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Chapter 1

Introduction

In these days, there is an increasing requirement for short wavelength light-emitting
devices which operate in the spectral region from blue-green to ultraviolet (UV)
[1,2]. For example, if blue light-emitting diodes (LEDs) with high luminance and
efficiency are realized, full-color flat-panel LED displays can be constructed using
the blue LEDs together with red and green LEDs ever available. It is considered that
such LED displays will replace other displays, i.e., Braun tubes, liquid crystal and
thin film electroluminescent displays [3] in some applications, and each of these will
be used for its suitable purpose. On the other hand, infrared semiconductor laser
diodes (LDs) operating at A=780 nm have widely been used for optical memories
such as video and compact discs, and higher storage density is achieved today by
using red (A=670 nm) LDs [4]. If the wavelength of laser can be altered to blue or
UV, the storage bit density of the optical memory significantly increases [5]. In the
application in laser printers, blue/UV lasers enhance printing speed by one or two
orders of magnitude [2]. Furthermore, UV light-emitting devices will widely be used
as compact light sources for measurement or medical applications.

For these applications, wide bandgap II-VI semiconductors such as ZnSe and ZnS
(bandgap Eg=2.7 eV [6] and 3.73 eV [7] at room temperature (RT), respectively), as
well as SiC [8-10] and GaN [11-14], have long been considered as promising materials
(1]. However, the difficulty in obtaining p-type conduction remained to be solved [15].
Consequently, in the late 1970’s and early 1980s, blue LEDs were fabricated using
metal-insulator-semiconductor (MIS) structures with bulk ZnSe [16-19] and ZnS
[20-25]. However, device characteristics and reproducibility were not satisfactory.
Afterward, Nishizawa et al. reported p-type conduction in ZnSe and pn-junction blue
LED by using a temperature difference method under controlled vapor pressure [26].
However, these results did not lead to the practical use to date. On the other hand,
since the late 1970’s, much attention has been paid to reduce intrinsic defects and
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2 Chapter 1 Introduction

extrinsic residual impurities in ZnSe and ZnS by using new growth techniques, such
as metal-organic vapor phase epitaxy (MOVPE) [27-32] and molecular beam epitaxy
(MBE) [33-39]. In particular, for ZnSe, several groups reported p-type conduction
by using MOVPE [40-42] or MBE (43, 44] or metalorganic molecular beam epitaxy
(MOMBE) [45]. However, the problem in reproducibility on electrical and optical
properties were still remain unresolved.

Recently, a practical p-type doping level in ZnSe was demonstrated when nitro-
gen plasma source was used during MBE [46,47]. On the other hand, it became
possible to make ZnSe-based high-quality heterostructures such as ZnSe-ZnMnSe
(48,49], ZnSe-ZnSSe [50-52], ZnCdSe-ZnSe [53,54], ZnCdSe-ZnSSe [55] and Zn(5)Se-
ZnMgSSe [56,57) by MBE and MOVPE. Laser operation by optical pumping was
achieved in these structures. This success led to first operation of II-VI LDs operat-
ing in the blue-green spectral region [58,59] in 1991, and the first RT cw operation
of blue-green LDs [60] in 1993. High efficiency blue LEDs have also been reported
by using similar ZnSe-based structures [61].

On the other hand, for ZnS, only a few reports on p-type conduction have been
made [62,63]. Although low resistive p-ZnS with a carrier concentration of the order
of 10'® ¢cm~2 grown by vapor phase epitaxy was reported [64], optical properties of p-
ZnS were rather poor to fabricate efficient LEDs based on pn junction. Furthermore,
technology for reproducible p-type ZnS crystals with quality high enough for device
application has not been established yet. Structural control of heterostructures, as
will be shown later, is also recognized to be inferior to that of ZnSe-based structures.

Toward practical device applications of these II-VI wide bandgap materials in
the near future, many problems to be solved remain for further development. They
can be classified into two major subjects: (1) for the practical use of blue/blue-green
light emitting devices based on ZnSe-based structures, further improvement of the
device structure as well as the quality of constituent layers are strongly desired; (2)
it is required to shorten the emission wavelength toward the UV spectral region as
the next target after blue/blue-green devices.

For the former subject, electrical and optical properties have still to be improved
through the fundamental characterization of the layers as well as the development of
growth technique to control material properties. At the same time, device structure
should also be improved for more efficient carrier confinement and light emission.
Currently, most II-VI blue-green light-emitting devices are composed of ZnCdSe
quantum wells (QWs) with small sulfur content as barrier layers [65-70]. In design-
ing such structure, as will be described in Chapter 2, there are severe restrictions
such as emission wavelength, band-offsets, strain, and so on. In fact, the first LD



structure, having the ZnSe/ZnSSe wave guide as well as the ZnCdSe QW, contained
a large number of misfit dislocations [58,59), which probably cause deterioration of
device performance. Consequently, there is only small room for improvements of
the device structure as long as the ZnCdSe/Zn(S5)Se QW system is used. There-
fore, development of new material system which increases flexibility in designing
device structure is required. One of the approaches for this objective is the use of
Zn(S)Se/ZnMgSSe system on GaAs, which was proposed by Okuyama et al. in 1991
[71]. This material system may have high potential for blue/blue-green LDs, because
the bandgap can be varied under the lattice-matched condition like the conventional
GaAs/AlGaAs or InGaAsP/InP system. In fact, the first RT cw operation of blue-
green LDs was achieved using the Zn(S)Se/ZnMgSSe system on GaAs [60], although
the life of the LD was several second. However, the stronger reactivity of magnesium
than that of aluminum and the strong ionicity of MgSe and MgS may cause defects
or difficulty in controlling physical properties, which may make it difficult to realize
practical blue/blue-green light-emitting devices or more shorter wavelength devices.

For the latter subject, it is necessary to develop a new material system instead of
the ZnSe-based structures, because it is impossible to shorten operating wavelength
toward the UV spectral region using the ZnSe-based structures. For this purpose,
ZnS is one of the possible candidates. However, unlike ZnSe, growth technique of
high quality ZnS epitaxial layers in terms of crystallographic and optical properties
has not been well established yet. In particular, reliable and reproducible p-type
conduction has not been achieved as mentioned above. These results may be related
to the high vapor pressure of sulfur or the stronger ionicity of ZnS than that of
ZnSe. Recently, ZnCdS/ZnS multiple QWs on GaAs substrates were proposed for
UV light-emitting devices [72,73] and successful results of stimulated emission by
optical pumping [74, 75] and current injection [76] have been reported. However,
large lattice-mismatch between ZnS and GaAs (4.5 %) results in defects, which may
be obstacle for the practical use. Therefore, a new material system using ZnS-based
structures including the appropriate choice of substrates should be developed, and,
at the same time, epitaxial growth technique of such ZnS-based structures should
also be improved for the control of crystallographic, optical and electrical properties.

From the overview of background and present status of wide-bandgap II- VI semi-
conductors toward blue/blue-green and UV /near-UV light-emitting devices, it is
strongly suggested to develop ZnCdSSe quaternary alloys, which would allow novel
and flexible structural design of QWs. ZnCdSSe quaternary alloys with the com-
position close to ZnSe or ZnS are applicable to blue/blue-green or UV /near-UV
light-emitting devices, respectively. The first success in epitaxial growth of ZnCdSSe



4 Chapter 1 Introduction

was reported in 1991 by MOVPE [77]. Before this report, it had been considered
that high quality ZnCdSSe could not be grown because CdS and CdSe have hexag-
onal crystal structure, and growth technique for the II-VI semiconductor was not
well sophisticated to control the composition of such multitudinous alloys with con-
stituent elements having high vapor pressure. Among several physical parameters
of ZnCdSSe needed for the design of light-emitting devices, the lattice constant and
bandgap were estimated in the earlier publications [77,78]. However, to design het-
erostructure devices, band-offsets are also important parameters. In addition, for
the application of ZnCdSSe quaternary alloys for practical light-emitting devices,
the layers should be subjected to strain in order to achieve carrier confinement het-
erostructures, as will be described later. Therefore, structural design with ZnCdSSe
quaternary alloys including band-offsets should be carried out taking into account
the strain effects on band structures and critical thickness, which was not considered
in the earlier publications [77,78]. Furthermore, MBE-based technique including
metalorganic MBE (MOMBE) and gas-source MBE (GSMBE) is suitable for the
growth of heterostructures with the uniform thickness and abrupt interfaces, and
fundamental discussion of growth characteristics based on in situ monitoring.

In this study, on the basis of these backgrounds, the ZnCdSSe quaternary alloy
is introduced to the design and the fabrication of short-wavelength light-emitting
devices for the first time. The purpose of this study is (1) to estimate physical pa-
rameters of ZnCdSSe and to design heterostructures for light-emitting devices taking
lattice strain into account and (2) to investigate growth and characteristics of epi-
taxial layers and their heterostructures for the application to light-emitting devices.
The investigations are carried out both for blue/blue-green and for UV /near-UV
light-emitting devices with ZnSe-based structures on GaAs substrates and ZnS-based
structures on GaP substrates, respectively. Since the MBE technique of ZnS-based
structures is not well established compared to that of ZnSe-based structures, a lot
of efforts have been made for the growth of ZnS-based UV /near-UV light-emitting
device structures.

Following this chapter, in Chapter 2, physical parameters are estimated in detail,
and pseudomorphic light-emitting device structures with ZnCdSSe quaternary alloys
are proposed and designed for the first time. In Chapter 3, MOMBE and character-
ization of ZnCdSSe quaternary alloys on GaAs substrates are described. Some char-
acteristics of optically pumped lasing in ZnSe-based multi-layered structures with
ZnCdSSe are also described. Chapters 4 and 5 concern with ZnS-based structures.
In Chapter 4, gas-source molecular beam epitaxy (GSMBE) and characterization
are described, while MBE using an elemental sulfur source and characterization are



presented in Chapter 5. In Chapter 5, fabrication of MIS LEDs is also described,
and it is shown that near-UV electroluminescence is observed for the first time at
77 K from the LED with a pseudomorphic ZnCdSSe/ZnSSe quantum well, Finally,
the results obtained in this study are summarized in Chapter 6.



uonanpolyuy [ Ia3dey))



Chapter 2

Structural design of short wavelength
light-emitting devices using ZnCdSSe
quaternary alloys

2.1 Introduction

Wide bandgap II-VI semiconductors such as ZnSe and ZnS have long been consid-
ered to be promising materials, and optical properties of their bulk crystals have
been extensively investigated since 1950’s [79-82]. On the other hand, for ITI-V
semiconductors, the development of the heterostructure devices [83,84] has led to
great success since the first cw operation of GaAs/AlGaAs double-heterostructure
(DH structure) laser diodes (LDs) at room temperature (RT) [85]. In recent years,
attempts have also been made for II-VI semiconductors to fabricate heterostruc-
tures, owing to great improvements of epitaxial growth technique. In early at-
tempts, ZnSe/ZnMnSe [49] ZnSe/ZnTe [86,87], ZnSe/ZnS [87-89] and ZnSe/ZnSSe
[50] heterostructures have been grown. However, since bulk CdS, CdSe, ZnCdS and
ZnCdSe have hexagonal wurzite structure, it had been considered that they cannot
construct heterostructure with cubic zinc blende ZnS, ZnSe and ZnSSe. Recently,
it was shown that cubic CdS [90], ZnCdS [91,92], CdSe [93], and ZnCdSe [94] can
be grown epitaxially on cubic GaAs substrates by metalorganic vapor phase epitaxy
(MOVPE) or molecular beam epitaxy (MBE), and various heterostructures such as
CdS/ZnS [90,95], ZnCdS/ZnS [72,73], ZnCdSe/ZnSe [94] and ZnCdSe/ZnSSe [55],
which showed good optical properties, have been fabricated. On the other hand, no
attempts have been made to grow ZnCdSSe quaternary alloy except a preliminary
study by MOVPE [77].

For the use of ZnCdSSe quaternary alloy in short wavelength light-emitting de-
vises, it is important to estimate various physical parameters of the ZnCdSSe system.
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8 Chapter 2 Structural design of light-emitting devices using ZnCdS5e

Among these parameters, lattice-constant and bandgap of ZnCdSSe have already es-
timated in earlier publications [77,78]. However, for the design of heterostructure
devices, band-offsets between constituent layers are also important. In addition, as
will be described later, since strained layers must be nsed for carrier confinement in
this material system, strain effects should be taken into account in the estimation
of band structure of each layer, and critical thickness of the strained layers should
also be estimated. Furthermore, refractive indices are needed to estimate optical
confinement factor of LDs.

In this Chapter, after describing lattice constant and bandgap without strain,
band-edge energies of ZnCdSSe without strain are estimated [96,97]. The estimation
of refractive index is also presented. To construct pseudomorphic device structure,
the use of two substrates, i.e., GaAs and GaP, are proposed. Bandgap and band-
offsets of the ZnCdSSe system are calculated for each case taking strain effects
into account [98,99]. Calculation of the critical thickness of strained layer is also
presented. On the basis of these parameters, several device structures with ZnCdSSe
quaternary alloys are proposed [96,97,99]. The physical parameters used in the
calculations as well as other values reported so far are listed in Tables 2.1-2.4. In
this chapter, The calculation is carried out using RT values for practical applications,
while in the following chapter the low temperature values are sometimes used for
comparison with experimental results such as 4.2 K photoluminescence. At present,
there remain several parameters which are not reliable, but are used for the design
of the devices in the present study as a first trial. Those values should be corrected
by the characterization of the designed and fabricated structure.

