contact and an appropriate cladding ma-
terial does not solve the problem of the short cw-lifetimes. This phase was completely
dominated by Sony. The work started with the microscopic characterization of the
degradation processes, from which it became evident, that a low stacking fault den-
sity is necessary for long lifetimes and to avoid the formation of dark defects in the
active region [46, 140, 47, 141]. Consequently, a cw-lifetime of 100 h was achieved by
careful optimization of the growth start procedure [75]. For such devices, the lifetime
is no longer limited by the existence of the dark defects, but now, a gradual darken-
ing of the active region could be observed, which is attributed to an accumulation of
point defects [142, 143]. An optimization of the quantum well growth conditions led to
a lifetime improvement to 389 h [5]. Until today, this is the highest lifetime of a ZnSe-
based laser diode. However, Tab. 1.3 also nicely illustrates, that the limited lifetime
of the devices is the only remaining problem concerning ZnSe-based laser diodes. All
other parameters are comparable to — or even better than — the that of conventional III-V
laser diodes. Low threshold current densities and low operating voltages, suitable for
consumer electronics, have been reported. In addition, high output powers were real-
ized, and consequently, CD and DVD-writers with ZnSe-based laser diodes are not only
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1.4 State of the art and solved problems

possible, but have even been demonstrated [144].

In the following sections, some of the main problems will be shortly described. These
were already solved prior or at the beginning of this thesis. The remaining issues, such
as the quantum well stability, are part of the investigation of the degradation mechanism
in ZnSe-based laser diodes and will be covered in Chapter 3.

1.4.2 GaAs/ZnSe heterointerface: growth start

Due to the limited quality, size, and quantity of ZnSe substrates, ZnSe-based structures
are commonly grown on GaAs. From an epitaxial point of view, this has some major
disadvantages. Being compound semiconductors of different material systems, e.g. the
electronic structure at the heterointerface is complex due to unbalanced atomic bonds
and electron numbers. The lattice mismatch between ZnSe and GaAs gives rise to strain,
and the different thermal expansion coefficients intensify this problem. The biggest
epitaxial challenge is the nucleation of a ZnSe layer on GaAs with a minimal generation
of defects, i.e., stacking faults. For a long-living device, a defect-free current injection
region is mandatory. Given the typical dimensions of a 10 ym-wide injection stripe
and a 1000 ym long cavity, this implies a defect density below 10* cm™2. Such a low
defect density can only be obtained by a combination of different preparation steps and
growth techniques. The literature offers a broad spectrum of different recipes for low-
defect ZnSe on GaAs, but these disagree in part. Therefore, M. Behringer investigated
this topic in his Ph.D. thesis and identified the following key points [35]:

thermal deoxidation of the GaAs substrate under As flux

growth of a GaAs buffer layer and preparation of a 2 x 4 surface reconstruction

pre-irridation with Zn before the ZnSe growth start
e no direct nucleation of Se or S on the GaAs substrate
e ZnSe growth start by using migration enhanced epitaxy

The first two points are derived from the well-established substrate preparation of GaAs
and produce a crystallographically perfect GaAs surface which improves the repro-
ducibility. In fact, it was the introduction and optimization of the GaAs buffer that
enabled defect densities on the order of 10* cm™2 and below reproducibly, and thus
device lifetimes above 1 h in cw-mode become possible [145, 123].

The next two steps are directly related to oneother. It was found, that the GaAs
surface is sensitive to the presence of Se. Under such conditions, a Ga;Se; layer forms,
which has a large lattice mismatch (about 5%) and acts as reservoir for vacancies. These
vacancies in turn act as nucleation sites for SF. Furthermore, these point defects play a
major role in the degradation process. By performing a Zn pre-irridation, these reactions
can be minimized or even be avoided completely [146, 75, 147].

The final step is to initiate the ZnSe growth by using a special MBE growth tech-
nique, the migration enhanced epitaxy (MEE). In this growth mode, the participating el-
ements are not supplied at the same time (conventional MBE), but are offered alter-
nately instead. Thus, the surface diffusion of the elements is maximized, and ideally,
the material is deposited monolayer by monolayer [147]. By using such a technique,
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Figure 1.8: p-type doping of ZnSe and MgZnSSe. Left: free carrier concentration N, —
Np in dependence on the growth temperature [95]. The background pressure in the
chamber is directly proportional to the N flux from the plasma cell. Right: maximum
doping level in MgZnSSe in dependence on the band gap energy of the material for bulk
layers (77 K, taken from Ref. [161]) and superlattices (10 K, taken from Ref. [35]).

a true two-dimensional growth is achieved, avoiding the defect rich three-dimensional
growth completely [148].

The above described recipe ensures the required low defect densities in the Bre-
men epitaxy system. Laser structures grown during this thesis have a defect density
of 10* cm™2 or less on average, as determined by X-ray diffraction on the one hand and
etch pit counting on the other hand (cf. Sec 2.3.3).

1.4.3 p-type doping

It was mentioned before that, the p-type doping of ZnSe and its related alloys proves
to be difficult. So far, there is only one known technique for a reliable p-type doping:
the doping with active N provided by a plasma cell in a MBE system [149, 150]. Other
techniques to provide N, e.g. by supplying ammonia (using thermally cracked NO), a
high N background pressure or a specially designed ECR plasma source, do not result
in a better p-type conductivity [151, 152, 153, 154].

Soon it was established, that under normal growth conditions the maximum con-
centration of free carriers Ny — Np in p-ZnSe is limited to the lower 10'® cm™? region,
although N concentrations in the range of 10?° cm™® can be realized [155, 156]. The rea-
son for this limitation is a self-compensation process which results in the formation of
N-related donors [157]. The onset of the donor formation is rather abrupt, such that a
N-activation rate of unity can be maintained up to 1 x 10'® em™ [158, 159]. Neverthe-
less, the highest reported free carrier concentration for p-ZnSe in the literature is not
more than 2 x 10'® cm™3 [160]. In addition to this compensation problem, one has to
take into account that with an activation energy around 110 meV only a small fraction
of the acceptors is activated at room-temperature [36].

For high current injection levels — as it is necessary for laser oscillation — the resis-
tance of the layers has to be as low as possible. Accordingly, it is necessary to achieve
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a doping level as high as possible. Although there are reports in the literature with
doping levels around 10'® cm ™3, no experimental details concerning the growth condi-
tions are given. In a preceeding Diploma thesis, the p-type doping of ZnSe was studied
and the observed strong dependence of the doping level on the growth temperature is
shown on the left-hand part of Fig. 1.8 [95]. The reason for the higher doping level at the
reduced temperature is the lower formation energy of the N-acceptor in relation to the
N-related donors [157]. For a high doping level, a low growth temperature is necessary.
However, the crystalline perfection deteriorates fast at low growth temperatures, thus,
this technique is not applicable for the complete p-side of the laser structure and is lim-
ited to the p-side contact structure. Beyond the growth temperature dependence, it was
also found that the doping level can be increased by reducing the N-flux, as indicated
in by the measurement denoted with a square in the left graph of Fig. 1.8 . By reducing
the flux, the fraction of active N can be increased™ and thus a higher doping level is
achieved while maintaining a satisfactory crystalline quality in the top layers [95].

Another problem related to the p-type doping is illustrated on the right-hand side of
Fig. 1.8, where the maximum doping level of quaternary MgZnSSe is plotted against the
band gap energy of the material (taken from [161]). It is found, that the doping level is
drastically reduced with increasing band gap energy. For band gap energies above 3 eV,
the carrier concentration drops below 10'" cm ™2, which causes a high serial resistance
and leads to an increased heating of the device during current injection. This doping
limitation can be explained with the amphoteric native defect model, as demonstrated
in Ref. [162]. An alternative to bypass the problem of the limited p-type dopability, the
use of ZnSe/MgZnSSe superlattices as cladding layers was proposed [123, 163]. In his
Ph.D. thesis, M. Behringer investigated this problem and did indeed achieve a higher
doping level for a given band gap energy, as also seen in the right graph of Fig. 1.8 —
at least for the relevant band gap energies around 2.9 eV [35]. However, the current
transport in such superlattice layers is subject to a strong spreading, which make an ef-
fective current path definition by etching, i.e. a ridge-waveguide fabrication, necessary
for the device processing. Since this was in Bremen not possible until late 2001, when a
suitable etching system was installed, such superlattice claddings are not investigated
in this thesis.

1.4.4 p-side contact

When a semiconductor is contacted with a metal a Schottky-barrier is formed (cf. e.g.
Refs. [164, 14]). In general, the height of the Schottky-barrier is determined by the work
function of the metal on the one hand and the semiconductor’s electron affinity on the
other hand. Due to its deep valence band, ZnSe has a high electron affinity, such that a
metal/p-ZnSe contact always results in a considerable Schottky-barrier height (around
1.2 eV). Furthermore, a strong Fermi-level pinning is observed [165]. The thermionic
current transport, i.e., the carrier transport over the barrier, is hindered by the barrier
and high operating voltages result (cf. the early reports in Tab. 1.3). Another transport
process across the barrier is provided by carrier tunneling, which dominates, if the bar-
rier is small enough. The barrier width, on the other hand, depends only on the doping

3the activation is lost as soon as two atoms collide and the propability of such an event decreases with
decreasing flux
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sistive contact is possible. In that sense the difficulties to obtain a low-resistive contact
to p-type ZnSe are directly connected to its limited p-type dopability.

In 1992 Fan et al. proposed an alternative concept for a low-resistive contact to p-
ZnSe [92]. They suggested to insert an additional epitaxial semiconductor layer between
the p-ZnSe and the metal. The requirements for the additional material are:

e a high p-type dopability

e easy fabrication of an ohmic metal contact

e small barrier formation at the interface to the p-ZnSe
e compability to MBE and ZnSe-laser structure growth.

Thus it is possible to avoid the metal/p-ZnSe contact and instead to use a contact to a
material which it is easier to handle. In the following years, different materials were
employed in this scheme, including CdSe, HgSe, BeTe, and Ga,Se;, but all with lim-
ited success [166, 167, 168, 169, 170]. Up to today, a reliable, low-resistive p-side contact
structure always implies the useage of ZnTe as Fan et al. proposed [92]. As described in
Sec. 1.3.4, ZnTe has an excellent p-type dopability, which makes ohmic contact fabrica-
tion easy [171, 172, 173]. Problematic is the direct deposition of p-ZnTe on p-ZnSe, which
leads to significant barrier. Therefore, a ZnTeSe transition layer is inserted between
both binary compounds, in which the Te content is gradually varied. Since the com-
position control in such a grading is difficult, it is experimentally realized in form of a
ZnTe/ZnSe superlattice. These gradings come in different flavors (linear, parabolic, nu-
merically optimized, or as resonant tunneling MQW structure), but do not differ much
in the experimental realization, as it was shown in a previous work [92, 174, 60, 93, 95].
Using such a ZnTe-based p-side contact structure, operating voltages as low as 3.5 V can
be obtained [136]. Furthermore, the electrode lifetime exceeds 1000 h at current densi-
ties around 500 A /cm?- the p-side contact does not limit the lifetime of ZnSe-based laser
diodes [175].

The importance of a careful p-side contact optimization is demonstrated in Fig. 1.9,
where the j/V characteristics of two laser diodes with different p-contact structures are
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compared. Both lasers have the same layer sequence and showed cw-operation at room-
temperature. With a cw-lifetime of 16 s the structure with un-optimized p-contact rep-
resents the best laser diode available in Bremen at the start of this thesis [35]. By op-
timizing the contact, the operating voltage at 400 A/cm? could be reduced by a factor
of 2, down to 8 V. Consequently, the cw-lifetime of this new laser diode, which was the
tirst one grown in the framework of this thesis, could be extended to more than 3 min.
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Chapter 2

Experimental techniques and standard
devices

A semiconductor laser diode is a very complex structure. It consists of numerous dif-
ferent layers with varying compositions and thicknesses as described in the previous
chapter. Each and every single one of those layers must be optimized carefully. But this
is not enough — in the end all layers have to fit into the same structure. An optimization
that gives a record performance of an individual single layer, but deteriorates the quality
of the complete laser structure, is useless. It is therefore natural that the development
of the laser structures reported in this thesis is a joint and continuing effort of many
people. This holds especially for the subsequent characterization of the structures after
growth. Given the complex nature of a laser diode numerous characterization methods
can be applied. In the following chapter the most important ones will be introduced as
they are part of the Standard Laser Characterization Scheme developed during this thesis.
Some of these characterizations were done by other members of the group, mostly as
part of a different research project. This will be indicated where necessary.

The work on ZnSe-based laser diodes in Bremen started in 1995, long before this
thesis was begun. Therefore many basics — in particular the growth start process and
the layer sequence — were already developed. In this sense it is necessary to mention the
Ph.D. thesises of B. Jobst, M. Behringer, and H. Wenisch, as well as the one of M. Fehrer
concerning metalization and processing [64, 35, 34, 176]. The descriptions given in the
following will therefore be kept as short as possible, and it is advised to consult the
citied references for a more detailed explanation.

2.1 Molecular beam epitaxy

During the research on ZnSe-based structures for light emission in the short-wavelength
part of the visible spectrum, it was found that the Molecular Beam Epitaxy (MBE) is the
only practically relevant epitaxy method to obtain n- and in particular p-type material,
although one electrically pumped ZnSe-laser diode — operating at 77 K — was fabricated
by a Metal Organic Chemical Vapor Deposition (MOCVD) epitaxy process [106].
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2.1.1 Principle of operation

In the MBE-type process of epitaxy the elements that form the semiconductor crystal are
evaporated from individual cells containing only one single element. The evaporation
process is carried out in an ultra-high-vacuum (UHV) chamber where the pressure is
usually on the order of 107!! Torr. Thus it is ensured that the mean free path of the
constituents is large compared to the diameter of the chamber — each cell produces a
beam of material [177]. These material beams are directed onto the surface of the heated
substrate crystal, where a reaction between the different materials occurs and thus the
semiconductor crystal grows.

Since the whole process usually is carried out far away from the thermodynami-
cal equilibrium, it is only controlled by the reaction kinetics between the participating
elements. Hence, the growth process — and consequently the growth rate and composi-
tion — of the crystal can be controlled by the temperatures of the cells on the one hand,
and the substrate crystal on the other hand. Typical growth rates are in the order of
300-600 nm/h in the case of ZnSe growth. Each cell is equipped with a shutter which
enables the abrupt turn-on and -off of the molecular beam. Given a shutter movement
time of 1 s, a layer thickness control on the order of atomic mono-layers is possible. A
comprehensive description of MBE can be found e.g. in Refs. [178, 179].

2.1.2 The Bremen MBE system

A detailed description of the MBE system of the Institut fiir Festkorperphysik of the
Universitdt Bremen is given in Refs. [34, 180]. Nevertheless, the important aspects of
the system will be reviewed here since the MBE system is the foundation for all work
reported in this thesis.

The Bremen MBE system as shown in Fig. 2.1 was fabricated by the EPI MBE Prod-
ucts Group corporation’. It consists of two EPI930 growth chambers and a X-ray Pho-
ton Spectroscopy (XPS) analysis chamber, interconnected by an UHV transfer tube. The
transfer tube is separated by gate valves and equipped with two degas stations, which
allow the pre-degassing of samples and sample holders outside the growth chamber.
A separately pumped and heatable load-lock is used to introduce the samples into the
UHYV system. Both growth chambers are equipped with a pump system consisting of
a cryo pump, an ion-getter pump, a Ti-ball sublimation pump, and a liquid-N3-cooled
cryo shroud. Each chamber has 9 cell ports for different materials. One chamber is used
for the growth of III-V material, the other one for II-VI material.

The III-V chamber has Knudsen cells for Ga, In, Al, Si, and Mg. Furthermore, it is
equipped with a plasma source for N and a valved cracker cell for As. Thus both, GaN-
and GaAs-based material can be grown. Silicon (n-type) and Mg (p-type) are used for
doping of the III-V material. The III-V chamber is important for the II-VI activities,
since it enables the thermal deoxidation of GaAs substrates under As over-pressure and
the growth of undoped and n-type doped GaAs buffer layers — measures necessary for
high-quality heteroepitaxial ZnSe-laser structures on GaAs.

In the II-VI chamber, the cell ports are occupied by Knudsen cells for Zn, Se, Mg,
Cd, Te, and ZnCl,, two valved-cracker cells for S and Se, and a plasma source for N.
There are several peculiarities of this II-VI chamber: the Te cell is a double-filament cell,

lnow Applied Epi Inc. [181]
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2.1 Molecular beam epitaxy

Figure 2.1: Photograph of the MBE system installed at the Universitdt Bremen with the
II-VI epitaxy chamber in the center.

i.e., the top part of the cell’s crucible is separately heated. Thus, a clogging of the cell
due to condensation of material is avoided. Another modification was applied to the
ZnCl, dopant cell, which provides n-type doping. It is equipped with a valve that seals
the crucible from the rest of the chamber and which is only opened when doping is
intended. Due to this valve, the material inside the crucible is protected from the air
during a chamber opening. Since ZnCl, is strongly hygroscopic, it otherwise incorpo-
rates large amounts of water from the air-humidity, which in turn significantly increases
the backout time after the chamber opening. Furthermore, the valve reduces the con-
tamination of the chamber with Cl, so that a higher background carrier concentration in
nominally undoped epilayers is avoided.

Also, the N-plasma source, that provides p-type doping, has a non-standard mod-
ification. The source is the RF-plasma source MPD 21 from Oxford Applied Research,
operating at 13.56 MHz and at powers of 200-500 W [182]. The modification concerns
the so-called beam plate that covers the BN-crucible in which the plasma burns. The
beam plate used in this source has only one small pinhole of 0.2 mm diameter®. Thus
the flux of activated nitrogen reaching the substrate is small. It turns out that the degree
of self-compensation inside the p-typed doped layers is negligible under standard dop-
ing conditions due to this measure [183, 184]. It is also possible to operate the plasma
source with H. This is described in Ref. [34].

It should also be mentioned that the S valved cracker cell is not operated in cracking-
mode but rather used as a valve-controlled cell, since cracking of the S molecules does
not improve the layer quality [64]. The S flux from the cell is directly proportional to the
valve opening, and the S composition can easily be changed over a large range within

2This fact disagrees with the original documentation (4 pinholes), but was verified on a chamber open-
ing on 05/27/2002.
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one second while still being absolutely reproducible®. A similar operation mode was
intended for the Se cracker, however, cracking of Se occurs at a much lower temperature,
such that under standard growth conditions most Se is already cracked [185]. In any
case, the flexible flux control is not affected by this.

The transfer system of the MBE system is fully controlled by external magnets and
does not have a direct connection to the lab-atmosphere. Thereby, all feed-throughs are
stationary, which improves the vacuum stability. To facilitate transfer, the samples are
mounted onto molybdenum blocks (Molly block). Since the samples are fixed between
two Mo-masks, no gluing with an InGa eutecticum is necessary.

A very useful feature of the MBE system is that it can be controlled by a computer
workstation*. The software package Molly from the machine’s manufacturer Applied
Epi allows the precisely timed operation of shutters and temperatures. A growth-run is
essentially a recipe-controlled operation of the system — enhancing the reproducibility
considerably (cf. also Section 2.1.4).

MBE growth is influenced by numerous parameters. Without access to the most
basic of them a successful operation in this high-degree, n-dimensional space is impos-
sible. Therefore, the MBE chambers are equipped with several measurement systems.
There are e.g. two ionization pressure gauges to keep track of the pressure in the cham-
ber. One of them can be positioned in front of the substrate heater, to monitor the flux
coming from the cells (BFM, beam flux monitor) at the exact position, the sample will
occupy during growth. A quadrupole mass spectrometer provides leak detection capa-
bilities and residual gas analysis. From an electron gun high-energy electrons can be
directed onto the surface of the substrate with a small angle of incidence. The reflec-
tion pattern is detected on a phosphor screen. With this Reflection High Energy Electron
Diffraction (RHEED) system the surface morphology of the growing crystal can be ex-
amined [187, 188]. Similar optical ports allow to measure how the sample changes the
polarization vector of light, again, incident under a small angle (ellipsometry). Using
ellipsometry data the layer thickness can be calculated [64, 189, 190, 191]. An addi-
tional optical port provides access to the substrate in direct reflection. This port is used
for pyrometry to measure the substrate temperature and recently also for reflectometry
to monitor layer thicknesses during the growth of DBR mirror structures in-situ and in
real-time [192, 193, 194, 195].

2.1.3 Calibration of the growth parameters

The calibration of the growth parameters is the most important and most time consum-
ing task that has to be performed by the MBE grower. A complete set of calibration sam-
ples is usually grown after a chamber opening. These calibrations have to be verified as
long as the chamber is up and running. Typically every 4-6 weeks recalibrations of the
most basic parameters are necessary, depending on the growth activities. In Ref. [34]
such a calibration procedure is described in detail. However, in the course of this thesis
this procedure was modified considerably — in particular with respect to the growth of
laser structures, therefore, an updated version will be described in the following.

3The valve position for a valved cracker cell is measured in the manufactures own unit mil, which
determines the degree of valve opening. The possible range for all cracker cells is 0-300 mil.
*SUN SPARCstation 5, with operating system SunOS Release 5.4/Solaris 2.4 [186]
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Figure 2.2: Typical ZnSSe calibration procedure. The calibration layer consists of three
ZnSSe layers of equal thickness and with ditferent S contents. Left: X-ray diffraction
w/20 scan of the (004) reflex to determine the lattice mismatch of each layer. The most
intense peak stems from the GaAs substrate. Right: layer peak position relative to the
substrate peak in dependence on the S valve position. For a valve position of 58 mil
lattice matching will be obtained.

Flux ratio and growth rate: Starting point of all growth activities is the growth of bi-
nary ZnSe. The first sample grown after a chamber opening is a thick ZnSe-layer’. Dur-
ing the growth of this sample, the Se cell-temperature and the Zn cell temperature are
adjusted so that stoichiometric or slightly Se-rich growth conditions are obtained. This
can be detected in the RHEED pattern, where a mixture of a 2 x 1 (Se-rich) and ¢(2 x 2)
(Zn-rich) reconstruction is visible under these conditions. Simultaneously, the growth
rate is monitored using the ellipsometer. The cell temperatures and, consequently, the
fluxes are set such that a growth rate of about 500 nm/h is obtained. The same proce-
dure is also carried out with the Se cracker cell, where the correct flux ratios are much
faster obtained due to the valve-controlled operation. Since lately, with the installa-
tion of the reflectometer the in-situ-growth rate measurement is also simplified. After
growth, the photoluminescence spectrum of the sample should be measured to check
for residual impurities and other defects (cf. Section 2.3.3).

Ternary and quaternary composition: Next, ZnSSe and MgZnSSe layers are grown.
The main focus here is to obtain layers that are lattice matched to the GaAs substrate.
To hinder premature relaxation of the calibration layers these samples are grown on
GaAs buffer layers. Thus, fully strained layers can even be grown if the chosen growth
parameters are not optimal. For these samples the starting procedures and initial layer
sequences are identical with the ones used in real laser structures (cf. Section 2.3.1). In
the case of a ZnSSe calibration layer, two or three 300-500 nm thick layers with different
S contents are deposited. From a high-resolution X-ray diffraction measurement the
lattice constants can be determined, which allows to interpolate the peak position versus
S valve position (concerning X-ray diffraction see also Sec. 2.3.3). The correct S valve

>All calibration samples are grown on a quarter of a 2”-n-type GaAs substrate.
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Figure 2.3: Quaternary calibration procedure. Left: from X-ray diffraction measure-
ments the S valve position for lattice matching is obtained in a similar way as for ZnSSe
ternary calibration layers. This procedure is done for several Mg cell temperatures.
Right: band gap variation of the quaternary MgZnSSe material with Mg cell tempera-
ture, i.e., for different Mg contents. In order to serve as a cladding layer material in laser
structures a band gap of 2.99 eV at 8 K is desired.

setting for lattice matched ZnSSe is extrapolated as shown in Fig. 2.2.

While keeping the Mg flux constant, the same procedure is used to obtain lattice
matched MgZnSSe (Fig. 2.3). Additionally, the band gap energy of the quaternary lay-
ers are measured in low-temperature photoluminescence, where a band gap around
2.99 eV is targeted (concerning photoluminescence, cf. Sec. 2.3.3). Using data from older
calibration runs, the correct settings can even be extrapolated to a certain degree from
failed calibration samples. However, this procedure depends strongly on the grower’s
experience and is generally dissuaded.

p-side contact: As described in Section 1.4.4, the p-side contact is an important and
complicated part of ZnSe-laser structures. It turned out that the long-term reproducibil-
ity of the standard contact structure is not easily maintained. Therefore, the calibration
scheme given in Ref. [34] is not sufficient. Currently, the calibration scheme requires
the growth of 14 test samples. These samples consist of a p-type ZnSe layer grown
for 1 h under standard growth conditions and the ZnTe/ZnSe-multi-quantum well p-
contact structure with a ZnTe cap layer. After the growth, 100 ym Pd/Au stripe are
processed onto the sample, and the contact performance is determined by comparing
the I/V-characteristics with older calibration samples. In the design of the p-type con-
tact structure the adjustable growth parameters are the growth time of the ZnSe barriers
(depending on the growth rate) and especially the ZnTe cap layer growth time. This ex-
perience corresponds with results from Sony [175].

"Uncalibrated” parameters: There are some parameters that do not change after a
chamber opening and which are very stable over time. One of them is the substrate
temperature. In the course of three years of the continuing growth activities of this
thesis, the substrate temperature was changed only once.
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2.1 Molecular beam epitaxy

Also the conditions for doping are rather uncritical. Concerning n-type doping, the
free carrier concentration provided by the ZnCl, cell is very reproducible. Furthermore,
the material consumption is very low so that the cell does not need to be refilled. A
sort of the same effect simplifies the p-type doping with the N plasma source, since
here, the cell is continuously supplied with purified N gas and the flux is regulated by
a full-metal micrometer valve.

Usually, there is a certain flexibility concerning the emission wavelength of the laser
diodes. Therefore, it is sufficient to measure the Cd flux and adjust the quantum well
growth time accordingly. If the emission wavelength of the first laser grown at the end
of the calibration period is not in the range of 515-530 nm the Cd flux or the growth
time can be changed.

In sum, the complete calibration procedure of the growth parameters after a cham-
ber opening requires at least 4 samples. Normally, this is not enough and typically
an average of 8-10 samples are grown. Consequently, the task of a system calibration is
not only a joint effort of the growers, but also performed by those members of the group
who primarily do ex-situ characterization, especially the X-ray diffraction team. The cal-
ibration concludes with the growth of a complete and fully doped laser structure. Only
after this laser structure shows electrically pumped stimulated emission the calibration
is truly finished.

2.1.4 Standardization of the growth process

The MBE facilities are used for a variety of different growth experiments, ranging from
studies on the formation of quantum dots to the growth of ZnTe-based material on ZnTe
substrates. Keeping that in mind, the Molly software with its recipe-controlled operation
of the MBE system provides a powerful method to increase the reproducibility of exper-
imental results, because this feature enables computer access to all control elements of
the system. Thus, it is possible to create a set of recipes that covers all standard opera-
tions connected to the growth of ZnSe-based material on GaAs substrates. Hence, the
compability of experimental results by different growers obtained on different kinds
of samples is increased. In co-operation with the other MBE users the recipe scheme
presented in Tab. 2.1 was developed.

The most important recipes of this set are the ones connected to the ramping of
the cell temperatures and the subsequent flux measurements. During the temperature
ramping, the cells are heated 10-20°C above the desired values and kept at that elevated
temperature for 20 min. Thus, material that condensated on the source material during
the standby time is evaporated before the cell is used for growth. By this measure the
material quality and purity is increased.

Due to the recipe controlled flux measurement the cells are always measured in the
same sequence and for the same time. This is important, since especially the elemen-
tal materials used for II-VI growth tend to produce different beam equivalent pressure
(BEP) values, depending on the measurement history of the beam flux monitor (BFM)
tilament [34]. Using the recipe for flux measurements does not solve this problem, but
it makes this same systematic error common for all MBE users.
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Recipe Function Specials

ramp-all ramps cells to growth tempera- temperature overshoot; cracker
ture optional

degas degassing of a substrate on the versions for 1/4 2” and full 2”
degas station wafers

flux-all flux measurement of all neces- two cracker valve positions pos-
sary cells sible; initial degas of the BFM fil-

ament

subdeoxy  performs athermal substrate de- versions for both Se cells
oxidation

subheat ramps the substrate to the wafer size dependent; versions
growth temperature and per- for both Se cells
forms a pre-Zn irridation

mee-start ~ performs a growth start in MEE wafer size dependent; versions
mode for both Se cells

rampdown ramps cells to standby tempera- short opening of cracker valves
tures

d-block degasses an etched Molly block —

Table 2.1: Set of recipes that enables to perform the standard procedures common to all
ZnSe-based growth activities computer-controlled.

2.2 Device processing

The technological steps necessary to process a wafer containing a laser structure into an
electrically pumped laser diode, were developed by Michael Fehrer in the framework of
his Ph. D. thesis [176]. During the last two years of this thesis the laser processing was
done by S. Hesselmann and M. Henken. Since device processing is a fundamental part
of the laser characterization the procedure, it will be briefly reviewed here, although it
was never performed by the author himself.

Starting point for all activities is the epitaxially grown laser structure on the substrate
crystal. After growth the wafer is cleaved along the (110) and (110) axes of the crystal.
Gain-quided laser devices are processed from typically (1x1) cm? pieces. Therefore, cur-
rent injection stripes have to be applied to the sample. After thermal evaporation of
Pd (10 nm) and Au (200 nm) in a vacuum chamber the injection stripes are photolitho-
graphically defined using wet chemical etching. Typically, 10 um stripes are used, but
20 pum and 50 pym are also possible.

The correct placement of the injection stripes is very crucial for the performance of
the lasers. Two aspects have to be taken into account. One of them is a careful alignment
of the stripes with respect to the cleaving edges. Only if the stripes are perpendicular to
the edge they can fulfill their purpose as laser mirror. If there is a small misorientation,
the light will not be reflected directly back into the laser cavity and consequently, it can
not be amplified, which in turn leads to increased (mirror) losses. Simple geometrical
calculations show that for a 1 mm cavity and a 10 ;m stripe the misorientation has to be
less than 0.3° [176].
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Figure 2.4: Processing of gain-guided laser diodes. Left: schematic side-view of a laser
bar. The individual laser diodes are formed by the current injection stripes which are
electrically separated by an insulator. For an easier testing, larger contact pads are pro-
cessed onto the injection stripes (drawing not to scale). Right: photograph of a pro-
cessed laser structure. The black stripes provide the electrical separation of the laser
diodes, the current injection stripes are too fine to be seen. Laser bars are obtained from
the processed wafer piece by cleaving.

Furthermore, the stripes should be parallel to the (110) direction of the crystal. The
lifetime of a device is drastically reduced, if stacking faults exist inside the active region,
i.e., beneath the injection stripe, since they act as effective non-radiative recombination
centers [196, 46]. On the other hand, the typical stacking faults in ZnSe layers have an
asymmetric shape which is elongated along the (110) direction [48]. Thus, the propa-
bility to find a stacking fault beneath the stripe is smaller if it is aligned along the (110)
direction.

In principle, the processing could be stopped after the definition of the injection
stripe, however, from a practical point of view, 10 um metal stripes are difficult to con-
tact with an electrode in order to apply current. To facilitate the contacting larger bond
pads are applied onto the injection stripes. Therefore, the next step is to evaporate Al,O;
by an electron beam onto the sample (100 nm). Since Al;O; is an insulator it provides
electrical separation of the injection stripes. After a lift-off process the injection stripes
are recovered. The bond pads are obtained by evaporating another 200-300 nm Au onto
the sample. The injection stripes are electrically separated by etching 100 ;zm stripes into
the bond pads. The final processing step is usually the metalization of the backside of
the sample with Pd (10 nm) and AuGe (200 nm), which serves as n-side contact to the
GaAs substrate.

The complete processing results into a structure as illustrated in Fig. 2.4. After the
processing bars can be cleaved from the sample. These bars then contain on average
10-15 individual laser devices that can be contacted with electrodes (contact needles) or
bonded. A further separation of the laser bar into single laser chips is usually not nec-
essary and too time consuming (cf. Section 4.2). For device testing and characterization
the laser bars are glued with silver paste onto a small sheet of copper, which acts as heat
sink and facilitates handling.
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Figure 2.5: Schematic view of a ZnSe-based laser structure including layer sequence
and band gap diagram. (Drawings are not to scale, likewise, the band bending has not
been taken into account.)

2.3 Standard laser structure and characterization scheme

In the following section the design, the growth, and the characterization of ZnSe-based
laser diodes as they are grown and tested in Bremen, will be described. This section
should fulfill two purposes: first, it should introduce the samples, second, it is intended
as introduction into the various characterization methods employed in this thesis. For
a better illustration of the process the full characterization of a real laser structure is
presented. Sample no. S0607 was chosen as example.

2.3.1 Layer sequence

Figure 2.5 shows the standard laser structure used for all laser samples grown in the
framework of this thesis. The active region of the lasers consists of one 2-5 nm thick
quaternary CdZnSSe quantum well. This single quantum well is embedded into ZnSSe
waveguiding layers of higher band gap (double heterostructure [DH]). MgZnSSe cladding
layers of an even higher band gap surround those waveguides and thus, an additional
confinement is provided for the carriers, which is therefore a separate confinement het-
erostructure (SCH). The band gap diagram in the left-hand part of Fig. 2.5 illustrates this
schematically.

The complete laser structure is grown on a full 2” Si-doped n-type GaAs substrate.
By adjusting the composition of the ternary and quaternary ZnSSe and MgZnSSe ma-
terial, it is possible to grow the claddings and the waveguides lattice-matched to the
substrate. However, a direct nucleation of the MgZnSSe cladding on the GaAs is not
practicable. As reported in Section 1.4.2, the highest layer quality and lowest defect
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densities are only obtained when using a sequence of GaAs and ZnSe buffer layers.
Therefore, a 180 nm GaAs:Si buffer layer is grown first. The II-VI heteroepitaxy starts
with a thin ZnSe:Cl buffer. Since the band gap difference between GaAs and ZnSe is
quite large (AE, = 1.27 eV), a barrier for the carriers is built-up at the III-V/II-VI het-
erointerface. To reduce the effect of this barrier both buffer layers are heavily doped
n-type (about 2-5 x10'® cm™?), facilitating carrier tunneling. In the ZnSSe buffer layer
on the n-side of the laser structure, the doping level is reduced to values of about 5

x10'® cm™® in order to maintain a high material quality.

In the n-type MgZnSSe cladding layer (E, around 2.9 eV at room-temperature) a free
carrier concentration of 1-5 x10'® em™? is targeted. This cladding layer has a thickness
of 1000 nm. Thus, it is ensured that the optical wave does not penetrate into the lower
buffer layers, where it would not only be effectively guided, but also strong absorption
in the GaAs would occur. Such effects would increase the internal losses significantly
and in turn raise the threshold current density.

The waveguides have a thickness of 100 nm each. Theoretical calculations and sim-
ulations performed in the framework of a Ph.D. thesis from Wiirzburg showed that
such symmetric waveguides exhibit the best characteristics concerning waveguiding,
emission pattern, and threshold [33]. The waveguiding layers are only doped half-way.
By this measure the carrier overflow over the quantum well is reduced and the inter-
nal quantum efficiency is increased. However, some of the structures contain upper
waveguides that were not doped at all. Furthermore, the quantum well has routinely
been doped n-type with Cl (free carrier concentration below 5x10'® cm~%). Concerning
this doping of the quantum well and the upper waveguide see also Section 3.4.1.

Due to the limited p-type dopability of MgZnSSe and the band gap (i.e. composition)
dependence of the free carrier concentration, the design of the upper cladding layer re-
quires special care. On the one hand, a good confinement is desired, therefore, the band
gap should be high. Furthermore, the optical wave should not penetrate into the upper
transition and contact layers, since strong absorption would occur otherwise. Conse-
quently, the upper cladding layer should be sufficiently thick. But a thick cladding
layer with a high band gap will increase the serial resistance significantly. In turn, this
will lead to higher operation voltages and an increased heat generation, accelerating the
degradation process. As a compromise between those two opposing boundary condi-
tions, the p-side cladding layer has a thickness of 700 nm and a band gap of 2.9 eV at

room-temperature, which gives a net acceptor concentration of 0.5-1x10'7" ecm ™.

The top layers of the laser structures consist of ZnSSe and ZnSe transition layers and
the ZnTe/ZnSe multi-quantum well contact with a thin ZnTe cap layer, as described in
Section 1.4.4. In these layers the doping levels are gradually increased up to 5x10'? em ™
in the ZnTe.