2.2 Physical parameters

2.2.1 Lattice constant

Lattice constant of the alloy was derived using Vegard’s law. For Zn;_,Cd.S,Se;_,
quaternary alloys, lattice constant a is given by

a=(1-2)(1 - y)agnse + (1 — )y azas + (1 — y)acase + 2y acas (2.1)

where az,s denotes lattice constant of ZnS, and so on. Calculated results for whole
composition area of Zn; _,Cd5,5e;_, is shown in Fig. 2.1. The solid lines represent
compositions where lattice-constant is equal, and dashed lines indicate composition
where lattice constant is equal to that of a III-V compound substrate. Since high-
quality substrates of II-VI compounds are not readily available, III-V compounds
or group-IV semiconductors are used as substrates for epitaxial growth. If group-IV



2.2 Physical parameters 9

Table 2.1: Lattice constant and bandgap of binary compounds. The parameters

used in this study are marked with “+”.
Compound Lattice constant (A) Bandgap (eV)
RT ~ 0K
ZnS *5.40932 3.69° 3.711° 3.83
5.4110° *3.739 3.78°
3.68° *3.848
ZnSe 5.6687° 27130 *2.70° 2.82°
*5.6681° 2.69°  2.695" 2.8201
5.6676" 2.7244 *2.8218k
CdS 5.820% *2.355™ *2.46
*5.832!
CdSe *6.05>! *1.691™ Ly
6.077" 1.67"
a Roth [100] (1967). j  Venghaus [106] (1979).
b Ebina et al. [101] (1982). k  Dean et al. [107] (1981).
¢ Ebina et al. [102] (1974). 1 Kiriyama et al. [108] (1979).
d Camassel [7] (1975). m Tai et al. [109] (1976).
e Theis [6] (1979). n Samarth et al. [93] (1989).
f Shionoya [79] (1966). n’ Binding energy of free exciton
g Taguchi et al. [103] (1961). is added to the result in ref.
h  Mohammed et al. [104] (1987). [93].
i Ebina et al. [105] (1974).
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Table 2.2: Effective masses in binary compounds reported so far. The parameters
used in this study are marked with “s+”. Several values are those for hexagonal

materials, and are defined as “(hex)”.

Compound Efeective mass (m*/my)
electron hole
mg Mhh MYy 100y
ZnS *0.342 0.2624 1.76P *0.95b"¢
0.28° 0.23¢ 0.700¢
0.184° 1.0364
7nSe 0.1f 0.130° 0.6f *(.78P"
0.178 0.135 0.75™ 0.546°
0.14%< 0.147% 1.44b 0.7844
0.16" 0.1734 0.60"
*0.160' 0.145" 0.894°
CdS *0.20(hex)?  0.16¢ 1.259 0.9294
0.2094 ®1. 418
CdSe *0.13(hex)”  0.14¢ 1.234 *(.78¢

1 In a quantum well layered to- d Huang et al[116] (1985); cal-

ward (100) direction and sub-

culation.

jected to compressive strain e Nakayama [117] (1993); calcu-
(mainly treated case in this lation.
study), ground state of the f  Aven et al[118] (1961).
hole bands is n=1 heavy hole g Marple [119] (1964).
state, and the energy level h Mertz et al. [120] (1972).
of the top of the state can i  Dean et al. [107] (1981).
be calculated using heavy- j  Ohyama et al. [121] (1984).
hole mass along (100) direc- k  Hélscher et al. [122) (1985).
tion, Mgy, 00) [110,111]. I Isshiki et al [123] (1987).

a  Kukimoto et.al [112] (1968). m Hite et al. [124] (1967).

b Lawaetz [113] (1971); calcula- n  Ruda [125] (1986); calcula-
tion, tion.

b" Calculated from Luttinger pa- ©  Ohyama et al. [126] (1987).
rameters [114] given in ref. p  Hopfield [127] (1961).
[113] according to the equa- q  Harrison [128] (1980); calcula-
tion myy ooy = (11 — 272)7" tion.
[110,111). r Wheeler et al. [129] (1962).

¢ Wang et al. [115] (1981); cal-

culation.
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Table 2.3: Other physical parameters of binary compounds used in this study.

Valence-  Spin-orbit  Elastic stiffness Deformation
Compound band-edge splitting constant potential?
energy® energy Ag Cn Cha a. Ay b
(eV) (eV) (x10''dyn/cm?) (eV)
7nS -11.40 0.45° 10.46° 6.53° -4.09 231 -1.25
ZnSe -10.58 0.0724 8.10° 4.88° -4.17 1.65 -1.20
CdS -11.12 7.79f 587
CdSe -11.35 6.671 4.63f

a Harrison [128] (1980).

Shahzad et al. [130] (1988).

Aven et al. [118] (1961).

Segall et al. [131] (1967).

Berlincourt et al. [132] (1963).

Martin [133] (1972); transformation from values for hexagonal materials.

O oL O g

Table 2.4: Bowing parameters for ternary alloys reported so far. The parameters

used in this study are marked with “x*”. The values for hexagonal materials are
defined as “(hex)”.
Alloy Bowing parameter Ref. and Comments.
ZnSSe 0.63 Ebina et al. [105] (1974), Soonckindt et al. [134]
(1979).
*0.41 Suslina et al. [135] (1977).
ZnCdS *0.3(hex) Hill [136] (1974).
ZnCdSe 0.75 Tai et al. [137] (1977).
~0.30 This value is calculated results in ref. [138] and
fits with experimental values in ref. [94] rather

well.
CdSSe =0.54(hex) Hill [136] (1974).
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Lattice constant (A)

ZnS
1 aGaP laG

¥ 55 Jaip

>~0.5

7 6.0 [
0 : 1
ZnSe X CdSe

Figure 2.1: The z-y compositional plane for Zn;_.Cd;S,5e;-, quaternary alloy
system. The z-y coordinate of any point in the plane gives the composition. The
solid lines indicate the compositions for lattice constant inserted in the figure. The
dashed lines indicate the compositions at which lattice constant is equal to that of
III-V compound substrate.

semiconductors are used as substrates for epitaxial growth of II-VI semiconductor, it
will be difficult to avoid anti-phase domains. Therefore, the use of III-V compounds
seems to be better.

As shown in Fig. 2.1, Zn;_.Cd;5,5e;_, can be lattice-matched to three III-V
compounds, GaP, GaAs and InP, all of which are readily available. When GaAs is
used, two kinds of ternary alloys, ZnSp 0sSep.g4 and Zng 49Cdg 58S, and Zni_,Cd,-
Sy5e1-, quaternary alloys with composition between above two ternary alloys can
be lattice-matched, as seen from the figure. As for GaP, ZnSg gsSeo.14, Zno.90Cdo.10S
and Zn;_,Cd;S,5e;_, between these can be lattice-matched.

If a lattice-mismatched layer is grown beyond critical thickness, misfit disloca-
tions and related defects are generated. Since these defects affect the performance
and lifetime of the light-emitting devices, the devices should be designed on the
basis of pseudomorphic structure to the substrates. Thus, for each substrate, the
composition area of the epitaxial layers is restricted.
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1

4 @inP

>~0.5

ZnSe X CdSe

Figure 2.2: Calculated equi-bandgap-energy line in Zn;-,Cd;S,Se;—, at RT. The
compositions for lattice-matching to III-V substrates are also shown with dashed
lines.

2.2.2 Bandgap

Bandgap (Fg) was calculated using the procedure proposed by Sasaki et al. [83] for
ITI-V alloy semiconductors. Results at RT are shown in Fig. 2.2. The lines represent
compositions where bandgap energy is equal. The compositions for lattice-matching
to ITI-V substrates are also shown with dashed lines. When lattice-matched struc-
ture to a GaAs substrate is assumed, bandgap of Zn;_,Cd;S,Se;_, is about 2.7-2.8
eV, which corresponds to the blue spectral region. As for GaP and InP substrates,
bandgap of Zn,_,Cd.;S,Se;_, is around 3.5 eV (ultraviolet; UV) and 2.1 eV (or-
ange), respectively. Since the purpose of the present work is to construct short
wavelength light-emitting devices, the structures on GaAs and GaP will be treated.

2.2.3 Band-edge energy

Band-offsets are fundamental and important parameters in the heterostructures such
as laser diodes [139]. Since Anderson had presented experimental results and theo-
retical consideration on the band-offsets of Ge/GaAs heterojunctions in 1962 [140],
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much efforts have been made to determine the band-offsets of various heterojunc-
tions both experimentally and theoretically.

Experimentally, the band-offsets have been measured using photoelectron spec-
troscopy [141,142], optical method [143,144] and electrical method [145,146]. How-
ever, there has been difficulty in determining band-offsets because reliability of the
experimental data depends on the quality of the used heterojunction; it is difficult to
obtain ideal structure in heterojunction rather than homojunction. Another reason
for the difficulty is concerned with the interpretation of the experimental data. Even
for GaAs/AlGaAs system, which is the most commonly studied heterostructure, the
band-offset values were established only recently [147].

On the other hand, several theoretical models have been proposed: (1) calcu-
lation by self-consistent pseudopotential by Frensley and Kroemer [148], (2) linear
combination of atomic orbitals (LCAQ) theory by Harrison [128,149], (3) interface
dipole model by Tersoff [150], (4) empirical method using transition-metal impurity
levels by Langer and Heinrich [151] and (5) “model solid theory” by Van de Walle
et al. [130,152-154)].

Among these theories, it is well-known that Harrison’s LCAO theory is relatively
simple and fits experimental results rather well, except for heterojunctions with
aluminum- and mercury-containing materials. Wei and Zunger pointed out that
the effect of cation d orbitals, which is neglected in Harrison’s theory, should be
taken into account for these materials [155,156], and Sugawara presented a simple
formulation including cation d orbitals [157). However, as long as (Zn,Cd)(S,Se)
materials system is treated, such effect is probably small. For these reasons, in this
study, Harrison’s LCAO theory was used to estimate band-lineups. In addition,
deformation potentials obtained in “model solid theory” were used to treat strain
effects, as will be described later.

According to the LCAO theory, band-offset is given as a difference in band-edge
energy of constituent layers of heterostructure, which is calculated by tight binding
method. Valence band-edge energy (E,) and conduction-band edge energy (E;)
were calculated using following methods.

(1) For binary compounds, valence-band-edge energy (E, pin) was obtained by Har-
rison’s LCAO method,

Bs4 E2 E5 - E3\? h
Eupin = —5—" - \/( = p) T B =08 (2.2)
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where E5 and E3 are energies of p orbital in cation (Zn, Cd) and anion (S, Se) atom,
respectively, and %, m and d are Plank’s constant, electron mass and interatomic dis-
tance, respectively. Since LCAO method is not a good approximation for an empty
state, i.e., conduction band, conduction-band-edge energy (E, pin) was determined
by adding bandgap obtained experimentally to the Ey pin.

(2) For common-anion compounds, ZnSe and CdSe, there is only small difference in
E, values. Therefore, for II-1I-VI type ternary alloys, Zn;Cd;-2Se, Ey zncdse was
approximated by linear interpolation of E, of binary compounds, ZnSe and CdSe;

Ev,ZnCdSe = (1 - J~':)-E\4'.Zn.5e + xEv.Cd.Se- (23J

E. 7ncdse was determined by adding bandgap to the Ey zncdse;

Eczncdse = Ev zncdse + Eg zacase- (2.4)

Similar method was applied for Zn,Cd;_,S.

(3) For II-VI-VI type ternary alloys, ZnS,Se;_, and CdS,Se;_,, E. was approxi-
mated by linear interpolation of E. of binary compounds. E, was determined by
subtracting Eg from the E..

(4) As for Zny_,Cd,.S,Se;_, quaternary alloys, since it is expected that there is only
small differences in F. values between Zn,_.Cd.Se and Zn;_,Cd,S with the same
cadmium composition z, E. was linearly interpolated between those of Zn;...Cd,Se

and Zn;-.Cd.S;
Ec.ZnCdSSe = (1 - y)Ec,ZnCdSe + yEc,ZnCdS-: (2-5)

E, zncasse = Eec zncasse — Egzncdsse- (2.6)

The results for E, and E. are shown in Figs. 2.3 and 2.4. It should be noted
that in these calculations strain effects on the band-edge energies are not considered.
However, since the energy shift due to strain is in the order of a few tens of meV
for relatively small (about 1%) mismatch, with which the layers can be used for
the devices, outline of the band-lineups of heterostructures is discussed on the basis
of these figures. As seen from the figures, E, and E. mainly depend on sulfur
composition y and cadmium composition z, respectively. These are fundamental
results of Harrison’s LCAO theory, which is called common anion (cation) rule.

In addition, important feature can be seen from the figures. If we assume
lattice-matched heterostructure, such as Zng 4,Cdg 58S /ZnSg 06Sep.94 on GaAs, both
conduction- and valence-band-edge energies in Zng 42Cdg 58S are lower than those
in ZnSoosSeo9s. Therefore, it seems that so-called type-1 band-lineup, which is
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Figure 2.3: Calculated equi-valence-band-edge-energy lines for ZnCdSSe.

7nS E. (eV) of Zny_4Cd,S,Se;_y cds
y aGaP aGaAs

T T T 3
T L
/
/
-
.
’
.
‘

| -7.9
_8';-8.2

4 8P

-83
-8.4
>~0.5 Wy
0 " s 2 " J.J" M i i .
0 0.5 1
ZnSe X CdSe

Figure 2.4: Calculated equi-conduction-band-edge-energy lines for ZnCdSSe.
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necessary to confine electrons and holes in the active layer, cannot be realized by
lattice-matched heterostructure on GaAs substrate, and this situation is the same
for other substrates. Thus, in this material system, lattice-mismatched heterostrue-
ture should be used to fabricate double-heterostructure and quantum-well structure
with type-1 band-lineups.

Recently, in 1991, Okuyama et al. proposed ZnMgSSe quaternary system for
blue LDs [71]. Using this material system, lattice-matched heterostructure having
type-1 band-lineup can be fabricated, which is different from ZnCdSSe quaternary
system. In this point, ZnMgSSe system is suitable for blue/blue-green LDs and light-
emitting diodes (LEDs). In fact, the first cw operation of blue-green LDs at room
temperature has been reported in 1993 using this material system [60]. However,
there seem to be the problems that magnesium readily reacts with oxygen and that
MgS and MgSe have strong ionicity.

2.2.4 Refractive index

The efficiency of optical confinement in LDs is evaluated using refractive indices.
For the light whose energy Aw is smaller than the bandgap Eg (=Ey), the refractive
index n(w) is mainly contributed by £y and Eg+Ag gaps, and written as [158,159]

n(w)? = A {f(x) +s (ﬁ)aﬂxm)} +B, (2.7)
where
fx) = 2_(1”);2_(1_)‘)5, (2.8)
fuw
X = F{J, (29)

Table 2.5: Parameters A and B used
in this work to calculate refractive

indices.
Compound A B
7ZnS 9.627 1.550
ZnSe 9.515 2.590
CdS 5.255 3.401

CdSe 9.012 3.416
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s PR (2.10)
and A, B are the fitting parameters. For binary compounds, the values of A and
B have been determined by fitting Eq. (2.7) to the experimental data [160] and
summarized in Table 2.2.4. For alloy layers, these parameters were interpolated
from those of binary compounds, and refractive indices were calculated according to

Eq. (2.7).

2.3 Design of device structures on GaAs

2.3.1 Physical parameters

As mentioned previously, blue/blue-green light-emitting devices can be fabricated
on GaAs substrates. In this section, the design of such devices is presented. As
discussed in the previous section, lattice-mismatched heterostructure should be used
in the optical devices such as LDs and high-efficiency LEDs. When a simple DH
structure or a quantum well (QW) is assumed as a structure of light-emitting device
such as LD, cladding (barrier) layers should be thick enough for optical confinement,
while active (well) layer is relatively thin. Therefore, the cladding layers should be
lattice-matched to the substrate to avoid generation of misfit dislocations.

When GaAs is used as a substrate, among compositions for lattice-matching,
either ZnSopeSep.0s4 or Znp42CdossS seems to be suitable for the cladding layers
rather than quaternary alloys, because control of solid composition is easier for
ternary alloys. In particular, the composition of ZnSgosSepss is close to that of
ZnSe, whose growth techniques have been well established. Therefore, it is desirable
to choose ZnSo.065€0.94 as the cladding layer, and device structures with ZnSg,.0sS€0.04
cladding layers will be treated in the following argument.

On the other hand, active (well) layer must be lattice-mismatched to the cladding
layers, and therefore also to the substrate for realizing type-I band lineup. In ad-
dition, the thickness of the active layer should be within critical thickness to avoid
lattice relaxation, where the active layer is subjected to strain Therefore, when the
device structures on GaAs substrates are discussed, it is not practical to use lay-
ers with very large lattice-mismatch, because critical thickness becomes very small
for such layers. For this reason, discussion is concentrated in this section on the
composition close to that of ZnSe, i.e., composition area of 0<2<0.3 and 0< y <0.3.

Lattice mismatch m against a substrate is defined as
(a = asub)

= A 2.11
sub ( )
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of Zny_,Cd,S,Se_, on GaAs
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Figure 2.5: The equi-lattice-mismatch lines for the Zn;_.Cd;S,Se;—y in the compo-
sition area of 0<2<0.3 and 0<y<0.3.

where ag,y, is lattice constant of the substrate. Figure 2.5 shows lattice mismatch of
Zny—zCd;S,Se1—yto GaAs. Several models to calculate the critical thickness (Z.) as
a function of lattice mismatch have been proposed to date. Matthews and Blakeslee
[161] and People and Bean [162] proposed the theories for the estimation of critical
thickness, t.. Among zinc blende II-VI compounds, . of ZnSe grown on GaAs
(lattice-mismatch of 0.26%) has been investigated experimentally by several groups,
and reported to be about 1500 A [163]. On the other hand, results of theoretical
calculation are =520 A by Matthews and Blakeslee’s model (MB model) [161] and
tc=2.3 pm by People and Bean’s model (PB model) [162]. Therefore, for ZnSe or
other II-VI materials, the actual critical thickness is probably between the values
predicted by the above two models.

For example, if the ZnSe layer has lattice-mismatch of 1 %, it is estimated that #.
is between 97 A (according to MB model) and 1000 A (PB model); these values do
not vary with composition sensitively. At present, these theories should be used as a
guideline in designing and fabricating the device structures using the (Zn,Cd)(S,Se)
system, because there are few experimental results of critical thickness for these
materials. By characterization of the structure thus fabricated, e.g., systematic
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study of the optical and crystallographic quality of QWs with the same composition
and different thickness, the theory of critical thickness should be amended.

In the calculation of band-lineups of the heterostructures including such strained
layers, strain effects should be taken into account For the quaternary epitaxial layer

coherently grown on (100)-oriented substrate, strain tensors ;; are given by

Geub — @
Eyy = €22 =€ = “(-—Z—b-ulkb—dk), (2.12)
012)
o= —2(42),. 2.13
B (Cu € (2.13)
Epy = Eyz = Ezz = 0, (214)

where aq,, and @y are the lattice constants of the substrate and the epitaxial layer
without strain, respectively, C1y and (', the elastic stiffness constants of the qua-
ternary alloy, which were derived from those of binary compounds by composition-
weighted averaging.

Conduction- and valence-band-edges of the ZnCdSSe epitaxial layers under strain
are given by [130]

Ec,stra.in = Ec,U + Ehca (2.15)

Ev,h.h,strain = EV,O + Ehv = Em (2.16)

1 1
Ev,lh,sr.rain o Ev,O + Ehv + §A0 + ‘2“Es
1

: (A% +200E, +9E2)7 (2.17)

LI

+

1 1
Ev,so,strain = EV,U + Ehv = EAO + EES

1 1
-5 (A3 +240F, +9E2)? (2.18)
where
'
Ehcz ac(£rm+£yy+gzz) :206{1_ (é’j‘)}‘g? (219)
C
Epy = ay(eza + Eyy + €22) =2‘IV{1_ (’é’i‘?)}e' (2.20)
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Ey=bleps—Ep) = —b{1+2(%)}5, (2.21)

11

and E. g and F, g are the conduction and valence band edge energies without strain,
respectively, and subscripts hh, lh and so denote heavy hole, light hole and spin-orbit
split off bands, respectively. Ag is spin-orbit splitting energy. The parameters a,.
and a, are the hydrostatic deformation potentials for conduction and valence bands,
respectively, and b is the shear deformation potential.

Deformation potentials for ZnSSe were linearly interpolated from those for ZnSe
and 7ZnS. Since the deformation potentials for cubic CdS or CdSe are not avail-
able, deformation potentials for Zn;_.Cd;5,Se;_, were substituted by those for
Z18,Se;—, with the same sulfur composition y. This substitution may cause discrep-
ancy if cadmium composition in the alloy is high. However, as far as the cadmium
composition z is less than 0.3 and thus the strain also is less than a few percent,
the error is roughly estimated to be less than about 10 meV. Since the values of
deformation potentials for ZnS and ZnSe themselves are not well established exper-
imentally so far, the results obtained here should be taken as a guideline for the

present purpose.

Egnn (eV) of Zny_,Cd,S,Se;_, on GaAs

ZnSp 3Seg 7 5 Zng 7Cdy 3S0.35€eq 7
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Figure 2.6: The equi-bandgap lines at RT for Zn;_,Cd.5,Se;_, coherently grown
on GaAs. Strain effects are taken into account.
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Figure 2.7: The equi-valence-band-offset lines for Zn;_.Cd,;S,Se;_, against
ZnSg.06Seg.04 lattice-matched to GaAs substrate.
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ZnSp.065€0.04-
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Under the condition that cladding layers should be lattice-matched to the sub-
strate, as described previously, it is thought to be necessary to use well layers with
lager lattice constant than the cladding layers in order to realize so-called type-I
band lineups, in which the well layers act as potential wells for both electrons and
holes. Therefore, the well layers suffer from biaxial compressive strain, which results
in the split of the valence band into heavy and light hole bands, and the heavy hole
band at k=0 becomes the top of the valence band. Thus, the heavy hole band is
emphasized in the following arguments. Here, bandgap under strain is given by

-Eg,strain = Ec,strain = Ev,hh,st.ra.ina (222)

and equi-bandgap lines thus calculated for psendomorphic ZnCdSSe alloys grown
on GaAs are shown in Fig. 2.6. As mentioned previously, it is assumed that
ZnSo.065€0.94, which is lattice-matched to GaAs, is used as a cladding layer. There-
fore, valence- and conduction-band-offsets between cladding and active layers are

given by
AEV = Ly hhstrain — Ev,ZnSSm (223)
AEC = Ec,ZnSSe = Ec,strain-: (2'24)

where Ey znsse and E¢ znsse refer to valence and conduction band edge energies of
ZnSp.06S€0.94, respectively. It is should be noted that the sign of AE, and AE,
are defined to be positive when a ZnCdSSe layer acts as a potential well in the
Eqgs. (2.23) and (2.24). For carrier confinement, therefore, both AF. and AFE,
should be positive. Figures 2.7 and 2.8 show calculated results for band-offsets
of the pseudomorphic Zn;_;Cd;S,Se;_, relative to ZnSgpeSeg94 for valence and
conduction bands, respectively.

2.3.2 Device structures

In designing light-emitting devices, there seem to be two fundamental require-
ments; (1) all the constituent layers must be grown coherently to substrates, (2)
both conduction- and valence-band-offsets should be large enough to confine both
electrons and holes into the active layer. Zny_.Cd, Se-ZnS¢ 0sSengs heterostructure
system, which was proposed first by Wu et al. [164], seems to satisfy these require-
ments. Since ZnSSe cladding layers are lattice-matched to GaAs, whole structure
can be grown coherently by adjusting composition and thickness of the Zn;_,Cd.Se
well layer. In such QWs, type-I band-lineup will be realized as seen from Figs. 2.7
and 2.8. An example of calculated band-lineup for ZnCdSe-ZnSSe QWs is shown in
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Figure 2.9: Calculated band-lineup for ZnCdSe-ZnSSe MQW on GaAs at RT.
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Figure 2.10: Example of calculated band-lineup at RT for modified MQW laser
structure using ZnCdSSe quaternary system.
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Figure 2.11: Example of calculated band-lineup for GRIN-SCH laser structure using
ZnCdSSe quaternary system.

Fig. 2.9. Kawakami et al. have reported the first operation of optically pumped laser
consist of this type of multiple quantum wells (MQWs) in 1991 [55]; the tLreshold
excitation intensity was the lowest and the operating temperature was the highest
in optically pumped lasers emitting blue-green light at that time. Furthermore, high
performance of LDs [165] or LEDs [61] using this material system has been reported
also by other groups later. These facts suggest high potential of this system for
blue/blue-green light-emitting devices.

For further improvement in performance of blue/blue-green LDs and LEDs to-
ward practical use, the structure have to be optimized precisely under severe re-
striction that the strain in the wells should be suppressed not to generate misfit
dislocations. For this purpose, it is desirable to increase flexibility in designing by
introducing ZnCdSSe quaternary alloy.

For example, if we assume a simple DH structure emitting light of certain
wavelength, composition of the well is fixed when Zn;_,Cd,Se is used, while us-
ing Zni—Cd.;SySe;—y, we can choose appropriate values of z and y, and there-
fore band-offset ratio AE.::AE,. In addition, by using ZnCdSSe quaternary alloy
whose composition is between ZnSSe and ZnCdSe, it becomes possible to utilize a
modified MQW [166] or a graded index separate confinement heterostructure QW
(GRIN-SCH-QW) [167] which are effective for the improvement of LDs as has been
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performed in III-V semiconductors. Examples of calculated band-lineups for these

structures are shown in Figs. 2.10 and 2.11.

2.4 Design of device structures on GaP

2.4.1 Physical parameters

In this section, discussions will be concentrated on the pseudomorphic structures on
GaP. Quaternary alloys lattice-matched to GaP possess alloy compositions between
ZnSg.845€0,16 and ZnggoCdp 105, as shown in Fig. 2.1. Since the materials not highly
lattice-mismatched to these quaternary alloys are of interest in a practical device
structure, special emphasis is given on the physical parameters of the quaternary
alloy, Zn;_,Cd,S,Se;_, in the composition range of 0 <z < 0.3 and 0.7 < y < 1.
The procedure to calculate physical parameters is basically the same as in the
case for GaAs substrates. Lattice mismatch of a Zn;_,Cd.S,Se;_, alloy to a GaP
substrate is shown in Fig. 2.12. As mentioned previously and also seen from Fig. 2.12,
two kinds of ternary alloys, i.e., ZnSpg4Sep.16 and ZnpgepCdo10S can be lattice-
matched to GaP. These ternary alloys seem to be suitable for the cladding layers.