The layer thicknesses given in Fig. 2.5, as well as the doping levels, and the material
compositions, are only intended values. The real values for each laser structure depend
on the quality of the preceeding calibration. Insofar, most laser structures will show
deviations for at least one of these parameters. This problem makes the comparison
between different laser structures more difficult — if not impossible sometimes. Yet, the
growth of a whole set of laser structures in a row — ideally, with changing only one
parameter per sample — is usually not possible, given the amount of time and other
resources, necessary for one growth run.
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2.3.2 Growth

Before the substrate can be introduced into the growth chamber it is degassed on one of
the external degas stations of the MBE system. This is done in order to remove residual
water and other contaminations from the Molly block and the substrate. Degassing
takes roughly 1 h at a temperature of 400°C. As soon as the substrate is cooled down
below 200°C © it can be transferred into the III-V growth chamber.

The surface of the GaAs substrate crystal is oxidized. These Ga- and As-oxides must
be removed prior to the epitaxy process, in order to obtain a perfect single-crystal sur-
face. Usually, a deoxidation is performed by heating the crystal to a temperature above
the decomposition temperature of the oxides. In the case of GaAs this leads to a rough-
ening of the surface, since As has a high vapor pressure and therefore escapes from the
surface. To prevent this roughening the deoxidation is performed under a constant sup-
ply of As from the As cracker. As soon as a 2 x 4 reconstruction appears, the growth
of the GaAs buffer layer can be started, during which the 2 x 4 reconstruction is main-
tained. After the buffer layer growth, the substrate is cooled down for transfer — again
under As flux to stabilize the 2 x 4 surface, since it was found that such a 2 x 4 GaAs sur-
face gives the lowest defect densities in the subsequent ZnSe heteroepitaxy [197, 198].

As soon as the substrate temperature permits it, the block is transfered into the II-VI
chamber, where it is immediately heated up again. The fast transfer — the substrate is
still hot — is necessary to prevent any condensation of rest-gas or other material on the
substrate surface. It is a crucial point insofar, as the GaAs/ZnSe-heterointerface is very
sensible to such contaminations, which give rise to an increased defect density.

The II-VI epitaxy is initiated in the fashion described in Section 1.4.2 with a 2 min
Zn irridation and a subsequent MEE growth start. The following growth steps are de-
termined by the layer sequence described in the previous Sec. 2.5. Figure 2.6 illustrates
the typical growth steps necessary to deposit these layers. It shows the molly recipe
used to grow laser sample S0607. Concerning the growth of the main layers there is one
noteworthy peculiarity: the slow adjustment of the substrate (i.e. growth) temperature
during the growth of the lower n-type cladding layer’. This growth step was developed
by M. Behringer in order to compensated the changing temperature characteristic of the
sample during the early stage of the growth [35]. It was found that this temperature
change is due to a modified emissivity of the sample, caused by the newly grown II-VI
layers [63]. Together with the strong temperature dependence of the S sticking coeftfi-
cient this leads to an unwanted composition drift in the material if no countermeasures
are taken [199].

Concerning doping, it should be noted that the ZnCl, cell temperature is reduced
during the growth of the lower waveguide and closed half-way through. However,
the quantum well of sample S0607 is doped n-type again. About 1-2 min after the
deposition of the quantum well, N is introduced into the chamber and the plasma cell
is started, so that stable operation is obtained when the p-type doping of the structure
begins. The layer sequence of the p-side contact structure is not shown in Fig. 2.6, since

®Mechanical manipulation or transfer of in the UHV environment should always be performed at
temperatures below 200°C in order to minimize the stress onto the equipment.

’The substrate temperature is measured by the substrate heater temperature, which is not the substrate
surface temperature. A substrate thermocouple reading of 350°C corresponds to a substrate temperature
of 285°C.
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Chapter 2: Experimental techniques and standard devices

it is saved in a different growth recipe (c17 . cmd), which is loaded following the growth
of the p-ZnSSe transition layer.

After growth, the sample is cooled down, and as soon as the chamber has been
pumped down to tolerable pressures® it is taken out. After the sample has been removed
from the UHV system, it is cleaved and several pieces are prepared for the following ex-
situ characterization.

2.3.3 Structural and optical characterization

The structural characterization of the sample serves two different purposes. On the
one hand, it is used to verify that the intended sample structure was indeed obtained
— especially concerning layer composition. On the other hand, it also determines the
crystalline perfection of the sample, which is directly connected to the density of defects
in the material.

High-resolution X-ray diffraction

The most important structural characterization method is the high-resolution X-ray diffrac-
tion (HRXRD or short XRD). These XRD measurements are performed by members of
the XRD-team, lead by H. Heinke. During the course of this thesis measurements were
routinely done by V. Grofmann, T. Passow, and G. Alexe. The Ph.D. thesis of V. Grof-
mann was specially focused on the XRD characterization of ZnSe-based laser diodes
and should therefore be referred to for more detailed information [61].

X-ray diffraction is a method based on the interference of photons that are elastically
scattered at the electron cores of the atoms forming the sample. In a crystal the atoms
are organized in a periodic lattice. Scattering of the incident beam occurs at every lattice
plane. At an infinite distance, the scattered beams interfere and a signal is measured if
the distance between the lattice planes d satisfies the Bragg condition

2dsinf =n\ with n=1,2,3, ..., (2.1)

where 6 is the angle of incidence and A the wavelength of the incident beam. Using
this relation in combination with light of a short wavelength — such as X-rays — a very
precise determination of the (local) lattice constant of the sample is possible.

In the rec1procal space, the Bragg condition transforms to the Laue condition for the

incoming wave k and the scattered wave £/,
Ak = =0 =0a. (2.2)

Thus, the Laue condition is satisfied, if the scattering vector @ equals a reciprocal lattice
vector G. This is illustrated in the Ewald construction of Fig. 2.7.

In a XRD setup the sample is illuminated with X-rays®. The scattered light from the
sample is collected in a detector. Both, the sample and the detector can be rotated in this
setup. In Fig. 2.7 the typical rotation (i.e. scan) directions are indicated. In a w/26 scan
the sample is rotated around w, the detector around 26. That kind of scan is typically

8During p-type doping the background pressure in the chamber is about 3x10~7 Torr.
o)\ = 1.54056 A (CuK,, line)
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2.3 Standard laser structure and characterization scheme

performed on the (004) reflex of the sample. In this configuration the penetration depth
of the light is 7.6 um and consequently, all epitaxial layers are detectable — even for in a
laser structure.

The main information that can be
extracted from a w/26 scan is, how
perfect the epitaxial layers are lattice
4 26 scan | matched to the GaAs substrate. Such
' a scan is therefore not only used for
I reciprocal laser structures, but also for the ter-
! lattice point . .
p - nary and quaternary calibration lay-
® scan ers described in Section 2.1.3. Since
= the intensity of the scattered light de-
pends on the scattering volume, i.e.,
the layer thickness, a first rough esti-

N mation of the layer thicknesses is also
origin of the . . . .
reciprocal space possible. A more precise information
concerning the thicknesses can be ex-
trapolated, if the sample contains lay-
ers with very smooth interfaces. They
give rise to thickness oscillations — so-
called fringes — which are observed
in form of a high-frequency modula-
tion of the layer signals. However, in
a multilayer sample it is difficult to
assign the thickness fringes to the correct layer. Finally, for sufficient thick layers the
crystalline quality can be judged by measuring the width of the layer peak [178] in w
direction. A typical w/26 scan of a laser is given in Fig. 2.8(a).

The most intense peak in Fig. 2.8(a) stems from the substrate, because is has the
highest scattering volume. With around 0.7-1 pm thickness each, the cladding layers are
the thickest II-VI layers. They can be found near the substrate peak. During the growth
of the p-side the plasma cell provides an additional heating of the substrate surface.
Since the S sticking coefficient is very sensitive to temperature changes, this additional
heating is reflected by a slightly different layer composition of the upper cladding [199].
This layer can be found 60 arcsecs right of the substrate. For the lower cladding the
lattice match is perfect, and the layer peak can only be identified as a small shoulder of
the substrate peak, as the insert in Fig. 2.8(a) shows. Another possible explanation for
the different compositions of the upper and lower cladding layer could be an enhanced
Mg incorporation rate in the presence of N [201]. However, by lowering the substrate
temperature during the growth of the upper cladding the composition differences can
be reduced indicating that the heating effect dominates in the Bremen MBE system.

Roughly 140 arcsecs left of the substrate, the layer peaks from the ZnSSe waveguides
can be found. The magnification of this region reveals an high-frequency modulation
of the signal. These thickness fringes indicate a high layer quality and smooth inter-
faces. The oscillation period corresponds to a thickness of 1000 nm and can therefore be
attributed to an interference between the interfaces of the lower cladding layer.

The broader peak 800 arcsecs left to the substrate originates from the ZnSe layers of
the p-side contact region. Its intensity is lower as compared to the ZnSSe waveguides,

Ewald sphere

scattered
wave vector

incident
beam

incident
wave vector

Figure 2.7: Ewald construction, describing the
measurement geometries. The most important
XRD measurement directions, w/26 scan and w
scan are indicated [200].
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Figure 2.8: w/20 scan of the (004) reflex of laser S0607 and reciprocal space map of the
(224) reflex of the same laser structure. The insert in the graph of the w/260 scan shows a
magnitication of the substrate peak region. The arrow in the (224) mapping points into
the direction of the origin of the reciprocal space.

since it is considerably thinner (ca. 80 nm as compared to 200 nm). Furthermore, the
substrate temperature is reduced during the growth of the p-side contact and therefore,
the layer quality is reduced, which is the reason for the increased width of the peak.

Around 4200 arcsecs to the left of the substrate peak another layer signal can be
found. However, its intensity is very low, which indicates a very small layer thickness.
Also, the lattice mismatch between this layer and the substrate is very high. These facts
leave only two layers as possible sources for the signal: the ZnTe layers of the p-side con-
tact structure or the CdZnSSe quantum well. From a simple XRD measurement this can
not be clarified. For a better identification of the signal source, an etching experiment,
in which the ZnTe layers will be removed, followed by a subsequent XRD measurement
are necessary.

Further insight into the crystaline quality of a sample is obtained by performing a
mapping of the reciprocal space. Such a reciprocal space map is obtained by measuring
multiple w scans along the w/26 direction around a reciprocal lattice point, as indicated
in Fig. 2.7. In such a measurement configuration a relaxation of the layers, i.e., an in-
plane lattice constant that differs from the substrate lattice constant, can easily be de-
tected by a different Ag, position of the layer peak in a mapping of an asymmetrical
reflex, e.g. of the (224) reflex, which is shown in Fig. 2.8(b). Since the layer peak posi-
tions are all at the same q, value of the substrate, i.e., Ag, = 0, the structure is fully
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2.3 Standard laser structure and characterization scheme

strained. The arrow gives the direction to the origin of the reciprocal space. A relax-
ation of the layer structure would occur perpendicular to this direction, as exemplary
indicated by the dashed line for the ZnSe layer signal. In a fully relaxed case the layer
peak position would be on the intersection of the direction to the origin and the dashed
line. The triangle formed by the substrate peak position, the layer peak position in the
tully strained case, and in the fully relaxed case is the so-called relaxation triangle [61].
As mentioned before, the layer peak width in w direction can give an indication
about the defect density in the layer. However, since the scattering volume of the de-
fects is small, the full width of half maximum of a layer peak can only indicate defect
densities above 10° cm 2. A good laser diode should have a at least one order of mag-
nitude lower defect densities. For these kind of structures, V. Grossmann developed a
method to determine the defect densities from measurements of the diffuse background
and a comparison of the 1/1000- and 1/10000-width, which are sensitive to a defect den-
sity down to 10* cm~2 [61]. However, for laser S0607 no significant broadening could be

detected, indicating a defect density below 10* cm™2.

Etch pit density

One of the most important factors that influences the lifetime of electronic devices and
ZnSe-based laser diodes in particular, is the number of extended'? defects present in the
device. In order to judge the device performance it is necessary to obtain precise infor-
mation about the defect density. From XRD measurements, information about defect
densities above 10* cm™2 can be obtained. Another very direct way to aquire informa-
tion about defects is to perform transmission electron microscopy. But in this case, the
lower detection limit is even higher: 10° cm™2. For a long-living ZnSe laser diode, defect
densities on the order of 10® cm™?2 are necessary. A method that provides access to this
defect density range is the determination of the etch pit density (cf. Sec. 1.3). In this ex-
periment the sample surface is etched. In the region of a defect, the crystal is pertubated
and the chemical bonds between the atoms can be broken more easily than for the rest of
the crystal. This results in a higher etching rate and consequently, the etching produces
a hole — or more precise an etch pit — in the sample at the position of the defect, which
can then be counted under a microscope.

The technique for etch pit density measurements was established by A. Isemann and
H. Wenisch [202, 34]. A critical point for obtaining clear etch pits is the correct choice
of the etchand. For laser structures, best results were obtained with HCI at 60°C [48].
The etching time is typically 20-30 s. The top layers of a doped laser structure con-
sist of the ZnTe-containing p-side contact structure and the ZnSe layer grown at lower
temperatures. Due to the high lattice mismatch and the low growth temperature, the
layer quality is low and defects are massively generated in this region during growth.
However, it was found that these defects do not extend in to the active region of the
device, but stay localized in the top layers [51]. Their influence on the device lifetime
is therefore limited. In order to count only the relevant defects, the p-contact structure
of the doped laser diodes, the entire p-side contact structure!! is removed by etching
the sample for 2-3 min in a solution of K,Cr,O; in H,SO, and H,O'?, the usual ZnSe
etchand [203].

105 e., not point defects, but rather stacking faults and dislocations
znTe cap, ZnTe/ZnSe multi-quantum well structue and the low-temperature ZnSe
121 g KQCr207, 10 ml HQSO4, 20 ml HQO
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EPD ~ 10 °cm EPD ~ 10 °cm @

Figure 2.9: Microscope photograph of the sample surface of laser structure S0607 after
the removal of the p-side contact structure and subsequent etching with hot HCI for
20 s. Left: sample area (2042 x 1633) um?, etch pits are circled. Right: section of the
sample with a cluster of defects.

Figure 2.9 shows the result of the etching process for laser structure S0607. In the
left hand part of Fig. 2.9, on a sample area of (2042 x 1633) um?, only 10 defects are
found, resulting in a very low defect density of less than 300 cm 2. On the other hand,
the photograph on the right of the same figure shows significantly more defects. But
these defects are clustered around a scratch, which originates from a sub-optimal wafer
handling during the substrate preparation procedure. This indicates that careful wafer
handling and processing is crucial for high quality devices — albeit difficult to achieve
with manual processing'®. It is obvious that these processing deficiencies give rise to an
increased scattering of the performance between individual devices. The average defect
density of laser S0607 is in the low 10° cm™2.

Photoluminescence

In general, luminescence is a physical process in which a sample emits a photon after
an excitation. Depending on the source of excitation one distinguishes between cathodo-
luminescence (CL, electrons), thermoluminescence (heat), sonoluminescence (sound), electro-
luminescence (EL, current injection), or photoluminescence (PL, photons). The PL is the
foundation of the optical characterization of semiconductors. Though the principle of
operation is rather simple, its results can provide access to numerous physical aspects
of the sample, ranging from ultra-fast carrier dynamics to defect characterization.

In a PL measurement the sample is illuminated with photons, typically from a laser.
Inside the sample, these photons can excite the electrons of the crystal to a higher state,
thus creating a pair of an electron and a hole. The excited carriers then relax back into
the ground state. During the transition into the ground state — which is a recombina-
tion of an electron with a hole — energy is realeased. The recombination can either be
radiative (emission of a photon) or non-radiative. Non-radiative recombination usually
occurs at defect sites, since defects form electronic states deep in the otherwise forbid-
den band gap. In this case, the excess energy is released into the crystal lattice by the

13Tn commercial device production wafer handling is completely mechanized and performed by robots.
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emission of phonons. In both cases, the total recombination energy corresponds to the
energy separation between the excited and the final state. In the most simplest (and
ideal) case of a radiative recombination in a semiconductor, the transition occurs be-
tween the band edges, i.e., the recombination energy exactly corresponds to the band
gap energy of the crystal. In a real sample however, more complex mechanisms have
to be considered, depending on the sample quality, design, doping, and measurement
situation. For instance, especially at low temperatures, it is usually observed that an
electron and a hole bind to each other and form an artificial (H-like) atom, a so-called
exciton. The energy of the exciton is reduced by the exciton binding energy, and the ex-
citonic recombination results in sharp lines at energies below the band gap. Typically,
this excitonic features dominate the luminescence spectra, since the relaxation of free
electrons and holes to excitons is a fast and effective process. But the formation of free
excitons is not the only possible processes. In real semiconductor samples, many more
effects can be observed, e.g. the formation of a bi-exciton, a He-like atom consisting of
two excitons. Also charged excitons —a complex of two electrons with one hole or vice
versa — have been observed. Finally, the carriers can bind to defects and impurities,
e.g. dopants. All these complexes have different formation energies and consequently,
give rise to different signals in the PL spectrum. For an complete overview of PL signals
in ZnSe, see e.g. Ref. [204].

The line width of the PL emission depends on two factors. One is the lifetime of
the excited state which is correlated to the homogeneous line width. In a typical PL
measurement many electron-hole pairs are created at once in the sample. The emission
energy of the emitted photons strongly depends on the band gap. Since the band gap
in the crystal can vary locally due to composition fluctuations or defects for example,
the emission is broadend, which gives rise to the inhomogeneous line width. Aside
from the band gap of the sample, it is hence possible, to obtain additional information
about the structural quality of the layers by measuring the line width of the PL signal(s).
Furthermore, the emission line width also depends on the temperature. Therefore, tem-
perature dependent PL measurements can provide further insight — especially concern-
ing localization of carriers. For more detailed description of PL measurements on ZnSe
samples and especially the influence of material composition and homogeneity on the
PL emission line width cf. e.g. Ref. [205].

Standard-PL measurements are routinely performed on calibration samples as well
as on laser samples. These experiments are carried out at low temperatures (around
8 K) in a He-cryostat. A HeCd laser provides the excitation at a wavelength of 325 nm,
corresponding to an emission energy of 3.81 eV. This energy is high enough to even
measure MgZnSSe layers with a high band gap. The PL spectra from the samples are
recorded with a CCD camera, which is cooled by liquid N and that is attached to a
grating-monochromator with a spectral resolution of about 0.2 meV. A complete de-
scription of the PL setup is given in Ref. [34]. For normal samples, as well as calibration
samples, a special sample preparation is not required for PL experiments. However, the
emission spectrum of a doped (laser) structure is dominated by luminescence from the
p-side contact structure, which conceals the signals from the deeper lying layers. This p-
contact structure has to be removed by etching prior to the PL measurement, in order to
obtain information about the rest of the structure. All standard-PL measurements were
performed by other members of the group, in particular by K. Leonardi, T. Seedorf, and
T. Passow.
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Figure 2.10: Standard-PL spectrum of S0607, recorded at 8 K. The p-side contact has
been removed to reveal the signals from the deeper layers.

In Fig. 2.10 the standard low-temperature PL spectrum of S0607 is depicted. It is
dominated by the quantum well emission at 2.532 eV, which indicates a Cd content
of roughly 20%, using the model given in Ref. [22]. Taking into account the tempera-
ture shift of the band gap of CdZn(S)Se, one can expect an emission around 2.43 eV at
room-temperature, corresponding to an emission wavelength around 510 nm, which is
relatively blue. The full width at half maximum (FWHM) of the quantum well emission
is 30 meV (at 8 K). Using the model from Young et al., and assuming a Cd content of 20%
and a quantum well width of 3 nm, the inhomogeneous line width due to composition
fluctuations should be around 12 meV for a perfectly mixed crystal, which is signifi-
cantly lower than the measured value [206]. This indicates that the growth conditions
for the quantum well were not optimal. In a following chapter, it will be shown that
by adjusting the flux conditions during the quantum well growth, the line width, i.e.,
the material composition fluctuations, can be reduced (cf. Chapter 5). The quantum well
emission in Fig. 2.10 has a clear asymmetric shape with an Urbach-tail on the low energy
side [207]. This asymmetric shape is a characteristic feature of quantum wells samples
and mainly connected to composition fluctuations. For an ideal quantum well this is
not expected, since the shape of the emission spectrum is primarily dominated by the
carrier scattering (intra-band relaxation) [33, 207]. For an active region with quantum
dots, a clear Gaussian-shape of the emission is expected.

Aside from the quantum well emission, signals from the other layers can also be
found in Fig. 2.10. The signals from the ZnSSe waveguides and transition layers appear
around 2.82 eV. At 2.953 eV, a clear peak from the cladding layer is visible. The band gap
of the cladding is lower than the desired value of 2.99 eV (at 8 K). Although the band
offset AL, between quantum well and cladding is with 0.421 eV still larger than the
necessary 0.35 eV introduced in Sec. 1.3.4, a slightly increased threshold current density
must be expected for the laser diodes processed from this structure.

Finally, it should be mentioned that the intensity ratio between cladding layer and
quantum well emission is also an indication for the structural quality. During the excita-
tion of the sample with the laser, the electron-hole pairs are created in the upper layers.
Ideally, most carriers relax into the quantum well, where they recombine radiatively. In
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a real sample there are always defects (point defect, but also extended defects) present,
that provide efficient non-radiative recombination centers. The defect density deter-
mines how many carriers can reach the quantum well. Thus, in a high-quality structure
most electron-hole pairs contribute to the quantum well emission and as a result the
quantum well dominates the PL spectrum. In that sense, the laser structure shown in
Fig. 2.10 has a good structural quality.

To shortly summerize, the results of the structural characterization of sample S0607
indicate a high quality. With a very low stacking fault density in the order of 10® cm ™2
the device lifetime should not be limited by extended defects. Furthermore, a very good
lattice matching of the cladding and the waveguiding layers was achieved. From opti-
cal characterization an emission around 510 nm with good efficiency can be expected.
However, a slightly increased threshold current density is possible. In the next section
it will be investigated, in how far these results transfer into good operational character-
istics under current injection.

2.3.4 Electrical and electro-optical characterization

In this section the electrical characteristics of the lasers are determined. Contrary to the
structural characterization, it is mostly concerned with devices. The main focus lies on
the operational characteristics, i.e., what happens during current injection.

The experimental setups for the different electro-optical tests were developed before
this thesis was begun, in particular, the first versions of the measurement software were
created by A. Isemann during his Diploma thesis work [202]. However, most of these
programs have been improved, partly rewritten, or even newly created since then.

Electro-chemical capacitance-voltage profiling

Although XRD and PL measurements can provide a detailed insight in the sample struc-
ture and quality, there is at least one important aspect that can not be accessed: doping.
Without doping efficient current injection into the device is impossible. The doping lev-
els in the different layers of the structure determine the resistance and thus the amount
of heat that is generated during operation. Hence, doping is also crucial for the de-
vice stability and lifetime. An important part of the standard laser characterization is
therefore the measurement of the doping levels in the device. This can be performed by
electro-chemical capacitance-voltage profiling (ECV).

An ECV measurement is an extension of the conventional capacitance-voltage (C/V)
concept: when a semiconductor is contacted with a metal, the Fermi levels in both el-
ements align by an exchange of carriers. This exchange process results in a depletion
region at the contact interface and thereby a so-called Schottky barrier is formed. The
height of the barrier is determined by the different work functions of metal and semi-
conductor. Since the free carrier density in the metal is high as compared to the semi-
conductor, the depletion layer is essentially located in the semiconductor. Its width —
and consequently the Schottky barrier width — depends on the free carrier density, i.e.,
the doping level. By applying an external voltage the carrier density in the semiconduc-
tor and the depletion layer width can be manipulated. On the other hand, the depletion
layer can be considered as a simple capacitor, whose capacity does only depend on the
free carrier density and the layer width. By measuring the capacitance of the contact in
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Figure 2.11: Doping profile of sample S0607 obtained by an ECV profiling experiment.
The positions of the ditferent layers of the laser structure are marked.

dependence on the external voltage, the free carrier density in the semiconductor can
be extracted. For a more detailed description, cf. Ref. [208].

The measurement-depth of a C/V experiment depends on the applied voltage. At
a high bias (i.e. large depletion layer thicknesses), the measurement becomes difficult;
practical measurement-depths are limited to 200-600 nm. The ECV concept circumvents
this limitation. Here, the Schottky contact is not formed by a metal but an electrolyte!*.
The electrolyte is also used to etch the semiconductor. Thus, a doping profile is obtained
by performing an alternating sequence of C/V measurement and etching. Further in-
formation can be found in Ref. [209].

ECV measurements were performed in a commercial setup (ECV-Profiler PN 4300)
from Bio-Rad Semiconductor Systems™ [210]. A technical description of the system is
given in [211]. Conventional C/V measurements were done on calibration samples in a
self-designed setup [208].

In Fig. 2.11 the doping profile of sample S0607 obtained by an ECV measurement
is shown. The profile starts at the sample surface, where the p-side contact is located.
Due to the Schottky contact and the depletion layer the, first point is taken at a depth of
20 nm. It has to be noted that generally the depth-scale of the ECV experiments is not
calibrated and should therefore be taken rather qualitatively than quantitatively.

Figure 2.11 reveals a satisfactory doping level in the ZnTe-containing p-type contact.
The free hole concentration drops significantly directly beneath the ZnTe layers, caused
by the high lattice mismatch of the ZnTe [175]. At the interface between the ZnSe and
ZnSSe transition layers an increase of the doping level can be seen. This is related to a
growth temperature reduction during the deposition of the ZnSe layer. The doping level
in the ZnSSe transition layer is 3-4x10'" cm~3, which is the normal value that can be
achieved by standard MBE growth. In the p-type cladding layer the doping level drops
down below 1x10'" cm™? as expected. The upper half of the upper ZnSSe waveguide is

141 M NaOH, 1 M Na,SO3 in H,O
Bnow Accent Opto Technologies, Inc.
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also doped and consequently, a carrier concentration increase is found.

In the region of the pn-junction the simple model on which the C/V measurements
are based, is not valid and accordingly, the measured doping level in the quantum well
region is only a measurement artefact. However, its position can be seen clearly. The
different doping levels in the lower waveguide and cladding layer are not as structured
as on the p-side and the interfaces can not be identified clearly. With 1x10*® cm™3, the
doping level is higher than on the p-side. The heterointerface between ZnSe and GaAs
is identified by a very high carrier concentration of about 1x10" cm™3. In sum, the
doping levels of laser S0607 are fine and good electrical characteristics can be expected.

Current injection

The lasing process inside a laser diode is controlled via the density of carriers inside
the active region of the device. Thus, current injection plays the most important role
in the characterization — and naturally the operation — of such devices. The critical
parameter of electrical operation is the current density inside that active region. Given
the non-linear characteristics of diode-like devices, it is desireable to provide the current
injection by a power supply that is current-controlled. Taking also into account that the
device lifetime of ZnSe-based laser diodes without any advanced processing is limited
to a few minutes in continuous wave (cw-) mode, an operation in pulsed-mode enables a
better characterization of the laser. Therefore, the electro-optical characterization setup,
as it is depicted in Fig. 2.12, uses the precision pulsed-current source LDP-3811 from ILX
Lightwave Inc. [212].

The pulsing conditions of the applied current can be varied concerning pulse width
(0.1 us—6.5 ms) and the delay between the individual current pulses. A useful represen-
tation of the repetition rate is given by the duty cycle, which is defined as the ratio of the
pulse width and total pulse duration as defined in Eq. 2.3

pulse width "
pulse width + delay

duty cycle[%] = 100. (2.3)

The current source allows a duty cycle variation between 0.01% and 100% (cw-mode).
Using the duty cycle, the output power of a device measured in pulsed-mode can be
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extrapolated to cw-mode, by

L
o = ——2used 0. (24)
duty cycle

Under pulsed driving conditions, it is also possible to study the degradation mechanism
and its driving forces in more detail. This will be discussed in Section 3.4. However,
to compare the performance of different laser structures, all standard test should be
carried out under the same conditions. To ensure that even sub-optimal structures can
be evaluated, the standard pulsing conditions were chosen to be 0.1% duty cycle and 1 us
pulse width for all tests with current injection. Since the cavity length also has a strong
influence on the lasing parameters, a standard laser bar has a length of 1000 xm.

One problem connected with the pulsed current injection is that one has to take high-
frequency effects into account. In particular, the devices under test act not as simple
ohmic resistors in the electrical circuit, but they also exhibit a non-constant capacitance,
which is connected to the space charge regions and depletion layers in the device (e.g. at
the pn-junction). Therefore, effects similar to the charging of a capacitor with a RC' time-
constant, can be expected. For the devices tested here, the RC time-constant is in the
order of 100 ns and cannot be neglected.

Current-voltage characteristics

The electrical characteristics of a laser structure basically determine the device stability.
If the high current levels necessary for lasing operation can only be achieved at high
voltages, excessive heat is generated in the device and the degradation process is ac-
celerated. The operating voltage of the structure is determined by several factors. In
a ZnSe-based laser diode the most important factors are the doping level in the upper
p-type cladding and the quality of the p-side contact. Contributions of these two factors
to the operating voltage can be identified in current-voltage (I/V) measurements'®. The p-
side contact forms a barrier for the current transport in the same way as the pn-junction
does. Only if the voltage is high enough can the current flow — the barriers determine
the turn-on voltage of the current flow. A pn-diode exhibits an exponential I/V character-
istic, however, at higher operating voltages the serial resistance in the device limits the
current transport, which then manifests itself as a linear I/V characteristic. The physics
of current transport through barriers and pn-junctions is discussed in detail in Ref. [14].
For a simulation of the current transport in ZnSe-base laser diodes, cf. Ref. [33, 95].

In Fig. 2.13 the j/V characteristic of laser S0607 is depicted. The curve was acquired
under DC current injection. The voltage was measured with the voltmeter KI 197 from
Keithly Instruments [213]. From the linear regression at higher operating voltages the
turn-on voltage and the serial resistance of the laser structure are estimated. The turn-
on is slightly below 4 V. Subtracting the 2.4 V that drop at the pn-junction containing
the quantum well, not more than 1.5 V drop at the p-side contact. This is a very good
value for a ZnSe-based laser diode. The same linear regression gives a serial resistance
of 13 2, which is acceptable for such a device. Consequently, stable operation can be
expected from laser S0607.

16actually it should be carried out as the more relevant current-density vs. voltage measurement (j/ V)
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Electroluminescence and lasing spectra

One of the most important characteristic of a laser diode is its emission wavelength,
which is determined by the composition of the material of the active region, i.e., the
band gap of the quantum well material and its thickness. Although low-temperature
PL measurements can give a hint about the spectral region, in which a device will emit
light, it is still necessary to measure the emission spectrum under electrical current in-
jection to obtain the precise wavelength. Furthermore, it is possible to characterize the
gain process in the laser structure from the emission spectrum. Using different current
injection conditions it is also possible to study heating effects in the device. Finally, the
degradation mechanism can be studied in long-term measurements.

Electroluminescence spectra from a laser diode can be recorded using the same exper-
imental setup depicted in Fig. 2.12. Placing the sample at position (b) in Fig. 2.12, the
light coming from the device is focused by a system of lenses on the entrance slit of
the spectrometer ].Y. 38 from Jobin-Yvon [214]. Due to a long focal length of 1 m, the
spectral resolution of the spectrometer is 0.0073 nm at a wavelength of 520 nm [215].
Thus, it is ensured that the Fabry-Perot modes of the laser can be resolved clearly. The
system is fully computer controlled using a software package from the spectrometer
manufacturer. A more detailed description of the setup and the procedure can be found
in Refs. [202, 216].

The typical electroluminescence and lasing emission spectra of laser S0607 are shown
on the left hand of Fig. 2.14. At low current injection levels the device operates in LED-
mode. For a current density of 20 A/cm? the emission maximum is centered around
512.5 nm with a FWHM of 8.5 nm, which corresponds to about 40 meV. The emission
has a clear asymmetrical shape, which can be explained by (re-)absorption of the light
in the device leading to an increased emission intensity on the low-energy side [8].

With increasing injection levels, the maximum of the LED emission shifts to shorter
wavelengths, i.e., to the blue. This blue-shift can be explained with renormalization of
the band structure and band filling [217]. Another striking feature already visible in
LED-mode, is the high-frequency modulation of the EL signal. This modulation comes
from the Fabry-Perot modes of the cavity. The cavity of this laser has a length of 475 ;im,
the average mode separation is AX = 0.076 nm — using Eq. 1.18 one can calculate the
effective refractive index of n.g = 3.59. This corresponds to the value H. Wenisch found
for a homoepitaxial laser diode emitting in the same spectral region and which lies in
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Figure 2.14: Electroluminescence and lasing spectra of the sample laser. Left: opera-
tion below (20 A/cm? and 840 A/cm?) and above the laser threshold (1220 A/cm? and
1300 A/cm?). The spectra are recorded in pulsed-mode with 0.1% duty cycle and 1 us
pulse width, the cavity length is only 475 pm. Right: lasing operation in pulsed- and
cw-mode (1 us pulse width). Between 10% duty cycle and cw-mode a red shift occurs
due to an increased heat load.

the typical range reported in the literature [34, 59, 218]. Due to dispersion, this value
deviates from the refractive index of pure ZnSe of 2.76.

A further increase of the driving current puts the device over the threshold and
lasing occurs. To precisely determine the lasing threshold from the EL spectrum, it
is necessary to check the difference between neighboring intensity maximum 7/, and
minimum /_ in the mode spectrum, as derived by Hakki and Paoli [219]. Similar to
Eq. 1.14 they obtained

L1 V- VT
— In
2L 7“11“2 \/E+ VI

For equal mirrors with a reflectivity of 20% one can calculate the intensity difference
necessary for lasing from Eq. 2.5,

I, >225% 1. (2.6)

In Fig. 2.14 this point is reached at a threshold current density of 1220 A /cm?, since here
the intensity difference is more than 3 for the dominating mode at 508.1 nm. However,
this mode dominates the spectrum not completely yet. This changes with increasing
current density, as can be seen from the spectrum taken at 1300 A /cm?.

The spectra in the right-hand part of Fig. 2.14 are all taken well above threshold and
from the same device. However, different driving conditions — in particular different
duty cycles — were used. The first spectrum is taken at a very low duty cycle of 0.01%.
Under such conditions heating effects can be neglected. The laser emission occurs at
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507.9 nm. With increasing duty cycle, no significant shift of the lasing wavelength is
noted up to a duty cycle of 10%.

Under DC current injection, i.e., in cw-operation, the heating effects can not be ne-
glected any longer and a shift of the emission wavelength occurs. Different physical
effects contribute to this wavelength shift. The most important effect is the tempera-
ture dependence of the quantum well material, which of course depends also on the
material composition itself. Furthermore, one has to include the fact that the active re-
gion consists of a quantum confined system. Other effects are related to the strain in
the quantum well and the thermal expansion of the crystal, as well as band edge renor-
malization and band filling [217]. Thus, the temperature dependence of the emission
wavelength strongly depends on the particular sample structure and quality.

As a starting point for the calculation of the temperature rise inside the active region,
based on the shift of the emission wavelength, one can use the model from Lunz et al.,
which describes the temperature dependence of the band gap of Cd,Zn;_,Se [22]. In
the relevant spectral region of 506-536 nm, the temperature coefficient is in the range
of 0.107-0.113 nm/K. A better way to determine the temperature coefficient, is to op-
erate the laser diode in a temperature stabilized environment, while simultaneously
monitoring the emission shift with temperature. In such a measurement, band filling
or renormalization effects are excluded. For this kind of experiment, Sony reported a
coefficient of 0.071 nm/K for encapsulated LEDs with triple CdZnSe quantum wells,
embedded into ZnSSe and MgZnSSe barriers, which emit at 513 nm at 25°C [220]. On
the other hand, Philips found a temperature coefficient of 0.096 nm/K for gain-guided
CdZnSe quantum well laser diodes [221].

The experimental setup used for electro-optical characterization does not allow a
temperature-stabilized operation of the devices, therefore, the temperature in the active
region can only be estimated. For this, a temperature coefficient of 0.1 nm/K will be
used. In Fig. 2.14 the red-shift between the “cold” device and the “heated” device is
AX = 1.78 nm, which consequently corresponds to a temperature rise of 17.8°C in the
active region. However, since this estimation cannot account for band filling (which
leads to a blue-shift) the actual temperature rise inside the device could be higher. In
any case, the obtained temperature increase is low compared to older laser structures
grown and processed in Bremen, where a shift around 30-100°C was found [35, 132].
The main difference between the older laser structures and structure S0607 is an im-
proved epitaxial p-side contact. Thus, Fig. 2.14 illustrates the importance of a thorough
contact optimization.

Light output vs. current characteristic

Determining the threshold from the emission spectrum of the device using Eq. 2.6 is
rather tedious and not always precise. A better extrapolation of the threshold is ob-
tained by measuring the light output vs. current (L/I), resp. the light output vs. current
density (L/j) characteristic of the device. In LED-mode only spontaneous emission comes
from the device — the light output increases linearly, but with a low efficiency. At thresh-
old, stimulated emission sets in and the quantum efficiency increases drastically. This is
reflected in a steep increase in light output with driving current, once the threshold has
been reached.

From a typical L/j characteristic, the threshold current density and the external
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Figure 2.15: L/j characteristics of S0607. Left: cw-operation. The cavity length of this
device is 1200 pm.. Right: pulsed-mode (0.01% duty cycle, 1 jis pulse width) with high
driving current, here the cavity is 745 yum long.

quantum efficiency of the laser can be extracted using a simple linear regression in the
lasing part of the L/j curve and Eq. 1.19.

The experimental setup for L/j measurements is shown in Fig. 2.12 (position a). Cur-
rent injection is provided by the precision pulsed-current source, the light coming from
the device is focused by a micro lense on the entrance hole of the Si power head OMH-
6701B of the optical multimeter OMM-6710B, both from ILX Lightwave Inc. [212]. In
pulsed-mode, the integrated output power that the optical multimeter measures, can be
converted into the output power of the single current pulse by using Eq. 2.4. It has to
be noted that the power head is designed as an integrating sphere (Ulbricht sphere), thus,
it is ensured that all light that enters through the entrance hole contributes to the mea-
surement. However, only the light coming from one facet can be collected, accordingly,
for uncoated facets the measured value has to be multiplied by 2 to obtain the total
light output of the device. In the literature, it is common to report the total output power
during the current pulse, therefore, all light output values given in this thesis have been
re-evaluated to comply with this standard, unless otherwise stated.

Typical L/j measurements of laser S0607 are shown in the left-hand part of Fig. 2.15.
As already noted, the quality of the laser is high and cw-operation is possible, which
is shown in the left-hand part of Fig. 2.15. This device has a threshold current den-
sity of 870 A/cm? and the external differential quantum efficiency is 72%. A light out-
put of more than 45 mW is achieved. This is among the highest output powers ever
reported for ZnSe-based laser diodes operating in cw-mode. For uncoated facet, the
record is 20 mW, whereas for a one-facet-coated device 30 mW were reported [5, 53]".
The threshold current density obtained from the L/j characteristics does not correspond
with the value from the lasing spectra. This is due to the fact that the devices were taken
from different laser bars with different cavity lengths. The laser bar used in Fig. 2.14 has

70On the Kyoto Conference on II-VI compounds S. Itoh from Sony showed a transparency with 87 mW,
but details were not given [222].
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a length of only 475 ym. In Section 1.1.2 it was shown that the threshold current den-
sity is proportional to 1/L (Eq. 1.15), i.e., for shorter resonators higher thresholds result,
since the mirror losses dominate the laser performance. For the 1200 xm long device
used for the cw-test in Fig. 2.15, the contribution of the mirror losses to the threshold is
less significant.

In the right-hand part of Fig. 2.15 a L/j characteristic recorded in pulsed-mode is
shown. To minimize the stress on the device a very low duty cycle of 0.01% at a pulse
width of 1 s was chosen. Thus, it is possible to operate the device with high driving
current. With 745 ym the cavity of the device is somewhat shorter than that used for the
cw-tests, consequently, a slightly higher threshold current density is found: 895 A /cm?.
Also, the external quantum efficiency of 60% is lower. A maximum light output of more
than 275 mW is measured at a current density of 2200 A/cm?. A further increase of the
driving current results in a drastic decrease of the light output. This effect is related to
a very fast degradation of the laser facets and is known as a catastrophic optical damage
(COD). It will be discussed in more detail in Section 3.6.

Lifetime

The most important parameter and characteristic of a laser diode is its lifetime. Without
a sufficiently high lifetime the commercialization is impossible!®. A lifetime measure-
ment is a very simple test: the device is set at a certain light output power and the
current is adjusted such that the light output remains constant. Such a test is normally
performed in cw-mode. When the device can not deliver the desired light output any
longer the test ends. However, for commercial laser diodes with lifetimes exceeding
several 10,000 h, this is not a practical criterion. For such devices, the lifetime tests
are carried out at elevated temperatures in order to accelerate the degradation. Even
then the end of life (EOL) is seldomly reached. The EOL has to be extrapolated from the
change in operating current over time. Usually, the EOL is defined as the time when the
operating current has increased by 50%. The main parameters determing the lifetime of
a semiconductor laser diode are: operating current (being the combination of threshold
current and efficiency), light output power level, and operating temperature.

In the framework of this thesis no elevated temperatures or EOL extrapolations were
necessary, since the degradation velocity in the tested devices is high enough to actually
reach the end of the device’s life. For the tests, the same experimental setup as for the
L/j characterization was used (position a in Fig. 2.12). Although the lifetimes found in
the literature are always reported for operation in cw-mode, tests were also carried out
in pulsed-mode, since cw-operation was not always possible. It is emphasized, that it is
generally not possible to calculate the “cw”-lifetime of a device from a “pulsed”-lifetime
in a similar fashion as for the light output using Eq. 2.4.

The left-hand part of Fig. 2.16 shows a lifetime measurement of laser S0607 in cw-
mode. For this test the light output was kept constant at 2 mW. After about 70 s this
output power could no longer be sustained, and the measurement was stopped. One
of the problems connected with lifetime measurements in cw-mode using the setup
from Fig. 2.12 is obvious in Fig. 2.16: the efficiency of the device is very high — a small
change in driving current leads to a drastic change in light output. One the other hand,

8The “magical” lifetime barrier for the commercialization of semiconductor laser diodes is 10,000 h —
just about one year.
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Figure 2.16: Lifetime measurements of S0607. Left: cw-operation at a constant light
output of 2 mW. Right: pulsed-mode operation with 10% duty cycle and a pulse width
of 1 s at a constant light output of integrated 3 mW, i.e., 30 mW light output per pulse.

the experimental setup is not very fast, since a cycle of measuring and adjusting takes
about 0.8 s. Finally, the degradation in the device is a rapid process. The result is that
the setup has difficulties to keep the light output constant and, as a result, stresses the
device too much (initially the light output is more than 6 times of the desired value!).

Although the lifetime of 70 s in cw-mode is almost twice of the best value ever re-
ported from an university based research team (37 s), it is still far below the best values
from Sony of a few hundred hours [63, 5]. This is surprising insofar, as that all pa-
rameters reported for laser structure S0607 were good enough to promise a long-living
device. The possible explanations for the limited lifetimes and the related degradation
mechanisms will be discussed in Chapter 3.

A first hint about the underlying processes can already be seen in the right-hand part
of Fig. 2.16. Here, a lifetime measurement in pulsed-mode is shown. The driving current
was pulsed with a duty cycle of 10%. It has to be noted, that the light output for this
measurement was set to be 30 mW per pulse — scaled with the duty cycle that gives an
integrated light output of 3 mW. Therefore, both devices in Fig. 2.16 produce the same
amount of light. Nevertheless, in pulsed-mode the device lives 180 times longer than
in cw-mode! Taking into account that for these devices a temperature induced emission
wavelength shift was only found for a duty cycle above 10%, this result indicates that
the generation of heat plays a major role in the degradation process.

2.3.5 Reproducibility

The degradation of ZnSe-based laser diodes plays a central role in this thesis. Degra-
dation mainly occurs under current injection. Thus, the electro-optical characterization
methods introduced in the previous sections play a major role. To compare different
laser structures it is necessary to obtain reliable results from such measurements. This
is achieved by testing not only one device, but several and by using well-established
statistical methods. For commercialization, semiconductor laser diodes are typically
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Figure 2.17: Reproducibility of L/j measurements. Shown are the threshold current
density (marked by squares) and the external quantum efficiency (circles) obtained from
repeated measurements of the same device. The pulse width is 3 ius in all measurements.
Left: pulsed-mode with 1% duty cycle. Right: pulsed-mode with 10% duty cycle.

tested in lots of 15-20 devices under different conditions, namely output power and op-
erating temperature. For example, a typical production qualification test for a 1.3 ym
laser diode at Siemens/OSRAM Opto semiconductors consists of a total of 8 test lots with
15-20 devices each, operated under 4 different conditions [223].

Such tests require multiple electro-optical characterization setups, which are usually
not found in a basic-research-oriented university institute. Furthermore, the number of
devices is limited: usually only one (1x1) cm? piece of the laser wafer is processed at a
time. From this piece, about 8 laser bars can be cleaved, each containing 8-15 individual
devices. It is therefore necessary to limit the tests to a manageable number, but still
being able to obtain significant results.

The reproducibility and simultaneously the influence of the degradation onto the
electro-optical measurements were partly investigated by J. Miiller in a Student Paper
(Studienarbeit), whose results will be presented in the following [216]. In particular, two
important questions have to be answered: how reproducible is a single measurement
and how strong is the scattering between individual devices. Whereas the first ques-
tion is directly related to the influence of the degradation, the second one concerns the
homogeneity of the epitaxial growth as well as the ex-situ processing and handling.

Reproducibility of single-shot measurements

Given a cw-lifetime on the order of a few minutes, it is obvious that severe degradation
occurs under DC current injection right from the start of the experiment. Therefore, it is
not expected that, for instance, a repeated L/j measurement in cw-mode will produce
the same curve. However, sometimes it is necessary to perform a L/j measurement first,
in order to find the start values for a subsequent measurement. Thus, pulsed-operation
is necessary, and the pulsing condition have to be chosen carefully. This is illustrated
in Fig. 2.17, where repeated measurements on a single device are shown. The left-hand
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Figure 2.18: Performance variation over a laser bar. Left: scattering of the threshold
current density (pulsed-mode, 1% duty cycle 1 iis). Right: device lifetime and operating
current density at half-lifetime t,,, in pulsed-mode at a light output power of 30 mW
(0.1% duty cycle, 1 us).

part shows the results of L/j measurements performed at a duty cycle of 1%. During
the 26 single measurements no significant change in the threshold current density of
the device is found. The same is true for the external quantum efficiency, however, due
to experimental limitations of the optical multimeter, the evaluation of the quantum
efficiency shows generally a stronger scattering — especially for L/j characteristics with
only a few measurement points. Nevertheless, degradation can be neglected. On the
other hand, the same measurement performed at 10% duty cycle, as shown in the right-
hand part of Fig. 2.17, results in a threshold increase after the 4th measurement, and
after 17 measurements the threshold has increased by 25%. This threshold increase is
accompanied by a reduced quantum efficiency — the sample is degrading. The overall
higher quantum efficiency at 10% duty cycle can be explained by an additional thermal
index guiding, as described in Refs. [202, 12].

It has to be mentioned that the sample tested in Fig. 2.17 is not processed from the
same wafer as the devices characterized in the preceeding section, where no drastic
influence of the degradation was found at a duty cycle of 10%. Again, this emphasizes
that the pulsing conditions have to be chosen carefully depending on the particular
sample. The standard pulsing condition of 1 us pulse width at a duty cycle of 0.1%
were derived from this demand. Hence, a L/j characteristic measured under standard
conditions is a non-destructive test.

Uniformity of a laser bar

The reproducibility of single-shot measurements can be controlled to a certain degree
by the testing conditions. Under these conditions, test results obtained from different
devices of the same laser bar should be comparable. However, Fig. 2.18 shows that this
is not necessarily the case. In the left-hand part, the threshold current density of individ-
ual laser diodes is plotted over their position on the bar. Clearly seen is that the devices
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at the edges of the bar (#1 and #14) have a 20% higher threshold. The reason for the
increase is connected to the device processing and handling. During the processing the
sample is coated with photo-resist several times. This resist is applied to the sample by
a spin-coater. Thus, the resist’s thickness is higher at the edges of the sample piece. This
gives rise to a sub-optimal processing at the edges, which is reflected in the increased
threshold. Furthermore, the bar is handled using tweezers. In order not to damage the
facets of the laser bar, it is grabbed at the outer edges. Since ZnSe-based material is soft,
even this handling can introduce defects in the sample, which deteriorates the perfor-
mance further. Meaningful results can therefore only be obtained from devices, which
were not taken from the edge of the laser bar. However, Fig. 2.18 also shows that even
devices taken from the middle can exhibit mediocre performance. Here, the explana-
tion is not as straight forward. One reason for the increased threshold of devices #8, #9
and #10 (no lasing!) can be a damaged mirror facet or a processing problem. From the
left-hand part of Fig. 2.18 one can conclude that all measurements should be performed
at least more than once for each bar and certainly not on devices from the edge.

The right-hand part of Fig. 2.18 shows the scattering of the device lifetime over a
complete bar. For this test the same laser piece as on the left-hand part was used, but a
new bar was cleaved from it. Furthermore, on the second y-axis the operating current
density of the device is plotted. To exclude initial defect annealing and terminal degra-
dation processes, the operating current was taken after half of the device’s total lifetime
was reached. Again, the problematic edge-devices show a poor performance (or even
no performance at all). But even for the devices from the middle, the lifetime scatters
quite drastically. In addition, the lifetimes cannot be related directly to the operating
current. One reason for the strong scattering can be the existence of extended defects in
the device, i.e., of stacking faults underneath the injection stripe. This can also explain
that the lifetime is not directly correlated to the operating current. However, typical
defect densities in the tested laser structures are on the order of 10* cm ™2 or better, thus,
they should not play a significant role. In any case, it is safe to assume that the strong
scattering is basically a manifestation of the non-professional experimental techniques
and processing.

Figure 2.18 shows that it is sometimes difficult to obtain reliable results from just a
few or even single-shot measurements. One has to make a compromise between the
available sample material and the significance of the results. Once more, this illustrates
the fact that a semiconductor laser diode is a highly complex system, whose perfor-
mance is determined by numerous parameters, that are not all necessarily directly ac-
cessible. In the course of the following chapters it has been ensured that the findings
presented are not single “lucky shots” but representative results.
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Chapter 3

Degradation in ZnSe-based laser diodes

The most serious problem of ZnSe-based laser diodes is the insufficient short lifetime.
Starting from some initial observations this degradation process will be characterized
in the following chapter. It will focus on “conventional” ZnSe-based devices, i.e., lasers
that emit around 510-530 nm. The degradation process — being the primary limitation
of ZnSe-based devices concerning practical use — will not only be investigated with
respect to the microscopical nature, but also concerning the major parameters that drive
it. Based on these result, novel approaches to improve the reliability will be developed
and tested.

3.1 Initial observations

Figure 3.1 shows the best cw-characteristics ever obtained from a standard laser diode
grown and processed in Bremen. On the left-hand side, the combined L/j and j/V char-
acteristics are shown. Despite no facet coating was applied, a threshold current density
of only 600 A/cm? is necessary for lasing. When lasing occurs the initial differential
quantum efficiency is almost unity. A record output power of 75 mW is obtained. This
implies a quantum well with a high structural and optical quality. On the other hand,
the operating voltage at threshold is about 9 V. Although this is higher than for other
structures grown in Bremen, it is still tolerable, considering, that Sony’s record laser
diode from 1996 lased for more than 101 h in cw-mode with an operating voltage of
11 V and a threshold current density of 533 A/cm? (cf. Tab. 1.3) [75].

Nevertheless, the right-hand side of Fig. 3.1 reveals that such high stability is not
the case for the Bremen laser diode. Here, a typical lifetime measurement of the same
laser structure at a nominally constant output power is depicted. The light output from
the device shows a strong oscillation, which derives from the slow test setup on the
one hand and from the relatively high quantum efficiency of the device otherwise, as
mentioned before. This is verified by the evolution of the driving current necessary to
maintain the desired output power: only small oscillations are visible (the current ad-
justment was perfromed in 0.2 mA steps). In order to keep the device over the threshold
for the entire lifetime test, this device’s output power was kept constant around 4 mW,
thus the device is operated above threshold — even if the current adjustment is not per-
formed fast enough. It should be kept in mind that most devices found in the literature
are usually tested at an output power of only 1 mW. Under such conditions and with
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Figure 3.1: Best cw-characteristics obtained from a laser diode grown and processed in
Bremen (sample S0728). Left: L/j and j/V characteristics. Right: lifetime measurement
of the same structure. The light output was kept constant at 4 mW, the operating voltage
and current density are also depicted.

a better test setup, a higher lifetime can be expected surely, yet, it will remain well be-
low Sony’s record. The current density curve also shows that only in the last quarter
of the experiment a significant increase in operating current is necessary, nevertheless,
the current increase is a continuous process. It should be realized that the increase in
driving current is caused by a gradual decrease of the quantum efficiency: the device
becomes darker if no current adjustment is performed. Even after the lasing mode cannot
be sustained any further, spontaneous emission is still detected.

Considering the operating voltage evolution, one can conclude that degradation of
the electrical characteristics does not occur during the aging test. The increase in operat-
ing voltage simply reflects the increased driving current required to deliver the constant
light output. Two important findings should be noted from this aging experiment:

e A decreasing quantum efficiency causes the device’s failure.
e The lifetime is 4 min in cw-mode.

Obviously, it is necessary to investigate and to understand which mechanisms cause
the decrease of the quantum efficiency. This is a topic of general interest and has been
discussed intensively in the literature, as it will be presented later on. Apart from the
general significance of understanding the underlying degradation process, it should
also be possible to reproduce the results reported in the literature — or at least to obtain
lifetimes of the same order. In that sense the second point is troubling. Although the ini-
tial device characteristics are absolutely comparable to the literature values, the lifetime
of structures grown in Bremen is still three orders of magnitude lower!' Identifying the

Yet, they are the best values ever obtained from a university based reseach group.
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reason for this difference is naturally important for the research work in Bremen, but
can also help to gain insight in the nature of the degradation process.

For the work presented in the rest of this chapter, the following two questions rep-
resent the leitmotiv:

1. Why does the light go out?

2. Why is the degradation in Sony’s devices slower?

3.2 Dark defects

3.2.1 Experimental observations

There are several experimental methods to investigate the mechanisms behind the (grad-
ual) darkening of light emitting devices. Starting from a quantitative approach to de-
termine the dynamics of the process by monitoring the light output over time — ideally
under various driving conditions, such as ambient temperature or operating current
— down to a microscopical investigation of the degraded samples using transmission
electron microscopy (TEM), the full spectrum of experimental techniques can be used.
But the most direct approach is to monitor the light emission process in the active re-
gion during operation. In such a topography measurement, free carriers are produced
in the device either by current injection (electroluminescence), optical excitation (photolu-
minescence), or electron-beam excitation (cathodoluminescence), while the emission from
the device is monitored spatially resolved — typically in an optical microscope. All three
types have been performed on ZnSe-based light emitting structures, however, in terms
of device relevance clearly the EL topography is most important, even though it requires
the preparation of samples with a transparent top contact [140, 63, 46].

Figure 3.2 shows a sequence of photographs taken at different times during such an
experiment. For this test special devices with a 50 nm thin top Au-contact were pre-
pared and the device was operated at 20 A/cm? in DC-mode in an optical microscope
equipped with a camera. The first photograph is taken directly after turn-on. It reveals
some darker features labelled I-IV. Scanning through the other photographs, it is found
that these features do not grow or change their shape in time?. It can therefore be con-
cluded that these features originate from dust on the sample-surface or on the lenses in
the optical path.

However, after 2 min of operation, two clusters of dark regions are clearly visible (A
and B) and 4 additional dark spots (1-4) can be seen. It is interesting to note that at the
beginning of the experiment no dark feature is seen at the location of the later appearing
clusters A and B. The same holds true for the dark spots.

From the clusters dark lines extend. These lines are oriented along the (100) and the
(010) directions. Due to limitations of the test setup, it cannot be ruled out that these
lines are inclined at a small angle to these directions. From the sequence of photographs,
it seems that the dark lines are mostly nucleated at a dark spot during current injection.
The dark lines at the edge of the photographs are nucleated in the current injection
region outside of the photographed area. During operation, the dark lines grow along
their directions and form a network. Only at the later stages of the experiments (25 min),

“The gradual intensity increase in the undegraded areas is caused by the increasing exposure time.
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Figure 3.2: Electroluminescence topography on a ZnSe-based laser diode, operated at
20 A/cm? in DC-mode at room-temperature. The area shown in these photographs
is (360 x 540) um?. One single defect in this area corresponds to a defect density of
5% 10% cm 3. It should be noted that the current injection area was much larger: (1000 x
1000) pm?. During the experiment the exposure time was increased to obtain a sufficient
contrast.
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it can be identified, that the dark lines actually contain many dark spots. In particular,
it turns out, that the dark clusters A and B are an area with a high density of dark spots.
Most dark spots appear in the vicinity of an already existing dark area. Also visible is
that the dark spots all grow to roughly the same size of 5-6 um after initial nucleation.
Similar values are reported in the literature [49]. Last but not least, it is noticeable that
the dark features are homogeneously distributed over the complete current injection
area [176].

In sum, the EL topography gives a first answer how the quantum efficiency of the
devices is reduced: through the generation of dark defects during operation. Further-
more, two types of dark defects — dark spot defects (DSD) and dark line defects (DLD) — are
identified.

3.2.2 Microscopic nature and generation of new defects

Dark defects are well-know features commonly found in degraded opto-electronic de-
vices [9]. They have been identified as main cause of degradation in conventional III-V
lasers. For ZnSe-based lasers they have first been mentioned by Haase et al. as early as
1993, followed by a first microstructural characterization using TEM [117, 140]. In the
following years, the combination of one kind of topography measurement and subse-
quent TEM characterization proved to be most successfull to understand the degrada-
tion process in these devices. However, due to limited TEM resources such combined
experiments could not be performed in Bremen, and consequently, the following de-
scription of the microstructure of these defects has to be limited to results reported in
the literature.

Dark spot defects

Already in the first studies, it was observed
that the initial DSD seen directly after turn-
on of the current, are nucleated at the site of
a pre-existing defect, usually a stacking fault
[140, 47, 224]. Furthermore, the defects re-
sponsible for the reduced light emission are
confined to the active region [47]. During
operation, these dark defects grow in num-
ber and form a network of triangular shape?,
as shown in Fig. 3.3. They consist of dislo-
cation dipoles and dislocation loops with a

) 10 2 .
density of the order of 10™ cm™ at the fi Figure 3.3: Network of dislocations that

nal stage [140]. There are some discrepancies forms a DSD (TEM micrograph, taken
concerning the Burgers vectors of these de- from Ref. [53]) Brap

fects: Whereas Guha et al. reported vectors

of the type (a/2)(110) lying in the (100) junction plane, Hua et al. reported that the dislo-
cation dipoles are oriented along the (430) directions [140, 47]. Tomiya et al. from Sony
found networks involving dislocation dipoles with Burgers vectors of (a/2)(011) in-
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3The magnification used in the photographs in Fig. 3.2 is too low to reveal this aspect, cf. e.g. Ref. [225].
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clined at 45° to the (001) junction plane in degraded structures [224]. Such type of Burg-
ers vector corresponds to the one found for the (100) DLD in AlGaAs optical devices,
although the dislocation dipoles lie in the (001) junction plane in that case, whereas
for the ZnSe-based devices they are in the {111} plane [224]. The reason for the dis-
crepancies between the different reports on ZnSe-based devices is unclear, but may be
attributed to different growth conditions and sample preparation techniques [226].

Dark line defects

Concerning the DLD, one has to distinguish between two different types of DLD which
are related to different type of defects. The first type of DLD is aligned in the (110)
direction and correlates to misfit dislocations in the quantum well [46]. Under current
injection these lines do not grow significantly and consequently, are only of limited
significance for the degradation process [224]. They indicate a (partly) relaxed quantum
well, as it could also be verified using samples grown in Bremen [34].

The second type of DLD is oriented along (100) and (010) as seen in Fig. 3.2. This
type of DLD is usually not seen in topography experiments initially, rather, it is formed
during the degradation experiment, i.e., under current injection or optical excitation,
which stresses their importance for the degradation process. In the same fashion as
the SF act as nucleation site for the DSD, the DSD act as nucleation site for the DLD.
Qualitatively, one observes that the DLD are actually DSD growing along the above
mentioned directions [49]. There are some reports in the literature that mention the
observation of a highly mobile defect preceeding the formation of a DLD. This mobile
defect, ejected from a DSD, travels along (100) and in its trace a DLD forms [227, 228,
146]. However, this could not be observed in Fig. 3.2 nor in similar experiments in
Bremen.

Generation of dark defects

An important fact of the DLD (and also the DSD) formation is that it is directly related
to the recombination of carriers in the quantum well: in optical degradation experi-
ments with variable excitation energies, it was found that dark features could only be
produced when the excitation energy was at least as high as the band gap energy of the
quantum well barrier [225].

The early TEM investigations on DLD showed that the defects responsible for the
DLD are located in the quantum well, but it could not be correlated to the presence
of a dense network of dislocations as in the case of the DSD [229]. In fact, no specific
microscopic feature could be identified and based on this observation it was proposed
that point defects — acting as non-radiative recombination centers — are responsible for the
formation of the DLD. Later studies confirmed that the DLD are composed of a series
of small aligned dislocations and dislocation loops [146].

Combining the two findings above, it is possible to develop a model of how the
DLD (and also the DSD) grow under current injection [230]: when carriers are injected
into the system, some of them recombine non-radiatively at a defect site (point defect
or microscopic defect). The absorbed energy is released into the crystal lattice via the
generation of phonons, which leads to a local heating and a strong vibration of the
defect atoms. Thus, the barrier for the motion of the defect is reduced which in turn
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can enable the migration of the defect or even the generation of a new defect. Such
a recombination-enhanced defect reaction (REDR) is a well-known degradation mechanism
tfor conventional III-V opto-electronic devices [231, 9]. There are different types of defect
reactions. For the generation and growth of the dark defects in ZnSe-based devices,
two types of mechanisms were found to be important. Whereas for the expansion of
the defects in (110) a recombination-enhanced dislocation glide (REDG) is responsible, the
formation of the (100)-DLD occurs via a dislocation climb (REDC) process [232, 49]. It is
interesting to note that for a REDG process no point defects are necessary, contrary to
the REDC, which requires such defects to maintain growth [196]. Degradation of ZnSe-
based lasers is caused by a combination of both processes [232]. Deviations of the DLD
from the exact crystallographic axes can occur (angles up to 20°), which are caused by
different growth conditions and surface morphologies [233].

In most of the cited literature reports, the DSD/DLD were nucleated at a site of a pre-
existing defect, usually a SF. Consequently, most groups concentrated on the reduction
of these defects, i.e., on the substrate preparation and the growth start procedure to
obtain a low initial defect density, such that no defect is present in the active region of
the device (< 10* cm™2). In this case the lifetime is no longer limited by the SF defect
density [123]. Indeed, the lifetime of ZnSe laser diodes could be extended by these
measures, however, although the SF act as nucleation site for the dark defects, they
do not play an active role in the degradation process itself [75, 49]. This observation
is very important, because it indicates, that the degradation processes is facilitated and
accelerated by the presence of SF, but degradation takes places just the same, even when
SF are absent. This facilitation of the degradation by SF is reflected in different activation
energies for the degradation process, as it was obtained from temperature-dependent
lifetime test. In the case of a high SF density (107 cm~2) an activation energy of 0.3 eV
was found, whereas for defect free devices (10° cm™?) an energy of 1 eV results. In
the first case, the formation of DLD are observed, whereas the second case is purely
REDR [234]. These two cases therefore represent the outer limits. Due to the limitations
of the experimental setup, no temperature dependent lifetime test could be performed
on the samples grown during the experimental work of this thesis, however, it is safe to
assume that the activation energy is between 0.3 eV and 1 eV.

In the same sense it is not surprising that no dark spots are seen in Fig. 3.2 initially,
but then appear after a few min of operation. Similar observations are reported by
other groups [235, 78]. For very low defect densities and optimized growth conditions,
no dark features are observed, and the degradation manifests itself only in a gradual
darkening of the active area [142]. Still, this gradual darkening process is caused by
REDR [49, 232]. In the absence of SF, this REDR process causes the diffusion of the point
defects in the material. The activation energy for this process depends primarily on
the type and density of the point defects, as well as the specific diffusion mechanism.
Both of these aspects can be influenced by the growth conditions and the layer design.
Concerning the nature of the point defects, several candidates have been proposed, in-
cluding vacancies, interstitials, and doping related defects [236, 237]. For a N-acceptor-
decomposition related Se vacancy, a strong diffusion has been proposed and calculated,
but only for a Zn interstitial a recombination-enhanced migration was experimentally
observered and explained [238, 239, 240]. This aspect is still under investigation and
discussion, and more work is necessary.

69



Chapter 3: Degradation in ZnSe-based laser diodes

3.3 Dynamics of recombination enhanced defect reaction

Knowing the mechanism behind the generation of the dark defects, it is possible to de-
velop a model for the quantitative description of the process, as shown by Chuang et
al. [143, 230]. Using this model it is possible to explain the long-term behavior of light-
emitting devices under current injection and thus, gain further insight in the degrada-
tion dynamics. In conjunction with constant current degradation experiments, this model
is particularly useful and therefore, it will be described in the following sections.

The starting point is the basic carrier continuity equation for the carrier concentra-
tion n(t) in the quantum well at a given time ¢,

dn(t) _ j

== Bn(t)? — ANy(t)n(t), 3.1

with j as constant current density, d the quantum well thickness, B the radiative recom-
bination coefficient, A the non-radiative recombination coefficient and N,(¢) as defect
density in the active region.

In Eq. 3.1 it is explicitly assumed that the non-radiative carrier recombination related
to A occurs at a defect site. Furthermore, it is legitimate to assume that the carrier
density reaches its equilibrium value on a much faster timescale than defect generation
occurs, thus Eq. 3.1 can be set equal to zero (quasi-static). The long-term behavior is of
special interest, however, after a sufficiently long operation time, no significant radiative
recombination can be expected any longer and only the first and the last term contribute
to Eq. 3.1. Thus, one obtains for the carrier density in the active region,

_ (j/ed)
0~ 2N

for large ¢. (3.2)

This form indicates that the long-term behavior of the device is determined by the time-
dependence of the defect density Np(t).

3.3.1 Defect generation mechanisms and long-term behavior

The time-dependence of the defect density depends on the mechanism that generates
the defects during current injection. In Fig. 3.4 several types of these defect reactions
are schematically depicted. Type (a) represents radiative recombination which does not
produce a defect. Type (b) is the direct generation of a defect D due to an electron-hole

D
T P T ———
h g h g g

(a) (b) (c) (d)

Figure 3.4: Diagrams of carrier recombination and defect reaction processes. e and h
denote electron and hole, resp., D and D’ are defects and hv represents a photon. The
recombination couples to the defect with a coupling constant g. For the description of
the different processes cf. text [196].

70



3.3 Dynamics of recombination enhanced defect reaction

recombination. Such a process was first found in Si solar cells and is known as silicon
weak-bond-breaking (SWB) [241]. For such a process the following defect generation
rate* can be assumed [230],

dNp ()
dt

= Kn(t)p(t) = K n(t)%, (3.3)

with K as defect generation coefficient and using the fact that the active region is un-
doped, i.e., n(t) = p(t). Replacing n(t) in Eq. 3.3 with Eq. 3.2 and separating the variables
one obtains L,
Np(t)? dNp(t) = K (2= at. A
ol aNo(t) = ¢ () 64
This can be integrated, and the time-dependence of the defect density in the case of a
SWB-like process is given by

o) = o (35)

Plugging this time-dependence back into Eq. 3.2, it is found that for long times ¢
the carrier density n(t¢) in the device is proportional to t~3. Since the light output P
is proportional to n(t)?, the long-term behavior of the light output of the device un-
der constant current injection is in the case of a SWB-like defect generation mechanism
proportional to

1
3

£3. (3.5)

Powp ~ 3. (3.6)

In Fig. 3.4, case (c) essentially represents the same defect generation mechanism, except
that the defect is directly created by a photon (which was first created by a radiative
recombination).

Defect creation mechanisms (b) and (c) are the most simple processes possible in
semiconductors. The next simplest process is shown in diagram (d): here a new defect
Dis generated again by carrier recombination —but at a side of an already existing defect
D’. Thus, in the defect generation rate equation, the defect density N (¢) has to appear
explicitly,

dNp(t)
dt

Following the same procedure as before, one obtains for the long-term dependence of
the light output in case of a REDR-based degradation process,

= K n(t)p(t) Np(t) = K n(t)* Np(t). (3.7)

3.3.2 Experimental verification

From the above discussion it can be deduced that the time-dependence of the light out-
put for long times reveals the dominating defect generation process present in the de-
vice. In such a measurement the device is operated at a constant current injection level,
as shown on the left-hand side of Fig. 3.5. Almost no degradation occurs in the first hour

“defect annealing is neglected in the following discussion
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Figure 3.5: Left: constant current degradation of a ZnSe-based laser diode. Plotted
is the light output normalized to its initial value over the operating time. The device
was operated below threshold. A first evaluation using a simple power law leads to a
long-term behavior ~ ¢t~ as indicated by the doted line. The dashed line represents a
theoretical calculation based on the more detailed analysis of the dynamics presented in
Sec. 3.3.3 (initial quantum efficiency: 90%). Right: L/I characteristic of the same sample
prior to the lifetime test. The curve has been fitted using Eq. 3.10 (dashed line). With
the results of this fit, the initial quantum efficiency 1 has been calculated using Eq. 3.11.

and after 10 h the device still emits 50% of the initial light output. Concentrating on the
long-term behavior of the output, one finds that the intensity decreases with ¢t~ for
operating times around 15-45 h . Although this value is closer to the time-dependence
expected for the REDR- than for a SWB-based process, it still differs significantly. How-
ever, for operating times beyond 70 h a ¢! dependence is visible. A longer measure-
ment time would have been desireable for this experiment, but one should take into
consideration the logarithmic scaling of the time axis.

Figure 3.5 hints that the major defect generation mechanism is REDR with a ¢! long-
term behavior of the output power. However, to verify this, a more detailed study of
the light output evolution determined by Eq. 3.1 and Eq. 3.7 is necessary.

3.3.3 Analytical solution

The complete procedure to obtain an analytical solution for the light output evolution
under constant current degradation in the case of a REDR-based degradation mecha-
nism is described in Ref. [230], only the result will be presented in the following.

Using the normalized operation time 7 = K n(0)? ¢ and the initial radiative quantum

efficiency n = 1(3]."/(2)2 , the following relation between operating time 7 and the normal-
ized output power P = g;‘((é)) is found,
1—-ngP 7] 1/1
=nh| —=|+z(5—-1]). 3.9
ol 3 () .
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By calculating 7 for the normalized output power range 0 < P < 1 and a subsequently
plotting of P vs. 7, general constant current degradation curves are obtained in which
the quantum efficiency is the only adjustable input parameter. 1 determines the curva-
ture of the degradation curve.

The initial radiative quantum efficiency can be extracted from L/I characteristics
performed prior to the degradation experiment. Setting Eq. 3.1 equal zero and solving
for n(t), resp. for n(t)?, in order to obtain the output power [~ n(t)?], one obtains,

27
P:C<I+Y—Y\/1+7>, (3.10)

with C as optical coupling coefficient, current /, and the term Y = w, in which

the current injection area is given by S. In this form, the light output does only depend
on the current I and the parameter Y, which can be obtained by fitting Eq. 3.10 to the
L/I characteristic. Furthermore the intrinsic quantum efficiency is given by

n:1+§—\/(1+§> —1. (3.11)

Thus, the initial quantum efficiency can be calculated using the value of Y obtained by
the fitting procedure.

A complete analysis of constant current degradation curves involves the recording
of the L/I characteristics prior to the experiment. Using the quantum efficiency 7 ob-
tained from this test, universal degradation curves can be plotted using Eq. 3.9. These
curves differ from the experimentally obtained one only by a scaling factor of the time
axis, since 7 = K n(0)?t. By comparing theoretical and experimental curves, the scaling
factor K n(0)* can be obtained. In Eq. 3.7 K was introduced as defect generation coeffi-
cient, thus this scaling factor K n(0)? is related to the initial defect density, as well as it
depends on the precise physical defect reaction mechanism and operating temperature.
Since these aspects differ between different samples, one can not simply calculate the
initial defect density [143]. However, it can still be used as a figure of merrit for the
comparison of different structures.

Based on this procedure a theoretical curve for the constant current degradation
shown in Fig. 3.5 has been calculated. On the right-hand side of Fig. 3.5, the initial
L/I characteristic of the device is shown. This curve has been fitted using Eq. 3.10, and
the initial radiative quantum efficiency 1 was calculated. Using an efficiency of 90.2%,
the theoretical P(7) curve has been calculated and by comparing it to the experimen-
tal curve a scaling factor K n(0)*> ~ 3 is obtained. The good agreement of theoretical
and experimental curve also reveals that the main degradation process is indeed REDR
based, and that a ¢! behavior can only be expected for very long operating times.