Lattice-mismatch (%)
of Zny_,CdxS,Se;_, to GaP
ZnS Zng. 7Cd0_3s

/ 77

0.8
/ 2. 5

0 0.3
ZnSp 7Seq 3 Zno.70d0.330.7390.3

0.7

Figure 2.12: Lattice mismatch of Zn;_.Cd;S,Se;_, to GaP substrate.
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Figure 2.13: Bandgap of Zn;_,Cd;5,5¢,_, grown coherently onto GaP substrate at
RT.
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Figure 2.14: Valence-band-offset in Zn;_.Cd,S,Se;_, /ZnSpg45Seq.16 heterostructure
grown coherently on GaP substrate.
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Figure 2.15: Conduction-band-offset in Zny_,Cd,S,Se1—,/ZnSq.s45¢eq,16 heterostruc-
ture grown coherently on GaP substrate.

Here, calculated results are shown for the structure where ZnSp.g4Sep.16 is used as
a cladding layer. Similar calculations can be conducted for those with a Zng s0Cdg.105
cladding layer. Equi-bandgap lines calculated for pseudomorphic ZnCdSSe alloys
grown on GaP are shown in Fig. 2.13. Band-offsets of the pseudomorphic ZnCdSSe
for valence and conduction bands relative to ZnSps45eq.16 are shown in Figs. 2.14
and 2.15. As seen from Fig. 2.13, the bandgap is much larger than that for the case
of GaAs substrate shown in Fig. 2.6, as a result of increased sulfur composition. As
for band-offsets, the fundamental feature is similar to the case on GaAs substrate.
However, the spacing of the lines in Figs. 2.14 and 2.15 is smaller than that in
Figs. 2.7 and 2.8, while the spacings of the equi-lattice-mismatch lines in Figs. 2.12
and 2.5 are similar. This means larger band offsets can be obtained in the structure
on GaP than in those on GaAs for the same lattice-mismatch values, which is due
to bowing effect of bandgap.

2.4.2 Device structures

An example of a calculated band-lineup of the ZnCdSSe/ZnSSe heterostructure
on GaP substrates is shown in Fig. 2.16. The well layer possesses lattice-mismatch
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Figure 2.16: Example of calculated band-lineup of the ZnCdSSe/ZnSSe heterostruc-
ture on GaP substrates at RT.
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Figure 2.17: Example of calculated band-lineup of the ZnCdSSe/ZnCdS heterostruc-
ture on GaP substrates.
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of 1.33%, which gives the calculated critical thickness (t) of 66 A (according to
MB model) and 490 A (PB model). The bandgap of the well at RT is 3.246 eV
, corresponding to the near-UV spectral region. The heterostructures have fairly
large band-offsets compared with thermal energy at RT, reflecting the differences in
compositions of both anion and cation between the well and the barrier layers; this
is realized by using ZnCdSSe. If larger conduction or valence band-offset is needed,
it would be possible to construct such a structure by changing cation or anion
composition of the ZnCdSSe well layer, respectively, although the lattice mismatch
obviously increases. It should be noted that ZnCdSSe quaternary well layers must
be included in such structures as have large band-offsets for valence and conduction
bands.

In addition to the structure where ZnSg 84Seo.16 ternary alloys are used as cladding
layers, it is possible to construct a structure where Zng.g0Cdo.105 ternary alloys are
used as cladding layers. Figure 2.17 shows an example of the calculated band lineup
for the system using the ZnCdS cladding layers. The values are similar to those in
Fig. 2.16, because the solid compositions of the constituent layers in both structures
are essentially close to that of ZnS. A key factor in determining which structure is
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Figure 2.18: Effective bandgap and band-offsets of ZnggsCdo1550.54Se0.16-
ZIlSo_quEo,[s SQW at RT.
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Chapter 3

/mSe-based structures with ZnCdSSe
quaternary alloys on GaAs substrates

3.1 Introduction

ZnSe has long been studied as a material for blue-light-emitting devices, and recently
the development of ZnSe-based heterostructure as well as the success in p-type
conduction control by molecular beam epitaxy (MBE) lead to ZnSe-based blue-green
laser diodes (LDs) and light-emitting diodes (LEDs), as mentioned in Chapter 1. For
more flexible design of the devices with the ZnSe-based system, the use of ZnCdSSe
quaternary alloys is proposed in this study.

For the epitaxial growth of ZnSe and ZnSe-based heterostructure, metalorganic
vapor phase epitaxy (MOVPE) and MBE are considered to be suitable techniques.
Both techniques enable us to reduce extrinsic impurity and intrinsic defects in ZnSe-
based crystals owing to low growth temperature. One of the advantages of MOVPE
technique is good controllability of growth rate and composition especially in the
alloy growth, as a result of mass flow control of gaseous sources. On the other
hand, MBE technique is suitable for the growth of heterostructure with uniform
thickness and abrupt interfaces, and enables one to monitor surface structure in situ
by reflection high-energy electron diffraction (RHEED).

Gas-source MBE (GSMBE) or metalorganic MBE (MOMBE) is a kind of MBE
technique where all or a part of the sources are gaseous ones [169-171]. In gen-
eral, such MBE-based techniques as use metalorganics in part are called MOMBE.
These techniques have advantages of both MOVPE and MBE mentioned above,
i.e., good controllability of composition and structure especially in the growth of
alloys containing elements having high vapor pressure. Therefore, it is suitable for
the growth of multi-layered structures with alloys, such as light-emitting devices
with multiple quantum wells (MQWs). In particular, this technique seems to be

33
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suitable for the growth of IT-VI materials because both group-1I and -VI elements
have high vapor pressure. For ZnSe, several authors have reported the GSMBE
growth [45,172-175]. In addition, successful growth of ZnSe/ ZnSSe [176] and
ZnCdSe/ZnSSe [164] short period strained layer superlattices have been reported.
Furthermore, optically pumped blue-green laser using ZnCdSe/ZnSSe MQWs which
showed the lowest threshold excitation intensity was fabricated by MOMBE tech-
nique [55]. On the basis of these background, MOMBE technique seems to be one of
the most suitable technique for the growth of ZnSe-based structures with ZnCdSSe.

In this Chapter, MOMBE growth and characterization of ZnCdS5Se quaternary
alloys on GaAs substrates are described [177]. Since the growth condition of ZnSe
or ZnSSe by using the present system is well-established, ZnCdSSe was grown by
perturbing the condition from that for ZnSe or ZnSSe. As applications of ZnCdSSe,
fabrication of optically pumped laser is also described [96].

3.2 Growth systems and techniques

The epitaxial growth for films described in this chapter was carried out using a
MOMBE system (ANELVA KMV-101) which was designed especially for gas source
applications. The MOMBE system is schematically illustrated in Fig. 3.1. It
is equipped with RHEED and dynamic RHEED monitorring system, with which

RHEED
ligquid nitrogen GUN main chamber

sub-chamber

K-cells toion pump
K 1
D L_to shutters_;' to diffusion pump
| 2 dynamic RHEED
personal i_— itori
R et monitoring system
CCD camera

RHEED pattern

Figure 3.1: Schematic illustration of the MOMBE system.
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Table 3.1: Typical growth condition of ZnCdSSe.

Substrate Temperature 280 °C

DMZ flow rate 22.4 pmol/min

DMSe flow rate 53.7 pmol/min

H,S flow rate 0-81 pmol/min

Cd cell temperature 180-200 °C

(Cd flux) (order of 10 atoms/(cm?-s))

RHEED pattern and intensity can be monitorred. The background pressure of the
system is about 1x1072 Torr and the working pressure during the growth is of the
order of 10~° Torr. Dimethylzinc (DMZn), hydrogen sulfide (H2S) and dimethylse-
lenide (DMSe) were used as gas-source materials for zinc, sulfur and selenium, re-
spectively. Since metalorganic zinc source was used, the growth technique used in
this chapter is called MOMBE, and is distinguished from that used in the next chap-
ter, which is called GSMBE. The DMZn, H,S and DMSe gas flows were controlled
by mass flow controllers, and before the introduction of these source gases into the
growth chamber, they were decomposed with tantalum crackers at 950, 1080 and
850 °C, respectively. For a cadmium source, metallic cadmium was used in order
to avoid the excess generation of hydrocarbon, which causes a rise in background
pressure and impedes the MBE growth mode. The flux intensity of cadmium was
controlled using a conventional Knudsen cell. The (100)-oriented GaAs substrates
were pretreated by degreasing, etching in H,S04:H205:H20=5:1:1 solution and then
dipping into a (NH4),S, solution for a few minutes [178]. Prior to the growth, the
substrates were preheated to 420 °C in the chamber to desorb the excess sulfur. This
procedure has been reported to be very effective for the two-dimensional nucleation
of ZnSe [179], ZnSSe [176] and ZnCdSe [164] from an early stage of growth. At first,
ZnSe buffer layers were coherently grown with a thickness of several hundred A at a
substrate temperature (75, ) of 280 °C, which has been established as the optimum
temperature for the growth of ZnSe, using our MOMBE system [176,179]. As a first
step, ZnCdSSe quaternary alloy layers with small cadmium and sulfur composition
were grown on ZnSe buffers at T4, =280 °C with constant flow rate of zinc and
selenium sources, while varying the supply of cadmium and sulfur sources. Typical

growth conditions are summarized in Table 3.1.
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3.3 Growth and characterization of ZnCdSSe quater-
nary alloys

The dependence of lattice parameter normal to the surface plane (a,) and photolu-
minescence (PL) peak energy at 4.2 K (Ep) of Zn;_,Cd;S,Se;—, on the amount of
source supply was investigated. Flow rates of DMZn and DMSe were kept constant,
while the cadmium cell temperature and flow rate of H;S were changed. For PL
measurements, a He-Cd laser (325 nm) was used as an excitation source. Excitation
power density was 500 mW /cm?. Figures 3.2 and 3.3 show the results, where depen-
dence on flow rate of H5S are shown using cadmium cell temperature as a parameter.
The lattice parameter was measured by X-ray diffraction. Since Zn;_,Cd.S,5e;—,
alloys whose data are shown in Fig. 3.2 and 3.3 are thin (500-3000 A) and have small
lattice-mismatch to GaAs (less than 1 %), they are probably pseudomorphic. (Note
that the difference between a; and agaas becomes large if the Zn;_,Cd;S,Se;_, is
pseudomorphic.) In fact, lattice parameter of the Zn;_,Cd;S,Se;_, layers parallel
to the surface plane was almost the same as that of GaAs, which was confirmed
by (400) and (511) X-ray diffraction measurement. PL peak is probably due to the
radiative recombination of free excitons or excitons bound to shallow impurities,
although the origin has not been identified yet. It is seen from the figures that both
lattice parameter and Epp, vary steadily with changing H,S flow rate. Therefore, it
seems that composition of Zn;_;Cd.5,5e;_, can be controlled by changing source
supply.

The composition of several quaternary alloys were evaluated by the analysis of
the intensity ratio of Auger signals for each atom, while composition of the ternary
layer was evaluated from lattice parameter measured by X-ray diffraction. For each
composition thus determined, experimental values of a; and Ep;, were compared
with the calculated values of a; and heavy-hole bandgap under strain (Egny), re-
spectively. In Figs. 3.4 and 3.5, the composition of the quaternary alloys are plotted
with the experimental values, and calculated contours of a; and Egy), are also drawn,
respectively. For a, , the experimental and calculated values agree very well for small
sulfur composition area (y < 0.1), while the experimental values are somewhat larger
than the calculated values. This discrepancy can be explained if it is assumed that
sulfur composition was overestimated. As for Fpr, it should be noted that two
ZnCdSe layers are not pseudomorphic but nearly free-standing owing to relatively
large lattice-mismatch of 0.8 and 1.5 % and thickness of more than 1 gm, while the
ZnCdSSe and ZnSSe layers are pseudomorphic. If it is assumed that the origin of
the emission is the excitons bound to shallow impurity, the difference between the
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Figure 3.2: Dependence of lattice parameter a; on H;S flow rate, using cadmium
cell temperature as a parameter.
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Figure 3.3: Dependence of 4.2 K PL peak energy on H,S flow rate, using cadmium
cell temperature as a parameter.
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bandgap and the peak energy is the sum of binding energy of free exciton (EfE=19
meV in ZnSe [107]) and localization energy to the impurity (several meV). As seen
in Fig. 3.5, the discrepancy between calculated bandgap and observed Ep;, becomes
larger as the sulfur composition increases. This can also be explained qualitatively if
overestimation of sulfur composition is assumed. Note that for ZnSgy 105e0.90, whose
composition was determined by X-ray diffraction, energy of heavy-hole free exci-
ton emission (2.867 eV) agrees very well with expected value of 2.863 eV (=Egpy
(2.882 eV) —ELE (19 meV)). Also note that for Zn,Cd;_.Se (£=0.08, 0.19) expected
bandgaps are 15 and 27 meV smaller than the values of pseudomorphic layers since
lattice strain is relaxed. Anyway, it is difficult to discuss relationship between Egy),
and Fpp, quantitatively because the origin of PL for each composition has not been
identified yet. However, we may conclude that experimental and calculated values
agree qualitatively for lattice parameters and bandgap. It is also pointed out that
sulfur composition may be overestimated by Auger analysis.