Constant current degradation experiments are a useful tool to test the stability of
opto-electronic devices. A complete fitting procedure is not alway necessary — for a
qualitative comparison the experimental curves are sufficient, if obtained under the
same conditions.

Another interesting feature of the REDR-based model of defect creation developed
by Chuang et al. is that with minor additions it can also be used to explain defect anneal-
ing, e.g. the recovery and improvement of quantum well luminescence under optical
excitation [242, 243].
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3.4 Driving forces of the degradation mechanism

Once the primary degradation mechanism is identified, the next important question is
which physical parameters influence the process. In a opto-electronic semiconductor
device, there are several critical parameters which can act as driving force. In the fol-
lowing section some of them will be investigated in more detail, in order to develop
new approaches to improve the laser diode stability.

3.4.1 p-type doping

Recombination-enhanced defect reactions are related to the diffusion of point defects.
Their generation and type is mainly determind in the growth process. An additional
complication occurs when doping is present. It was described before that p-type dop-
ing is difficult in the case of ZnSe-based material, and that it can act as source for point
defects — especially in the case of highly compensated material. In fact, a drastic reduc-
tion of the free hole concentration in the p-type doped layers of a laser diode was found
after long-time operation [244]. Furthermore, it is reported that during optical degrada-
tion of doped ZnSe-laser structures, the quantum well emission decreases, which cor-
relates with the occurrence and intensification of a defect related emission originating
in the waveguides. For not-p-type doped structures, such a behavior is not observed
— in particular, no decrease of the quantum well emission intensity is found [237]. A
strong influence of the N doping was concluded from this experiment. In addition,
Gundel et al. calculated that p-type doping with N not only provides free acceptors
in the semiconductor material, but is also accompanied by the formation of a very sta-
ble threefold-positively-charged interstitial N-complex [245]. Under current injection or
optical pumping, N-acceptors can transform into this charged complex, which is natu-
rally subject to migration in the presence of an electrical field. Under forward bias, the
complex will migrate to the n-side due to its positive charge, thus, not only the effec-
tive carrier concentration on the p-side is reduced, but also the density of point defects
in the quantum well is increased. On the other hand, other groups reported the gen-
eration of dark line defects and gradual darkening of the active area also for undoped
structures [227].

One reason for the discrepancies between these reports is related to the different ex-
perimental configurations used — namely the plasma cells that provide the N-dopants.
The ratio of activated N strongly depends on the individual cell (cf. e.g. data cited in
Ref. [246]). Fact is, that the N-doping or at least the p-type doping does exhibit a ten-
dency to migrate, however, it is not clear if the lifetime of the laser diodes is limited by
the stability of the p-type doping [247, 248].

To investigate the situation for samples grown in Bremen, the same experiment as in
Ref. [237] was performed by J. Miiller [216]. Fully doped laser structures were optically
excited with a laser emitting at 441 nm. For such laser light, the claddings are transpar-
ent and excitation occurs only in the waveguides and the quantum well. Furthermore,
the laser was focused to a spot diameter of about 10 ;m, resulting in an excitation energy
of roughly 50 kW /cm?, which is about twice of the energy used in Ref. [237].

Figure 3.6 shows the results of this experiment. On the left-hand side, the evolution
of the quantum well emission intensity is plotted vs. the operating time for two differ-
ent laser structures. For the laser structure with undoped quantum well, a fast decrease
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Figure 3.6: Left: time-dependence of the room-temperature quantum well PL signal
of fully doped laser structures under optical excitation. One laser contains a Cl-doped
quantum well. The excitation wavelength is 441 nm, the laser spot is focused to a diame-
ter of 10 um, and the excitation energy is 50 kW/cm?. The intensity has been normalized
to the initial value. Right: exemplary PL spectra of the laser with doped quantum well
taken at the beginning and the end of the same experiment [216].

down to 70% of the initial emission intensity is found after a few minutes of operation.
But the decrease slows down, and after 180 min the emission intensity is still more than
30%. In Ref. [237], a significantly faster degradation was observed for a comparable
laser structure (30% after 2 min), despite the lower excitation intensity. Since the excita-
tion spot is in both cases only 10 um wide, one can rule out the existence of a SF in the
excited region — the emission degradation is purely related to point defects.

The second laser structure tested in Fig. 3.6 contains a Cl-doped quantum well. For
this structure, no degradation is observed in the first 30 min; after that, the intensity
decreases slowly. Since the doped quantum well is the only difference between both
structures, the slowed-down degradation has to be related to this quantum well dop-
ing. The precise mechanism behind this stabilization remains to be investigated. But
the fact that n-type doping leads to a stabilization, fits to the observation that Cd ex-
hibits an increased diffusion tendency in the presence of p-type doping [249, 77]. This
would imply that Cd diffusion plays an important role in the degradation process, and
that this diffusion can be slowed down by n-type doping of the quantum well. If the
degradation on the other hand would be dominated by the stability of the N-acceptor
and the proposed charged interstitial complex, one would - if anything — expect an ac-
celeration of the degradation and migration due to the quantum well doping. Since this
is not the case, one can at least conclude that the stability of the quantum well is more
important, such that the positive effects of it’s n-type doping predominate. This is sup-
ported by the data shown on the right-hand side of Fig. 3.6, where the emission spectra
of the doped-quantum well structure at the beginning of the experiment and after 20 h
excitation are depicted. These spectra are representative for all tested samples. No deep
defect-related emission is observed around 2.2 eV, contrary to the report in Ref. [237].
Furthermore, no shift of the emission energy occurs.

From the experimental results it follows that the degradation process in the laser
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samples from Bremen is different from that reported in Ref. [237]. Although an influence
of the p-type doping is seen, it is of different nature and strength. By low n-type doping
of the quantum well the stability of the devices can be improved. These findings most
probably reflect the different experimental realizations of the doping with N.

3.4.2 Strained quantum well and Cd diffusion

The active region of a typical ZnSe laser diode consists of a CdZn(5)Se quantum well
with Cd contents up to 40%. Such a quantum well is highly compressively strained. It
was mentioned before that a relaxed quantum well gives rise to (110)-dark lines in to-
pography experiments. Therefore, one can expect that the strained quantum well plays
a major role in the degradation process. Furtheron, the REDR mechanism is based on
the diffusion of point defects. Although the carrier-recombination stimulates the diffu-
sion, an intrinsic driving force is still required to enable the diffusion process. In that
sense, the non-radiative recombination provides the energy to surpass the diffusion bar-
rier. The strained quantum well is obviously a potential candidate for such a driving
force — all the more since the dark defects are confined to the active region. On the other
hand, in conventional III-V laser diodes a compressively strained quantum well has
positive effects on the stability of the devices, since it supresses the climb of (100)-dark
lines defects [250].

Additionally, the strong tendency of Cd to diffuse — in particular in the presence of p-
type doping —is well known [77, 249]. A noteworthy observation of these temperature-
dependent annealing experiments is that the diffusion starts from the GaAs/ZnSe het-
erointerface, which acts as reservoir for point defects [132, 251, 252]. Similarly, it was
found that the temperature stability of the PL emission of CdZnSe quantum wells de-
pends on the distance from the heterointerface — obviously point defects play a vital role
for the Cd diffusion process [253].

Figure 3.7 shows the results of constant current degradation experiments with dif-
ferent light emitting structures. Although the samples differ in several points, the graph
gives a first hint of the influence of the strain, resp. the Cd diffusion, on the degradation
velocity. First, one should note that the shortest lifetime is measured for a homoepi-
taxial multi-quantum well (MQW) LED with Cd-containing quantum wells (grown by
H. Wenisch [34]). Due to a not optimized substrate preparation and deoxidation pro-
cess, the defect density in homoepitaxially grown samples is roughly two orders of
magnitude higher than for heteroepitaxy [34]. This explains the higher lifetime of the
hetero-MQW LED. Both devices show a decrease of the output power as expected for
a REDR-based degradation. In the case of the short-lived homo-LED, the shape of the
curve is considerably rounder than for the hetero-LED. Based on Eq. 3.10 this indicates
a lower initial quantum efficiency, caused by the higher defect density.

One the other hand, the heteroepitaxially grown single-quantum well laser diode
has a higher lifetime than both Cd-containing MQW LEDs. Since the substrate prepa-
ration for LED and laser structures is different in heteroepitaxy, this reflects again a
different defect density [35]. Another reason is a possible lattice hardening due to the
addition of S (alloy hardening) [76]. In any case surprising is the behavior of the ho-
moepitaxial MQW LED structure without any Cd in the quantum wells. Here, binary
(and consequently unstrained) ZnSe quantum wells form the active region. Although
the device is operated at a 10 times higher current density, it lives at least one order
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Figure 3.7: Constant current degradation experiments on different homo- and het-
eroepitaxially grown LED structures with multi-quantum wells (MQW) and single-
quantum well (SQW) laser structures. The homoepitaxial samples were grown by
H. Wenisch [34], the heteroepitaxial MQW-LED is from Ref. [95], whereas the SQW-LD
was grown in the framework of this thesis.

of magnitude longer than any other sample, despite the fact that the defect density of
this structure is comparable to that of the other homo-LED. This strongly suggests that a
strained quantum well and /or Cd diffusion are major driving forces for the point defect
diffusion-based degradation.

In this context it is interesting to investigate, whether the generation of dark de-
fects based on the REDR process modifies the quantum well region aside of the massive
generation of non-radiative recombination centers. One way to access this informa-
tion is to perform CL mappings of the degraded active regions with ym-resolution.
In such investigations, it was found that inside a dark spot the emission energy is
blue-shifted [254, 78]. On the other, along a (100)-DLD, starting at a DSD, a blue-shift
was observed. With increasing distance to the DSD, an increasing red-shift is superim-
posed [254]. Other groups observed a red-shift in DLD formed outside of the current-
injection region [78]. These emission shifts can be explained by two individual effects
taking place at the same time. Concerning the blue-shift, an out-diffusion of Cd is re-
sponsible. Due to this out-diffusion, the band gap energy of the quantum well material
is enlarged and a higher emission energy results. This out-diffusion is driven by non-
radiative carrier recombination — Cd is subject to a strong recombination-enhanced interdif-
fusion [78]. Similar diffusion related degradation accompanied by an emission blue-shift
has been observed in conventional III-V laser diodes under current injection [255].

The red-shift, on the other hand, can be explained by a relaxation of strain. In the
presence of an in-plane strain, the band edges shift relative to each other and the strain-
induced variation of the band gap energy is given by

Cy — 012} {011 + 012}
—— " le—b|——| €

3.12
Cn Cn (3.12)

AE,(¢) = 2a [

where a is the hydrostatic deformation potential, b the shear deformation potential, C;,
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Figure 3.8: Change of emission wavelength, sharpness (left), and integrated emission
intensity (right) during a typical constant current degradation experiment at 50 A /cm?
in DC-mode. Spectra have been recorded every 5 min. Three different phases of the
degradation can be identified (1)—(3).

(', the elastic stiffness constants and e represents the in-plane strain, which is € < 0 for
compression and € > 0 for tension [256, 254]. Values for the different parameters can be
found in Refs. [257, 258, 259, 260]. Plugging those numerical values into Eq. 3.12 gives

AE,(Ae) = (—1761 meV)Ae, (3.13)

If strain is relaxed, i.e., e becomes smaller, then Ae > 0 and with Eq. 3.13 a lower band
gap energy results.

Performing pm-CL mappings requires not only a special experimental setup, but
also the changes of the emission cannot be observed in real-time [254, 78]. Therefore,
a different experimental approach was used to investigate the influence of strain and
Cd diffusion: during a constant current degradation experiment, the light output from
the device is not only monitored by the optical multimeter, but also one part of the
emission is focused on the entrance slit of the spectrometer, using a beam-splitter and
lenses. Thus, emission spectra can be recorded at different stages of the experiment.

The results of such an experiment are exemplary shown in Fig. 3.8. On the left-hand
side of Fig. 3.8, the spectral position of the emission maximum (left axis) and the FWHM
(right axis) is plotted vs. the operating time. One can distinguish three different phases
during the course of this experiment. In the first 4 hours corresponding to phase (1), a
distinct, almost linear, blue-shift of the emission by about 3 nm is observed, which is
comparable to the values reported in Refs. [254, 78]. Using Eq. 1.28 and the parameters
for CdZnSSe as well as an initial Cd content of 23.7%, one can estimate a Cd content
reduction by roughly 1% in the quantum well. The emission blue-shift is accompanied
by an increasing FWHM, indicating a broadening of the emission. Several structural
parameters influence the emission broadness, with the main factors being composition
fluctuation, interface roughness, and thickness fluctuation. Without a microscopic anal-
ysis of the sample, e.g. by high-resolution TEM, it is difficult to name the responsible
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effect. One possible explanation is an increased composition fluctuation in the quan-
tum well due to an inhomogeneous diffusion. In the specific experimental setup used
for this test, the recorded spectra always represent the integrated emission of the de-
vice, i.e., a spatially resolved recording of the spectra — as it can be performed in ;ym-CL
mappings — is not possible. Thus, the spectra always contain emission from degraded
and undegraded regions of the device. Taking into account that the degradation for
these samples involves the generation of dark defects, the origin of the inhomogeneous
diffusion can be identified: the diffusion is strongest in the dark defects, such that ini-
tially, a broadening of the emission is observed. With continuing degradation, more
dark defects are generated and the degree of inhomogeneity should reduce, resulting in
a narrowing of the emission.

Indeed, the second phase (2) of the degradation, which sets in after 4 hours and last
until 10 h of operation, is not only characterized by a linear red-shift of about 2 nm, but
is also accompanied by a narrowing of the emission. The red-shift cannot be caused by
an additional heating of the device, since the experimental conditions ensure that the
sample is always in the thermal equilibrium. Also, an increase of the operating voltage,
which would cause an additional resistive heating, is not observed. On the other hand,
if this red-shift is caused by a partial relaxation of the strain in the quantum well, one
can estimate a strain reduction of Ae = 0.45% by using Eq. 3.13. Assuming an initial
strain of € = —1.87% for 23.7% Cd, this value is relatively high, but again comparable to
those reported in the literature [254].

The final phase (3) is achieved after about 10 h of operation. Now a blue-shift is ob-
served again. However, the shift velocity is significantly lower than before. And similar
to phase (1) the blue-shift is characterized by a broadening of the emission. A striking
teature of the dynamic of the emission shift broadness is that both are complementary
through-out the complete experiment. The fact that the shift velocity is reduced in phase
(3) as compared to phase (1) hints that this process is — at least in part — driven by the
strain: after the strain has been relaxed in phase (2) the driving force for the diffusion is
reduced.

On the other hand, the sudden occurrence of the red-shift cannot be so easily ex-
plained. One possibility is that there exists a threshold for the strain relaxation. If the
relaxation process requires the presence of point defects, for instance, then this threshold
would be a certain density of these defects. During operation, the point defects accu-
mulate in the quantum well and, once the relaxation threshold is reached, relaxation
occurs.

To verify the given hypothesises, additional experiments are necessary. A more de-
tailed investigation should be carried out as a combined study of electro-optical exper-
iments, high-resolution XRD, and high-resolution TEM. Starting point for these exper-
iments should be a constant current degradation experiment with parallel recording of
the emission spectra, followed by a XRD-measurement, in order to determine the strain
state of the quantum well, and a concluding TEM investigation to reveal the microscopic
structural change. In a more advanced setup, one should try to monitor the emitted light
not only spectrally, but also spatially resolved, e.g. in the the region of a dark defect and
in an undegraded area. Concerning the tested devices, one should investigate samples
with different quantum well compositions, so that the effects of Cd diffusion and strain
relaxation can be separated better. Due to lack of time and resources, such tests could
not be performed during this thesis.
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In any case, both phases (1) and (2) are accompanied by a continuous decrease of the
emission intensity as shown on the right-hand side of Fig. 3.8. Here, the significantly
different degradation processes are obviously not reflected. However, in phase (3) the
luminescence intensity reduction is slowed down. In order to compare this experiment
with the typical constant current degradation test, the intensity evolution from Fig. 3.8
has been re-plotted in the usual double-logarithmic axis scaling in Fig. 3.9. The rescaling
reveals that the complete degradation process is well described using the REDR model.

The evolution of the spectral emission strongly suggests that the degradation pro-
cess modifies the structural properties of the active region. Cd diffusion and the strain
in the active region drive the process together — they are the two faces of the same coin.
For a separation of both effects, a better developed microscopic degradation model is
necessary. Such a model should concentrate on point defects and in particular on how
the point defects can provide mechanisms for diffusion and relaxation. The results from
Fig. 3.8 show that the Cd diffusion dominates during most of the time. In constant
current degradation experiments, as well as in lifetime measurements (constant output
power) —both carried out in pulsed- and cw-mode, with current levels above and below
the laser threshold — the same blue-shift was found for most structures [216, 202]. A sim-
ilar blue-shift during lifetime test is also reported in the literature for a highly-strained
CdSe-based active region [261]. Finally, it is important to note that the fuel of the degra-
dation process is the recombination of free carriers in the quantum well — they provide
the energy. This observation is consistent with optical pumping experiments with dif-
ferent excitation energies, where a degradation was only observed for excitation above
the quantum well band gap [262].

3.4.3 Current injection and accumulation of heat

So far, the driving forces of the degradation process have been investigated from a struc-
tural point of view. However, for a device under operation there is at least one addi-
tional aspect that drives the degradation: heat — generated during current injection. To
study the influence of heat onto the device, pulsed-operation under varying pulsing
conditions is an useful tool®. In Fig. 3.10 lifetime tests at constant output powers of
different laser structures and under different pulsing conditions are shown. The time-

°The following results have been published in Refs. [263, 264].
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Figure 3.10: Lifetime tests at constant output power for different laser structures and
different pulsing conditions, including cw-operation. The time scale has been normal-
ized to the total lifetime of each device.

evolution of the driving current reflects the degradation dynamics. In order to visualize
the general course of degradation, the time axis has been normalized to the maximum
operating time of each device.

During all tests the time evolution is the same. After an initial drop of the oper-
ating current, a slow increase is found, which is attributed to defect annealing pro-
cesses [265, 249, 242]. Only in the last 10% of the operating time a drastic increase
is observed. Taking into account that some of the devices were operated well above
threshold — with output powers as high as 30 mW per pulse — this indicates that the
heat generated during current injection does not alter the degradation process itself,
but rather influences the degradation velocity. Accordingly, the REDR model is also
valid at high current injection levels and thus, represents the fundamental degradation
mechanism of these devices.

Heat also influences the threshold current density, since it intrinsically depends on
the operating temperature [8, 66]. In devices which exhibit extensive heat generation
during current injection, an additional extrinsic effect is observed. For such devices, the
heat leads to a temperature increase inside the current injection path, which in turn
decreases the band gap energy of the semiconductor in the pumped region. Thus,
a band gap discontinuity is created between injection stripe and surrounding mate-
rial, which gives rise to an additional lateral confinement, and consequently a reduced
threshold [12, 13, 266]. In ZnSe-based devices the low-doped p-side and especially a
poor performing p-side contact were identified as source of such kind of massive heat
generation [202]. The effect shows a strong dependence on the applied current pulse
width [12]. In lifetime tests a strong dependence on the pulse width is therefore ex-
pected. However, the right-hand side of Fig. 3.11 shows that this is not the case. An
extensive heat generation does not take place during operation, even for high output
powers. Nevertheless, the same graph also shows a strong lifetime variation between
different laser bars, which is caused by an inhomogeneous distribution of defects as
shown before in Fig. 2.9.

A better insight how the generation of heat accelerates the degradation process can
be gained from the right-hand side of Fig. 3.11. Here, the lifetime of different devices
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Figure 3.11: Influence of driving conditions on the lifetime of laser diodes. Dashed lines
represent guides to the eye. Left: dependence on the pulse width. Three different bars
of the same laser structure were tested under a duty cycle of 10% and a constant output
power of 30 mW. Right: lifetime vs. duty cycle for the same laser structure. The pulse
width was set to 1 s and the integrated output power was kept constant at 3 mW. The
insert shows the shift of emission wavelength with increasing duty cycle.

of the same structure is plotted vs. the duty cycle during the test. At a duty cycle of
10%, a lifetime of 200 min is measured. But at 20% duty cycle the device lasted only
20 min. From 20% to 100% duty cycle the decrease is less pronounced. It is important to
note that for these tests the integrated output power was kept constant at 3 mW, there-
fore, the output power of the devices emitted during a current pulse decreases with
increasing duty cycle, obeying Eq. 2.4. This implies that with increasing duty cycle less
operating current is needed to provide the required output power. Yet, this positive
effect is not reflected in the experimental results. The strong dependence of the lifetime
on the duty cycle implies that the accumulation of heat primarily determines the degra-
dation velocity. If the recovery time between the current pulses is long enough, such
that all heat can be dissipated before the next pulse arrives — i.e., at a low duty cycle
— the device degrades slowly. With increasing duty cycle the heat cannot be removed
completely, and it accumulates in the device, which in turn accelerates the degradation
process. This argument is supported by the insert of the right-hand graph of Fig. 3.11,
which shows the shift of the emission wavelength with increasing duty cycle. From the
temperature dependence of the band gap energy of CdZnSSe given in Sec. 2.3.4 follows
that the lower bound for the temperature increase between 10% and 20% duty cycle is
about 1 K (0.11 nm shift).

Consequently, for a stable operation an effective heat dissipation is necessary, e.g. by
mounting the device with the epi-side down onto a heat sink, as discussed in Sect. 4.2.
On the other hand, for carefully chosen operation conditions —namely an adequate duty
cycle — stable operation can be expected, even at high current injection levels or high
output powers, resp. In fact, the thorough optimization of the operating conditions is a
key requirement for stable operation. Whereas in pulsed-mode the pulsing conditions
have to be optimized, for cw-operation an optimization of the cavity length and stripe
width is similar necessary, as reported in Ref. [267].
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Figure 3.12: Lasing spectra in cw-mode for different current injection levels. The in-
sert shows the temperature increase of the active region extracted from the shift of the
emission wavelength.

That ZnSe-based laser diodes are indeed capable to sustain high current injection
levels is shown in Fig. 3.12. For this test the very same laser stripe was operated with
increasing current levels in cw-mode, and the emission spectrum of the device was
recorded, which took about 2 s. The threshold current density of this particular device
is 600 A/cm?. Lasing operation up to almost 1300 A/cm? is obtained, which is more
that twice of the threshold current density. During this test only a moderate tempera-
ture increase occurs. Based upon the shift of the emission wavelength with increasing
driving current, a temperature increase of 22 K between 750-1300 A /cm? is calculated,
corresponding to a slope of 0.04 K/(A/cm?). Further details concerning the high-power
operation of ZnSe-based laser diodes are given in Sec. 3.6.

3.5 Improving the quantum well stability

Once the substrate preparation and growth start procedure has been optimized, such
that the pre-existing (SF) defect density is in the order of 103-10* cm~?, the degradation
of a ZnSe-based laser diode is primarily dominated by the density of point defects and
the stability of the active region. Thus, the first approach to improve the lifetime of these
devices naturally implies the optimization of the active region, i.e., the quantum well.
In the course of this thesis several new approaches have been investigated and tested
in fully-functional laser diodes. Unfortunately, these tests were only of limited success,
therefore, they will only be described briefly.
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3.5.1 Alternative growth modes

Typically, ZnSe-based laser diodes employ a CdZnSe quantum well as active region,
which is grown in a conventional MBE growth mode, i.e., all elements are supplied si-
multaneously. From the optimization of the growth start of ZnSe on GaAs it is known
that an initial MEE growth mode improves the layer quality and reduces the defect den-
sity (cf. Sec. 1.4.2) . In this MEE growth mode, the constituents are supplied alternately,
which gives rise to an increased surface diffusion and in turn improves the structural
layer quality [179]. Since a high surface diffusion is also a key requirement for growing
self-organized quantum dots, the MEE growth was also successfully employed to grow
CdSe quantum dots [31, 180]. The question, whether a MEE growth technique is useful
for growing CdZnSe® quantum wells, was investigated by T. Seedorf in his Diploma
thesis [205]. In the following investigation of laser structures, the motivation is to in-
crease the quantum well stability by improving the structural quality of the material, i.e.,
the density of non-radiative recombination centers is minimized by reducing crystalline
imperfections.

In a first approach the quantum well was grown by alternating between group-VI
(Se) and group-II (Cd+Zn) supply. It was found that in this case the amount of Cd
incorporated into the material is significantly lower than in conventional MBE growth,
and the Cd content remains limited to below 20% [268]. The decreased Cd incorporation
results from a different vapor pressure of Cd and Zn. Since Cd has a higher vapor
pressure, its desorption coefficient is also higher, thus Zn incorporation is preferred, if
both species are offered simultaneously [269, 270].

The structural properties of the quantum wells were investigated using low-temper-
ature PL and high-resolution TEM, which was performed by M. Cornelifien during
his Diploma thesis [271]. Using a MEE growth mode the structural properties are
slightly improved. However, a Cd content of 12.5% is rather low and results in emis-
sion wavelengths below 500 nm. Such laser structures have the problem that either the
p-claddings suffer from a low carrier concentration and, hence, a high serial resistance,
or the confinement is too low, which gives rise to significant current overflow and a
likewise increased threshold current density.

To raise the Cd content in the material it is obviously necessary to avoid offering
Zn and Cd simultaneously. Thus, in a modified MEE growth mode a CdZnSe digital
alloy (DA) was grown. Such a DA consists of alternating layers of CdSe and ZnSe of
sub-monolayer thickness [272]. Due to the sub-monolayer thickness of the individual
layers, the superlattice can be treated as a ternary alloy and the average Cd content
is controlled via the thickness ratio [205]. Comparing the PL emission width of MBE-
and MEE-DA-grown Cdy3%Zn77%Se a reduction by 40% is found [268]. High-resolution
TEM investigations confirm that this optical improvement is due to a structural im-
provement, namely a reduced composition fluctuation in the MEE-DA and a decreased
interface roughness.

Figure 3.13 demonstrates the feasibility of a CdZnSe quantum well grown as MEE-
DA as active region for an electrically pumped laser diode. On the left of Fig. 3.13 the
emission spectrum of the laser diode in pulsed-mode is depicted. Clear laser emission
occurs around 531 nm, which is a relative long emission wavelength for a ZnSe-based
laser diode. On the right-hand side of Fig. 3.13 the L/j characteristic of this laser diode

®For sake of simplicity the growth mode experiments were conducted on ternary quantum wells.
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Figure 3.13: Operational characteristics of a laser diode with a CdZnSe quantum well
grown as MEE-DA. Left: emission spectrum at room-temperature above threshold, ob-
tained in pulsed-mode (0.1%, 1 us). Right: L/j characteristics in comparison to a laser
diode with MBE-grown CdZnSSe quantum well (pulsed: 0.1%, 2 ps).

is shown. For comparison an identical laser structure with a conventional CdZnSSe-
MBE quantum well was grown, too. The L/j characteristic of that device, which has
an emission wavelength of 526 nm, is also shown in the figure. Although the MEE-DA
laser diode has a lower threshold current density, a higher external quantum efficiency
was obtained for the conventional device. From this observation follows that the better
structural quality of the quantum well is not reflected in better device characteristics.
This is supported by tests in cw-mode: the lifetime of the MEE-DA laser is about 40 s,
whereas the MBE-grown laser lasts for more than 240 s. Similarly, in cw-mode a max-
imum output power of 75 mW was obtained for the MBE laser, whereas only 20 mW
could be extracted from the MEE-DA laser (cw-results not shown). One possible reason
for the inferior device characteristics of the MEE-DA laser is a partly relaxation of the
quantum well due to a too high Cd content, however, this could not be verified using
high-resolution XRD.

In this context it is interesting to note that temperature-dependent PL measurements
on those structures show that the superior optical quality of the MEE-DA quantum well
at low-temperatures does not carry over to room-temperature — at least concerning the
sharp emission [273].

3.5.2 Low-temperature growth

Besides the growth mode, other parameters of the MBE growth process can influence
the structural and optical properties of the material as well. One of these parameters is
the growth temperature. In the literature, there are only few reports on how the growth
temperature during the quantum well growth influences the device performance —nev-
ertheless, some reports suggest better characteristics when the active region is grown
at low temperatures [160, 272, 117]. The results of Fig. 3.14 support these observation.
In this graph the integrated quantum well emission of single CdZnSSe quantum wells
embedded into ZnSe barriers is plotted vs. the growth temperature. To better visualize
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the effect of the reduced growth temperature, the intensity has been normalized to the
value obtained under standard growth conditions at 285°C. A clear increase in emission
intensity is found for a decreasing growth temperature. At 207°C the PL intensity has
increased by more than a factor of 8. Since a higher intensity implies a better radia-
tive recombination efficiency and/or a reduced number of non-radiative recombination
center, a lower growth temperature may offer some potential for improving the laser
diodes.

However, Fig. 3.14 also shows that the emission width increases with lower growth
temperature indicating a stronger composition fluctuation. One countermeasure against
this broadening effect is to use the MEE growth mode for such quantum wells. Indeed,
employing MEE-DA quantum wells, grown at low temperatures (LT-DA), as active re-
gion in LED structures resulted in an improved efficiency as compared to conventional
MBE quantum wells [274]. But the overall quantum efficiency for the complete series of
LED structures was relatively low, thus, a concluding judgment can not be made based
on these LED results alone.

The next step is therefore to incorporate such quantum wells into fully-doped laser
structures, which is shown in Fig. 3.15. Again, an identical laser structure with a stand-
ard-MBE-grown quantum well was fabricated as reference for the comparison. Concen-
trating on the low-temperature PL spectra on the left first, one observes that the LT-DA
laser has a higher optical quality, since the emission is not only sharper (11 meV instead
of 17 meV), but also stronger and more efficient as derived from the intensity ratio of
the quantum well emission around 2.5 eV and the ZnSSe waveguide layer emission at
2.83 eV. Despite better optical characteristics, the device characteristics of the LT-DA
laser are far below that of the standard-MBE laser. In fact, no lasing could be realized
for the LT-DA laser diode, as shown in the L/j characteristics of Fig. 3.15.

Several additional laser structures have been grown following these first results
shown in Fig. 3.15. From a total of 5 laser structures with an active region grown at
a lower temperature, none showed electrically pumped lasing at room-temperature.
In these structures MEE-DA as well as regular MBE-grown quantum wells were em-
ployed. It was also checked whether the device failure is connected to the growth inter-
ruption — which is necessary to change the substrate temperature — or the lower growth
temperature itself. These experiments revealed that a growth interruption is not detri-
mental and the lower growth temperature must be responsible. Yet, the mechanism
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Figure 3.15: Characterization of a laser diode with quantum well grown as MEE-DA at
low temperature (220°C, LT-DA) in comparison to a conventionally grown laser struc-
ture (285°C, MBE). Left: low-temperature PL. Right: L/j characteristics in pulsed-mode.
Only weak spontaneous emission is detected from the LT-DA laser.

that prevents electrically pumped lasing remains unclear. One possible source of failure
could be the thin ZnSe cap that is also grown at low temperature (growth time 10-30 s).
However, this question was not further investigated.

3.5.3 Strain reduction in the active region

In Sec. 3.4.2 it was shown that the high compressive strain built into the CdZnSSe quan-
tum well acts as driving force for the degradation process. A reduced strain in the
quantum well can eventually improve the device stability. The most simple approach
to achieve a strain reduction is obviously to reduce the amount of Cd in the quantum
well. But this leads to a higher band gap energy, which in turn results in a less effec-
tive carrier confinement and a higher threshold current density. Also, increasing the S
content in the quantum well provides no solution, since this rises the band gap energy
of the quantum well accordingly, as seen in Fig. 1.7. Only, by growing on a differ-
ent substrate, such as InP, unstrained CdZnSe quantum wells can easily be fabricated.
However, changing the substrate was not an option in this work.

On the other hand, by using a MBE growth technique, it is possible to control layer
thicknesses and compositions on a monolayer scale. This allows the fabrication of su-
perlattices in which the main parameters — such as band gap energy and lattice constant
— are determined by the composition and thickness ratio of the individual layers. A
superlattice can be treated as an alloy, but it allows — to some extend — access to ma-
terial compositions and thickness combinations that cannot be grown as regular alloy.
Other advantages are an improved stability against defect formation or higher doping
levels [275, 123]. Superlattices have successfully been employed in ZnSe-based laser
diodes and distributed Bragg reflectors (DBR) [35, 194]. In particular, superlattices pro-
vide the means to realize strain compensation, which has been successfully employed to
reduce the stacking fault formation in CdSe quantum dot stacks, as will be shown in
Chapter 6 [85]. Generally, the design and growth of superlattices with no net strain is a
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Figure 3.16: Laser structure with tensile strained ZnSSe barriers embedding the
CdZnSSe quantum well. The barriers and the quantum well are 4 nm thick each. The
whole system is embedded into lattice matched ZnSSe waveguide layers. For compar-
ison, the results from a reference laser structure without strain compensation are also
depicted. Left: w/20 scan of the (004) reflex. The position of the high S-containing
ZnSSe layers is marked by an arrow. Right: emission spectra of both laser structures in
pulsed-mode above threshold (0.1%, 1 s).

complex task and has to take into account several factors, such as defect formation with
different types of defects, the individual critical thickness of each layer, and the total
critical thickness, as well as the situation during growth where for a short time, each
individual layer is naturally not embedded into the strain compensating structure, i.e.,
during its deposition [276]. However, in a simple approximation the net strain is given
by the sum of the strain of each individual layer, scaled with its layer thickness [35].

Therefore, a concept was developed, which applies the superlattice concept of strain
compensation to the single CdZnSSe quantum well of a ZnSe-laser diode. For the strain
compensation, the quantum well has to be embedded into tensile strained layers. Ac-
cordingly, this system consists of only three layers in the simplest case: the quantum
well and the surrounding barriers. However, it is questionable whether such a simple
system really can be treated as superlattice. This question has to be investigated.

Putting the question of applicability aside, one can calculate the necessary S content
in the tensile strained barriers by using [35]

Aai AaJZnSSe AaJCdZnSSe AaZnSSe !
E t; = tznsse + —————— tcdznsse + tznsse=0, (3.14)
P AGaAs AGaAs AGaAs AGaAs

where Aaznsse denotes the lattice mismatch of the ZnSSe barriers and Aacgznsse that of
the quantum well, likewise the ¢; are the individual layer thicknesses. For simplicity
the layer thickness is set to 4 nm each, and, consequently, for a CdZnSSe quantum well
with 25% Cd and 6% S, a S content of 25% is necessary in the ZnSSe strain compensating
barriers.

In Fig. 3.16 such a laser diode with strain compensating ZnSSe barriers is compared
with a standard laser structure. The w/260 scan of the (004) reflex shows an additional
layer signal around 3000 arcsec right from the substrate for the strain compensated laser
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Figure 3.17: Constant current degradation at 100 A/cm? of the laser structure with
strain compensating barriers and the reference laser for comparison. The dashed lines
are theoretical curves with an initial quantum efficiency of 44.5% for the modified laser
and 44.1% for the reference laser.

structure. This signal stems from the thin tensile strained barriers, and a S content of
28% is estimated, which is a little bit more than the intended value. But since the S valve
settings was calculated based on the ZnSSe calibration layers with low S contents (5-
8%), such a deviation is acceptable. The emission spectra of both lasers above threshold
show clear lasing emission around 520 nm, with the emission of the modified laser
being blue-shifted by 4 nm. The blue-shift is systematically observed when using strain
compensated barriers for quantum well laser structures. It originates from the higher S
content in the barriers, that leads to a higher band gap energy and a better confinement
of the quantum well, causing the blue-shift. Another effect that cannot be ruled out
completely is a reduced Cd incorporation in the quantum well, caused by the tensile
strain state of the lower barrier.

Comparing the operational characteristics no significant differences are found. Both
structures have a threshold current density of 1.2 kA/cm?, which is relatively high.
They are part of a series of five laser structures (S0823-50827, cf. Tab. B.1 in the ap-
pendix) grown on consecutive days, and which are all characterized by a relatively high
threshold and low quantum efficiency, which implies a systematic growth problem dur-
ing that periode (cf. also Ref. [185]). Furthermore, the p-side contact is less stable against
current injection and has a higher operating voltage. Due to these problems, the life-
times of the laser structures are far below the usual values, and consequently, a positive
effect of the strain compensation is in part hidden by them. Nevertheless, in constant
current degradation experiments a significant stability improvement is found as shown
in Fig. 3.17.

The tests in Fig. 3.17 were carried out at a current density of 100 A /cm?. Both curves
show a less abrupt decrease of the emission intensity and a rather soft curvature. As
mentioned before, this is caused by a low initial quantum efficiency of about 44% in both
cases — for comparison, the device in Fig. 3.5 had over 90% initial efficiency. Addition-
ally, a strong defect annealing is seen for the reference laser, indicating non-optimized
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Figure 3.18: Left: lifetime dependence on the VI/II flux ratio during quantum well
growth (values marked by the squares are taken from Ref. [5], lifetimes for 20°C operat-
ing temperature have been extrapolated). The dashed line is a guide to the eye. Right:
lifetime at 20°C vs. pre-existing dark spot density, taken from Ref. [196]; the values from
Ref. [5] are added.

growth conditions. The modified laser is also subject to defect annealing, albeit less
pronounced and over a longer time-scale. The output power of the reference laser after
about 20 h of operation is less than 1% of the initial value. In comparision, the output
power of the modified laser after about 80 h of operation is still more than 10% of the
starting value. This higher stability is reflected in different scaling factors K n(0)? for
both structures, where the one of the laser with strain compensating barriers is by more
than one order of magnitude higher (K n(0)? ~ 6). In fact, this laser structure exhibits
an even higher stability than the cw-record laser structure which was shown in Fig. 3.5
— despite a 2 times higher driving current density of 100 A/cm?.

Since the reference and the modified laser structure stem both from the same growth
period and have an identical layer sequence, the improved stability under low current
injection levels can be attributed to the strain compensating ZnSSe barriers. The fact
that it does not fully transfer to lifetime tests above threshold is caused by the growth
problems mentioned before. Therefore, a concluding statement concerning the effec-
tiveness of this measure cannot be made at present. Nevertheless, under low current
injection levels — where the effects of the low stability and the heating by the poor p-side
contact do not limit the device performance —a higher stability is observed. This promis-
ing result was obtained despite the fact, that the quantum well growth conditions were
group-1I rich and consequently unfavorable, as will be shown next.

3.5.4 Sony’s approach

After it became obvious that the stability of the quantum well region is directly related
to the existence of point defects, Sony’s research activities concentrated on reducing the
point defect density. Point defects are always present in real semiconductor crystals due
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Cell Zn Mg Cd Se Sznsse  Smigznsse
Flux in BEP [Torr] 4.5x 1077 2x107% 25x 1077 1x10% 2x1077 4x107"

Table 3.1: Typical cell fluxes used for growing ZnSe-based material. Sz,sse, denotes the
S flux, necessary for lattice matched ternary ZnSSe, which is also the S flux used for
growing the quaternary CdZnSSe quantum well, whereas Sygznsse stands for the flux
required for lattice matched quaternary MgZnSSe.

to thermodynamical reasons [277]. They are naturally formed during the growth pro-
cess, consequently, several parameters, such as growth temperature, growth mode, and
flux ratios, determine their density. Indeed, the so far described approaches represent
nothing else but efforts to control the point defect density in the active region — albeit
with limited success.

The ansatz to optimize the flux ratios during quantum well growth proved to be more
successful [5]. Normalizing the VI/II flux ratio for stoichiometric growth to unity, the
highest lifetime was obtained for a VI/II flux ratio of 2.2, i.e., group-VI rich conditions,
as shown on the left of Fig. 3.18. It should be noted that the device characteristics such
as threshold current density or L/j characteristics do not exhibit a similar dependence
on the flux ratio [267]. In case of such optimized growth conditions, no generation of
dark lines or dark spots is observed [232]. This underlines once again that the formation
of dark defects is related to point defects, incorporated under group-II rich conditions,
e.g. Se vacancies or Zn interstitials, and that the Cd diffusion proceeds in the group-
IT sub-lattice of the crystal [77]. By growing group-VI rich, a high density of group-II
vacancies is generated, which allows the Cd to diffuse inside the quantum well, i.e. an
out-diffusion is inhibited or at least reduced. Furthermore, the high density of point
defects also reduces the diffusion of point defects from outside of the quantum well
into the quantum well.

Obviously, the optimization of the growth conditions provided the means to realized
stable cw-operation over several hundreds of hours, as proven by the world record
lifetime of 389 h. However, it is instructive to compare the lifetimes given by Kato et al.
in Ref. [5] with the ones reported two years earlier by Ishibashi et al. in Ref. [196], as it is
shown on the right of Fig. 3.18. Despite the growth optimization and the fact, that for a
pre-existing defect density below 10* cm 2 no defect is present in the active region of the
device, the lifetime still follows the trend. In fact, samples grown under inappropriate
flux conditions have lower lifetimes than the record laser from 1996 [75]. Based on this
observation, it is save to assume that Sony performed the flux ratio optimization much
earlier than 1998.

Finally, it has to be mentioned that most laser structures grown in the course of this
thesis contain quantum well material that was grown under group-II rich — and hence
unfavorable — conditions. However, one has to keep in mind that providing Se-rich
growth conditions during the quantum well growth poses some experimental difficul-
ties. As described in Sec. 2.1.3, the flux conditions for regular growth are set to be
slightly group-VI rich for ZnSe growth. In Tab. 3.1 typical flux values for the main ele-
ments are given. These fluxes are recorded in beam equivalent pressure (BEP), which does
not take into account the sticking coefficients on the substrate surface. With a BEP-ratio
of [Se]/[Zn] ~ 2 stoichiometric growth is obtained, as it is determined from the surface
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reconstructions revealed by RHEED. From the values listed in Tab. 3.1, it is apparent
that the addition of S and Mg do not change the flux conditions much, thus ZnSSe and
MgZnSSe growth is also stoichiometric, resp. slightly group-VI rich. However, using
the standard fluxes for Zn, Sznsse, and Se the CdZnSSe quantum well growth will auto-
matically be group-II rich, since the Cd and the Zn fluxes are of the same magnitude.
Providing group-VI rich conditions, hence requires the drastic change of the Se flux
within a short time. In a MBE system — where the elements are supplied by simple
thermal evaporation — this is not possible and requires a growth interruption of about
10-30 min, in order to raise the Se cell temperature. Such a growth interruption is not
desireable, since it leaves the interface between lower waveguide and quantum well
exposed to the chamber environment, increasing the possibility to incorporate impuri-
ties at a very sensitive position. Furtheron, a surface roughening can be expected due to
desorption of Se or Zn. The only way to avoid the growth interruption is to immediately
increase the Se flux during the CdZnSSe growth, either by using a second Se Knudsen
cell or by using a valved cracker cell. Such experimental conditions, namely a fully
functioning Se valved cracker cell, were only given during the last part of this thesis.

Due to these experimental limitations most laser samples were grown under flux
ratios corresponding to a value below 0.5 in Fig. 3.18. Extrapolating the lifetime depen-
dence to these values gives lifetimes around few minutes, which coincidences nicely
with the record values obtained for laser diodes grown in Bremen.

3.6 High-power operation

In Sec. 3.4.3 it was shown that with careful choice of the driving conditions, ZnSe-based
laser diodes are in principle able to sustain high current injection levels without rapid
degradation. Thus, high output powers can in principle be delivered over a long time.
So far there are only very few reports concerning high-power operation of ZnSe-based
laser diodes. In fact, only Sony reported such operation conditions where they obtained
a maximum output power of 834 mW — yet, no further details concerning pulsing con-
ditions or lifetime at such high output power are given [122].

In the following the influence of very high current injection levels on the degrada-
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Figure 3.20: Left: microscope photograph of the mirror facet of a ZnSe-laser diode after
occurrence of COD. Underneath the current stripe material degradation can be seen.
The degraded region extends into the GaAs substrate. The metal contact of the device
does not exhibit any signs of degradation (not shown). Right: atomic force microscopy
image of a facet destroyed by COD (AFM topography measured by S. Figge).

tion of ZnSe-based device will be investigated”. For these tests the driving conditions
are chosen such that the accumulation of heat is minimized, i.e., low duty cycles are
used. Figure 3.19 shows a typical high-power L/j characteristic obtained under these
conditions. The threshold current density in this case is 500 A/cm?, with an external
differential quantum efficiency close to unity. Up to 1.6 kA/cm? the light output in-
creases linearly to almost 300 mW. A further increase of the output power results in a
drastic drop of the emission intensity down to 40 mW. Although the device still exhibits
lasing emission, the external quantum efficiency is now less than 8% of the initial las-
ing efficiency. After this sharp drop, the current density can be increased up to about
2.5 kA /cm?, still the output does not exceed 55 mW. This effect of an abrupt decrease of
the output power is a clear sign of a catastrophic optical damage (COD). COD is not only
a well-known degradation mechanism of conventional III-V high-power laser diodes,
but it is also the lifetime-limiting factor for those devices at present [9, 278, 279, 280].
The COD process is directly related to the stability of the mirror facets that form the
laser cavity. The facets — being cleaved edges of the semiconductor crystal — give rise to
a surface space-charge region, immediately adjacent to the mirror in which absorption
occurs. This non-radiative recombination gives rise to local heating, which is dissipated
at the surface. However, due to the heat, the temperature rises locally, which leads to a
band gap reduction and consequently a higher absorption. This process can result in a
thermal runaway process, during which the surface absorption is drastically enhanced,
and finally a melting of the semiconductor material occurs, destroying the crystalline
perfection. Since the reflectivity strongly relies on a high crystalline perfection, the mir-
ror quality is severely degraded under these circumstances, and in turn the threshold
current is increased, resp. the light output is reduced [278]. This runaway process ex-
plains not only the abrupt intensity drop in Fig. 3.19, but also the reduced quantum
efficiency afterwards. In Fig. 3.19, COD occurs at a total output power of 300 mW, i.e.,

"The following results have been published in Ref. [264].
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Figure 3.21: Left: typical lifetime measurement limited by COD. For this test the device
was set to an output power level of 100 mW at 0.01% duty cycle and 0.6 jis pulse width.
Right: dependence of the lifetime on the output power for the same pulsing conditions.

150 mW per facet. Assuming that the light wave is localized in the waveguides (com-
plete thickness 200 nm) and limited to the current injection region of 10 pm width, a
COD threshold level of 7.5 MW /cm? is calculated. This corresponds to threshold levels
obtained for contemporary AlGaAs/GaAs and InGaAs/InGaP laser diodes grown on
GaAs [281, 282]. It is emphasized that the thermal runaway process does not require
the existence of defects at the mirror surface in order to be initiated — even a perfectly
cleaved facet is subject to COD (although the presence of defects surely lowers the COD
threshold) [278].

To verify that the process observed in Fig. 3.19 is indeed related to a change of the
facet, the cleaved edge of a laser bar after operation and occurrence of COD was exam-
ined using an optical microscope and an atomic force microscope (AFM). These pictures
are shown in Fig. 3.20. The microscope photograph clearly reveals that underneath the
injection stripe a material change occurred. Furthermore, a reduced reflectivity in com-
parison to the surrounding material is indicated by the black contrast of the degraded
region, which extends well into the GaAs substrate. In the AFM topography measure-
ment the formation of droplets in the area of the current injection is observed. It can
therefore be concluded that indeed a COD process occurred. Such type of degradation
has not been reported for ZnSe-based laser diodes before.

Under high-power operation, the occurrence of COD is the lifetime limiting fac-
tor, when operated in pulsed-mode, as shown in Fig. 3.21. The left-hand side shows
a typical lifetime measurement under these conditions. Here, an output power level of
100 mW was chosen. After an initial operating current increase within the first hour, it
increases only by 5% during the rest of the test. However, after 16 h of operation the
light output decreases from 100 mW down to 20 mW within one second due to COD.
Based on the change in operating current alone, one would expect a 4 times higher life-
time. However, since COD is based on a thermal runaway process there is no simple
approach to predict the occurrence of COD during a lifetime test. In fact, why should
COD occur at all, if the output power remains below the COD threshold? The answer
is that the COD threshold level decreases with operating time, mainly due to a point
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Figure 3.22: AFM topography of laser facets. The rms-roughness values are 4.73 A and
1.4 A, resp. (etching of the facets was performed by C. Petter, the AFM topography was
recorded by S. Figge) Left: untreated cleaved facet. Right: facet after 2 min plasma
etching in an Ar-atmosphere at 200 W [285].

defect accumulation at the facet, as well as a progressing facet oxidation during aging
time [283].

The right-hand side of Fig. 3.21 gives the dependence of the lifetime on the output
power. All devices tested during this experiment were taken from the same laser bar
in order to ensure a comparable facet quality. At a light output power of 40 mW, no
increase of the operating current was found after 24 h. Due to limited time resources,
the test was stopped at that point. At 80 mW, the lifetime exceeds 45 h before COD
occurs. The graph indicates that beyond an output power of 120 mW the devices can
only be operated for a short time (a few min) — the intrinsic stability of the uncoated
laser facet seems to be limited to about 100 mW. Performing the same experiments on
different laser bars of different laser structures revealed, that the COD threshold mainly
depends on the facet quality and not so much on the current injection level — at least
when performing a manual cleaving technique as in this case.

From the III-V devices it is known that the occurrence of COD also depends on the
pulse width [9]. For short pulses the damage threshold increases. Thus a record output
power of 1.55 W at 520 nm was recently obtained from a ZnSe-based laser diode grown
in Bremen by using 125 ns short pulses [284].

Finally, it should be noted that the occurrence of COD is less dramatic than it seems
on first sight. Indeed, since COD is a well-studied problem in conventional III-V laser
diodes, several countermeasures have been developed, which can in principle be ap-
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plied to ZnSe-based devices, too. One of the most effective countermeasure is a facet
coating in combination with a facet passivation [286, 287]. Since none of the devices
reported so far were subject to such a coating, significant improvements are expected.
First results from an ongoing Diploma thesis work are shown in Fig. 3.22 [285]. In this
figure an untreated and a plasma-etched laser facets are shown. Whereas the as-cleaved
facet shows a clear corrugation of the surface, these features are completely removed af-
ter etching. Since the corrugation is most pronounced in the region of the Mg-containing
cladding layers, it is attributed to oxidation. The rms-roughness value of the as-cleaved
facetis 4.73 A, after etching this is reduced to 1.4 A. The surface oxidation gives rise to an
additional absorption at the facets and, consequently, a reduced COD threshold [283].
Thus, by removing these oxides an improved stability under high power operation will
result.

Other approaches to improve the stability against COD are, for instance, based on
optimized layer designs [288]. Further insight into this degradation mechanism requires
more advanced techniques, such as TEM, to clarify the microscopic nature [289, 290].
Furthermore, an investigation of the temperature rise at the facets compared to the rest
of the active region, e.g. by electroluminescence or photothermal deflection, is help-
ful [291, 292, 293].

3.7 Summary

It was shown that the degradation of ZnSe-based laser diodes is directly related to the
stability of the active region, namely the quantum well. During operation, non-radiative
recombination centers are increasingly formed, giving rise to “dark areas” in the quan-
tum well. The formation of these dark defects is influenced by pre-existing defects in the
sample, as well as by the strain accumulated in the highly lattice mismatched quantum
well and the presence of point defects. This degradation process is not catastrophic, but
gradual and is accompanied by a structural change of the active region by Cd diffusion
and strain relaxation. Heat accelerates the degradation, which is a further indication
that the process is based on diffusion. Improving the stability of the devices requires an
optimization of the quantum well growth. Using low-temperature growth or a MEE-
DA growth mode is only of limited success, however, an electrically pumped laser diode
with a MEE-grown digital alloy quantum well was realized for the first time. Another,
more promising approach is to embed the compressively strained CdZnSSe quantum
well into tensile strained ZnSSe barrier layers, in order to compensate the strain in the
active region. For such devices an improved stability under low current injection lev-
els was found. In conjunction with optimized growth conditions — in particular for the
quantum well — this higher stability is expected to carry over into operation above the
laser threshold. Furthermore, it was found that under carefully chosen driving condi-
tions stable operation of ZnSe-based laser diodes can be realized in pulsed-mode — even
at a high current injection level and light output power. Under these conditions, catas-
trophic optical damage is identified as new dominating degradation mechanism, which
was so far unknown for ZnSe-based devices.

96



Chapter 4

Advanced processing technologies

In the last chapter the degradation of ZnSe laser diodes was investigated. The results
have been obtained from devices which do not resemble much commercially available
laser diodes. In fact, only a very basic processing technology was applied to the wafers.
In this chapter some more advanced — so called “front-end” and “back-end” processing
technologies — will be introduced. Although the principles of these technologies are
commonly know, so far only little work has been done — and even less been published
—about how they can be transfered to II-VI laser diode devices.

4.1 Overview

The starting point for all semiconductor laser diodes is the epitaxial growth of a laser
structure on a substrate crystal. To obtain laser light from such a structure numerous
processing steps are necessary after the growth process itself. This is the starting point
of the so-called front-end technology. One of the most important steps obviously is to
metalize the wafer, so that current can be applied. However, stable room-temperature
lasing operation requires at least two additional measures: lateral confinement and opti-
cal feedback. The lateral confinement is required to lower the threshold current density
to a practical value. In the simplest case one can achieve lateral confinement with a thin
metal current injection stripe (gain guiding). Optical feedback is provided by cleaving
the wafer perpendicular to the injection stripes. The result is a bar which contains sev-
eral individual laser diodes. Next, the individual laser diodes have to be separated into
single laser chips, this process is called pelletizing. These chips are then mounted onto a
heat sink holder. Finally, a collimator lense is attached to the system and the package is
sealed.

These are the most basic processes necessary to process a single laser diode from
the original wafer. Additional processing steps can be incorporated, depending on the
intended application of the device. In general, one can distinguish between measures
which help to slow down the degradation of the laser on the one hand and such, which
improve particular device characteristics, otherwise.

One of the most important aspects for improving the lifetime of laser diodes is to
minimize the generation and the influence of heat onto the device. This can be achieved
by applying a facet coating and by mounting the device with the epitaxial side facing
downwards onto the heat sink (fop-down mounting). Facet coating is also a useful tool to
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improve the stability of the laser facet against high light powers and, therefore, neces-
sary for high-power light output applications.

Both of these techniques have been investigated and transfered to ZnSe-based laser
diodes here in Bremen, as it will be presented in the following. However, in co-operation
with external research teams, other processing techniques and device concepts have
also been successfully realized with laser structures grown in the framework of this the-
sis. These concepts include the fabrication of ridge waveguide lasers, novel p-side contact
metalization schemes, and distributed feedback lasers. Since the fabrication and the char-
acterization of these structures was mainly done by the co-operation partners, they will
be presented in Appendix A.

4.2 Top-down mounting

From Sec. 3.4.3 it becomes clear that one key measure to improve the lifetime of the laser
diodes is a better heat management. In the device, heat is primarily generated on the
p-side due to the limited p-type dopability of ZnSe and especially MgZnSSe on the one
hand, and the limited hole mobility, on the other hand. Thus, the serial resistance in
the p-type layers of the laser diode structure is significantly higher than in the n-type
layers. Furthermore, even after optimization, there is still a significant barrier at the
p-side semiconductor-metal interface. An effective heat management therefore has to
concentrate on the p-side.

4.2.1 Idea and background

In a mounting configuration, where the laser chip is glued with the substrate side down
("epi-side up”) onto the heat sink/holder, the heat generated on the p-side has to be
dissipated through the complete device, including the active region and the substrate
crystal. This method of heat dissipation is not optimal. First, naturally the active region
itself is heated. Since the generation of non-radiative recombination centers is driven
by heat, this leads to an accelerated degradation. Secondly, the dissipation through
the substrate crystal is ineffective. In the case of heteroepitaxially grown ZnSe-laser
diodes, GaAs is used as substrate material. Although the thermal conductivity of GaAs
[0.44 W /(K cm)] is more than twice than that of ZnSe [0.19 W /(K c¢m)], it is still one order
of magnitude lower than that of copper [3.8 W/(K cm)]. Furthermore, the substrate is
quite thick (around 300—400 pm). It is therefore desireable to minimize the dissipation
length through the substrate. This can either be achieved by polishing the substrate
down to a smaller thickness (typically around 100 xm) or avoiding this dissipation path
completely by mounting the chip with the epitaxial side facing down onto the heat sink.
In this “top-down” mounting configuration, the heat generated on the p-side is directly
dissipated into the heat sink.

Although the intuitive principle of top-down mounting sounds simple, its techno-
logical implications are difficult. This is illustrated by the fact that there is only one
report in the literature concerning the top-down mounting of ZnSe-based laser diodes.
By this measure a lifetime improvement by a factor of two was achieved [129]. How-
ever, no details on the mounting procedure are given. Similarly, in almost all reports
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on ZnSe-based laser diodes by Sony the tested devices were mounted top-down, yet,
information on the mounting procedure was never published’.

The technological problems with top-down mounting arise predominantly from the
small size of the laser chip. Whereas a laser bar usually has a size of (10 x 1 x 0.4) mm?®,
a single laser chip is only about (0.4 x 1 x 0.4) mm?®. These chips can only be handled
with a pair of high-precision tweezers. Furthermore, the mounting procedure must
ensure that no short-circuits are created on the chip. With the pn-junction being only
1-2 pm away from the surface and exposed at the side facets of the chips, this is a major
challenge.

Nevertheless, top-down mounting is a standard procedure for conventional III-V
laser diodes. In principle, all necessary steps and technologies have already been devel-
oped and the required equipment for such a process is commercially available, although
not all procedures can be directly applied to ZnSe-based laser diodes. This hold espe-
cially true for the mounting procedure itself, where a suitable solder has to be found.
Furthermore, the costs for such tools are in a range, where the investment pays only un-
der extreme mass production conditions?. This is not accessible for a purely university-
based research.

Therefore, a top-down mounting procedure for ZnSe-based laser diodes was devel-
oped in a co-operation between the Institut fiir Festkorperphysik (IFP) and a partner from
industry, Kranz & Niigele®, Bremen. The project was supported by the Land Bremen via
the Bremer Innovationsagentur (BIA). In this project the development of an optimized
metalization procedure, as well as the pelletizing of the laser bars into single chips was
done at the IFP. The heat sink and the mounting procedure was developed by Kranz
& Nagele, in particular by C. Falldorf. Testing and characterization of the mounted
devices was again done at the IFP*.

4.2.2 Pelletizing of laser bars

In principle, two methods can be used to achieve a controlled separation of a GaAs
wafer in smaller units: sawing and cleaving. The latter method is normally used to sep-
arate a processed wafer into laser bars. When a wafer is cleaved it ideally breaks along a
crystallographic axis, which leads to a very smooth and even surface with a roughness
on the order of mono-atomic steps (cf. e.g. Fig. 3.22). This is the preferred method to
obtain mirror facets. However, for a controlled cleavage it is necessary to have a “seed”,
which is usually produced by scribing with a diamond scriber an indention on the edge
of the wafer at the desired position. Then, the wafer is turned over and pressure is lo-
cally applied at the position of the indention — the wafer breaks [9]. With most of the
tested laser bars in this thesis the indentions were placed manually. For better-defined
cavity lengths a skip scriber which is equipped with a microscope and a micrometer
screw was used °.

! According to A. Ishisbashi, former project lead of the blue laser diode project of Sony, Sony regards
this technology as one of its “key competences”.

ZPelletizing, mounting, and packaging of optoelectronic chips is usually done in so-called foundries in
the far east.

Snow Optoprecision, Bremen [294]

“The results of the BIA project are documented in Ref. [295].

>courtesy of Prof. Gutowski, AG Halbleiteroptik
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(a) standard metalization (b) with Ti

Figure 4.1: Top-view on the sawing edges of laser bars, photographed through an opti-
cal microscope. Two different metalization schemes were used.

One disadvantage of the cleaving technique is that the placement of the indention
requires special care. For an ideally cleaved edge it has to be oriented exactly along a
crystallographic main axis, otherwise, only small pieces will break out, or the edge will
be heavily stepped (cf. e.g. Fig. 10.11 in Ref. [176]). Especially if one tries to separate the
individual laser diodes of a laser bar into single chips, this becomes troublesome. Here,
each mark has to be placed into the 100 ym-wide stripe which provides the electrical
isolation between the different laser diodes of the bar (cf. Fig. 2.4). For these purposes
sawing of the bar is better suited. Since GaAs is a rather soft semiconductor, it can
be sawed relatively easy with a diamond-powder-coated dicing disk. Sawing has the
further advantage that it produces rough edges as compared to cleaved ones, which
inhibits the formation of modes perpendicular to the cavity. The sawing is done under
a constant supply of water to remove the sawdust as well as to cool the dicing disk and
the semiconductor. By fixing the wafer onto a self-adherent plastic foil it is ensured that
the laser chips are not flushed away. These sawing experiments were carried out with
the dicing machine from the Institut fiir Mikrosysteme, -aktuatoren und -sensoren (IMSAS)
which is specially designed to automatically separate complete wafers into single chips.

The sawing experiments revealed that the standard laser processing technology de-
veloped by M. Fehrer in the framework of his Ph.D. thesis has to be adjusted to this new
processing step [176]. Figure 4.1(a) shows that during the sawing process the top gold
bond pad is pealed off from the chip. To avoid this peal-off the adherence between the
gold of the metal contact and the Al,Os-insulator has to be improved. This is usually
achieved by inserting a thin layer of Ti or Cr [9].

Figure 4.1(b) demonstrates the feasibility of this measure. In this case a thin layer of
Ti (b nm) was inserted between Al;O3 and Au. Furthermore, no influence of the mod-
ified metal layer sequence on the electrical characteristics of the devices was observed.
In fact, the additional Ti layer provides also an improved reproducibility concerning
the metalization process in general, which leads to more stable contacts. Therefore, it
became part of the standard laser processing technology for ZnSe-based laser diodes.
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soldered onto the small socket in the cen-
ter [295].

Figure 4.2: Technical drawing of the K&N Q
heat sink design. The laser diode chip is E} @

4.2.3 Design of the heat sink

Heat sinks for semiconductor laser diodes are commercially available in a variety of
different shapes, materials, and prices, cf. e.g. Ref. [296]. It depends on the desired
application of the laser diode which design is chosen. Expecially, for high-power and
telecommunication application an efficient heat dissipation is mandatory. Whereas in
high-power systems the excessive generation of heat leads to an accelerated degrada-
tion, in telecommunication its influence on the emission characteristics — such as lasing
wavelength and mode stability —is extremely critical. For these purposes commonly di-
amond heat sinks are used, since diamond has the highest know thermal conductivity
[30 W/(K cm)][297]. However, for the devices reported in this thesis such an expensive
material is not necessary. As mentioned earlier, even a simple copper heat sink should
significantly improve the device stability. Given the technological experience of Kranz
& Nagele concerning micro-precision engineering of metal components, it lay at hand
to use a specially self-designed and manufactured copper heat sink. Thus, the design
could be fully adjusted to the special requirements of the ZnSe-laser chips fabricated by
the IFP.

The size of the heat sink was chosen so that it enables convenient handling of the
complete laser unit. Furthermore, it should provide easy mounting of the unit, e.g. in a
laser pointer. Most important for the design of the mounting system is, however, that
the possibility of a short-circuit of the pn-junction at the facets due to excess solder is
reduced. In the actual design, this requirement is met by milling a socket of a size,
smaller than the typical laser chip, out of the heat sink. A 2.2 mm drill hole simplifies
the mounting of the complete unit. The full design, developed by Kranz & Négele in co-
operation with the IFP, is shown in Fig. 4.2. The heat sink has a size of (2 x 4 x 7.5) mm?
with a laser chip mounting socket area of (0.75 x 0.35) mm?. For the mounting tests,
laser chips of (1.2 x 0.4 x 0.35) mm?® were used. In conjunction with the rounded edges
of the mounting socket it is therefore ensured that eventual excess solder will flow away
from the chip.

4.2.4 Solder

The growth temperature of ZnSe-based material is typically around 285°C. This is sig-
nificantly lower than the usual temperatures used to grow and process conventional
[I-V semiconductors. Thus, special care has to be taken with respect to the melting
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5@8844-3, DI, 2., n.f., K4 = B4°, U = 158x 388pm 5A844-3, TDI, n.f., KM = B3°, U = 158x 388pmn

(a) working device (b) short-circuited

Figure 4.3: SEM photographs of top-down mounted laser chips. A short-circuit is
marked by an arrow (photographs taken by E. Meyer).

point of the solder for the mounting of the laser chips. High-resolution XRD experi-
ments on single ZnSe layers show that at temperatures above 250°C, formation of ther-
mally induced stacking faults occurs [45]. Furthermore, the p-type doping level will be
influenced by increased temperatures [95]. It is therefore mandatory that the melting
point of the solder is lower than 250°C. To minimize the heat load onto the device dur-
ing the soldering process, as much as possible solders with melting points between 120
and 160°C were considered. Potential candidates in this particular temperature region
are the PbSn alloys, commonly used in electronics [298]. Their melting point is around
180°C, but with the addition of Bi it can be reduced to the desired lower value.

Another requirement concerning the solder is that it wets the whole surface of the
copper socket on the one hand, and the Au metal contact of the chip, on the other hand.
Using the PbSn alloys, this limits the useful melting point range to 125°C, since fur-
ther addition of Bi deteriorates the wetting characteristics [298]. As optimal alloy the
following composition with an melting point at 125°C was used: Pbsg 55,Snsg 39 Bisg 2%

The wetting characteristics of the solder and the electrical characteristic of the con-
tact depend not only on the composition of the solder alloy, but also on the cleanness of
the involved parts. Especially, residual oxides on the copper surface degrade the per-
formance [298]. Therefore, the copper socket is polished and treated with solder grease
before the mounting process, which is done in a special preparation chamber under an
Ar atmosphere.

The actual solder process is a two-step process. First, the solder is applied to the
heat sink. Thus, the excess solder can be remove from the socket, before the chip is
mounted. Furthermore, a complete wetting of the copper socket requires the use of the
solder grease, that needs to be activated at elevated temperatures around 450°C. After
the appropriate amount of solder is deposited and the heat sink is heated up to 160°C,
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Figure 4.4: Left: microscope photograph of a top-down mounted laser chip under
current injection. Clear lasing emission is seen. Right: lasing spectra of a top-down
mounted laser and a conventionally processed laser diode of the same wafer.

the laser chip is placed epi-side facing downwards onto the socket. This placement
process is done manually, however, due to the special design of the sink and the surface
tension of the solder between chip and socket, this process is self-centering. This is
illustrated in Fig. 4.3, which shows an scanning electron microscope (SEM) photographs
of such top-down mounted ZnSe-laser chips. Although both laser chips in Fig. 4.3 are
larger than the socket, only the chip in part (a) is a functioning device. The chip shown
in Fig. 4.3(b) has some solder at the edge (marked by the arrow) which leads to a short-
circuit.

4.2.5 Results and outlook

Figure 4.4 shows one of the first top-down mounted ZnSe-laser diodes from Bremen.
Clear laser emission from the device is visible. On the right-hand part of Fig. 4.4 the
lasing spectrum of this device just above threshold is shown. Lasing occurs at a wave-
length of 527 nm. Due to the limited dynamic of the CCD camera of the spectrome-
ter, two filters were necessary to damp the laser signal (total transmission coefficient:
T = 6.25 x 107%). Thus, only the lasing mode, but no side-modes are visible. Also
depicted in this figure is the typical emission spectrum of a conventionally processed
device of the same laser wafer. The two devices differ by more than 4 nm in emission
wavelength. In Chapter 3 it was described that heat has a significant influence on the
emission wavelength of the laser diodes. Taking into account that the emission wave-
length of a laser structure typically changes by not more than 1 nm across the full wafer,
one can attribute the blue shift of the emission wavelength to a decreased heat load
in the device. Using the standard estimation for the temperature induced wavelength-
shift, a difference of 40 K between the temperatures of the active regions of both devices
is calculated. This nicely illustrates the improved heat management due to the top-
down mounting.

Although special care was taken to avoid short circuits in the mounted system, it
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turned out that most of the devices could not be operated due to precisely this problem.
The reason for this could not be clarified completely. Some of the devices could at least
be operated in LED-mode. This indicates that the mounting procedure is in principle
OK. However, when the current level is increased a short circuit is generated. One
explanation for this effect is that the heat generated at the p-side contact is high enough
to melt the solder so that it can reach the facet of the chip. Here, solders with higher
melting points might solve the problem. Another source of the short circuit can be a
metalization of the facets by condensed metal vapor deposited during the soldering
process.

Before the top-down mounting of the lasers, the single chips were electro-optically
characterized epi-side up without any problem. Thus, a failure of the devices due to
the sawing process can definitely be ruled out. The best solution for the short-circuit
problem is obviously a passivation of all four laser chip facets. Then, the pn-junction
is not exposed to the solder and a short circuit is avoided. Additionally, it would be
helpfull to take the pn-junction further away from the surface. This could be done by
inserting a thicker spacer layer on the p-side. In fact, most laser structures reported by
Sony have an 1.8 um thick p-ZnSSe spacer, which facilitates top-down mounting [122].

Although the realization of the top-down mounting of the laser diodes is a success
by itself, the potential improvements concerning the stability of ZnSe-lasers could not
be verified. This results from the fact, that the first mounted devices were obtained at
the end of the project. Due to the described short-circuit problems, only few devices
could actually be tested. Here, more work is necessary.

4.3 High-reflectivity facet coating

Facet coating is the standard measure to reduce the threshold current density of semi-
conductor laser diode and well-established for III-V devices. Even most of the results
concerning electrical pumping of ZnSe-laser diodes reported in literature, are obtained
from coated lasers, yet, the experimental realization of coating requires the develop-
ment and optimization of a reproducible process for the individual machine used for
the deposition of the coatings. Namely, a precise thickness control of the deposited ma-
terial is necessary. This work was done by C. Petter in the framework of his Diploma
thesis [285]. Some of his result will be presented in the following.

4.3.1 Dielectric mirrors

Dielectric mirrors are formed by a periodic variation of the refractive index, which is
also called a Bragg mirror. Such an index variation is usually obtained by alternately
depositing two materials with different refractive index. The degree of reflectivity de-
pends on the number of mirror pairs, whereas the frequency selection is given by the
mirror period, i.e., the layer thicknesses.

The principle of operation of such dielectric mirrors is simple: at every refractive
index step, one part of the wave is reflected, the rest is transmitted, and a phase shift
occurs. If the layer thicknesses are chosen so that the optical path between the interfaces
is exactly \/4, these phase shifts give rise to constructive interference for the light of the
wavelength \. The reflectivity r of such a mirror with N pairs of layers with refractive
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Figure 4.5: Reflectivity spectrum of a dielectric mirror with 4 pairs, deposited onto a
laser facet (taken from Ref. [300]). Due to experimental difficulties, the absolute values
of the reflectivity are not calibrated, however, the maximum reflectivity is surely above
80%.

indices n; and n, on a substrate with reflective index n; is given by [299, 285]

1
r = tanh? <ln Z—; + oN In ns) . (4.1)

A more detailed description of the problem can be found in Ref. [299].

For a high reflectivity with only a few mirror pairs, the refractive index contrast
between the two materials has to be high. Commonly, oxides — such as SiO,, TiO, of
HfO, — are used. It is not necessary to deposit the materials as single crystals, therefore,
they are usually obtained from plasma sputtering. The sputter system in Bremen is
operated with an Ar plasma and provides two targets with S5iO; (n; = 1.5) and TiO,
(ne = 2.6). A description of the system, as well as the technical difficulties — such as
operation of the machine, mounting of the samples, and reproducible deposition rates
— can be found in Ref. [285].

Figure 4.5 shows a typical reflectivity spectrum of a mirror with 4 pairs of SiO, and
TiO, layers, measured using a white lamp and a spectrometer. The layer thicknesses
are 87 nm and 50 nm, resp., to obtain a reflectivity maximum at 520 nm. As the graph
shows, the desired wavelength was obtained, indicating a satisfactory thickness control.
Since the mirror was directly deposited onto the facet of a laser bar, no calibration of the
absolute reflectivity is possible, because the measurement spot of 1 mm is larger than
the facet length of 350 ym. However, it is safe to assume that the absolute reflectivity in
the maximum is above 80%.
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4.3.2 Influence on the threshold current density

The mirror shown in Fig. 4.5 is suitable as a coating for a ZnSe-laser diode. However, it
is not useful to apply coatings with identical reflectivities on both laser facets, because
that would reduce the light output from the device significantly. Commonly, an asym-
metric coating is used, where one side has a reflectivity above 95%. The other facet is
coated with 40-60%, depending on the desired purpose (high lifetime vs. high output
power) [116, 131, 267].

From Eq. 1.15 the influence of a high-reflectivity facet coating can be calculated. Us-
ing typical laser parameters for ZnSe-based laser diodes, given in Refs. [301, 34], and
a cavity length of 700 ;m, one can expect a threshold current density reduction by a
factor of 2 for a reflectivity combination of 40%/95% as compared to the as-cleaved
facet with only 20% reflectivity [300]. This is confirmed in Fig. 4.6, where the threshold
current density of different laser bars are shown for the coated and the uncoated case.
Although the absolute threshold current density of all devices is quite high® (more than
2 kA/ecm? for the uncoated devices), a significant reduction for the coated devices is
seen. Here, a combination of 6 and 2 mirror pairs was used, resulting in a reflectivity of
about 96% and 80%. On average, the threshold current density is reduced by 35% for
the unetched facet.