Figure 3.6 shows the variation of cadmium and sulfur composition as a function
of H;S flow rate using cadmium cell temperature as a parameter, under constant

0.6 Cd S
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190°C O A ------
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Figure 3.6: The variation of alloy compositions of Cd and S as a function of H,S
flow rate under a constant supply of Cd flux.
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flow rates of DMZn and DMSe, 22.4 and 53.7 pumol/min, respectively. It was found
that sulfur composition increases with increasing H,S flow rate, while cadmium
composition is kept at an almost constant value depending on the cadmium flux. It
was also found that for the same flow rate of H,S sulfur composition of ZnCdSSe
is smaller than that of ZnSSe. Therefore, sulfur composition seems to decrease
as cadmium flux increases. Since the sulfur composition of ZnCdSSe is probably
overestimated by Auger analysis as mentioned above, i.e., actual sulfur composition
of ZnCdSSe seems to be smaller, the reduction of sulfur composition by cadminm flux
may be larger than shown in Fig. 3.6. This effect is probably related to the differences
in bond strength between sulfur and selenium compounds and the variation in the
VI/II flux ratio. Any way, a Zn;_,Cd;S,Se;_, epilayer with alloy composition of
z and y can be reproduced in the composition range of z=0-0.1 and y=0-0.25, by
changing cadmium and sulfur fluxes.

The RHEED patterns along the [011], [010] and [011] azimuths for a (100)
ZnCdSSe surface are shown in Fig. 3.7. The streaked (1x1) RHEED pattern with a
strong specular spot remained unchanged during the growth, indicating the smooth
surface and cubic-structured single-crystal nature of the growing layer. In the present
growth system, RHEED intensity oscillations has been observed during the growth
of ZnSe, ZnSSe [176] and ZnCdSe [164] alloy systems, and has been applied to the
fabrication of multilayered structures. Likewise, as for ZnCdSSe quaternary alloys,
the RHEED intensity oscillations during the growth were observed for the first time.
Figure 3.8 shows the variation of the specular beam intensity in the RHEED pattern
from a (100) ZnCdSSe surface along the [011] azimuth. When the growth was re-
sumed by supplying group-II sources after growth interruption where only group-1V
sources were supplied to the surface, cyclic intensity oscillations that continued to
more than 40 periods were clearly observed. The oscillations became weaker with in-
creasing layer thickness, but after interruption and resumption of the growth, strong
oscillation was observed again. This indicates that the growth occurs with a two-
dimensional layer-by-layer mechanism. Thus, it is possible to fabricate multilayered
structures with very smooth and abrupt interfaces and precisely controlled thickness
of each layer.

Structural quality was assessed by X-ray diffraction measurement. Figure 3.9
shows the double-crystal X-ray rocking curve of the (400) diffraction peak of a
0.96 pm-thick Zng95Cdp.05S0.155€0.85 film on a 600 A-thick ZnSe buffer layer. The
crystal structures of CdSe and CdS are usually hexagonal wurzite while those of
Zn3e and ZnS are cubic zinc blende In ZnCdSSe, which is their alloy, instability
of the crystal structure may exist, which results in generation of defects with high
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Figure 3.7: RHEED patterns observed along [011], [010] and [011] azimuths for a
(100)-oriented ZnCdSSe surface.
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Figure 3.8: Intensity oscillations of the specular beam in the RHEED pattern ob-
served for a (100) ZnCdSSe surface along the [011] azimuth.
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Figure 3.9: Double-crystal X-ray diffraction rocking curve of a 0.96 um-thick layer
of Zno.95Cdo.0sSo.155€0.85 on a 600 A-thick ZnSe buffer layer on GaAs. The lattice
mismatch between this layer and the substrate is about 0.1 % assuming that elastic
constant of the layer is equal to that of ZnSe.

concentration. However, as seen in Fig. 3.9, a full-width at half-maximum (FWHM)
of a cubic (400) diffraction peak was as small as 40 arcsec. This implies that the
ZnCdSSe quaternary layer has a zinc blende structure with excellent crystallographic
quality. This is probably attributed to the relatively low cadmium composition of
the ZnCdSSe layer and two-dimensional growth on the GaAs substrate in a nearly
lattice-matched condition in the present experiments. As regards the quality of the
ZnCdSSe layer with higher composition of cadmium and sulfur, further investigation
is needed.

The 4.2 K PL and reflection spectra of ZnggsCdgo550.155€0.85 are shown in
Fig. 3.10. The main peak at 2.794 eV is probably due to the radiative recombi-
nation of bound excitons because it is located near the absorption edge determined
by the reflection spectrum, as indicated by an arrow in Fig. 3.10(a). Temperature
dependence of emission intensity of this peak shows two-step quenching character-
istics with activation energy values of 4 and 19 meV, respectively, which indicates
that the origin of this peak is a radiative recombination of excitons bound to neutral
donors. However, the origin of donor species is not clear at this moment. Emission
intensity of deep-level peaking at around 2.3 eV is considerably smaller than that
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of the main peak, indicating a low concentration of deep radiative centers. These

results indicate good optical quality and support the high quality of ZnCdSSe qua-
ternary alloy epilayers grown by MOMBE.
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Figure 3.10: 4.2K PL spectra of a Znp.g5Cdo 0550.155€0.85 layer on GaAs: (a) ex-

citonic emission region; and (b) entire visible region. Reflection spectrum is also
drawn in (a).
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3.4 Fabrication of optically pumped lasers

In this section, fabrication of optically pumped lasers with double-heterostructures
(DH structures) and modified MQW structures on GaAs substrates using ZnCdSSe
is described. Figures 3.11 and 3.12 shows the DH structures, “DH1” and “DH2”,
as well as the calculated results of band-lineups, refractive indices (n) and optical
confinement factors (Top) [180]. For comparison with PL spectra taken at 4.2 K,
the band-lineups were calculated using parameters at 4.2 K, while the band-lineups
at room temperature (RT) were calculated in Chapter 2. In the calculation of band-
lineups, effect of strain was taken into account assuming that all the layers were
pseudomorphic. This assumption is probably valid judging from double crystal X-
ray rocking curves and surface morphology. Topy Was calculated assuming that the
thickness of the cladding layers was infinite. For a GaAs-Alp4GaosAs DH struc-
ture laser with a 1000 A thick active layer, Topt=0.3 [180], while I'opi<0.1 for a
graded-index waveguide separate-confinement heterostructure single quantum well
(GRIN-SCH) laser [167]. Therefore, I'ope values in the DH structures fabricated are
comparable to those in conventional III-V lasers.

In the growth of these DH structures, source supply of sulfur and selenium was
kept constant, i.e., the ZnCdSSe active layer was grown on the ZnSSe barrier only

89 meV 38 meV
> e > |e ZnSo.085€0.92 (500 A)
<——>|: Zng,95Cdo.1050.075€0.93
2742 eV (400 A) (n=3.08)
ZnSg ggSeggz (1.1 1 m)
(n=2.81)
C. B. V.B. ZnSe (600 A)
42K
GaAs sub. I pt=0.20

Figure 3.11: Schematic structure of DH structure “DH1”. Calculated results of
band-lineup, refractive indices n and optical confinement factor IFopt are also in-
serted.
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Figure 3.12: Structure of “DH2” and calculated results.
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Figure 3.13: (a) Excitation power density dependence of emission intensity from the
DH structure “DH1” at 70 K. Py, value is estimated at 18 kW/cm?. (b) Emission
spectra at 70 K below and above the lasing threshold.
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by adding cadmium flux. As described in the previous section, it is likely that sulfur
composition decreases by adding cadmium. By using this effect, it is expected that
DH structures with type-I band-lineups can be easily realized, i.e., the incorporation
of cadmium and the decrease of sulfur composition result in conduction- and valence-
band-offsets, respectively.

4.2 K PL from the both DH structures exhibited the strong emission originated
from the ZnCdSSe active layers, which indicated that excited carriers were collected
in the active layer. Therefore, these DH structures seem to possess the type-I band-
lineup, as has been predicted by the calculation. PL peak energies are 2.699 eV and
2.796 eV for DH1 and DH2, respectively, while the bandgaps calculated from the
composition are 2.742 eV and 2.808 eV at 4.2 K, respectively.

To achieve laser action in these structures by optical pumping, samples were
prepared by cleavage with the cavity length of 200-300 pm, and were excited by
a pulsed N3 laser, whose maximum output power, pulse width and repetition rate
were 500 kW, 7 ns, and 10 Hz, respectively. Figure 3.13 (a) shows emission intensity
dependence on excitation power density at 70 K. Above threshold excitation power
density (P) of 18 kW/cm?, emission intensity rapidly increases with increasing
excitation power density. Figure 3.13 (b) shows the emission spectra below and
above the threshold excitation power density. Above the threshold, a sharp emis-
sion peaking at 463 nm appeared, while a weak and broad emission was observed
below the threshold. Above results are clear evidence of the laser action above the
threshold. Laser action was observed also in DH2, as shown in Figs. 3.14 (a) and
(b), which shows the Py, value of 200 kW/cm? and lasing wavelength of 447 nm.
Larger Py, value in DH2 than in DH1 is probably due to smaller band offsets, i.e.,
weaker carrier confinement.

Figure 3.15 shows the schematic structure of a modified MQW structure together
with the calculated band-lineups at 4.2 K and optical parameters. Although both
ZnCdSSe and ZnCdSe layer are under strain in this structure, no crosshatched mor-
phology was seen on the surface, which implies that the density of misfit dislocations
is quite low. This structure exhibited intense PL emission peaking at 2.685 eV at
4.2 K as shown in Fig. 3.16. In reflection spectrum also drawn in Fig. 3.16, there
is a dip at the energy almost equal to the emission energy; Stokes shift is less than
1 meV. Therefore, the origin of this emission is identified as the radiative recombi-
nation of free excitons confined into the ZnCdSe well layers. Furthermore, the very
small value of Stokes shift suggests structural perfectness of the modified MQW.
However, it should be noted that the calculated bandgap of 2.740 eV is different
from the PL peak energy of 2.685 eV; this difference of 55 meV is too large for the
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Figure 3.14: (a) Excitation power density dependence of emission intensity from the
DH structure “DH2” at 70 K. Py, value is estimated at 200 kW/cm?. (b) Emission

spectra at 70 K.
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Figure 3.15: Schematic illustration of a modified MQW structure and calculated
results of band-lineups, refractive indices and optical confinement factor.
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Figure 3.16: 4.2 K PL spectra of modified MQW structure. Strong emission peak-
ing at 461.7 nm (2.685 eV) was observed. Reflection spectrum, in which a dip at
461.6 nm (2.686 eV) corresponding to the quantized level in the ZnCdSe well was
observed, is also shown. Stokes shift is less than 1 meV.

binding energy of free exciton even if enhancement of the binding energy by quantum
confinement is taken into account. This discrepancy seems to be due to uncertainty
in solid composition in the MQW structure and/or in physical parameters used in
the calculation. Therefore, more experimental data are needed to identify the factor.

Figure 3.17 (a) shows the excitation power density dependence of emission in-
tensity peaking at 466 nm at 70 K. Figure 3.17 (b) shows emission spectra. From
these figures, laser action was confirmed above Py, of 20 kW/cm?.

As have been shown above, laser operation was obtained in the multilayered
structures with ZnCdSSe quaternary alloy layers. This suggests that the quality
of the ZnCdSSe layers is good enough to be used in the fabrication of blue/blue-
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Figure 3.17: (a) Excitation power density dependence of emission intensity at 70 K
from a modified MQW structure shown in Fig. 3.15. P, value is about 20 kW /cm?.
(b) Emission spectra for various excitation power density.

green light-emitting devices. However, three samples mentioned above did not show
lasing at RT, while the ZnCdSe-Zn55e MQW system ever reported exhibited very
low threshold at RT. This is mainly due to the larger bandgap of the active layer
in the laser structure investigated in this study (2.6-2.7 eV at RT) compared to the
ZnCdSe-ZnSSe MQW samples (about 2.5 eV). The advantage of the use of ZnCdSSe
would be clear if the characteristics are compared at the same emission wavelength.
In other words, high performance will be accomplished by optimizing the growth
conditions and the structural parameters, e.g., layer thickness and alloy composition.
In fact, very recently in 1993, Schetzina et al. reported blue LEDs with a ZnCdSSe-
ZnSSe MQW structures on GaAs, which exhibited highly improved efficiency and
luminance compared to the blue LEDs ever reported [181]. This improvement seems
to be due to increased flexibility in the device design as a result of the use of ZnCdSSe
quaternary alloys, which is just the same idea as proposed in this study.

3.5 Summary

In this chapter, growth and characterization of ZnCdSSe quaternary alloys on GaAs
substrate were described. Experimental values of lattice constant and PL peak
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energy were compared with the calculated values, and qualitative agreement was
confirmed. RHEED intensity oscillation was observed during the ZnCdSSe growth
by MOMBE technique, which indicates two dimensional growth. The quaternary
alloys exhibited good crystallographic and optical properties.