In Sec. 3.6 it was shown that as-cleaved facets suffer from an oxidation of the semi-
conductor material. Therefore, an additional bar of the same laser structure was coated
in the same fashion, but before the coating the facet was etched for 30 s in an Ar plasma.
Thus, the threshold could be reduced by 43% as compared to the as-cleaved, uncoated
facet.

In summary, facet coating is a effective method to reduce the threshold current den-
sity of the laser diodes. Due to the reduced operating current, less heat is generated
and a higher lifetime can be expected. However, this expectation remains to be demon-
strated, since the appropriate tests are currently being performed. These results will be
reported in Ref. [285].

®due to problems during the laser processing prior to the coating
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4.4 Summary

4.4 Summary

The work presented in this chapter was motivated by the desire to improve the reliabil-
ity of ZnSe-baser laser diodes by improving the ex-situ processing, not the growth itself.
In co-operation with others, top-down mounting and high-reflectivity facet coating was
developed and successfully realized for these devices. The technological difficulties
connected to both processes and the additional degree of complexity, however, oppose
an inclusion in the standard laser diode processing sequence. Nevertheless, the feasibil-
ity of the techniques could be demonstrated. Therefore, such advanced processing will
rather be reserved for special purposes, e.g. where high lifetimes are desired, or where
the standard process only results in mediocre performance.
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Chapter 5

Exploring the limits and possibilities of
Cd-rich quantum wells

The work presented so far was focused on ZnSe-based laser diodes emitting around
510-530 nm. In the following chapter it will be shown that such devices are not limited
to these emission wavelengths. Since wavelengths below 500 nm have already been
realized by other groups, devices operating at long wavelengths around 560 nm will be
investigated — developing new possibilities while simultaneously exploring the limits
of very high compressively strained quaternary CdZnSSe quantum well.

5.1 Motivation

The question whether the emission wavelength of ZnSe-based laser diodes can be tuned
beyond 530 nm is not a pure academic question to demonstrate what degree of mate-
rial perfection is possible. Aside this aspect there exists a very attractive application for
such devices that has not been considered so far: as light source for optical data com-
munication systems employing plastic optical fibers (POFs) as transmission medium.
Optical data communication is the backbone of today’s communication age. The reason
is obvious: the data is transmitted at the speed of light!. Using different transmission
wavelengths, several data channels can be transmitted via the same fiber simultane-
ously [302]. Furthermore, light is not susceptible to electro-magnetic interferences. For
large-scale networks — such as intercontinental connects — doped silica fibers are used as
transmission medium due to their very low transmission losses. However, such fibers
are not only expensive but also brittle. For short and medium transmission ranges
cheaper types of optical fibers are used: POFs. The most common and simplest type
of POF is a fiber with a polymethyl methacrylate (PMMA) core. PMMA is a general
purpose plastic and hence cheap and easy to fabricate. Other types of POF employ a
multiply layers of plastic layers with different refractive indices, so-called graded index
tibers (GOF). All types of plastic fibers in common is their advantage over the silica
tibers, which are a higher flexibility, a larger diameter, which facilitates the connection
mechanisms to light sources and receivers, and a lower sensitivity against vibrations.
Especially, the last point — in conjunction with the insensitivity against electro-magnetic

'to be more precise, at the speed of light v in the transmission medium v = £, with n as refractive
index of the medium
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Figure 5.1: Typical transmission loss spectrum of a plastic optical tiber with a PMMA
core [306].

interference — makes them most attractive for the automobil and aircraft industry [303].
Whereas the multimedia — and recently also the safety communication backbones — in
most modern cars are based on POF, the use in aircrafts is not yet fully developed,
mainly due to the limited transmission range. Although using a specially designed
GOF, a transmission range of 990 m at a data speed of 1.25 GBit/s could recently be
demonstrated, this range needs to be extended [304]. The main obstacle here are the
high transmission losses in the POF [305]. Figure 5.1 shows, how ZnSe-based laser
diodes may provide a solution to overcome this range limitation.

The typical PMMA-POF transmission loss spectrum shown in Fig. 5.1 is character-
ized by several local minima. In most POF-based systems a laser or light-emitting diode
operating around 650 nm or 760 nm which match those loss minima are employed.
For such devices mostly AlGalnP-based laser structures grown on GaAs substrates are
used [307, 308]. Based on Fig. 5.1, devices emitting around 650 nm should be preferred
concerning longer ranges, since here the transmission losses are about 0.13 dB/m. How-
ever, by using a light source emitting around 560-570 nm, these losses could be reduced
to 0.06 dB/m, i.e., by more than 50%. But so far no electrically pumped semiconduc-
tor laser diode with an emission around 565 nm has been fabricated. In fact, there
exists no obvious material combination that provides access to this particular spectral
region. Concerning the conventional III-V laser diodes, the before mentioned AlGalnP-
based devices have shown the shortest emission wavelength around 615 nm [309, 310].
These devices could only be realized employing an advanced layer design, such as
multi-quantum well barriers, as well as an advanced processing technology such as
ridge-waveguide fabrication [309]. Other problems involved in the growth of Al-rich
AlGalnP alloys are an increased tendency to show spontaneous alloy ordering and a re-
duced p-type dopability [311]. Finally, a strong increase in the threshold current density
is observed for emission wavelengths shorter than 620 nm [310].

Since no conventional III-V material system provides access to the desired emis-
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sion wavelength region, other material systems have to be considered. Here, only
the II-VI system with devices based on the ZnSe alloy system is a suitable candidate.
Such devices are the only ones, that have shown electrically pumped lasing at room-
temperature. Emission wavelengths up to 536 nm were realized on GaAs substrates,
while an even longer wavelength was obtained on ZnSe substrates: 538 nm [131, 274,
135]. Extending the emission beyond 560 nm requires the growth of quantum wells
with Cd contents around 40-45%, which leads to a highly strained quantum well when
using GaAs or ZnSe as substrate. Since it is questionable, whether these highly strained
quantum wells can be grown in device-quality, several research groups focus on the
realization of devices on alternative substrates such as ZnTe and InP [312, 43, 42, 313].
However, under electrical pumping, only spontaneous emission — sometimes even only
at low-temperature (77 K) — was reported so far. Concerning stimulated emission, all
these alternative approaches lack the availability of a suitable cladding material with
a high band gap energy and a good dopability (p-type when growing CdZnSe-based
material, resp. n-type in the case of ZnTe-based structures). Furthermore, the substrate
preparation and growth start procedures are not as well established, resulting in higher
defect densities.

Due to the well-established growth and experience with ZnSe-based structures on
GaAs, and the difficulties with alternative substrates, the growth of Cd-rich quantum
wells on GaAs with high structural and optical quality will be investigated in the fol-
lowing sections - in order to incorporate them in fully functioning laser diodes?. It has
to be clarified whether the highly mismatched quantum well can degrade the struc-
tural perfection of the rest of the structure and how it influences the operational device
characteristics. The main question, nevertheless, is, whether laser emission around 560—
570 nm can be realized.

5.2 Growth optimization

The first step to obtain laser emission around 560 nm is to grow material with the ap-
propriate band gap energy. A quaternary CdZnSSe alloy with a high Cd content is such
a suitable material. Using a quaternary composition with S is a key point, since an alloy
hardening is expected [196, 76]. In order to obtain high quality material several growth
parameters can be optimized. An important guideline for this optimization process
is composition control. In Sec. 3.5.1 it was mentioned that the Cd incorporation in a
ternary CdZnSe ternary is limited to about 20% Cd when growing in the MEE growth
mode. Only by fabricating a CdSe/ZnSe sub-monolayer superlattice (digital alloy, DA)
a higher Cd content can be realized. But a DA cannot provide access to the full com-
position range, because that would require the growth of individual CdSe layers with
thicknesses above the critical thickness of 2 ML. Then, quantum dot formation — accom-
panied by massive stacking fault generation — occurs, which is neither intendend nor
desired in this case [180, 316]. A MEE growth mode is not suitable for the growth of
high Cd-containing CdZnSSe layers.

The limited Cd incorporation derives from the high vapor pressure of Cd. In inves-
tigations on the growth mode of CdZnSe by using a mass spectrometer, Okuyama et al.
found that the sticking coefficient of Cd depends drastically on the flux ratios of Cd to

ZParts of the results reported in this chapter have been published in Refs. [314, 315].
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Figure 5.2: Influence of the Se flux on the growth of quaternary CdZnSSe. During the
growth of the single layers the Cd, Zn, and S flux were kept constant. The upper x-axis
gives the normalized IV /Il beam pressure ratio, calculated with Eq. 5.1. Left: growth
rate calculated from the layer thickness which was measured with a profilometer. The
dashed lines are guides to the eye. Right: optical characteristics of the single layer:
band gap energy as obtained from low-temperature PL and corresponding FWHM of
the emission.

Zn on the one hand, and of group-II to group-VI on the other hand [56]. Therefore, the
flux conditions during growth will have a significant influence on the layer composition.
Only the conventional MBE growth mode gives access to this particular parameter and,
hence, CdZnSSe material with high Cd contents are grown in MBE mode. As a positive
side-effect, the MBE growth mode also allows to perform an optimization concerning
point defects, as reported in Sec. 3.5.4.

The main boundary condition for the growth parameters is that they should be ap-
plicable to the growth of a full laser structure. As mentioned before, the standard flux
conditions for laser growth are set so that the ZnSe, ZnSSe, and MgZnSSe growth is
stoichiometric — consequently the CdZnSSe quantum well growth will be group-II rich.
Since the flux ratio between group-II and group-VI will have the strongest influence, it
was decided to keep all cell fluxes constant, except that of the Se cell. Thus, later also a
point defect optimization can be performed.

In order to obtain the correct flux settings for the quantum well growth first, single
CdZnSSe bulk layers were grown. Due to technical problems with the Se valved cracker
cell, all samples — including the laser structures — were grown with the Se knudsen cell.
The thickness of the single CdZnSSe layers is 0.6-1.2 um, i.e., the layers are relaxed.

Figure 5.2 shows the influence of the Se flux on the material growth. On the left-hand
side, the evolution of the growth rate with increasing Se flux is shown. The starting
point for the sample series is at a Se flux of a beam equivalent pressure (BEP) of about
1 x 107 Torr, which corresponds to the standard Se flux for stoichiometric ZnSe growth.
For Se fluxes below 3 x 107¢ Torr the growth rate increases monotonically with the
Se supply. This reflects the group-II rich growth conditions, during which the growth
rate does only depend on the amount of group-VI elements available for incorporation.
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Above 3 x 107° Torr the growth rate is likewise limited by the combined supply of Cd
and Zn. Stoichiometric growth is obtained at a Se flux of about 2.5 — —3 x 107 Torr.
These findings are supported by the change in the RHEED pattern, where under group-
IT rich conditions a ¢(2 x 2) reconstruction of the growing surface is observed. Under
group-VI rich condition this changes to a 2 x 1 reconstruction and for the growth at a Se
flux of 2.7 x 107% Torr a mixture of both types is detected.

The optical characterization by low-temperature PL is shown on the right-hand side
of Fig. 5.2. Here, a strong band gap energy decrease from 2.35 eV down to 2.26 eV
is found, when going from group-II rich to stoichiometric growth conditions, which
reflects an increasing Cd incorporation. Under group-VI rich conditions, a further re-
duction of the band gap energy is observed, but it is not as strong as before. This further
reduction is caused by a diminishing S content in the quaternary material: only the Se
flux is varied, therefore, the flux ratio between S and Se changes accordingly. However,
since the average S content under standard conditions (at a Se flux of 1 x 10~° Torr) is
6%, the reduced S content caused by the flux change has only a small effect.

The smallest FWHM of the PL emission is obtained from the layer grown at a Se
flux of 2.7 x 10° Torr, i.e., under stoichiometric conditions. Generally, the linewidth of
the emission depends on several factors, such as interface roughness, impurities, and
composition homogeneity [317]. Since the samples in Fig. 5.2 are all bulk samples with
layer thicknesses above 600 nm, interface roughness can be neglected. Nevertheless,
for group-II rich growth conditions a surface roughening is reported, which results into
the formation of periodic elongated corrugations aligned in the [110] direction in the
material [318]. Such corrugations lead to a broadening of the emission. Besides their
negative influence on the emission width, they also contribute to the formation of dark
defects [233].

Since the samples were grown as one series within 2 days, the impurity concentra-
tions should be the same in all layers. Consequently, the sharp emission for the stoi-
chiometrically grown sample indicates a reduced composition fluctuation and a better
ordered alloy, i.e., no corrugations were formed. Similar findings are reported in the
literature [319].

For all samples reported in this chapter the same nominal cell settings for Cd, Zn,
and S were used. The VI/II beam pressure ratio (BPR) of group-VI and group-II ele-
ments with the individual BEPs f [Cd, Zn, S,Se| is given by

f1S] + [ [Se]

IV/II BPR = FICdl & f [Zn]”

(5.1)

Based on the results of Fig. 5.2, it is possible to normalize the flux ratio Eq. 5.1 such that
stoichiometric conditions are described by a VI/II flux ratio of unity. The upper x-axes
of the graphs in Fig. 5.2 give the II/VI ratio according to such a normalization. Under
group-II rich conditions the flux ratio is below unity, whereas group-VI rich conditions
are characterized by a flux ratio of more than unity. The same procedure was used by
Kato et al. for the investigation on the optimal flux ratio concerning point defects [5].
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Figure 5.3: Optical characterization of CdZnSSe quantum wells grown under different
VI/1I ratios. Left: band gap energy. For comparison the data from Fig. 5.2 obtained
for bulk layers is also shown. Right: evolution of the FWHM and the integrated PL
emission intensity, normalized to the value for standard growth conditions.

5.3 Quantum wells

By changing the Se flux — and therefore the VI/II ratio — CdZnSSe with a band gap
energy suitable for long-wavelength® emission can be grown. The next step is to in-
vestigate whether high-quality quantum wells can be fabricated from it. Similar to the
procedure in the previous section, CdZnSSe quantum wells were grown with varying
Se cell temperatures, while all other parameters were kept constant. The quantum wells
are embedded into ZnSe barrier layers, where the lower barrier has a thickness of 43 nm
and the upper barrier is 22 nm thick, as determined from high-resolution XRD. The
quantum wells themself are 5-6 nm thick.

In Fig. 5.3 the low-temperature PL results of the samples are summarized. The left-
hand graph shows the change in emission energy. Again, an increased Cd incorporation
with higher VI/II ratios is observed. For comparison the data for bulk layers from
Fig. 5.2 has been added. The reasons for the higher emission energy of the quantum
well as compared to the single layers are a 10% higher Cd flux on the one hand, and
the additional confinement energy due to the quantum confined system on the other
hand. Here, the confinement overcompensates the reduced band gap energy related to
the higher Cd flux.

Similar to the results on single layers, a reduction of the emission half-width is ob-
served for the quantum wells when grown under stoichiometric conditions. At an emis-
sion energy of 2.36 eV, a FWHM of 14.5 meV is measured. This value is close to the
theoretical values expected for a perfectly mixed alloy of CdZnSSe with 43% Cd and 4%
S [206]. In the same graph, the integrated PL emission intensity, normalized to the stan-
dard fluxes, is also plotted. An emission enhancement by almost a factor of 3 is observed
for the stoichiometrically grown quantum well. Both parameters — emission sharpness
and intensity — indicate a high morphological and optical quality. Such quantum wells
are suitable for electrically pumped laser diodes — from an optical point of view.

3In the following, long-wavelength emission implies an emission around 560 nm.
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Figure 5.4: High-resolution XRD characterization of a laser structure with a quantum
well optimized for long-wavelength emission. Left: w/260-scan of the (004) reflex. Right:
reciprocal space map of the (224) reflex.

5.4 First laser diodes emitting at 560 nm

The optimization of the CdZnSSe growth based on a change in VI/II flux ratio pro-
duces quantum wells with high optical quality. Yet, it remains to be clarified whether
the structural quality of a complete laser structure is not deteriorated by such a highly
lattice-mismatched layer. Since the quantum well grown under a stoichiometric flux ra-
tio yielded the highest optical quality, it was decided to use these conditions for the first
laser structure — despite the fact that a Se-rich growth improves the stability under cur-
rent injection. The standard laser structure and growth procedure described in Sec. 2.3
was used. However, in order to raise the Se cell to the temperature necessary for the
CdZnSSe stoichiometric growth conditions, a growth interruption of 20 min each (heat
up and cool down) was performed. During this growth interruption the sample is kept
at the regular growth temperature, but under a Se flux exposure.

Figure 5.4 reveals that the optimized growth conditions provide not only the means
for the fabrication of high Cd-containing CdZnSSe quantum wells with high optical
quality, but also with a good structural perfection. On the left-hand side of Fig. 5.4
the usual w/26 scan of the (004) reflex is shown. About 500 arcsec to the right of the
substrate peak the signal from the MgZnSSe cladding layers is found. This rather large
lattice mismatch is still tolerable. As mentioned in Sec. 2.3 the plasma cell operated
during the growth of the p-side gives rise to an additional heating of the substrate and
thus, a reduced S content in the p-cladding layer. In order to compensate this additional
heating, the growth temperature was lowered, however, the w/26 scan indicates that
the temperature change was too drastic so that an overcompensation occurred. The
waveguide layers are better lattice matched to the substrate, and the layer signal can be
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found 100 arcsec to the left.

The weak quantum well signal is found around 5000 arcsec left of the substrate.
From a simple w/26 scan of a symmetric reflex, it cannot be clarified whether the struc-
ture is fully strained or a (partial) relaxation has occurred. Here, a mapping of an asym-
metrical reflex is required, as it is shown on the right-hand side part of Fig. 5.4. In this
mapping of the (224) reflex all layer signals are found at Ag, = 0, indicating a fully
strained structure. Electrically pumped lasing can be expected from this device.

The high structural quality of the laser structure is also reflected in the low-temp-
erature PL characterization shown in Fig. 5.5. The PL spectrum of the device is domi-
nated by the quantum well emission at 2.33 eV. With a FWHM of less than 14 meV, again,
a perfectly mixed alloy with smooth and homogenous interfaces is obtained. At2.84 eV
a weak signal from the ZnSSe waveguides is detected, likewise, the cladding layers
show up at 2.96 eV. No other PL spectrum from a ZnSe-based laser diode grown in Bre-
men exhibits such a dominating quantum well emission as the one shown on Fig. 5.5.
This visualizes how important the flux conditions during the growth of the active re-
gion are on the luminescence efficiency — not only for the growth of long-wavelength
devices.

Figure 5.6 gives the results of the electro-optical characterization. On the left-hand
side electroluminescence spectra in pulsed-mode as well as in cw-operation are shown.
The spontaneous (LED) emission of the device is centered around 559 nm, correspond-
ing to an emission energy of 2.22 eV, as expected from the low-temperature PL measure-
ment and based on the temperature dependence of the band gap energy of CdZnSSe.
Above the threshold of 730 A /cm? clear lasing emission at 557 nm is detected in pulsed-
mode. Since the device was operated at a low duty cycle of 0.1%, heating effects can
be neglected in this case. Under DC current injection, this is no longer the case and the
emission red-shifts by 3 nm resulting in a cw-lasing wavelength of 560 nm. The red-shift
corresponds to a temperature increase of 30 K, which is comparable to the conventional
ZnSe-based laser diodes* grown in Bremen. This laser emission around 560 nm is not
only the longest wavelength ever reported for a ZnSe-based laser diode, but also the first
time that electrically pumped lasing from a semiconductor laser diode has been realized
in this particular spectral region. Above that, the device could directly be operated in

*Laser diodes with an emission around 510-530 nm and with no optimized quantum well growth
conditions.

116



5.5 Operational characteristics in comparison: 500 nm vs. 560 nm emission

L | ICI ! I ! I ! I ! d 1] ]60 i ! II é] I a I LI
— | pulsed- cw-mode | o [ pulsed-mode N
2 | mode = 140t
S| 1 Erof ]
ot i © 100 |- -
Sl |l 2 sk _
= il LED-mode o 80f
= 17 < 60F 4
2 M 2 ol
oF 5 40 ]
=7 O 20F .

PR I R R BN 0 L N P B B
5564 556 558 560 562 564 O 500 1000 1500 2000 2500 3000
Wavelength (nm) Current density (A/cm2)

Figure 5.6: Electro-optical characterization of the laser structure with a high Cd content
in the quantum well. Left: electroluminescence and lasing spectra, obtained in pulsed-
operation, as well as in cw-mode. Right: L/j characteristics measured in pulsed-mode
under standard conditions (1 us pulse width, 0.1% duty cycle).

cw-mode, indicating a very high material quality and stability.

In Fig. 5.6 the standard L/j characteristics of this device is also shown. A steep in-
crease of the light output power is seen above the threshold current density of 750 A /cm?,
at which the operating voltage is 6 V. A maximum output power of 150 mW is ob-
tained from this particular device under these conditions. The differential quantum
efficiency during lasing operation is 69%. Around 1.25 kA /cm?- corresponding to an
output power of about 40 mW - a slight non-linearity of the L/j characteristic is ob-
served. Such a kink is typically associated with a change of the optical mode within
the laser cavity [10]. In this case a transition to a higher mode is the most probable
explanation. However, the occurrence of such an optical mode change is commonly ob-
served — especially under high current injection — and not related to the longer emission
wavelength.

5.5 Operational characteristics in comparison: 500 nm
vs. 560 nm emission

Figure 5.7 nicely illustrates the potential of ZnSe-based laser diodes with CdZnSSe
quantum wells. It shows the emission of different laser diodes operated above thresh-
old. The only difference between the devices is a varying quantum well composition.
By this variation — namely of the Cd content — it is possible to tune the emission wave-
length within the full blue-green part of the visible spectrum, ranging from 500 nm to
560 nm. By using binary ZnSe quantum wells, also true blue emission is possible [119].
Thus, the tuning range spans almost 100 nm. In the following it will be investigated,
in how far the different emission wavelengths influence the operational characteristics.
The focus of this comparison will be on the devices grown under standard growth con-
ditions, resulting in emission wavelength around 500-530 nm on the one hand, and with
optimized quantum well growth conditions, emitting at 560 nm, on the other hand.
First, the L/j characteristics are compared, as shown in Fig. 5.8. Here, the devices
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Figure 5.7: Emission spectra of different ZnSe-based laser diodes in comparison. The
only difference between the structures is a different Cd composition of the quantum
well material.

have been operated in pulsed-mode and at a low duty cycle, in order to obtain high
optical output powers. Although the device emitting at 505 nm and that one emitting at
560 nm have a comparable threshold current density, a higher maximum output power
is obtained from the long-wavelength device. A record output power of more than
1000 mW is measured. This is among the highest output powers ever obtained from
ZnSe-based laser diodes. On the other hand, the output power at 505 nm is limited to
350 mW. But Fig. 5.8 clearly indicates that this limitation is related to the occurrence
of COD. Since an output power of 600 mW — limited only by the power supply — was
reported for a laser diode emitting at 495 nm, we attribute the occurrence of COD to the
device processing alone and not to the shorter emission wavelength [320]. Comparing
the slopes of both characteristics a reduced external quantum efficiency of the 505 nm-
laser is observed. In sum, the comparison of the L/j characteristics under high current
injection levels reveals, that the main difference between both types of quantum wells
are not related to the different emission wavelength, but rather to the different optical
qualities. An optimization of the quantum well growth conditions for devices emitting
in the short-wavelength region will therefore result in better operational characteristics,
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Figure 5.9: Threshold current density (j;;,) dependence on the band gap energy differ-
ence AE, between cladding layers and quantum well. The data points of this graph
stem from laser structures grown in the course of this thesis (filled symbols) and from
Sony (open circles) [123]. The devices have been tested under comparable operating
conditions, i.e., 0.1% duty cycle, 2-5 us pulse width and a cavity length of 1 mm. All
facets are uncoated. In the insert, the threshold current density is plotted vs. the emis-
sion wavelength of the devices (only Bremen samples).

which will be comparable to the ones, at present only obtained for the long-wavelength-
devices.

The band gap energy of the MgZnSSe cladding layers of most laser structures grown
in the course of this thesis was set to about 2.9 eV at room-temperature — regardless of
the band gap energy of the quantum well. Thus, the laser structures exhibit different de-
grees of confinement. In Fig. 5.9 the influence of these different confinement strengths —
expressed in terms of band gap energy difference between cladding layers and quantum
well AE, —on the threshold current density is depicted. Generally, a better confinement
leads to a reduced current overflow and, hence, a lower threshold current density. As
mentioned in Sec. 1.3.4, below a band gap difference of 0.35 eV an increased current
overflow will be the result [71]. This is confirmed in Fig. 5.9 (data from Sony has been
added to extend the graph into the region of low band gap energy differences [123]).
A clear threshold current density increase is seen for AE, below 0.35-0.4 eV. However,
even for a better confinement with large AE,, the threshold current density does not
drop below 500 A/cm?. A drastic threshold reduction — as theoretically predicted for
such good confinement —is not observed [321]. In fact, the threshold of these laser struc-
tures is dominated by the mirror losses, since the internal absorption in ZnSe-based laser
structures is small [322, 301]. Taking into account that the reflectivity of the uncoated
facets is only 20%, one can expect significant reduction in threshold current for high-
reflectivity coated devices. Thus, the operating current can be reduced and less heat is
produced, which —based on the results of Sec. 3.11 — will lead to a higher stability.

Another important conclusion can be drawn from the insert of Fig. 5.9, which shows
the threshold current density variation with the emission wavelength of the devices.
Since the threshold does not benefit much from a high cladding material band gap en-
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Figure 5.10: Dependence of the laser characteristics on the length of the laser cavity
for different laser structures. The devices have been operated in pulsed-mode and with
standard driving conditions. Left: reciprocal external quantum efficiency 1/n4 vs. cavity
length L. Right: threshold current density jy, plotted vs. the reciprocal cavity length 1/ L.

ergy, it can be reduced for laser diodes operating in the spectral region around 560 nm.
This would lead to a higher net acceptor concentration in the p-doped MgZnSSe and,
thus, to a reduced serial resistance of the device [161]. Again, this will improve the
reliability due to less heat load.

In order to get better insight in the lasing process, cavity dependent L/j measure-
ments have been performed with the different structures. Based on the theory of lasing
in a Fabry-Pérot cavity presented in Sec. 1.1.2, it is possible to extract some figures of
merrit often used to compare semiconductor lasers — namely the internal quantum ef-
ficiency 7;, the absorption coefficient «;, the gain constant 3, and the nominal current
density Jy. By taking the reciprocal of Eq. 1.21, one obtains a linear dependence of 1/7p
on the cavity length L, where the intercept is given by the reciprocal internal quantum
efficiency and the slope is determined by the mirror losses and the internal absorption
and efficiency. Plugging the result from such analysis into Eq. 1.15, it is possible to
obtain the nominal threshold current density J, and the gain constant 3 from linear
regression of the dependence of the threshold current density on the reciprocal cavity
length 1/L. The resulting equations are,

1 1 n; o

— = — 4+t X (5.2)
Nl i lnnrz

‘ Jod da din— 1

jn = (m +WF)+ Zan (53)

Figure 5.10 shows the results of the cavity length dependent experiments for three
different laser structures, emitting at 505 nm, 520 nm, and 560 nm. The differences be-
tween the lasers are small, when comparing 505 nm emission with 560 nm. But the laser
diode operating around 520 nm exhibits the best characteristics. However, since that de-
vice also shows a higher operating voltage, an additional thermal index guiding, which
leads to a seemingly higher quantum efficiency and lower threshold, cannot be ruled
out [12]. Especially, the high internal quantum efficiency of 99% together with the very
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Laser wavelength 7, «; 16 Jo
[nm] [%] [1/cm] [(cm xpum)/kA] [KA/(cm? x pm)]
505 67 35 21.3 148.8
520 99 1.4 10.6 163.9
560 64 5.1 15.3 55.3
GaAs 65 12 50 4.5

Table 5.1: Laser parameters obtained from Fig. 1.2 and typical values for GaAs/AlGaAs
lasers, taken from Ref. [9].

low internal absorption of only 1.4 cm™! supports this presumption. Also, it should be
noted that the the quantum efficiency is generally subject to a strong scattering, due to
the limitations of the experimental setup. Nevertheless, the laser parameters obtained
for all ZnSe-based lasers are comparable to those obtained for conventional III-V laser,
as Tab. 5.1 shows. It also reveals that the highly lattice mismatch quantum well, in case
of the 560 nm emission, does not degrade the principle laser design quality. On the
other hand, the higher optical quality of the device is not reflected as well. This indi-
cates that the laser parameters itself, listed in Tab. 5.1, mainly depend on the design of
the structure, i.e., layer thicknesses and band gap differences, and at the present stage of
experimental capabilities they do not depend much on the material quality. They indeed
only serve as a figure of merrit for the principle design. The influence of the material qual-
ity on these parameters can only be detected in large-scale tests, i.e., when many devices
— fabricated with reproducible processing technology and tested under identical condi-
tions — are characterized and evaluated statistically. With single-shot measurements on
a few devices, this is not possible.

5.6 Degradation

In the last section of this chapter the stability of laser diodes with an emission around
560 nm is investigated. An exemplary lifetime measurement of such device in pulsed-
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mode is shown in Fig. 5.11. Despite the low duty cycle of 0.1% and the high quality of
the laser structure established in Sec. 5.4, the device lives only just about 1 h. This — for
the long-wavelength devices typical — short lifetime is far below that of the conventional
laser diodes (cf. e.g. Fig. 2.18). Based on the results of Sec. 5.4, the most serious problems
of ZnSe-based laser diodes in terms of lifetime limitation can be ruled out: the threshold
current density, the p-side contact performance, and quantum well efficiency are all
satisfactory. This singles out the highly strained quantum well as primary reason for
the fast degradation.

In order to investigate the influence of the strained quantum well in more detail, con-
stant current experiments were performed as shown in Fig. 5.12. The time-evolution of
the emission intensity can be divided into three different phases. All curves in common,
is an initial increase of the emission intensity by almost a factor of 2 in phase (1) — pre-
sumably due to defect annealing [265, 230]. This phase of increasing intensity directly
goes over to a drastic decrease of intensity in the second stage, phase (2). Such a change
can occur rather abruptly, as seen for the first measurement in Fig. 5.12. In phase (2) the
output power drops within a few minutes of operation by almost two orders of magni-
tude. Such behavior is not expected for a purely REDR-based degradation mechanism,
as described in Chapter 3. At the end of this phase the device still emits light. Now,
the degradation process moves on to the third phase (3), during which the intensity
decreases only slowly with a time constant of less than ¢~

One possible explanation for the unusual time-evolution of the output power is a
relaxation of the highly strained quantum well. As described in Sec. 3.4.2, a red-shift of
the emission is expected in this case. Therefore, in a second experiment the light output
was also spectrally resolved.

Figure 5.13 shows the result of this experiment. On the left-hand side the uncommon
three-staged time-evolution is reproduced, on the right-hand part of the figure the po-
sition of the maximum intensity of the emission spectrum is depicted. During phase (1)
a small red-shift of the emission wavelength is observed. The transition into phase (2)
is characterized by a strong blue-shift of the emission. At the end of phase (2) the blue-
shift amounts to about 4 nm. In phase (3) the blue shift seems to continue, however, the
signal strength is quite low and the emission spectra become noisy.

From Fig. 5.13 one can conclude that the intensity does not decrease due to a direct
relaxation of the strain in the quantum well, but rather due to a strong out-diffusion of
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Figure 5.13: Change in light output intensity and emission wavelength during a con-
stant current test, conducted on a laser diode with a highly strained quantum well. Left:
emission intensity. The straight line is the recording of the optical multimeter, the sym-
bols represent the integrated intensity of the emission spectrum. Right: wavelength
position of the maximum intensity.

Cd. It should be noted, that the degree of blue-shift is comparable with the one observed
in the similar experiment on a conventional laser diode, described in Sec. 3.4.2. The re-
sults of both experiments together indicate that the addition of S to the quantum well
material indeed stabilizes the crystal lattice, since no significant red-shift of the emission
wavelength — which would be a sign of relaxation — is observed. However, this inter-
pretation has to be verified by other experimental techniques. Here, high-resolution
XRD measurements could be an appropriate method. Secondly, one has to state that
the strain in the quantum well is removed by an out-diffusion of Cd. A potential coun-
termeasure against this diffusion process can be the use of strain-compensating ZnSSe
barriers with high S content, as described in Sec. 3.5.3.

5.7 Summary

The optimization of the growth conditions of CdZnSSe enables the fabrication of quan-
tum wells with high Cd contents, and good optical and morphological quality. These
quantum wells are suitable as active region in ZnSe-based laser structures and do not
deteriorate the structural integrity of the device — despite a high lattice mismatch to
the GaAs substrate. Thus, electrically pumped laser emission in the spectral region
around 560 nm from a semiconductor laser diode was realized for the first time. Due to
the growth optimization, the devices exhibit superior optical quality, which results in a
record output power of more than 1.1 W in pulsed-mode. Operation in cw-mode was
also verified. The design of the laser structures has not been optimized yet, and offers
potential for improvement. From a high-reflectivity facet coating a reduced threshold
current density can be expected, whereas a lower band gap of the cladding layer mate-
rial can reduce the serial resistance in the device. Thus, lower operating voltages and
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a reduced heat load is possible. By using strain compensating ZnSSe barrier layers the
out-diffusion of the Cd — which at present limits the device stability — can eventually
be slowed down. This measure should increase the reliability significantly. Meanwhile,
a further investigation on the degradation process is necessary, in order to clarify the
mechanism of the fast degradation. Here, a combination of serval experimental tech-
niques, including XRD topography, PL, and TEM should be used to characterize the
out-diffusion process. Also, in an EL topography experiment, it should be checked,
whether the generation of dark defects occurs and if there are differences as compared
to the conventional structures.
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Chapter 6

An alternative approach: CdSe quantum
dots

The research on ZnSe-based heterostructures at the Institut fiir Festkorperphysik der Uni-
versitiit Bremen is not limited to quantum well laser diodes presented in this thesis so
far. Right from the installation of the semiconductor heteroepitaxy group, investiga-
tions on the fabrication and growth mechanisms of self-organized CdSe quantum dots
have been a second key activity. The motivation for the research is to develop a new ac-
tive region for ZnSe-based laser diodes which is less susceptible to defects and exhibits a
higher stability under current injection — quantum dots offer such an alternative. How-
ever, the experimental realization of self-organized grown CdSe quantum dots proves
to be difficult as K. Leonardi has documented in his Ph.D. thesis [180]. A key problem
that prevents the use of these quantum dots in electrically pumped laser diodes is the
massive generation of stacking faults. This problem was systematically investigated by
T. Passow, and by optimizing the growth conditions as well as by designing an appro-
priate barrier material, laser diodes with CdSe quantum dots become possible [6]. This
chapter is focused on the electro-optical characterization and device properties of such a
laser structure'. The credit for the design and growth of the active region of this device
mainly belongs to T. Passow, whereas the rest of the laser structure corresponds to the
standard laser structure investigated so far. Thus, it is possible to directly compare the
characteristics of quantum well and quantum dot lasers. But before these results will be
reported, a short overview over quantum dot lasers in general and the growth of CdSe
quantum dots in particular and the problems connected herewith will be given.

6.1 Quantum dot laser

The active region of modern semiconductor laser diodes consists of light producing ma-
terial with only a few nanometer thickness, embedded into material of higher band gap
energies®. Due to this heterostructure design, the carriers are not only confined to the
active region but also restricted in their movement. In a quantum well this restriction
occurs perpendicular to the junction plane — a two-dimensional system is created. A

!Part of the results presented in this chapter have been published in Refs. [323, 324, 325].
2High-power laser diodes are an exception, since their special purpose requires a large volume of
active material and consequently thicker active regions.
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quantum dot is a system which also restricts the carrier movement inside the junction
plane, i.e., in all spatial directions. Such a system is called a zero-dimensional system —
ideally, the carriers are fully localized in the quantum dot. This complete confinement
gives rise to a spectrum of discrete energy levels and sharp optical transitions — hence,
a quantum dot is also called an artificial atom [326]. Due to these discrete energy levels
the density of states is small — in an ideal case delta-function-like. Also, such a system
has a small gain spectrum and together these effects result in a laser threshold that does
not depend on the temperature [31]. Other advantages are a lower threshold current
density, mainly due to a reduced lateral carrier diffusion, higher gain, and better oper-
ational characteristics under signal modulation, i.e., in pulsed operation, necessary in
communication electronics [327]. Finally, it is expected that an active region of quan-
tum dots is less susceptible to defects due to a simple consideration: if a defect crosses
a quantum well, the whole quantum well is affected, but if it hits a quantum dot, only
that one is affected — the other dots remain undisturbed.

Without the development of a suitable semiconductor epitaxy technology, the ad-
vantages of quantum dots would have remained purely theoretical or at best subject
of basic research. Given their extremely small size of a few nm®, many quantum dots
are necessary to fabricate a useful device. In order to exploit the superior operational
characteristics of a quantum-dot-active region, these dots must all have the same size
and form. Also, the fabrication process has to be simple and mass-production capable.
Thus, quantum dot fabrication processes based on lithography and subsequent etch-
ing are ruled out. The epitaxial growth of semiconductor material with different lattice
constants provides the solution. For certain material combinations, a self-organized
growth of quantum dots is observed [80]. With a moderate lattice mismatch between
substrate and layer, the layer growth is first nucleated in a two-dimensional growth.
Above a critical thickness of a few ML, three-dimensional island formation sets in. In
a certain layer thickness regime, the strain in these islands is relaxed without the for-
mation of crystal defects. Furthermore, the islands exhibit only a small size fluctuation
and lateral ordering to a certain degree. Such a growth mode is referred to as Stranski-
Krastanov. 1If the band gap of the layer material is lower than that of the substrate,
a carrier confinement occurs in the islands — the islands form quantum dots. On the
other hand, if the lattice mismatch between layer and substrate is too high, a complete
three-dimensional growth is observed (Volmer-Weber) — usually accompanied by mas-
sive defect generation. A more detailed description of the different growth modes can
be found in Refs. [31, 180].

Using a Stranski-Krastanov-like growth mode, it is relatively easy to fabricate struc-
tures with a high density of quantum dots and a low size fluctuation, which makes the
realization of a quantum dot laser possible. In the case of conventional III-V semicon-
ductors, quantum dots based on the material combination InAs/GaAs are well estab-
lished. Most theoretically predicted advantages of quantum dot lasers could be verified
in this system. An instructive overview of the self-organized growth of such InAs/GaAs
quantum dots and their application to laser diodes the can be found in Ref. [328].

126



6.2 Self-organized growth of CdSe quantum dots

6.2 Self-organized growth of CdSe quantum dots

In the II-VI material system the combination CdSe/ZnSe has some similarities to the
III-V material system InAs/GaAs, as Fig. 6.1 illustrates. Namely, both material combi-
nations have a similar lattice mismatch of about 7% and a comparable band gap energy
difference. Furthermore, the band alignment gives a type-I discontinuity, i.e., both —
electrons and holes — are confined. But whereas in the III-V material system InAs/GaAs
the growth of quantum dots is well established, a similar standard fabrication pro-
cess for II-VI quantum dots based on CdSe/ZnSe yet remains to be developed. Sev-
eral groups report different experimental approaches, such as growth on (110) oriented
GaAs substrates, thermal activation during a growth interruption, or low-temperature
deposition by MEE with subsequent thermal annealing [329, 330, 331]. It was found that
one key element of the formation of CdSe quantum dots is a sufficient surface migra-
tion, thus the MEE growth mode was chosen in Bremen, since this growth mode offers
the highest flexibility concerning surface migration [332].

Despite the similarities to the InAs/GaAs

system, no Stranski-Krastanov growth mode E : — :

is observed during the deposition of CdSe on X 3k |

ZnSe [180]. Surface diffusion coefficients and S

bond strengths — parameters which also affect Sg
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tion by the Stranski-Krastanov growth mode Lattice constant (A)
occurs [333, 334, 335]. Nevertheless, quantum
dot formation without defect generation can  Figure 6.1: Bandgap energy vs. lattice

be obtained by segregation enhanced CdSere-  constant diagram to illustrate the simi-
organization. Here, the CdSe must be over- [arities between the material combina-

grown by Zn(S)Se using MEE, where Zn and  tjons InAs/GaAs and CdSe/ZnSe.
Se (and S) are deposited alternately [336]. This

leads to a low growth rate and alternately ex-

tremely group-II and group-VI rich conditions, which stimulates the quantum dot for-
mation [337]. During this process, CdSe intermixes with ZnSe, so that the quantum
dots always consist of ternary CdZnSe with a high Cd concentration and are embed-
ded in ternary CdZnSe with a lower Cd concentration. The height and width of the
quantum dots were found to be about 1.2 nm and 7 nm, resp., by high-resolution
TEM [338]. The typical density of dots obtained by this growth process is on the or-
der of 10'°-10'"* cm~2 [339, 180].

That such structures indeed provide a three-dimensional localization, could be ver-
ified in PL measurements on structured samples. In standard PL experiments always
many quantum dots are probed. Due to the size fluctuation of the dots, the single sharp
emission lines from the individual dots have slightly different emission energies and
typically a broad PL signal is obtained. By reducing the size of the excited area, less
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dots are probed and it becomes possible to resolve the individual signals. For etched
mesa structures of 60 nm side length, single localized excitons are visible — giving ev-
idence for quantum dot formation. The width of such a single line is below 0.4 meV
(limited by the experimental setup) [339, 180]. An additional confirmation of the quan-
tum dot formation is obtained from time-resolved measurements of the PL emission of
such structures, where a greatly enhanced decay time of the emission intensity, caused
by the three-dimensional confinement, was found [337].

6.3 CdSe quantum dot stacks as active region

When incorporating CdSe quantum dots into a laser diode structure, the design of the
active region containing the quantum dots requires special attention. It is mandatory
to obey the boundary conditions for device-quality material — otherwise the laser diode
will not work. The most important point is that the active region and its growth process
does not degrade the rest of the structure. It was shown in Sec. 3.5.1 that the MEE
growth mode is suited for a laser structure intended to produce a real device. However,
strain relaxation via generation of stacking faults easily occurs for CdSe/ZnSe quantum
dots as mentioned above. This problem is aggravated by the fact that a single sheet of
quantum dots does not contain enough luminescence centers required for an efficient
laser diode — the confinement factor (describing overlap between optical wave and gain
medium) is too small. Therefore, a stacking of quantum dot sheets is required, through
which the density of dots in the active region can be increased. By itself, the stacking of
quantum dots increases the complexity of the structure and the growth — with the high
tendency of CdSe to relax the strain by stacking faults, it becomes impossible without
additional measures [328, 85].

Since the high lattice mismatch and the accumulation of strain is the main driving
force for the stacking fault generation, a solution of this problem is provided by strain-
compensating barrier layers [316, 85]: the CdSe quantum dot sheets are embedded into
ZnSSe spacer layers with a high S content. Thus the spacers are tensile strained, and in
principle a net strain-free system of quantum dots and spacers can be realized [340]. A
more detailed description of the problem of stacking fault generation during the growth
of CdSe quantum dots, and the experimental technique of strain compensation to avoid
this formation, as well as an in-depth investigation on the mechanisms of CdSe quan-
tum dot formation itself, can be found in Ref. [6].

6.3.1 Design of the active area and structural characterization

The active region of the quantum dot laser structure reported in this chapter consists
of a fivefold quantum dot stack, containing nominally 1.9 monolayer CdSe per sheet
embedded into 3.5 nm thick strain compensating ZnSSe layers to prevent the forma-
tion of stacking faults. This active region as a whole is embedded into the well-known
conventional ZnSe-based laser structure introduced in Chapter 2.

No significant differences between the quantum dot laser structure and quantum
well laser structures were found in those tests of the standard characterization scheme,
which are not directly influenced by the active region. This observation holds in par-
ticular for the electrical characteristics, i.e. ECV and j/V. Nevertheless, the XRD mea-
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Figure 6.2:  High-resolution
TEM micrograph of the
quantum dot stack. The super-
imposed DALI image reveals
composition fluctuations.
Bright (dark) areas indicate
a high Cd (S) content. The _
key denotes the relative lattice e h | .

constant (TEM image and mmm 1050 1000 M
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surement reveals, that this is not entirely true for the crystalline perfection. Although
the structure is still fully strained, a significant diffuse background, that indicates the
presence of misfit dislocations in the structure, is observed around the layer signals —
the structure exhibits signs of a beginning relaxation, caused by the quantum dot stack.
Despite this observation an EPD of only 560 cm ™2 was counted.

In order to verify the formation of quantum dots as well as the presence of structural
defects in the sample, a piece was investigated by high-resolution TEM. The samples
were prepared by R. Kroger using mechanical grinding followed by Xe ion-milling to
electron transparency. A Philips CM20/UT operating at 200 kV with a point resolu-
tion of 0.19 nm was used for these investigations. Since this high resolution enables
the imaging of the crystal lattice on an atomic scale, a digital analysis of the lattice image
(DALI), was performed after the recording of the micrographs. Thus the positions of
single atoms® on the crystal lattice are visible. A comparison of the atomic positions
in the region of the quantum well/quantum dot layer with the atomic positions of the
barrier material by means of a reference lattice allows the calculation of the local lattice
constant, which is directly related to the local composition by Vegard’s law* (Eq. 1.26 in
Sec. 1.3.4). Thus, composition variations can be visualized on an atomic scale. Details
concerning this method can be found in Refs. [342, 338, 271].

Figure 6.2 shows a filtered cross sectional lattice image of the quantum dot stack of
the laser diode with the resulting DALI image superimposed. It indicates the variation
of the local lattice parameter due to the composition fluctuation by color-coding. The
bright contrast originates from the CdSe layers. The fivefold stack is clearly visible.

Sor better atom rods in the direction of the electron beam

“However, such a TEM sample has to be extremely thin. Therefore an elastic relaxation can occur
during sample preparation, thus, an exact calculation of the composition is not possible — DALI can only
give an estimation [341].
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Figure 6.3: Low-temperature PL from the quantum dot laser. The PL spectrum of a
quantum well laser emitting in the same spectral region is also shown for comparison.
Both lasers emit around 2.3 eV. The signals from the spacer layers and the cladding
layers in the range between 2.8-3.0 eV are also shown.

Within each layer composition fluctuations can be seen, resulting in areas of strong lo-
calization. The diameter and hight of these quantum dots is 5-10 nm and 1 nm, resp.,
indicating a rather strong size fluctuation. An estimation of the Cd content from the rel-
ative lattice constants yields at least 49% Cd in the quantum dots itself and at least 6%
in the sourrounding quantum well. The average S content in the spacer layers is at least
20%. The TEM investigation together with the DALI analysis confirms the formation of
CdSe quantum dots in the stack.

In the course of the TEM investigations no intrinsic structural defects were found,
which confirms, that the diffuse background of the XRD mapping is indeed not caused
by a full (or partial) relaxation of the structure, but rather just by the onset of it.

In Fig. 6.3 the low-temperature PL spectrum of the quantum dot laser (in the fol-
lowing referred to as dot laser) is shown. The emission is around 2.34 eV at 8 K, which
corresponds to an emission around 560 nm at room-temperature. As mentioned before,
the only difference of the dot laser is the active region. Thus, it is possible to study the
effects of the additional confinement by comparing its characteristics with that of a con-
ventional quantum well laser diode. Given an expected emission around 560 nm, the
devices introduced in the previous chapter are the natural choice for this comparison.
Accordingly, the characteristics of the dot laser will be compared to that of those quan-
tum well lasers (short: well laser) in the following. Hence, the PL spectrum first shown
in Fig. 5.5, is again plotted in Fig. 6.3, confirming that both structures emit at the same
energetic position. In contrast to the sharp emission from the well laser, the emission
from the quantum dots is broader (110 meV) and of gaussian shape. This is once more
a sign of the quantum dot formation — albeit with a rather strong size fluctuation.

The quantum dot laser was also characterized in optical pumping experiments by
K. Sebald of the Semiconductor Optics group of the Institut fiir Festkorperphysik (Prof.
Gutowski). Above an excitation energy of 70 kW /cm? an enhancement of the PL inten-
sity was found at low temperatures (10 K) [343]. The maximum modal gain of 400 cm™*
at this temperature was obtained at a pump power of 960 kW /cm?. Up to 100 K the dot
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laser exhibits only a weak temperature dependence of the laser threshold. Typically, the
threshold j,, of a semiconductor laser diode varies with the temperature 7" according
to [10]

T

Jth = Jo €70. (6.1)

Thus, the temperature stability of the laser structure can be expressed in terms of the
characteristic temperature 7, where higher values of Tj indicate a lower temperature
sensitivity. In the before mentioned optical pumping experiments a 7, of 1260 K was
measured up to 100 K and 95 K for higher temperatures [343]. These values are com-
parable or even higher than those of III-V quantum dot lasers and indicate a strong
localization of the carriers in the quantum dots — at least for low temperatures [31, 328].

6.3.2 Electroluminescence

Most papers concerning CdSe quantum dots motivate the work with the idea to use
such dots as active region in a device emitting in the green spectral region. Despite
this key motivation — and the meanwhile advanced optical characterization of CdSe
quantum dots — electroluminescence has not been reported so far [344, 345, 346]. There
exists only one report in the literature that comes close to this, however, in that partic-
ular paper fractional-monolayers of CdSe were studied as active region [261, 347]. This
fractional-monolayers form large CdSe-based islands (1540 nm), but they are not yet
quantum dots. More adequately, this system is described as a quantum well with strong
thickness and composition fluctuations [348, 347].

Consequently, Fig. 6.4 shows the first electroluminescence spectrum from a light
emitting structure based on CdSe quantum dots [340]. Clear emission around 560 nm
at room-temperature is measured as predicted. For these test the device is operated in
pulsed-mode, however, DC current injection is also possible. It should be noted that the
devices were operated at a high current injection level in order to record the spectra.
These high driving currents are necessary because the emission intensity from the de-
vice — and therefore the efficiency — is low. Hence, no lasing could be realized with the
standard pulsed current source, which has an upper current limit of 500 mA.
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Even below threshold, the dot laser exhibits some unusual characteristics. First, a
blue-shift of the the emission with increasing driving current is observed in Fig. 6.4.
Since the effect is reversible, it cannot be connected to degradation, e.g., a Cd out-
diffusion or other structural changes. In general, a shift of the emission wavelength with
increasing current density can be explained by a change of the carrier density inside the
active region. At low injection levels, i.e., at a low density of carriers, a renormaliza-
tion of the band edges due to carrier interaction dominates. This leads to an emission
red-shift [7]. With increasing carrier density in the active region, higher energy states
are filled, which results in a blue-shift of the emission [217]. Whereas these processes
explain the emission characteristics of quantum well laser diodes quite satisfactory, it
is not so obvious, if these concepts can be directly transferred to quantum dot laser
diodes [202]. First, it is questionable whether the concept of band edges is justified for
such structures, since only discrete energy levels are allowed in a three-dimensional
confined system. Assuming the easiest model of a quantum dot, i.e., a particle in a box
of side-length L. and with infinitely high barriers, the quantum mechanical treatment
allows the calculation of the discrete energy levels,

Bo— 2 (") iths = 1,23 6.2
”_Qm*(Lz) with: n=1,2.3,.... (6.2)
Therefore, the energetic position of the ground state inside the dot primarily depends
on the size L. In a real system, the energetic position of the states obviously depends
also on the barrier height, i.e., on the dot/barrier system. Since the distance between
individual dots is larger than the dot size itself, one would not expect a strong interac-
tion between the different dots, and thus a change of the ground state energy and the
observation of a band edge renormalization is rather unlikely. Secondly, the existence
of higher energetic states inside a CdSe quantum dot could not been proven directly
so far in PL experiments. Only indirect signatures of such higher states were observed
in photoluminescence excitation (PLE) experiments [349, 345]. Hence, also band filling,
resp. dot filling processes are questionable.

Another explanation for the blue shift is based on the rather broad size distribution
of the dots inside the laser structure. Obeying Eq. 6.2, larger dots have a lower ground
state energy. Accordingly, one can assume that those dots are filled first. With increasing
current density more carriers are injected into the system and smaller dots will be filled.
Thus, the emission shifts to higher energies, i.e., a blue shift is observed.

The emission characteristics of the dot laser do not only depend on the injection
current level. Additionally, a strong dependence on the pulse width of the applied
current is found, which is illustrated in Fig. 6.5. On the left-hand side of the figure, the
change of the emission wavelength is plotted vs. the driving current. For 100 ns-short
pulses, the above described blue-shift of the emission occurs. However, with increasing
pulse width the degree of blue-shift is reduced and finally a red-shift occurs. Both shift-
effects act independently, and both effects cancel each other at a pulse width of 400 ns,
resulting in a nearly constant emission energy in the accessible current range. Given
the high current densities necessary to measure the spectra, it is justified to explain
the red-shift by local heating in the device — even at the low duty cycle of 0.1%. This
assumption is supported by the fact, that the degree of red-shift scales with the pulse
width, as indicated by the increasingly longer emission wavelength with longer pulses
for a given current density, which can also be seen on the left-hand side of Fig. 6.5.
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Figure 6.5: Influence of the driving conditions on the electroluminescence of the quan-
tum dot laser (duty cycle 0.1%). Left: shift of the emission wavelength with driving
current for various pulse widths. Right: integrated intensity of the emission maximum
for the same measurements.

The right-hand part of Fig. 6.5 shows the change of the emission intensity during
these measurements. Only for the short pulses (100 ns) a monotonous increase of the
intensity with driving current is detected. This is accompanied by a decrease of the
emission width. However, for longer pulses this effect is reversed. Here, the inten-
sity increases only weakly, and even decreases at high current level — only the emission
FWHM increases monotonously. In fact, the total light output of the device for longer
pulse widths is less than for short pulses. Again, the underlying mechanism for this
effect is not fully understood at present. A widely discussed problem concerning quan-
tum dot lasers and their dynamics is the so-called phonon bottleneck [350, 351, 352]. This
problem arises from the question, if the carrier relaxation into the discrete ground state
of the quantum dot is slowed down due to the lack of phonons that are needed in order
to satisfy the energy conservation rule. In that case, the efficiency of the laser is severely
degraded, and the problem manifests itself stronger for higher carrier densities inside
the active region. Accordingly, the decreasing efficiency of the dot laser with increasing
pulse width and current density might be an indication of such a phonon bottle neck
problem. However, that would indicate that the time scale of the phonon bottleneck
problem is on the order of a few hundred ns, which is too high for usual carrier dy-
namics [353]. A more plausible reason for the decreased efficiency — and accordingly
decreased emission intensity — is the massive local heating which fits to the observed
red-shift.

Although the underlying physical mechanisms and processes that give rise to the
unusual emission dynamics and driving current dependency are not yet fully clarified
and understood, one important conclusion can already be drawn: electrically pumped
lasing from this device can only be realized with high driving currents above 5 kA /cm?
due to the overall low efficiency and for short pulses — preferably below 100 ns.
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Figure 6.6: Lasing characteristics of the quantum dot laser. Left: laser spectrum
recorded in pulsed-mode. Right: L/j-characteristics for quantum dot and quantum well
laser (pulsed-mode; well: 1 us, 0.01%; dot: 50 ns, 0.05%).

6.4 Lasing operation

Using a current source with a higher current limit, an Agilent 8114A, electrically pumped
lasing form the CdSe quantum dot laser is possible, which is shown in Fig. 6.6 [354]. On
the left-hand part of the figure the lasing spectrum of the device is depicted. Special
driving conditions are necessary, typically, lasing of the dot laser is obtained for pulse
widths around 30-90 ns, here 50 ns were chosen. As for comparison, lasing of the well
laser is obtained in the full possible pulse width range from 9 ns to cw-operation. The
emission wavelength of the dot laser is around 560 nm with a threshold current density
of 7.5 kA /cm?.

A typical L/j characteristic is shown on the right hand part of Fig. 6.6. The com-
parison with the well laser shows that the threshold current density is one order of
magnitude higher. Despite this high threshold, a maximum output power of more than
100 mW per pulse can be obtained from the dot laser. The device in Fig. 6.6 can be oper-
ated with up to 14 kA/ cm?, other devices with higher thresholds sustained even more
than 20 kA/cm?. In general, the threshold current density of the dot laser varies quite
drastically across the processed wafer, ranging from 7 to 14 kA /cm? and is accompanied
by a rather low external quantum efficiency of 8-15%.

By itself, the high threshold current density is not exactly a satisfying result, how-
ever, the fact that these devices could be operated under such high current densities at
all is promising. In fact, such high injection levels have never been reported before for
ZnSe-based devices operated at room-temperature (cf. Tab. 1.3). This indicates a sur-
prising stability of the ZnSe-based material against high current injections, and gives
hope for devices with a long lifetime — if the threshold current density can be reduced
to the typical values of quantum well lasers.

The unusual dynamical behavior found in Sec. 6.3.2 is also present in operation
above threshold as shown in Fig. 6.7. Here, the pulse width dependence of the light
output of the dot and the well laser are compared under identical pulsing conditions
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Figure 6.7: Pulse width dependence of the light output of quantum dot (left) and quan-
tum well laser (right) under ditferent driving currents at a tixed duty cycle. For the dot
laser operation with more than 1700 mA implies lasing (upper four curves), the well
laser threshold is around 90 mA (upper three curves show lasing).

and at the same constant duty cycle. The experiment is conducted at different driving
current levels, below and above threshold. It is clearly seen that the dot laser provides
a high light output — and in particular lasing — only at the short pulse widths between
50-150 ns. Again, it has been verified that these effects are not related to degradation.
Furthermore, the curve exhibits a double-peak structure in lasing mode. In how far this
is an indication of a sort of resonance remains to be investigated.

The well laser shows a different dynamical characteristic, where an intensity increase
is seen after an initial delay of about 10 to 20 ns. This delay is well know from III-V and
also ZnSe-based laser diodes and is attributed to internal Q-switching[355, 9, 12]. The
monotonous increase with increasing pulse width may be due to an increased conver-
sion efficiency caused by an additional refractive index step along the current path,
induced by heat[12, 266].

Obviously, the dynamical behavior and the high threshold current density are the
most serious problems of the dot laser. An improvement of the structure should con-
centrate on improving the efficiency. A simple calculation reveals a possible ansatz for
this: the density of dots per sheet is on the order of 10" cm™?; given a diameter of 10 nm
per dot and a stacking of 5 sheets, the percentage of the total area covered with active

material is: 10" em™2 x 7 (&2 x 1077 cm)2 x 5 =0.39, i.e. less than 40% of the current in-
jection area produces light. Consequently, the overlap between optical wave and active
material is also smaller, giving rise to a higher lasing threshold. However, the factor of
5, introduced into the calculation due to the dot stacking, is an upper limit, that only
takes effect in case of a perfectly anti-correlated positioning of the dots in vertical direc-
tion. On the other hand, the high-resolution TEM micrograph of Fig. 6.2 clearly shows,
that the vertical position of the dots is correlated to a certain degree, i.e., the dots tend
to be formed on top of each other. Consequently, in the actual laser structure, signifi-

cantly less than the calculated 39% of the pumped area contains active material. Thus,
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Figure 6.8: Constant current degradation experiment performed on well and dot laser
structures under DC current injection. Standard operation is at 50 A/cm?. In order
to achieve comparable light output powers, the quantum dot laser was also operated
at a current density of 2.5 kA/cm?. To avoid the problem of a highly strained quan-
tum well and a premature degradation related to that, a degradation experiment on a
conventional well laser emitting at 519 nm is also shown.

increasing the volume of active material — either by inserting more CdSe sheets or by
increasing the dot density in the individual sheet — should lead to a threshold reduction.
A further threshold lowering can be expected form a device with a smaller quantum dot
size distribution. Last but not least, it should be recalled, that the XRD characterization
revealed the onset of a relaxation in the structure. Although no increased defect density
was observed by EPD counting or TEM studies, misfit dislocations are present in the
structure. These defects give rise to an increased non-radiative recombination which
also contributes to the increased laser threshold. Again, improvements of the design
and the growth of the quantum-dot-active region are necessary.

6.5 Degradation

Due to the high threshold current density, the lifetime of the dot laser in pulsed-operation
above threshold is limited to a few minutes. A comparison with the well lasers is hence
not very meaningful at this stage. It is more useful to compare the degradation behavior
below threshold and under constant current injection. The result of such an experiment
at different current levels, together with the result from the quantum well laser emitting
around 560 nm are shown in Fig. 6.8.

Under a low injection current density of 50 A/cm? the dot laser exhibits an aston-
ishing stability. In fact, after a pronounced increase of the light output, the intensity just
started to drop after 20 h, but even after more than 500 h, the initial light output was not
yet reached. The test was stopped at that point, since a further blocking of lab was not
tolerable. Compared to the well laser, it lives at least more than two orders of magni-
tude longer at this current density. However, it was described before that the well laser
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emitting around 560 nm suffers from the highly strained quantum well. Therefore, the
degradation curve from a conventional quantum well laser at 50 A/cm? is also shown
in Fig. 6.8. Even compared to that device the lifetime of the dot laser is significantly
higher. In fact, from the shape of the curve it is obvious, that at the end of the test, the
long-term behavior at 50 A/cm? has not set-in for the dot laser, yet. In order to verify,
whether the dot laser is subject to a different degradation mechanism, i.e., not based
on a REDR process, an additional test was performed at a significantly higher current
density. This higher injection level was chosen according to two requirements: a) a com-
parable light output, since at 50 A/cm? the output power of the dot laser is two orders
of magnitude lower as compared to the well lasers, and b) a faster degradation, so that
the long-term behavior can be investigated. Both boundary conditions are observed
at a current density of 2.5 kA/ cm?, and the result is also shown in Fig. 6.8. First, it is
observed that the long-term behavior is indeed now recorded. It follows the ¢ !-like
behavior, that is characteristic for the REDR-based degradation, thus, one can conclude
that the CdSe quantum dots are also subject to point-defect-related degradation. De-
spite the extremely high current density of 2.5 kA /cm? in DC-mode, the device lives for
more than 100 h. This result by itself is surprising and has not been thought possible
for ZnSe-based devices before. Furthermore, although initially a fast decrease of the
emission intensity is observed, in the long-run the device lives even longer, resp. has a
higher light output, than the conventional quantum well laser.

Finally, Fig. 6.9, where the operating voltage during these times is plotted vs. the
time, reveals that the degradation of the dot laser at this high current density is at least
partly related to the degradation of the electrical characteristics — namely the p-side
contact. Whereas at 50 A/cm? no change in operating voltage is noticeable during the
entire experiment span of almost 600 h, at 2.5 kA /cm? the voltage increases slowly in
the first 3/4 of the test. In the last part this increase accelerates drastically and, finally,
the device cannot sustain the massive heat generation any longer. This indicates that
the contacts in principle are stable enough to support even high current injection levels,
however, under such conditions the long-term stability needs to be improved. At low
injection levels the p-side electrodes are not the lifetime limiting factors (at least up to
600 h of operation).

A spectrally resolved constant current experiment was also performed on the dot
laser. For the test shown in Fig. 6.10, the device was operated at 2 kA /cm?. On the left-
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Figure 6.10: Spectrally resolved constant current degradation experiment of the dot
laser, conducted at 2 kA/cm?®. Left: evolution of the emission wavelength during the
test. Right: normalized intensity vs. time with double-logarithmic scaled axes. For a
better comparison of both graphs, two times have been marked by a line.

hand side of the figure, the shift of the emission wavelength during the course of the
measurement is depicted. After an strong blue shift during the first hour of operation,
the wavelength shift goes over into a linear blue shift between 2 h and almost 20 h.
During the whole experiment, the emission shifts by about 9 nm, which is quite high
as compared to the similar measurements reported in Chapter 3. On first sight, this
hints to a strong Cd diffusion inside the structure. However, in case of quantum dots,
this is not the only possible explanation for an emission wavelength shift. Since the
emission energy of the quantum dots depends on the dot size, a shift can also occur, if
the radiative recombination occurs in dots of a different size. This would imply, that
the dots degrade during current injection, so that different dots start to dominate the
emission, or that the dot size itself is changed. Both effects are not necessarily related
Cd out-diffusion. To clarify this question, a TEM investigation on a sample before and
after operation is highly desireable.

The right-hand side of Fig. 6.10 shows the evolution of the normalized light output.
Again, a t~!-like behavior is observed. In Fig. 6.10 the linear blue-shift of the emission
cannot be directly related to a similar change of the emission intensity evolution. Fur-
thermore, both test under high current injection (Fig. 6.8 and 6.10) exhibit pronounced
steps of the intensity-decrease. The reason for this is unclear at the moment. From
Fig. 6.10, one can only conclude that it is connected to a different blue-shift velocity, i.e.,
a different Cd diffusion coefficient. In that sense, this behavior is similar to that of the
quantum well lasers with highly strained quantum wells, shown in Fig. 5.13.

6.6 Outlook

The realization of the first electrically pumped quantum dot laser based on CdSe quan-
tum dots leads to a variety of new and interesting questions. Since this lasing was only
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realized close to the end of the experimental work of this thesis, those questions can
merely be posed now. The answers have to be developed in following projects. Never-
theless, some important conclusions can already be drawn at this point.

First, electrically pumped lasing is possible. It occurs at an emission wavelength
around 560 nm for this particular structure. But in principle, other emission wave-
lengths should be possible, too. The main factor here is the size of the quantum dots
and the amount of deposited CdSe. In fact, most of the published work on CdSe quan-
tum dots covers emission energies around 2.4 eV at low temperatures, giving rise to
room-temperature emission wavelengths around 540 nm.

So far, the devices suffer from a high threshold current density. An improvement
is expected from several different measures, which are mainly connected to the growth
process. Especially, a higher density of dots in the device and a smaller size distribution
is necessary. Also, the XRD measurements indicate, that the structural quality can be
improved further. Under these circumstances, the unusual dynamics of the dot laser
under pulsed current injection might by identified as purely caused by massive local
heating. Otherwise, the underlying physical mechanisms have to be identified, in order
to also achieve lasing at longer pulses or even in cw-mode.

The surprisingly high stability of the dot laser — especially under high current injec-
tion levels — justifies the hope, that more reliable laser diodes based on ZnSe are possi-
ble. If the threshold current density can be reduced to the values common for quantum
well lasers, fascinating new possibilities arise, and degradation studies might become
less important. In the meantime however, it is important to investigate this degradation
process in more detail. The first tests indicate — again — a dominating role of Cd and its
tendency to diffuse.
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The foundation of this work are semiconductor laser diodes fabricated from the II-VI
material system based on ZnSe. In these structures, an extremely thin layer of the qua-
ternary alloy CdZnSSe — the quantum well — forms the light producing region. It is the
design of this active region, that primarily determines the characteristics of the device —
in particular the emission wavelength. Using CdZnSSe with varying compositions, it is
possible to tune the emission wavelength of the laser diodes within the full blue-green
region of the visible spectrum.

The research on electrically pumped ZnSe-based laser diodes started in 1990, af-
ter the development of a reliable p-type doping technique. In Bremen, at the Institut
tiir Festkorperphysik, the work on these devices started in 1996 with the installation
of the MBE system. By the time this thesis was begun, the most basic problems con-
nected to the growth and the design of such devices were already solved in the frame-
work of several Ph.D. thesises. However, reliable operation — especially in cw-mode —
was still rather a question of luck than of careful growth parameter calibration. Here,
the establishment of a standard procedure to calibrate the growth parameters, together
with the development of a set of standard growth recipes for all common MBE-growth-
procedures, proved to be a successful measure for improving the reproducibility of ex-
perimental results.

In the same fashion, a standard laser structure and characterization scheme was
developed. Given the enormous complexity of a SCH laser structure (a double het-
erostructure with separate confinement for carriers and optical wave), only a complete
characterization of the structural, optical, electrical, and opto-electrical properties of
the laser structure allows the correlation of measured effects with design parameters.
Especially, for the operation above the laser threshold, the choice of a suitable set of
driving conditions requires special care, since several boundary conditions must be ob-
served, in order to ensure a good comparability — even between record-performing and
mediocre samples. This standardization process illustrates that the research on ZnSe-
based devices has left the initial stage of a mere ”"prove of concept”, but has now entered
a phase, where detailed studies of material properties, layer design, or new processing
technologies become possible — using the laser structure as an experimental tool. Con-
cerning this aspect, it is also instructive to study the appendix of this thesis, where the
results of some external co-operation partners — obtained from laser structures grown
in the framework of this thesis — are reported.

The major topic that imbues all chapters is the limited stability of the devices under
current injection. In the investigations on the degradation process, it was found that this
instability is directly related to the stability of the active region, i.e., the CdZnSSe quan-
tum well. During operation, one observes a decreasing efficiency of the device, which is

141



Summary and conclusion

caused by the generation of dark defects inside the quantum well. Whereas it was not
possible to investigate the specific microscopic structure of these dark defects directly,
the major degradation mechanism could still be identified. It turned out that the degra-
dation is promoted via recombination enhanced defect reactions (REDR) — processes in
which defects are activated, resp. produced, by the non-radiative recombination of car-
riers at the site of an already existing defect. In these processes, point defects play a
major role, but pre-existing extended defects, such as stacking faults, greatly enhance
the generation velocity. Using constant current degradation test — conducted under DC
current injection and below the laser threshold — it could be confirmed that the recom-
bination of an electron and a hole does not directly create a defect. Furthermore, by
monitoring the light output with a spectrometer, it was also found that Cd plays a ma-
jor role in the REDR-based degradation. It is the strong tendency of Cd to diffuse, that
limits the quantum well stability.

In investigations on the driving forces of the degradation process, no significant con-
tribution of the p-type doping was observed — contrary to some literature reports. On
the other hand, the compressive strain of the Cd-containing quantum well, resp. the
high Cd amount itself, has a much stronger influence. Without additional experiments,
it is not possible to name which of both factors is responsible — at present, Cd diffu-
sion and high strain resemble the two different faces of the same coin. Based on these
findings, several approaches to improve the stability of the active region were investi-
gated. Whereas different growth techniques — such as a MEE growth mode or a low-
temperature growth — did not produce a better device stability, a different layer design
led to some promising results. Here, the CdZnSSe quantum well was sandwiched be-
tween two tensile strained ZnSSe layers with a high S content, in order to produce a
three-layer-system which is on average strain-free. Although a general growth prob-
lem prevented a new record cw-lifetime, a drastically increased stability was observed
during constant current degradation experiments.

Besides these structural driving forces, a third — extrinsic — one could be identified.
Since the degradation mechanism exhibits a diffusion-like character, it is not surprising
that it is significantly accelerated by heat. Massive generation — or just the accumulation
— of heat reduces the lifetime drastically. On the other hand, by a careful optimization of
the driving conditions — namely pulse width and duty cycle — the influence of the heat
can be minimized, thus enabling operation with high output-powers and relatively high
lifetimes. Under these conditions a new degradation mechanism was observed: the oc-
currence of catastrophic optical damage (COD) at the laser facets. This process is related
to a destruction of the facets during a thermal-runaway process, caused by a high light
output power. Whereas COD is a well-know degradation mechanism in conventional
[I-V laser diodes (and at present their lifetime limiting factor), such process has not
been reported for ZnSe-based laser diodes before.

The intrinsic parameters — and especially the density of point defects — of the laser
structure are determined during growth. In order to improve the device stability by
external measures, more advanced processing technologies were developed in co-op-
eration with external partners. One major task was to develop a better heat manage-
ment for the device. Under current injection, most of the heat is generated in the p-side
of the structure. An efficient heat management has to by-pass the active region for the
heat removal. The standard technique to achieve this is to mount the device with the
epitaxial side facing downwards onto the heat sink. Such a top-down mounting tech-
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nique was developed and successfully tested, however, the experimental difficulties
connected to it inhibited that top-down mounting became part of the standard device
processing sequence. Here, the main problems are connected to the small size of the
laser chip on the one hand, and the problem to avoid a short-circuit, on the other hand.
Nevertheless, an improved metalization scheme including a Ti intermediate layer, as
well as a reproducible technique for pelletizing a laser bar into single chips, were ob-
tained as by-product of the top-down mounting development. Similarly, a method for
facet coating was developed in the framework of a Diploma thesis. The results obtained
from that work led to a reduction of the threshold current density of the devices by
roughly 30—40%, which in turn should give a better lifetime due to a reduced operating
current.

In the last part of the thesis, the potential and limits of CdZnSSe as active material in
laser diodes was explored in terms of maximum Cd content and emission wavelength.
This particular research was motivated by the idea to fabricate a suitable light source
for optical data communication networks which employ plastic plastic optical fibers
(POF) as transmission medium. Since these POFs have their transmission loss minimum
around 560-570 nm, the transmission range of such fibers could be improved by using
a light source that matches those characteristics. Altough the fabrication of a CdZnSSe
alloy with the appropriate Cd content is not a problem per se, it was a priori not clear,
whether such highly lattice mismatched material can be employed in a laser structure
without degrading the structural quality. It turned out that the optimization of the
growth conditions is the key point for the fabrication of such lasers. Only by providing
stoichiometric growth conditions, it is possible to incorporate the necessary Cd amount.
These growth conditions also lead to a very high optical quality with sharp emission
and high efficiency. Due to the optimization process, laser diodes emitting at 560 nm
could be fabricated. This is not only the first time that laser light in this particular region
was obtained from an electrically pumped semiconductor, but the devices could also be
directly operated in cw-mode. In addition, a record output power of more than 1.1 W
was obtained in pulsed-mode — among the highest output powers ever obtained from
a ZnSe-based laser diode. Unfortunately, the stability of the devices seem to be limited
by the highly strained quantum well, giving rise to a fast degradation during operation.
The maximum possible Cd content is reached in those structures.