Using ZnCdSSe, three types of multi-layered structures, i.e., two DH structures
and a modified MQW structure, were fabricated. In particular, the modified MQW
structure showed very small Stokes shift of less than 1 meV, which indicates per-
fectness of the structure. Optically pumped laser operation was observed at 70 K
in these three types of the structures. These results suggest that designed type-I
band-lineups was realized using ZnCdSSe, and that the ZnSe-based ZnCdSSe system
has high potential for the application to the blue/blue-green region optoelectronic
devices such as LEDs and LDs.



Chapter 4

ZnS-based structures grown by gas-source
molecular beam epitaxy on GaP substrates

4.1 Introduction

In Chapter 2, two types of light-emitting device structures, i.e., ZnSe-based structure
on GaAs for blue/blue-green region and ZnS-based structure on GaP for ultraviolet
(UV)/near-UV region, have been proposed. The former one, where ZnCdSSe assists
the ZnCdSe/ZnSSe system, has been investigated in Chapter 3, and it was shown
that high-quality ZnCdSSe layers and their heterostructures were fabricated. In
this chapter and the next chapter, the subject is shifted to the latter one, where
ZnCdSSe plays an essentially important role for the desired band-lineups for light-
emitting devices.

High-quality undoped and n-type ZnS has been grown by metalorganic vapor
phase epitaxy (MOVPE) [89,182,183] and molecular beam epitaxy (MBE) [184],
while low-resistive and reproducible p-type ZnS has not been reported yet [62,64].
As for ZnS-based alloys and their heterostructures, there have been only a small
number of reports on the growth of ZnSSe lattice-matched to GaP by MOVPE
[185], and ZnCdS/ZnS strained-layer superlattices on GaAs by MOVPE [72,74] and
MBE [186]. Generally speaking, the growth technique for ZnS and ZnS-based alloys
is not well-established, unlike the case for ZnSe.

To construct multilayers with controlled thickness and flat and abrupt interfaces,
such as ZnCdSSe/ZnSSe proposed in this study, MBE-based techniques seems to be
suitable. In these techniques, the choice of sulfur source is an important problem
since it is not easy to treat an elemental sulfur source with a conventional Knudsen
cell (K cell) owing to its very high vapor pressure. One possible solution is the use
of a specially designed cell for an elemental sulfur source. This approach will be
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described in the next chapter. The other solution is the use of the alternative sulfur
source, i.e., other solid source or a gaseous source of sulfur.

As a solid sulfur source other than elemental sulfur in molecular beam epitaxy,
7nS [39,187] is commonly used. In particular, it is widely used in the growth of ZnSSe
nearly lattice-matched to GaAs, i.e., alloys with small sulfur composition [188,189].
However, for the growth of ZnS and ZnS-based alloys, i.e., films with large sulfur
composition, it is impossible to control the flux ratio of sulfur to zinc, especially in
S-rich condition. This would result in the difficulty for the control of electrical and
optical properties of the ZnS-based crystals. Another interesting approach is the
use of electrochemical sulfur source reported by Prior et al. [190]. However, they
could produce ZnSSe alloys with only small sulfur composition; maximum sulfur
composition was 0.2. Therefore, it is considered that large sulfur flux, when growth
rate was reduced down to 0.05 pm/h. which is needed to grow ZnS-based crystals,
cannot be obtained using this technique.

Another alternative sulfur source is a gaseous source. Gas-source MBE (GSMBE)
technique including metalorganic MBE (MOMBE), which uses gaseous source(s), is
essentially suitable for the growth of materials which consist of elements having
high vapor pressure, such as sulfur. This is because supply of gaseous source can be
directly controlled stably by mass flow controller (MFC), while that of solid source
is controlled only by the cell temperature and becomes unstable for low operating
temperature as a result of high vapor pressure.

GSMBE of ZnS has been reported by a few authors [191-193]. However, the
technique for high quality ZnS including the choice of sources for sulfur and other el-
ements is not well-established. Furthermore, ZnS-based alloys and their heterostruc-
tures has not grown by GSMBE to the best of author’s knowledge.

In this chapter, on the basis of these background, growth and characterization
of ZnS-based crystals by GSMBE are described. Investigations to fabricate multi-
layered structure is also presented [99].

4.2 Growth systems and techniques

The epitaxial layers were grown in ANELVA KMV-101 GSMBE system, where
metallic zinc, metallic cadmium, dimethylselenide (DMSe), and hydrogen sulfide
(H2S) were used as source materials. This system is basically the same as that used
in Chapter 3, except that metallic zinc was used instead of the metalorganic. This
change made it possible to reduce the background pressure during the growth for
equivalent source supply of zine, and to increase the supply of sulfur maintaining a
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Table 4.1: Typical growth conditions.

Substrate temperature 200 °C
Zn cell temperature 330 °C
Cd cell temperature 220-240 °C
DMSe flow rate 18-54 pmol/min
H3S flow rate 260 pmol/min

MBE condition, i.e., sufficient mean free path. Flow rates of DMSe and H,S were
controlled by MFCs and these source gases were cracked at 820 °C and 1100 °C,
respectively. For zinc and cadmium, conventional K cells were used. GaP was used
as a substrate. The orientation of the surface was (100)£0.5° or (100) tilted 6°
toward [011].

The pretreatment process of GaP for the epitaxial growth of ZnS-based crystals is
not well established. In this study, the GaP substrates were pretreated tentatively
as following: (1) degreasing; (2) etching in a HNO3:HCl:H,0=1:2:2 solution; (3)
cleaning in water; (4) dipping into a HF solution for several sec; (5) dipping into a
(NH4)2S; solution for 5 min; (6) cleaning in methanol; (7) drying; (8) loading into
the exchange chamber; and (9) heating up to about 400 °C before growth. Here, the
(NH4),S; treatment [178] is reported to be effective for two dimensional nucleation
of ZnSe-based crystals on GaAs substrates [179,194]. For GaP substrates, reduction
of surface state density by the (NH4);S, treatment, as in the case for GaAs [195],
was reported [196], and effectiveness of the treatment for MOVPE of high-quality
(Al,Ga)P was also shown [197]. Therefore, the (NHy4);S, treatment is believed
to be effective for GSMBE of ZnS-based crystals. Typical growth conditions are
summarized in Table 4.1. As for the flow rate of H,S, preliminary experiments
indicated that large H,S flow rate was needed for the practical growth rate owing
to very low sticking coefficient of sulfur source molecules. Therefore, the flow rate
of HyS was fixed at as large as 260 pmol/min, which is almost the maximum value

in the present growth system.

4.3 Growth and characterization

4.3.1 ZnS

To construct ZnCdSSe/ZnSSe (ZnCdS) heterostructures, it is necessary to control
composition of ternary and quaternary alloys. However, since fundamental growth
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parameters such as the substrate temperature and the ratio of group-VI flux to
group-II flux for GSMBE of ZnS-based crystals are not established, the situation is
complicated; composition control and optimization of the above parameters should
be accomplished at the same time, which seems to be rather difficult. Therefore, it is
thought that these parameters are established for the simple binary compound, ZnS,
and then, the growth conditions of ternary and quaternary alloys are investigated
as a perturbation from the ZnS growth.

Firstly, dependence of growth rate on substrate temperature (7,,,) was investi-
gated. At Tiup = 300 °C, which is the normal temperature for MBE of ZnSe, growth
rate was small, typically less than 1000 A/h even for the very large H,S flow rate of
260 pmol/min. This low growth rate is not practical for the device fabrication. This
is probably due to incomplete decomposition of H,S and low sticking coefficient of
source species. Quadrupole mass analysis (QMA) study of the cracking characteris-
tics of H2S in the present system showed that HyS pyrolysis began at the cracking
temperature (T, ) of about 900 °C, and cracking efficiency continued to increase as
T was raised up to 1200 °C [198]. Therefore, at T, = 1100 °C, which was chosen
to suppress corrosion of tantalum baffle by H3S, only a small amount of HyS was
decomposed. On the other hand, it was reported that in MBE growth of Zn$S using
elemental sulfur, growth rate decreased when sulfur molecules were cracked [199].
This means that the cracked molecules have the lower sticking coefficient than the
molecules evaporated from elemental sulfur (Sg). Therefore, sulfur source species
produced by the cracking of HyS, probably S; or Sy, have a low sticking coefficient.
For these reasons, lower Ty, of 200 °C, where the growth rate of ZnS was typically
2000 A/h, was adopted to increase the sticking coefficient of the source molecules
and to avoid the degradation of crystallographic quality due to too low Tyy.

Since the flow rate of HyS was fixed at 260 pmol/min, which was near the upper
limit in the present growth system, the ratio of the group-VI flux to the group-IT flux
was changed only by changing the zinc cell temperature. The effect of the flux ratio
on the film quality was not clearly observed. Therefore, in the following section, the
zinc cell temperature, typically 330 °C, was chosen so that growth was carried out
under the condition between Zn-rich and Se-rich condition which was judged by the
growth rate dependence on the zinc cell temperature.

4.3.2 ZnSSe and ZnCdS

As cladding layers in UV /near-UV light-emitting devices proposed in this study,
ZnSSe or ZnCdS lattice-matched to GaP should be used. In this section, growth
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Figure 4.1: Sulfur composition of the ZnSSe ternary alloys grown on GaP substrates
at different flow rate of DMSe.

and characterization of ZnSSe and ZnCdS are described. A comparison of ZnSSe
and ZnCdS as cladding layers is also discussed.

Figure 4.1 shows the sulfur composition y in the ZnS,Se;_, ternary layers as a
function of the DMSe flow rate under a constant H,S flow rate of 260 pmol/min.
The sulfur composition was determined by X-ray diffraction. As the flow rate ratio
of [H2S]/([H2S]+[DMSe]) was decreased from 1 to 0.81 by increasing the DMSe flow
rate, sulfur composition decreased from 1 to 0.75. Surface morphology was typically
specular to the naked eyes. However, double-crystal X-ray rocking-curve (XRC)
measurements revealed large full-width at half maximum (FWHM) of the diffraction
peaks for the epitaxial layers with thicknesses of about 0.6-0.8 um irrespective of the
composition (e.g. about 1000 arcsec), even for the composition for lattice-matching
(y ~ 0.84).

Zn,Cd;_.S alloys were also grown, and cadmium composition was controlled by
changing zinc and cadmium cell temperature. However, FWHM of XRC of ZnCdS
was larger than that of ZnSSe, typically 1500-2000 arcsec for the thickness of about
0.5 pm. In addition, the lattice-matching effect, i.e., redution of FWHM around the
composition for lattice-matching (z ~ 0.10), was not observed.

Poor quality of these ternary alloy epitaxial layers in the high sulfur composition
range prepared by the present growth technique may be due to the fluctuation of
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Figure 4.2: 4.2 K PL spectra of ZnSSe for various composition.
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Figure 4.3: 4.2 K PL spectra of ZnCdS for various composition.
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alloy composition during the growth or large defect density, although we could not
identify any cause at the present stage.

Photoluminescence (PL) spectra were measured using a He-Cd laser (325 nm) as
a excitation source with excitation power density of about 500 mW/em?. Figures 4.2
and 4.3 show PL spectra of ZnSSe and ZnCdS at various composition, respectively.
Although FWHM values of XRC of ZnCdS layers were larger than those of ZnSSe
layers, ZnCdS layers exhibited a relatively sharp PL peak especially at z=0.09,
where FWHM was 34 meV. Therefore, ZnCdS would be a good material for optical
devices if the crystallographic quality is further improved.

Although both ZnSSe and ZnCdS are not satisfactory in the point of crystallo-
graphic quality, ZnSSe had better crystallographic quality than ZnCdS. Therefore,
at the present stage, it seems better to use ZnSSe as the cladding layers.

4.3.3 ZnCdSSe

Several ZnCdSSe quaternary alloys were grown on GaP substrates. Table 4.2 shows
the growth conditions of ZnCdSSe quaternary alloys. Composition of ZnCdSSe was
determined by energy dispersive X-ray analysis (EDX).

Figure 4.4 shows PL spectra of ZnCdSSe alloy layers grown under the conditions
summarized in Table 4.2, Each of them is seen to consist primarily of a broad
emission band, which is thought to be close to band edge. In Table 4.3, some physical
properties of these epitaxial layers obtained experimentally as well as the estimated
values by calculation are summarized. Namely, solid compositions of the alloys
were determined by EDX and lattice constants were measured by X-ray diffraction.
Epr" is defined as the highest energy in the luminescence tail, as indicated by arrows
in Fig. 4.4. Lattice constant at room temperature and bandgap at 4.2 K (E ca)
calculated from the alloy composition are also shown in Table 4.3. The measured
lattice constants are seen to agree fairly well with the calculated results. Regarding

Table 4.2: Growth conditions of ZnCdSSe.

Zn cell Cd cell H,S DMSe Substrate
Sample temperature temperature flow rate  flow rate temperature
(°C) (°C)  (umol/min) (pmol/min)  (°C)
330 220 260 54 200

A
B 330 240 260 36 200
C 330 240 260 54 200
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Figure 4.4: 4.2 K PL spectra of ZnCdSSe quaternary alloys. The arrows indicate
the highest energies in the luminescence tail, Epph.

Egcal and Eppb, the trend of the change with composition is consistent for the two
parameters. The relationship between Eg.a and Epp! will be more clear if the

origin of the luminescence is known.

Table 4.3: Physical properties of Zn;_,Cd.S,5e;1_,.