Finally, in close co-operation between the individual research projects of the work-
ing group, a completely new approach for the active region of ZnSe-based laser diodes
could successfully be realized. The development of a growth technique to deposit stacks
of CdSe quantum dots without the massive generation of stacking faults —in the frame-
work of a different Ph.D. thesis — enabled the fabrication of the first electrically pumped
quantum dot laser based on the II-VI material system. Again, an emission around
560 nm was obtained. However, being the first device ever to show electroluminescence
at all, many questions arise from this new design. First, one has to note a relatively low
efficiency, that gives rise to extremely high threshold current densities on the order of
several kA /cm?. This might be caused by the rather small total volume of active mate-
rial. Also, these high operating currents give rise to massive local heating. This might
explain an unusual dependence of the electroluminescence — in terms of wavelength
and intensity — on the pulsing conditions, namely the pulse width. Whereas the high
threshold current densities prevent a long lifetime — and even lasing with pulses longer
than 100 ns — a surprisingly high stability of the device is observed in constant current
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Summary and conclusion

degradation experiments below threshold. In fact, under comparable current injection
levels, the quantum dot laser lives at least two orders of magnitude longer than the
quantum well laser. At a 50 times higher current level — which is necessary for a com-
parable light output — the quantum dot laser is still more stable. Actually, under these
extreme operating conditions (current density 2.5 kA /cm? in DC-mode) the p-contact is
the stability-limiting factor.

Investigating ZnSe-based laser diodes, one is often faced with the question, whether
such work is still necessary and useful, given the overwheeling success of GaN-based
light emitters and laser diodes. In fact, the results from this thesis quite obviously
demonstrate, that the lifetime of ZnSe-based devices is the crucial problem. Never-
theless, it also shows that the lifetime is the only problem. More precise, with exception
of the lifetime, each and every single parameter of the devices is at least comparable —
sometimes even better — than for conventional III-V laser diodes and definitely much
better than for GaN-based laser diodes (especially concerning threshold and operating
voltage). Furthermore, one should keep in mind that only ZnSe-based lasers have suc-
cessfully produced laser light in the green region of the visible spectrum. Achieving this
with alternative semiconductor material systems will be difficult. Therefore, as soon as
true-blue emitting semiconductor lasers become available, the interest in ZnSe-based
lasers will resparkle — enabling the realization of flat-panel, laser TV screens, and moni-
tors. Therefore, it is definitely sensible and even mandatory to conserve the knowledge
on ZnSe-laser obtained so far.

In addition to that, open questions still remain. First of all, more detailed studies on
the precise degradation mechanism, as well as the role and type of the involved point
defects, are needed. Here, the combination of electroluminescence, XRD topography,
PL measurements, and a concluding TEM investigation is highly desireable. Given the
experimental possibilities available at the Institut fiir Festkorperphysik, the Universitit
Bremen can extend its competence and consolidate its leading position in this field of
research. Such studies should especially concentrate on the role of Cd and the Cd dif-
fusion. Thus, it might be possible to develop new experimental approaches to inhibit,
resp. slow down, this diffusion. Here, the use of strain compensating barriers definitely
needs more attention. In connection with an optimization of the growth conditions —
namely the flux ratios during quantum well growth, as Sony reported — the stability
should improve significantly.

On the other hand, it will be difficult to push the cw-lifetime record into new re-
gions®. The processing experience and possibilities in Bremen are not developed enough
for this — after all, it is still an university-based research. For this, co-operations with ex-
ternal industrial partners are necessary.

Finally, a lot of work remains to be done on the quantum dot lasers with CdSe. The
most pressing problem is obviously to reduce the threshold current density of the de-
vice. Then, it can be judged, whether such a device is indeed more stable and the usual
dynamics can be investigated in more detail — if they are not purely related to the strong
heating. Further improvements can also be expected from an advanced processing, such
as ridge-waveguide, coated facets, and top-down mounting. Nevertheless, the first re-
sults are not only very promising, but even give hope, that a commercial laser diode
based on ZnSe will be possible.

5... which is not necessarily convenient. Concerning the every-day research, it is definitely easier and
much more practical to test devices with cw-lifetimes on the order of several hours.
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Appendix A

Externally processed devices

Some of the laser structures grown during the experimental work of this thesis were
also made available to external research groups. The technological experience and pos-
sibilities of these co-operation partners allowed to apply novel processing technologies
or device processing concepts to ZnSe-based laser structures, as it will be described in
this appendix.

A.1 Ridge waveguide by ion implantation

The experiments and results reported in the following two sections were obtained in a collabo-
ration with the Institut fiir Festkorperphysik of the Technische Universitat Berlin. The col-
laboration partner of Prof. Bimberg's group were M. Strafiburg and O. Schulz. In the framework
of this thesis the TU Berlin was supplied with unprocessed wafers containing laser structures, as
well as with single layers for calibration purposes. Processing and characterization of the devices
was carried out in Berlin. The people involved were: M. Strafsburg, O. Schulz, U. Pohl, and
Prof. D. Bimberg.

A.1.1 Lateral index guiding

In Sec. 1.1 the basic theory of semiconductor lasers was introduced. Optical gain in
laser diodes is provided by the carriers in the active region. Since the optical gain deter-
mines the optical mode distribution, the emission characteristics of these lasers depend
on the carrier distribution in the active region. They are therefore called gain-guided.
Gain-guiding is usually achieved by limiting the region of current injection in the de-
vice. In the simplest case this is done by defining an injection stripe on the surface of
the laser diode. Most of the reported ZnSe-based laser diodes were fabricated this way.
One disadvantage of this technology is that the current path is only defined at the very
top of the device. Due to the sheet resistance of the semiconductor material and carrier
diffusion in the active region, the current path is widened perpendicular to the injec-
tion direction. Thus, the apparent threshold current density is higher than the actual
threshold, since more than the assumed active volume is pumped. This is schematically
indicated in Fig. A.1(a).

The emission characteristics and beam profile of a gain-guided laser depend on the
driving current. With an increasing current density in the device, the lateral confine-
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Figure A.1: Schematic cross section of conventional gain-guided (a) and buried ridge-
waveguide (b) laser structures. In the gain-guided laser current spreading occurs as
indicated by the shaded area.

ment changes and higher optical modes can be excited. For most applications this be-
havior is undesired. This problem can be avoided if a lateral index-guiding is introduced.
In this case the lateral guiding of the optical wave is achieved by creating an additional
step in refractive index along the current injection path. Since this index step is indepen-
dent of the driving current, the emission characteristics of the device is less sensitive to
varying injection conditions. Furthermore, the index-guiding is usually more efficient
than gain-guiding and, thus, the overlap between optical wave and active region is in-
creased. In general, a change in refractive index is realized by changing the material
properties next to the injection region, e.g. by depositing a different material. It lies at
hand to use an insulating material for this purpose, since so the current spreading in the
device is drastically reduced. In this case, the threshold current density of the laser ben-
efits not only from the improved lateral confinement, but also from the reduced current
spreading.

There exist several different concepts to achieve index-guiding in semiconductor
laser diodes. The most important one is the so-called ridge-waveguide structure. In the
simplest case of an index-guided laser structure the current injection stripe is etched
down to the p-type waveguide. Here, the index step occurs at the edges of the mesa,
i.e., between the semiconductor and the surrounding air. Such a structure is called etched
ridge-waveguide. A precise control of the etching process is required for a good perfor-
mance of this simple structure. If the process is stopped too early, no efficient lateral
guiding occurs. On the other hand, etching below the quantum well gives rise to par-
asitic currents across the pn-junction at the sidewalls [10]. Furthermore, such a struc-
ture is not planar anymore, which is disadvantageous for subsequent device process-
ing. Therefore, the etched ridge is usually buried, as illustrated in Fig. A.1(b). In such
a typical buried-ridge laser structure, material of a lower refractive index than the semi-
conductor is deposited next to the etched ridge. ZnSe-based buried-ridge waveguide
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A.1 Ridge waveguide by ion implantation

laser diodes have been successfully realized first by the 3M research group, exhibiting
a threshold current as low as 2.5 mA [117]. In this case, polycrystaline ZnS was used as
burying material. However, the threshold current density was 700 A/cm?. Optimiza-
tion of the laser structure led to a threshold current density of 460 A/cm? (23 mA) in
cw-operation [76]. Continuous-wave-operation was also realized by the joint effort of
the Purdue and Brown Universities with a threshold current density of 310 A /cm? [356].

More advanced variations of ridge-waveguide devices exchange the poly-crystalline
burying material with single-crystalline semiconductor material. In that case, the index
step — and consequently the lateral guiding — can be increased. By doping the new
semiconductor with the appropriate conduction type, efficient current blocking can be
maintained. The formation of such an etched-mesa buried heterostructure laser involves
a complicating re-growth process for the burying material after the etching of the mesa
structure. Especially, for ZnSe-based semiconductor material such a process is diffi-
cult to realize, since surface oxides have to be removed before the re-growth process is
started. Whereas Se oxides are relatively easy to decompose, the Zn oxides are ther-
mally very stable and can only be effectively removed by a hydrogen plasma treatment.
This particular problem has been investigated in detail at the IFP in the framework of a
Ph.D. thesis [34]. To avoid the problem of the re-growth of ZnSe-based material, Sony
developed a process to grow the laser structures on pre-patterned GaAs substrates.
These substrates contain a complete GaAs-pn-diode structure, where the p-type layer
acts as current blocking layer for the II-VI-heterostructure. Lateral guiding is achieved
by etching stripes into the p-GaAs layer, so that only the n-type GaAs remains. The
threshold current density of these channelled-substrate laser diodes is 350 A/cm? with-
out and 240 A /cm? with facet coating [126].

Other approaches to achieve lateral index guiding use different geometric structures
(terraced, v-grooved, crescent) or vary the waveguide layer thicknesses. A description
of the most relevant concepts can be found in Ref. [10]. However, none of them has been
applied to ZnSe-based devices so far.

A.1.2 Implantation-induced disordering

So far, only methods involving mesa-etching have been presented as realizations of lat-
eral index-guiding in laser structures. A completely different approach is to specif-
ically modify the local material properties of the semiconductor structure so that an
additional refractive-index step is obtained. Such a method avoids the etching pro-
cess, thus simplifying the process technology. One way to achieve this modification is
to use implantation-induced intermixing of crystals. In this method the sample is bom-
barded with high-energetic ions, which changes the diffusivity of the material com-
ponents inside the crystal — an intermixing of the crystal takes place. Implantation is
well-established for III-V semiconductor devices, where it is e.g. used for intermixing of
quantum wells or super-lattices [357]. In general, intermixing leads to a different band
gap energy of the material. It has therefore two main effects on quantum wells: a change
in carrier confinement and in refractive index. With a laterally-structured intermixing,
very effective lateral optical guiding and carrier confinement is achieved, as illustrated
in Fig. A.2. The carrier confinement is further enhanced by the fact that the implantation
process usually leads to semi-insulating material [77]. Apart from ion-implantation, in-
termixing can also be achieved by annealing in appropriate atmospheres. However,
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Figure A.2: Principle of lateral index guiding by ion-induced disordering. Left: stan-
dard laser structure. Right: structure after ion-implantation, which causes disordering
of the quantum well region in the unprotected areas (after Ref. [77]).

the temperatures required for an effective intermixing are usually too high and lateral
pattering is difficult to realize.

In the case of ZnSe-based semiconductor lasers, only few attempts have been made
to obtain lateral index-guiding by intermixing. In the framework of an earlier collabora-
tion between the TU Berlin and the Universitdt Bremen, diffusion-induced intermixing
of II-VI heterostructures were investigated in detail, therefore, only the main points will
be presented here. For further information the corresponding references should be con-
sulted [77, 35]. It turns out, that the generation of vacancies is the main effect respon-
sible for the crystal intermixing, since these vacancies strongly enhance the diffusion
coefficient of Cd in Zn(Mg,Cd,S)Se structures [251]. It is accordingly perfectly suited
for quantum well intermixing in ZnSe-based laser diodes. Although ion-implantation
is an effective method to generate vacancies in the II-VI crystal, under normal implan-
tation conditions no perfect intermixing is achieved, yet, the change in refractive index
is sufficiently high for lateral index-guiding [358, 359].

A.1.3 Technological realization

Implantation-induced disordering is a fully planar process and therefore an attractive
method to fabricate index-guided laser diodes. Still, some technological difficulties have
to be solved. The biggest problems are obviously connected to the implantation pro-
cess itself. A precise control of the implantation region is necessary in order to avoid
damaging the rest of the structure. Especially, the implantation depth has to be chosen
carefully. If the defects are generated in the region of the III-V/II-VI heterointerface,
the device performance is drastically reduced [196]. On the other hand, efficient index
guiding can only occur, if the maximum amount of vacancies is created in the direct
vicinity of the quantum well such that the intermixing is as concentrated as possible.
The implantation depth is controlled by the energy of the accelerated ions. For the here
used low-to-moderate implantation energies, the elastic scattering of the ions at the tar-
get atoms is the main physical process. A precise calculation of the implantation depth
requires a Monto-Carlo-simulation of the process, as it is exemplary shown in Fig. A.3.
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In this figure the trajectories of the implanted ions inside the crystal are shown. To
concentrate the disordering of the crystal in the active region, an implantation energy
of 2.5 MeV for Ar" ions at a dose of 5 x 10'* cm™? is necessary. Ions of such energy
and sufficient dose are usually not available from lab-size ion sources. Therefore, all
presented implantations were carried out at the Hahn-Meitner-Institut Berlin.

In the experimental realization of the implantation process, the depth control by
direct variation of the implantation energy is difficult. Furthermore, the required ener-
gies for the process are at the lower limit of the implantation machine [362]. Therefore,
M. Strafiburg and O. Schulz developed a multi-layer lithography process, where an ex-
posed negative photo-resist layer acts as initial brake for the ions. On this photo-resist
coating, the normal positive resist for defining the lateral structure is applied [360]. Af-
ter the implantation process, the photo-resist layers are partly carbonized due to out-
gasing of the lighter resist components (in particular hydrogen). Since these layers can
not be completely removed by conventional organic solvents, the resist is ashed in an
oxygen plasma. During this process one has to ensure that no excessive heating of the
sample occurs.

A.1.4 Results

For lateral index-guided laser structures a reduced threshold current density as com-
pared to gain guided devices is expected. In Fig. A.4(a) the L/j-characteristics of an
implanted and a conventional gain-guided device, processed from the same laser struc-
ture, are compared. For the unimplanted device the threshold current density is about
450 A/cm?, with a differential quantum efficiency of 4.1% (20 um stripe width). This
threshold current density is already among the best values obtained for the conven-
tional CdZnSSe quantum well lasers reported in this work. After implantation, the
threshold even decreases to 153 A/cm?, which is only one third of the original value.
Accordingly, the external quantum efficiency almost doubles to 9.6%. It has to be noted
that the external quantum efficiencies for both devices are low. Whether this is due to
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Figure A.4: (a) Comparison of the L/j-characteristics of conventional and implanted
ZnSe-based laser diodes. (b) Far field pattern of the laser emission for the unimplanted
and the implanted device (20 jum stripes; graphs taken from Ref. [358]).

an not-optimized experimental setup, or related to the laser structure itself, is not clear.
For laser devices from the same wafer, but fabricated in Bremen, significantly higher
differential quantum efficiencies were obtained. Nevertheless, careful cross-checking
of the equipment did not reveal any obvious differences of the experimental setups in
Bremen and Berlin. The results reported here therefore lie in the responsibility of the
Berlin group.

In any case, the same process was also applied to laser structures from Sony, here, a
reduction to one third of the as-grown structure was obtained similarly, with a threshold
current density of 96 A/cm? for the implanted structures [360]. Due to the reduced
threshold current density the operating current of the devices is lowered and, thus,
the heat load in the device decreases. Consequently, the lifetime of these laser diodes
increased by a factor of two for the Sony structures and a factor of five for the structures
from Bremen. It has to be noted, that for all tested devices the facets were uncoated.
Therefore, even further improvements can be expected.

The positive effects of lateral index-guiding can also be found in the far-field pattern
of the laser emission, as seen in Fig. A.4(b). These patterns were recorded with a CCD
camera. For the unimplanted device a higher mode appears in the pattern, which is
indicated by two spatially separated regions of high intensity. With increasing driving
current, more modes are excited and additional stripes appear in the far-field pattern
(not shown). The index-guided laser shows only one region of high intensity, which can
be attributed to the fundamental TEMy, mode. This mode is stable and independent of
the driving current as expected for index-guided devices [53].
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A.2 Novel ex-situ p-side contacts

Parallel to the fabrication of the index-guided ZnSe-based laser diodes by ion-implant-
ation, the group from the TU Berlin developed a new metalization scheme for the p-
side electrode. As it was reported in Sec. 1.4.4, obtaining a low-resistive ohmic contact
to p-type ZnSe is difficult. Therefore, a special epitaxial contact structure — usually a
ZnTe/ZnSe multi-quantum-well - is usually deposited on-top of the laser structure. A
good ohmic contact is then realized by using a Pd-containing metal contact (Pd/Au in
Bremen, PdSn/Au in Berlin).

A.2.1 Idea

ZnTe — which is generally employed for the epitaxially p-side contact structure — can be
highly doped p-type [90, 91]. However, this is not the case for ZnSe (cf. Sec.1.4.3) [160].
Furthermore, it was found that in contact structures containing a p-typed doped ZnTe
cap-layer, the carrier concentration in the p-type ZnSe is drastically reduced [363, 364].
Whereas the early reports suspect a nitrogen diffusion to cause the carrier concentration
reduction, it turned out that the main driving force is the strain, induced by the highly
lattice-mismatched ZnTe cap [175, 95]. Even after optimization of the growth process
and the layer sequence, the free carrier concentration on the p-side of the laser struc-
ture remains low. If the concentration can be increased, significant improvements are
expected.
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Figure A.5:  I/V-characteristics of 0 Eal et
LisN-containing and conventional
metal contacts (taken from Ref. [358)]).

Since there are only limited possibilities to increase the carrier concentration by an
in-situ process, one has to develop an ex-situ process. For this process Li is an attractive
candidate. Since it is an element of the first group of the periodic table, it forms an
acceptor in II-VI material. In fact, electrical characterization of p-type ZnSe was first
realized on Li-doped ZnSe [103]. Lithium is a small atom and thus, can diffuse easily. In
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case of Li-doping during an epitaxial growth process, this behavior is unwanted, since
it hinders the fabrication of abrupt pn-junctions [104]. On the other hand, the strong
diffusion enables the conversion from nominally undoped ZnSe to p-type doped ZnSe
by subsequent thermal annealing, when applied externally [365].

A.2.2 Results and discussion

For the new ex-situ contact, LisN was chosen as Li source, since pure Li is difficult to
handle. Being the conventional p-type dopand for ZnSe, the addition of N should not
have any negative influence. Furthermore, this material can be evaporated thermally,
and it is compatible with the standard laser lithography process. The only difference
to the standard laser process therefore is the insertion of a thin LizN layer between the
PdSn layer and the semiconductor.

In Fig. A.5 the I/V-characteristics of laser diodes with conventional and with LisN-
containing contacts are compared. The insertion of the LizIN layer leads to a by ca. 1 V
lower turn-on voltage, whereas the serial resistance does not change. Since the turn-
on voltage is directly connected to the specific contact resistance, this indicates an im-
proved metal-semiconductor contact, which can be attributed to either a higher doping
level in the semiconductor or a lower Schottky-barrier height. To clarify this aspect,
transmission-line measurements (TLM) are necessary, but these measurements require
specially designed samples, which were not available.

In any case, due to the reduced operating voltage, less heat is generated in the device
and a higher lifetime can be expected. It turns out, that the modified contact metaliza-
tion scheme has an even more dramatic and less expected influence on the threshold
current density. This is illustrated in Fig. A.6, which shows the L/j-characteristics of a
conventional device and one with Li-contact. Due to the novel contact, the threshold
current density is reduced by a factor of 6 from 235 A/cm? down to only 42 A/cm?. The
same effect was also observed for laser structures from Sony, here, a threshold current
density of 30 A/cm? is measured [366]. These threshold current densities are among the
best values ever obtained for semiconductor laser diodes, including conventional III-V
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Figure A.7: Lifetime measurement in cw-operation. The devices were kept at a constant
output power of 1 mW per facet. RTA indicates a rapid thermal annealing process,
performed after contact deposition (graph provided by M. Strafsburg).

devices, quantum dot laser diodes, and vertical cavity surface emitting laser diodes
(VCSEL) — and this without facet coating or lateral index-guiding.

Naturally, the reduced threshold current density and contact resistance improves the
lifetime of the devices in cw-operation considerably, as shown in Fig. A.7. Whereas the
conventional metal contact gives a lifetime of less than 2 min, the Li-containing contact
leads to a lifetime of more than 8 min. An annealing of the contact for 3 min at 225 °C
improves the lifetime even further to more than 40 min. This is the longest lifetime ever
obtained for a ZnSe-based laser diode fabricated by an university-based research team.
Again, the same degree of improvement was also observed for the Sony structures (from
13 min to 9.5 h).

The remaining question is, how a new contact metalization scheme reduces the
threshold current density of the laser diodes. In principle, one could argue that the
reduced contact resistance leads to a reduced heat generation in the p-side. Since the
bandgap of a semiconductor depends on the temperature, less heat would give a higher
bandgap of the cladding material and, thus, an improved confinement. However, for
such an effect a voltage reduction from typically 8 V down to 7 V is not enough.

The fact that the lifetime improves further after annealing gives the first indication of
the mechanism, through which the threshold current density is so drastically reduced. It
seems plausible that mechanism is connected to the in-diffusion of Li. This is supported
by p-type doping experiments with LisN performed by Honda et al., where an anneal-
ing step at 470 °C was employed, in order to obtain p-type conductivity [365]. Indeed, in
secondary ion mass spectroscopy (SIMS) depth profiling experiments it was found that
Li diffuses deep into the laser structure. But also the N concentration increases as com-
pared to the as-grown sample. Generally, this would lead to an increased compensation
of the acceptor since both — Li and N — tend to strong self-compensation [367, 157]. How-
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ever, since no degradation of the electrical characteristics is found, such compensation
can be ruled out. On the contrary, the improved characteristics suggest the formation
of a stable Li-N complex which acts as an acceptor. In conjunction with the strong dif-
fusion, this leads to a region of lower resistivity underneath the contact stripe and thus,
an additional current guiding is realized — the structure becomes weakly index-guided,
much like the well-known thermal index-guiding effect [366, 202].

A.3 Distributed feedback laser

The devices reported in this section originate from a collaboration with the Universitat Wiirz-
burg. At the Institut fiir Technische Physik of Prof. Forchel the laser wafers were processed
by M. Legge and distributed feedback lasers were fabricated. Once again, all characterization
was done by the collaboration partners. The people involved were: M. Legge, G. Bacher, and
Prof. A. Forchel.

A.3.1 Longitudinal mode control

For all lasers reported so far, the feedback necessary for the lasing process is realized
by reflection at the cleaved facets of the laser cavity that forms a Fabry-Perot resonator.
Since the cavity length is large in comparison to the wavelength of the reflected light,
many longitudinal modes exist inside the cavity, and they are all subject to amplifi-
cation. Such devices therefore usually do not exhibit longitudinal single-mode emis-
sion. A control of the longitudinal modes inside the laser can be achieved by mod-
ifying the feedback mechanism, e.g. by applying a frequency-selective coating to the
cleaved facets. In the simplest case, this is just a high-reflectivity coating as described in
Sec. 4.3, which has a broad reflectivity spectrum and does not provide single-mode con-
trol. Single-mode control can be achieved by using a distributed Bragg-reflectors (DBR).
In such DBR lasers the Bragg reflector is realized by an periodic grating applied to the
semiconductor at the two ends of the pumped region. Here, accurate wavelength con-
trol is obtained. But the use of DBR for laser diodes is not limited to this special device
type. Since the degree of reflectivity only depends on the number of mirror pairs, very
high reflectivities can be realized (more than 99%). Together with its high frequency
selectivity, this makes DBR the primary choice to form microcavities and subsequently
vertical cavity surface emitting lasers (VCSEL).

The only ZnSe-based DBR lasers reported so far were fabricated by the group from
the Universitdt Wiirzburg [127, 368]. However, here single-mode emission was only
obtained for short cavities and gratings with a narrow reflection band that leads to an
increased threshold current density [32].

In a different concept, the modification of the feedback mechanism in the laser struc-
ture is achieved by applying the Bragg grating along the cavity. Thus, amplification
and reflection of the optical wave is no longer separated in space — the feedback is dis-
tributed along the cavity length. Such a device is therefore referred to as a Distributed
Feedback (DFB) laser. The emission characteristics of a DFB laser depends on the degree
and the mode of coupling between grating and light wave. Since the Bragg grating
provides a modulation of the complex refractive index, one can distinguish two cases
of coupling: one, where the modulation of the real part of the refractive index dom-
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inates and one, where the modulation of the imaginary part dominates. In case of a
real-part modulation, an index-coupling is obtained. Theoretical calculations reveal that
with such kind of coupling, two modes with the same lowest threshold gain exist for the
Bragg wavelength, which is related to the formation of the stop band [10]. Therefore,
single-mode emission cannot be expected from index-coupled DFB lasers. A dominat-
ing modulation of the imaginary part of the refractive index results in gain-coupling.
Here, the lowest threshold mode lies exactly at the center of the stop band and, thus,
single-mode emission is obtained.

Fabrication of pure index- or gain-coupled DFB lasers is difficult. For example, for
gain-coupling, a direct structuring (e.g. etching or implantation) of the active region is
necessary, which increases the density of non-radiative recombination centers. There-
fore, DFB lasers usually exhibit a mixture of both types of coupling.

Whereas DFB lasers are well-established device structures for III-V semiconductors,
so far, only optically pumped ZnSe-based DFB lasers have been demonstarted [369,
370].

A.3.2 DFB laser fabrication

In a DFB laser, a periodic variation of the complex refractive index is achieved by apply-
ing a Bragg grating onto the structure along the laser cavity. Since the light wave should
couple to the grating, it has to be placed so that they overlap, i.e., in the region of the
waveguide or the cladding layers. In conventional III-V DFB lasers, this is realized by a
two-step growth process, where first the laser structure is grown up to the layer, where
the grating will be placed, then the grating is defined by etching, and finally the rest
of the structure is grown. However, as mentioned earlier, for ZnSe-based devices this
process is not applicable. M. Legge and his colleagues therefore concentrated on the
realization of laterally-coupled DFB lasers [371]. In laterally-coupled DFB lasers, the grat-
ing is placed next to a ridge-waveguide [372, 373]. As indicated in Fig. A.8, the optical
wave is not fully concentrated inside and beneath the ridge. In fact, the wave is very
close to the transition point from the ridge to the etched part of the structure. Thus, it
can couple to the Cr-Bragg grating placed onto the etched semiconductor region. Since
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Figure A.9: Electro-optical characterization of a ZnSe-based DFB laser (graphs taken
from Refs. [371, 374]).

the ridges are only 1.5 ym small, the whole structure is filled with polyamide to pro-
tect it, and also to facilitate the fabrication of the metal contact. One clear advantage
of laterally-coupled over conventional DFB lasers is, that it combines two successful
concepts (ridge-waveguide and DFB) — providing a light source with lateral and longi-
tudinal single-mode emission.

The performance of the DFB laser essentially depends on two parameters. First, the
etch depth for the ridge fabrication has to be chosen carefully. If the etch process is
stopped too early, the optical wave does not couple effectively to the grating, similar to
what was reported in Section A.1.1. Another important parameter is the period of the
grating. Since the grating provides the feedback for the lasing mechanism, the emission
wavelength can be tuned by varying the period. However, most of the technological dif-
ficulties are connected to the grating. The Bragg condition for constructive interference
—and thus the grating period A —is

A

A=m ,
2 Nefe

(A1)

with m = 1,2, ... being the order of the grating, A the wavelength of the laser light
and n.s the effective refractive index. For a typical ZnSe-based laser diode emitting at
510 nm, a grating period of 96 nm is necessary (nes = 2.66) [32]. Furthermore, the fingers
of the grating itself have to be even smaller than the period. Such small structures can
not be fabricated by conventional photolithography, instead high-resolution electron
beam lithography is required.

In the actual technological realization, M. Legge used the following processing steps:
first the ridge is prepared by reactive ion etching in a gas mixture of Ar and BCl;. The
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etching is stopped 110 nm above the upper waveguide layer to ensure effective cou-
pling of the wave to the grating. Then a Cr grating with 15 nm-wide fingers and pe-
riods around 96 nm is applied on both sides of the ridge, by using the electron beam
lithography and a lift-off technique.

A.3.3 Characterization

Figure A.9(a) shows typical L/I- and I/V-characteristics of the ZnSe-DFB laser in pulsed-
operation (0.1% duty cycle and 1 us pulse width). From the L/I-curve a threshold cur-
rent of 25 mA can be extrapolated. Up to 17 mW light output power is obtained. Consid-
ering that only a small volume is electrically pumped (1.5 ym ridge and 840 pym cavity
length), this is a relatively high value. The quantum efficiency of the device is 29%. At
threshold the operating voltage is 6.5 V. All values are comparable to ridge-waveguide
devices fabricated from the same wafer. One can therefore conclude that the numerous
processing steps necessary for the DFB laser do not degrade the performance of the laser
structure. This is also reflected in lifetime measurements performed in cw-mode. A life-
time of 4.6 min was obtained, which is the higher than the lifetime obtained for devices
processed from the same wafer in Bremen (cf. Fig. 2.16). Noteworthy for the lifetime
measurement of the DFB laser is that during the test the operating voltage was below
5.12 V, which is the maximum voltage the test setup can deliver. Thereby, this structure
has one of the lowest operating voltages of all laser structures grown in Bremen.

The emission spectrum of the same device above threshold (I = 1.5 x I};,) is shown in
Fig. A.9(b). Clear single-mode emission at a wavelength of 514.4 nm for a grating period
A = 97.25 nm is visible. The appearance of only one longitudinal mode implies that the
Cr grating provides predominantly a variation of the imaginary part of the refractive in-
dex — the wave is gain-coupled to the grating. The spectrum is plotted on a logarithmic
intensity scale to illustrate the effective side-mode suppression characteristic for all DFB
lasers. The suppression is more than 26 dB!, which is comparable to values obtained for
DBR lasers, but lower than for laterally-coupled III-V-DFB lasers [368, 373]. Here, an

!limited by the test setup [371]
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optimization of the etch depth can lead to better coupling and thus improved side-band
suppression.

In Fig. A.10 the emission spectra of different DFB laser fabricated from the same
laser wafer are shown. The only difference between the devices is the period of the
grating. It is clearly seen that the emission wavelength of the laser can be precisely
chosen by setting the grating period to the appropriate value. Still, single-mode emis-
sion is maintained. This holds not only for first-order gratings (m = 1 in Eq. A.1), but
also for second-order gratings (m = 2). For this particular laser structure the emission
wavelength could be varied from 507.5 to 515 nm, which corresponds to emission en-
ergy tuning range of 36 meV. The tuning range is essentially determind by the width
of the gain curve of the structure, which in turn depends primarily on the emission
width of the quantum well. For this structure the full width at half maximum in low-
temperature photoluminescence was about 30 meV, which fits to the tuning range for
the laser wavelength.

Another attractive feature of DFB lasers is the beam quality of the laser emission.
Especially, for laterally-coupled lasers a lateral single-mode emission is expected. That
this is indeed the case, is illustrated in Fig. A.11 where the near- and far-field pattern of
the device in horizontal and vertical direction is plotted. The width of the near-field in
vertical direction is determined by the thickness of the active area and the waveguides,
which is less than 250 nm. Such a small width can not be resolved with the measurement
setup, the lower limit is 1 ym. In the far-field pattern strong guiding of the wave in the
waveguides leads to an increased emission angle of 35°.

In the horizontal direction the near-field has a width of 2 ym. This is wider than the
ridge itself, therefore, the wave also overlaps into the region of the grating, which is nec-
essary for lateral coupling and the proper functioning of the DFB laser. Consequently,
the far-field in horizontal direction is smaller and has an opening angle of 15°. Finally,
the Gaussian shape of the field profiles indicate a lateral single-mode emission.

A.4 Short summary and outlook

The experimental results presented in this appendix nicely illustrate the potential of
ZnSe-based laser diodes. More advanced device concepts can relatively easily be ap-
plied to these structures, and the expected improvements in the device characteristics
are verified. Thus, a special tailoring of the device properties with respect to an specific
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application is possible at an expense, comparable to conventional III-V semiconductor
lasers. This observation confirms the basic result of this thesis, the only problem of
ZnSe-based laser diodes is the limited device lifetime.

Concerning the insufficient stability, some new approaches were tested. Here, the
development of LisN-containing p-side electrodes could provide an improvement. Al-
though the underlying physical mechanism still remains to be clarified, the results ob-
tained so far are promising. The next step now has to be the combination of all improved
processing techniques. The ultimative ZnSe-based laser diode should be processed as
ridge-waveguide — or even better as DFB laser — structure, with Liz-containing p-side
electrodes, mounted epi-side down onto a special heat sink, and with high-reflectivity
coating on the facets. This all — together with optimized growth conditions for the
CdZnSSe quantum well — raises the hope that a stable ZnSe-based laser diode can be
possible.
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Appendix B

Index of laser structures

In the framework of this thesis, a total of 39 laser structures were grown. Although all
reported results are obtained from lasers grown on GaAs, also 3 homoepitaxial laser
diodes were fabricated. Furthermore, 4 lasers were grown as service samples for co-
operation partners in Bremen, as well as for external partners. From the 39 structures,
7 were intended purely for optical experiments and are consequently undoped. The
active region of most structures consists of quaternary CdZnSSe quantum wells, but
there are also 3 ternary CdZnSe quantum well lasers. A total of 6 quantum dot laser
were grown, but only 4 different designs were tried (all fully doped). For comparison,
2 of those structures were also grown without doping. Not all of the laser samples
contributed to this thesis. Table B.1 on the following page lists the relevant structures,
together with some important parameters of these structures.

A complete listing of all structures can be found on the data server! of the Institut
tiir Festkorperphysik . The results of all characterization measurements, as well as the
growth recipes used to fabricate the samples are also stored on this server.

lat present: mbe07.ifp.uni-bremen.de (only accessible from inside of the institute’s computer network)
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Sample Date Anm] E,q.a [eV] E,ow [eV] jim[A/cm?] EPD[ecm 2] Comment

S0572 07/02/98 518 3.00 2.50 550 — cw-lifetime 3 min

S0599 10/05/98 503 2.94 2.56 920 320

S0607 10/21/98 508 2.95 2.53 800 240 first with doped QW

S0614 11/05/98 507 2.95 2.53 1600 —

S0631 02/03/99 n/a 2.98 2.33 n/a — calibration laser

S0666 05/03/99 525 3.01 2.47 500 — calibration laser

S0703  06/10/99 528 2.99 2.45 605 — calibration laser

S0710 06/17/99 529 3.02 2.47 454 — first with undoped
p-wave guide

S0728 07/20/99 520 3.02 2.48 600 — cw-lifetime 4.5 min

S0736  08/10/99 530 3.01 2.48 580 — MEE-DA QW

S0775 01/31/00 518 2.96 2.52 1186 — calibration laser

S0787  02/10/00 507 2.96 2.55 782 —

S0823 03/27/00 524 2.96 2.49 1179 490 Reference for series
S0823-50827

S0824 03/28/00 520 2.96 2.49 1000 390 layer thicknesses as
in [5] (Sony)

S0825 03/29/00 532 2.96 2.51 n/a — LT-MEE DA

S0826  03/30/00 519 2.96 2.50 1200 260 strain-compensating
ZnSSe barriers

S0827 03/31/00 525 2.96 2.48 n/a — LT-MEE DA, strain
compensating ZnSSe

S0844 05/11/00 522 2.99 2.49 600 — calibration laser

S0876  07/13/00 560 2.90 2.32 2900 — Se-cracker, longest
emission wavelength

S0924 11/22/00 560 2.95 2.35 7300 560 quantum dot laser

S0930 11/28/00 510 2.93 2.52 680 — calibration laser

S0939 12/13/00 557 2.97 2.33 550 1860 stoichiometric QW

S0940 12/15/00 557 2.97 2.33 550 840 stoichiometric QW
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