Compositions Measured Calculated

Sample  determined lattice lattice Epp Fgca™
by EDX constant  constant at 4.2 K
2 (Cd) y(S) (&) (4) (eV) (eV)
A 0.08 0.74 5.51 5.510 3.27 3.365
B 0.16  0.81 5.53 5.525 3.19 3.327
C 0.24 0.80 5.57 5.561 3.02 3.194

*defined as the highest energies in the photoluminescence tail,
as indicated by arrows in Fig. 4.4.
**calculated bandgap at 4.2 K.
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Figure 4.5: Calculated band lineup of the ZnCdSSe/ZnSSe DH structure fabricated
on a GaP substrate, assuming that the entire DH structure was coherently grown
on the GaP.

4.3.4 Double-heterostructure

As a first trial, a ZnCdSSe/ZnSSe double-heterostructure (DH structure) was fabri-
cated. The ZnCdSSe layer was grown under the same conditions as those of sample
B in Table 4.2. The band lineup was calculated from the compositions, assuming
that all the layers are coherently grown on a GaP substrate, as shown in Fig. 4.5.
Since the sulfur composition of the cladding layer is slightly larger than that under
the lattice-matching condition because of the difficulty in achieving the accurate
composition control in the present GSMBE system, the strain accumulated into the
DH structures may be partially released. However, since the effect of strain on band-
offset is not large enough to change the characteristics of the band lineup, the type-I
band lineup is thought to be realized.

Figure 4.6 shows 4.2 K PL spectrum of the DH structure. Although the active
layer is very thin compared with the barrier layers, PL from the active layer was
clearly observed. This suggests that excited electrons and holes generated at the
cladding layers flow into the active layer and recombine radiately there. It is rea-
sonable to conclude from this PL result that the type-I band lineup as shown in
Fig. 4.5, which is necessary for light emitting devices, is achieved on a GaP sub-
strate. However, relatively broad emissions from both the barrier and the active
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Figure 4.6: A 4.2K PL spectrum of ZnCdSSe/ZnSSe DH structure. A schematic
illustration of the structure is also inserted.

layers indicate poor qualities of the respective layers. A fairly large discrepancy of
180 meV between the calculated bandgap shown in Fig. 4.5 and the PL peak energy
may be related to the broadness and the uncertainty in physical parameters used in
the calculation.

Although the DH structure was fabricated as a first trial as stated above, the
quality of layers must still be significantly improved. Considering the fact that
the high-quality ZnSSe/GaP is realized by MOVPE [185], we believe that the poor
quality of the layers is related to the difficulty in growth of alloy layers with large
sulfur compositions by GSMBE. Therefore, some improvements on present GSMBE
technique are clearly necessary. The key factor seems to be the choice of gaseous
source of sulfur. The problem of the use of H2S seems to be the low cracking efficiency
(high decomposition temperature) and the low sticking coefficient of source species
(resulting low substrate temperature). Therefore, a gaseous source which can be
decomposed at low temperature into the species having a high sticking coefficient
is desired. Organic compounds of sulfur, diethylsulfide and tertiary-butylmercaptan
were tentatively used, although the detail is not described here. These compounds
were decomposed at lower temperature than H,S, which was judged from QMA
study, but the growth rate was considerably low; even lower than the case using HsS.
This may be due to the difference of molecular species or influence of hydrocarbon
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radicals. On the other hand, the background pressure became higher owing to
generated hydrocarbon radicals.

Therefore, the use of other appropriate gaseous source or some improvements
of the growth system, such as bubbling with hydrogen or reduction of the distance
between a cell and a substrate [172], or the use of a high-pressure type gas-cell [169]
for the more efficient cracking, seems to be needed.

4.4 Summary

In this chapter, growth and characterization of ZnS-based crystals were described.
Solid composition of ternary and quaternary alloys can be controlled by GSMBE.
For ZnCdSSe, experimental results of lattice constant and PL energies were com-
pared with calculated values. Quantitative agreement was obtained for lattice con-
stant, while calculated bandgaps and experimental PL energies agreed qualitatively.
However, it was found that the crystallographic quality of the epitaxial layers was
rather poor, which may result from composition fluctuation or large defect density
caused by the relatively low substrate temperature (200 °C). In principle, GSMBE
technique is probably suitable for the material containing elements having high va-
por pressure such as sulfur, but, appropriate gas-source should be developed instead
of HsS.

Although the quality of the film needed to be improved, ZnCdSSe/ZnSSe DH
structure was fabricated. Photoluminescence was observed from the active layer of
the DH structure, which indicates carrier confinement to the active layer.
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Chapter 5

ZnS-based structures grown by molecular
beam epitaxy using an elemental sulfur
source on GaP substrates

5.1 Introduction

As mentioned in Chapter 4, although the use of a gaseous source of sulfur is one
of the promising techniques for molecular beam epitaxy (MBE) of ZnS-based
crystals [191-193], an appropriate gaseous source has not been found yet. One of
the problems is the low sticking coefficient of the sulfur molecular species, which
are produced by cracking of the source gas, onto the substrate surface. This seems
to result in the low growth rate and difficulty in stoichiometry control owing to
insufficient supply of sulfur species. One of the solutions for this problem is to
increase the flow rate of the source gas, but it does not allow the MBE condition,
i.e., necessary mean free path, owing to the generation of excess gas by cracking.

It is expected that this problem can be solved by the use of elemental sulfur. To
date, several groups have reported MBE growth of ZnS using an elemental sulfur
source [38,199-203], but the growth technique of high quality crystals has not been
established yet. Moreover, there have been only a small number of reports on the
growth of ZnS-based alloys in MBE [70,186] and also in metalorganic vapor phase
epitaxy (MOVPE) (72,74,185].

One of the problems of the use of elemental sulfur is its very high vapor pressure,
which is about 10~® Torr at room temperature (RT). Since the conventional Knud-
sen cells (K-cells) have been designed mostly for the high-temperature use of the
materials such as aluminum and gallium having low vapor pressure, it is difficult to
control sulfur flux stably at low temperature using them. Therefore, for the use of
elemental sulfur, a cell should be designed for the exclusive use, especially for alloy

growth.
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In this chapter, the growth and characterization of ZnS-based crystals, using
an elemental sulfur source with a specially designed cell, is described. First, to
establish a growth technique of the ZnS-based crystals, growth conditions of ZnS and
ZnS-based alloys were extensively investigated by means of reflection high-energy
electron diffraction (RHEED) observation, X-ray rocking curve (XRC) measurement,
transmission electron microscope (TEM) observation, photoluminescence (PL), and
electrical characterization [204]. Second, fabrication of light-emitting devices, which
consists of the metal-insulator-semiconductor (MIS) structure, is also presented
[208).

5.2 Growth systems and techniques

Figure 5.1 shows a MBE system used in this chapter. The system consists of four
vacuum chambers, i.e., a loading chamber, a transfer chamber, a II-VI growth cham-
ber and a III-V growth chamber which is not used in this work. The loading chamber
and the II-VI chamber are evacuated with a turbo molecular pump and an oil diffu-
sion pump, respectively. The transfer chamber and the III-V chamber are pumped

To Ti getter pump

loading transfer
chamber chamber

____________
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| |

To turbe molecular pump

LN, shroud
heater

D temperature control
—_——

I L microwave

shutters control

Figure 5.1: Schematic illustration of MBE system.



5.2 Growth systems and techniques 65

with ion pumps and titanium getter pumps. The background pressures in the load-
ing chamber and the transfer chamber are the low 10~ Torr and below 10~ Torr,
respectively. The background pressure in the II-VI chamber is relatively high owing
to very high vapor pressure of sulfur at RT when the liquid nitrogen shroud is empty.
However, after introduction of liquid nitrogen into the shroud, it is reduced down
to less than 1x10™8 Torr. The growth chambers are equipped with RHEED, with
which surface structure of the films can be characterized in situ during the growth.

Four square substrates, in the size of lemx lem, can be set into the loading cham-
ber and the transfer chamber. Therefore, the growth can be carried out successively
without interval for evacuation. Source materials for the growth are elemental zinc,
cadmium, sulfur and selenium (6N purity each). As for the n-type doping, ZnCl; (5N
purity) was used. Conventional K-cells were used with crucibles made of pyrolytic
boron nitride (PBN), except for sulfur. Since group-II and VI elements have higher
vapor pressure than group-III elements, the operating temperature of the K-cells is
a relatively low value of around 200 to 300 °C. This results in instability of tem-
perature or a large time constant of temperature variation owing to relatively small
temperature difference between the cell and the surrounding. In order to raise the
operation temperature as high as possible, crucibles were capped with PBN plates
whose centers were drilled by 2 or 3 mm in diameter.

For sulfur, however, if we use a conventional K-cell, accurate control of beam
flux cannot be achieved, owing to very low operating temperature (less than 100 °C)
resulting from its very high vapor pressure. This makes it difficult to grow alloys
such as ZnSSe and ZnCdSSe with sufficient uniformity of sulfur composition. In
this study, a cracking cell specially designed for the use of sulfur (made by ULVAC
JAPAN Ltd.) is used. Figure 5.2 shows the sulfur cell. It consists of a source
effuser, a transport tube and a cracker. They are made of stainless steel, quartz
and graphite, respectively. These materials are not damaged by the reaction with
sulfur, although several materials, especially copper, are attacked by vapor of sulfur.
The temperature of a sulfur-source effuser was kept constant using oil flowing from
a constant-temperature oil bath. Stabilities of the temperature and flux intensity
measured by a nude ion gauge were in the range of +0.1 °C and +5 %, respectively.
The temperature of the cracker is kept at 200 °C. In this condition, sulfur molecules,
which are Sg for the main part, are probably not cracked to smaller species such as
Ss.

Two types of GaP substrates, whose orientations are just (100) (a just (100)
substrate) and misoriented 6° toward [011] (a misoriented substrate) were used.
The substrates were degreased and etched and followed by the (NH4)2S. treatment
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Figure 5.2: S cell specially designed for low temperature operation.

[196,197]. Before the growth, the substrates were heated in the growth chamber up
to about 400 °C, or above growth temperature if the growth temperature was higher
than 400 °C. In any case, thermal treatment for the desorption of surface oxide was
not performed, because the oxide are not formed after the (NH4),S; treatment [196].
The substrate temperature was calibrated using the melting point of tin (232 °C)
and lead (327 °C).

5.3 Growth and characterization

5.3.1 ZnS

Figure 5.3 shows RHEED patterns observed when ZnS was grown directly on the
misoriented substrate at the substrate temperature (Typ) of 330 °C. In this case,
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Figure 5.3: RHEED patterns along [011] direction for ZnS grown directly on GaP
substrate at several thickness: (a) 270 &; (b) 480 A; (¢) 780 A; (d) 2300 A. Twin spots
were observed at the thickness of around 480 A. The substrate surface is misoriented
6° toward [011] with respect to (100). Thicknesses are estimated assuming that the
growth rate in the early stage of nucleation is the same as that in the growth of
thick layer.
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Figure 5.4: Explanation of twin spots.

RHEED pattern changes as follows: (1) diffuse spots, (2) lattice pattern, (3) spotty
pattern with extra spots, (4) streak pattern. The cause of the extra spots are well-
explained by formation of twin crystals. As shown in Fig. 5.4, the extra spots and
normal diffraction spots are symmetrical with respect to the dashed lines which
indicate (111) and (111) planes of the epitaxial layer. Therefore, the extra spots are
due to twin crystals rotated on (111) and (111) planes. Such twin spots have been
sometimes observed during the growth of ZnS [38,191]. In this study, twin spots were
observed under wide range of growth conditions, such as substrate temperature and
flux intensity of group II and VI sources, on either the just (100) or the misoriented
substrates. Therefore, it seems that ZnS has tendency to form twin crystals easily.
In addition, twin spots were also seen during the growth of ZnS-based alloys such as
ZnSSe and ZnCdS. Appearance of such twins shows that a large number of defects
are produced at the initial stage of the growth, and thus it is desirable that epitaxial
growth is carried out without the twin formation. It was found that twin spots are
not observed during the growth of thin ZnS buffer layer up to the thickness (t) of
about 200 A at Ty, =490 °C, and following ZnS growth at Ty, =330 °C, as shown
in Fig. 5.5. In other words, ZnS can be grown without twin formation by inserting
the buffer layer grown at the high T's,1,. As will be shown later, this insertion of ZnS
buffer layer improves the crystallographic quality effectively.
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Figure 5.5: RHEED pattern observed during the growth of ZnS buffer at 490 °C
((a)~(c)) and following ZnS growth at 330 °C ((d),(e)) on the misoriented substrate:
(a) 50 A; (b) 150 &; (c) 200 A; (d) 410 A; (e) 4300 A. Twin spots were not observed
during whole stage of the growth.
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Figure 5.6: RHEED pattern along [011] and [011] direction for ZnS buffer ((a)—(c))
and ZnS ((d),(e)) on just (100)-oriented GaP substrate: (a) 20 A; (b) 100 4; (c) 200
A; (d) 400 A; (e) 6200 A. V-shape streaks, which were not seen on the misoriented
substrate, were observed along [011] direction during upper-ZnS growth ((d),(e)).
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From RHEED patterns at the initial stage of the growth, it is suggested that
three dimensional (3D) nucleation occurs at any substrate temperature. It is also
suggested that twins were readily formed on the (111) facet at a typical substrate
temperature of 330 °C. However, since twin spots became weak and disappeared
as the growth proceeded, it is likely that such twins are not formed on the (100)
oriented flat surface. On the other hand, during the growth of ZnS buffer layer at
the high substrate temperature of 490 °C, twins are not formed probably owing to
the enhancement of migration of the source species, although the initial nucleation
is still 3D mode. It is also likely that ZnS or ZnSSe growth proceeds without twin
formation even at Ty, =330 °C once the surface becomes relatively flat as a result
of the high temperature growth of the ZnS buffer.

Figure 5.6 shows RHEED patterns observed during the growth of ZnS with the
buffer layer on the just (100) substrate. Narrow v-shape streaks were observed along
[011] direction at t=400 A and t=1600 A, while such patterns were not observed
during the growth on the misoriented substrate (see Fig. 5.5). This indicates that
two kinds of facets with small misorientation from (100) plane were readily formed,
i.e., the surface was relatively rough, when the just (100) substrate was used. On
the other hand, it is suggestd that smoother surface was formed on the misoriented
substrate than on the just (100) substrate. Therefore, the misoriented substrates
will be mainly used in the following sections.

Figure 5.7 shows full-width at half maximum (FWHM) of XRC for ZnS as a
function of the thickness. FWHM values decrease with increasing thickness. For
undoped and Cl-doped layers, FWHM values are clearly reduced by using the buffer
layers. In addition, at t~1.7 ym, FWHM values are almost the same for undoped,
Cl-doped and N-doped layers with buffers. Furthermore, FWHM values for the
layers with and without buffers decrease continuously each as the thickness increases,
whether the layers were doped or undoped. Therefore, it can be concluded that
FWHM values are much reduced by using the buffers grown at the high substrate
temperature, and that the effect of doping on FWHM of XRC is small. In Fig. 5.7,
fluctuation of the data for Cl-doped layer without buffers, represented by closed
squares, may indicate the effect of doping, but those data are clearly distinguished
from the data with buffers. For the layers with the buffers, FWHM values are
reduced down to about 300 arcsec with increasing the thickness up to 2.5 gm. This
fact suggests that the crystallographic quality would be much better even for thinner
films if lattice mismatch and the other bad effect of the substrate on the films, e.g.,
influence of initial 3D nucleation, can be removed.
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Figure 5.7: FWHM of XRC for ZnS with and without buffers as functions of film
thickness. Open and closed symbols denote data point for the layers with and
without buffer layers, respectively.

Figures 5.8 and 5.9 show TEM bright field images of ZnS without and with the
buffer layer, respectively. In both figures, the regions with high concentration of
defects, the dark region, are seen near the ZnS/GaP interfaces. The thickness of the
defect region is thinner in the film with the buffer. This is probably related to the
fact that twin spots were not observed by RHEED when the buffers were used, and
coincides with the results of of XRC measurement. These results suggest that the
control of the interface between the GaP substrate and the epitaxial layer is very
important for the growth of high quality epilayers.

The 200 A thick ZnS buffer layers grown at Teupp=490 °C have been used for
the growth of lattice-matched ternary alloys as shown in the following sections.
If the lattice of the buffer relaxes owing to lattice-mismatch between ZnS and GaP
(0.76 %), the psendomorphic structure based on ZnSSe (ZnCdS)/GaP system cannot
be realized. Therefore, it is important to investigate whether the buffer is grown
coherently or not. Calculated critical thickness of ZnS grown on GaP is about 130 A
by the Matthews and Blakeslee’s model or 1800 A by the People and Bean’s model.
Therefore, 200 A seems to be close to actual critical thickness. Lattice parameter
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Figure 5.8: TEM bright field image of ZnS directly grown on (100) GaP misoriented
6° toward [011)].
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Figure 5.9: TEM image of ZnS with the buffer layer on (100) GaP misoriented 6°
toward [011].
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Figure 5.10: TEM bright field image of 200 A thick ZnS grown at Tgup,=490 °C on
the misoriented substrate. This layer was used as a buffer layer.

normal to the (100) plane measured by X-ray diffraction was 5.37 A while calculated
value is 5.358 A. In this calculation, the lattice constants of ZnS and GaP, 5.4093
A and 5.4506 A, respectively, and the elastic stiffness constants of C1; and Cig
of ZnS were used. A discrepancy between measured and calculated values may
be due to uncertainty of the elastic constants. From this result only, it cannot be
concluded that the ZnS buffer is pseudomorphic, but at least the lattice of the buffer
is considerably distorted by the lattice-mismatch. Figure 5.10 shows TEM image of
200 A thick ZnS grown on the misoriented GaP substrate at 490 °C, which was used
as the buffer layer. In the figure, no defect can be seen. Therefore, it seems that the
lattice of the 200 A thick ZnS on GaP does not relax. Rather rough surface seems
to be due to initial 3D nucleation, as observed by RHEED.

PL spectra were measured at 4.2 K using a He-Cd laser (3.814 eV, 325.0nm) as
a excitation source with excitation power density of about 500 mW /cm?. Figure
5.11 shows a typical PL spectrum of undoped ZnS. Similar spectra were observed
from undoped ZnS grown in this chapter under wide range of the growth conditions.
In other words, PL spectrum of undoped Zn§ is not sensitive to growth conditions.
In the exciton region, emission peaks were observed at 3.790 eV (327.0 nm) and
3.741 eV (331.3 nm), which have been assigned to I (radiative recombination of
excitons bound to neutral donors) and I; (radiative recombination of excitons bound
toneutral acceptor), respectively. The peak energy of I; line corresponds to a shallow
donor such as iodine [183,206]. On the other hand, the peak energy of the I, line
is smaller than I;™* (3.783 eV) [207]. Therefore, it seems to be due to a deeper
acceptor. However, FWHM values of the I; and I; lines are about 10 meV and
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Figure 5.11: Typical PL spectrum of undoped ZnS§ taken at 4.2 K.

much larger than those of I, lines of chlorine-doped ZnS (3.7 meV) which will be
described later. This suggests that Iy and I; emissions in undoped ZnS are not due to
a simple donor and an acceptor, respectively, but overlaps of plural emissions. The
peak at 3.666 eV (338.1 nm) has been reported to be due to radiative recombination
of free electrons and holes bound to acceptors (FB) [89], where acceptor species was
shallow one such as sodium. However, since the corresponding shallow I; line was
not observed, this assignment seems not to be applicable to this case. Similar PL
spectra of undoped ZnS have been reported for the layers grown by MBE [202] and
by MOVPE [89]. The fact that PL spectra is similar for the layers grown by different
techniques indicates that emissions observed in undoped ZnS, i.e., I3, I; and FB,
may be related to some native intrinsic defects.

5.3.2 ZnSSe and ZnCdS

In this section, growth and characterization of ZnSSe and ZnCdS ternary alloys are
described. First, ZnSSe ternary alloys were grown on the misoriented GaP substrates
with and without ZnS buffers grown at Ts,,=490 °C, and XRC of (400) diffraction
peak was measured. Figure 5.12 shows the dependence of FWHM on sulfur compo-
sition for ZnSSe grown directly on the substrates (solid line). Dashed line in Fig.
5.12 shows inclination of the crystal axis of the epitaxial layers with respect to the
substrates. FWHM values are rather large in the whole sulfur composition range
and do not show the effect of lattice-matching to GaP. On the other hand, incli-
nation is reduced around lattice-matched composition. Figure 5.13 shows FWHM
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Figure 5.12: FWHM of XRC and inclination of ZnSSe layers grown directly on the
substrate as functions of S composition.
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Figure 5.13: FWHM of XRC and inclination of ZnSSe layers grown on the buffer as
functions of S composition.
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Figure 5.14: FWHM of ZnS and ZnSpg7Sep.13 vs. film thickness. As grown ZnS and
ZnSSe layers were thinned by chemical etching and were characterized by XRC.

and inclination dependence for the layers grown on the ZnS buffer layers. Compared
to Fig. 5.12, FWHM values are drastically reduced. This is most likely caused by
the improved process in which twins are not produced. However, narrowing of XRC
peaks by lattice-matching is still not observed.

To investigate the reason why lattice-matching effects on FWHM of XRC were
not observed, thickness dependence of FWHM were assessed. Two samples, nearly
lattice-matched ZnSp g7Sep 13 and ZnS, both of which were grown on the ZnS buffers,
were chemically etched in HoSO4 and K2Crz204 solution. Figure 5.14 shows the re-
sults. For as-grown layers (1=1.1 pm), FWHM for ZnS and ZnSSe are similar values
of around 500-600 arcsec. However, when the layers were thinned to the thickness
of 1900 A, FWHM values for the ZnS increases to 1500 arcsec, while the value for
7ZnSSe show only slight increase to about 800 arcsec. From this result, we see that
lattice-matching effects on FWHM of XRC can be observed for thin layers while
the effects is screened by other factors for thick (¢>1 um) layers. If the unexpected
large FWHM value of 500 arcsec for ZnSSe layers grown in the lattice-matching
condition is due to the composition fluctuation during the growth, it corresponds to
the fluctuation of more than 7 % in the solid composition of sulfur ([S]) or selenium
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([Se]). For the growth of ZnS,Se;_, with y~0.84 which is nearly lattice-matched to
GaP, since [Se] is relatively small, we can assume that [Se] is nearly proportional
to Pse/(Ps+Pse), where Pgs, and Pg denote beam pressure of selenium and sul-
fur flux, respectively, and typically Ps.< Ps in this study. Therefore, for example,
10 % fluctuation in Pse or Pg will result in the fluctuation in [Se] of about only
16 %x10 %=1.6 %, and thus 7 % fluctuation is too large to be explained by the
variation of the beam flux, which was typically less than 10 % in this study. In fact,
the position of the X-ray diffraction peak was almost the same when the layer was
thinned by etching. Therefore, the fluctuation in composition is not the main factor.
As described in the previous section, FWHM values of ZnS films are reduced down
to about 300 arcsec with increasing the thickness to about 2.5 um. If larger FWHM
values of thinner ZnS films are only due to misfit dislocations, FWHM values for
nearly lattice-matched ZnSSe are supposed to be at least less than 300 arcsec. How-
ever, the values remain at about 500 arcsec. Therefore, it is speculated that the
ZnS(Se)/ZnS-buffer/GaP interface has unexpected influence on the quality of the
ZnS(Se) epitaxial layers, and that this causes the relatively large FWHM values.
One possibility for such influence is that the rather rough surface of the ZnS buffer

:I: 200 nm

ZnS g45€q 16
epl.

Figure 5.15: TEM bright field image of ZnSgp g4Sep.16 grown on ZnS buffer.
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as seen in Iig. 5.10 causes the defect formation in upper ZnS(Se), since the crys-
tallographic quality of ZnS(Se) is sensitive to the surface smoothness, as discussed
about twin formation in the previous section.

Figure 5.15 shows TEM bright field image of ZnSpg4Seg.16 grown on the Zn$
buffer. Compared to ZnS, concentration of defects near the interface between epi-
taxial layer and substrate seems to be low, however, fairly large number of defects are
seen in whole region, although the film is nearly lattice-matched to GaP. The fairly
large FWHM values of XRC, therefore, can be attributed to these defects. It seems
that the defects are generated at the epitaxial layer/substrate interface and spread
toward the surface. Therefore, the quality of the interface between the epitaxial
layer and the substrate should be improved further, although it became better to a
certain extent by using the ZnS buffer grown at high substrate temperature. As for
ZnSe grown on GaAs, it has been reported that the formation of GasSes interfacial
layer results in good nucleation [208]. However, the nature of chemical bonding and
its effect on the interfacial properties have not assessed yet for the ZnS(Se)/GaP
system. We expect that the further modification of GaP surface and/or the utiliza-
tion of some refined growth techniques such as cracking of a sulfur source [199,203]
would be effective for the two dimensional nucleation and also for the improvement
of crystallographic quality of ZnS-based alloy layers.

Figure 5.16 shows a typical PL spectrum of ZnSSe taken at 4.2 K. Sulfur com-
position was 83 %. A relatively broad emission peaking at 359.0nm (3.453 eV) with
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Figure 5.16: Typical 4.2 K PL spectrum of ZnSSe.
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Figure 5.17: Typical 4.2 K PL spectrum of ZnCdS.

the tail in longer wavelength side was observed near the band edge expected from
the composition. This emission probably consists of two or more emissions, although
the origin of each emission is unknown at present. Any way, this emission was fairly
strong compared with emissions from ZnS, which is possibly due to some localization
of excitons to alloy disorder.

ZnCdS films were also grown. The effect of the ZnS buffer layers grown at high
substrate temperature, i.e., the reduction of FWHM of XRC, was also observed
for ZnCdS. However, FWHM of XRC of ZnCdS nearly lattice-matched to GaP
were larger than those of ZnSSe. For example, FWHM of XRC for 1.2 pym thick
7mge2Cdg.0sS on the ZnS buffer was 890 arcsec; this value is larger than those for
ZnSSe and ZnS. This may be related to the increasing wurzite nature; since CdS
has wurzite structure in bulk crystals, twin or related defects may be produced more
easily as cadmium composition is increased. On the other hand, ZnCdS exhibited
relatively sharp PL at 4.2 K compared with ZnSSe as shown in Fig. 5.17. The layer
has cadmium composition of 9 %, and nearly lattice-matched to GaP. The peak
located at 343.3 nm (3.611 eV) and had FWHM of 20 meV.

As mentioned in Chapter 2, two kinds of ternary alloys, ZnSSe and ZnCdS, both
of which are lattice-matched to GaP, can be used as cladding layers in the device
structure. However, in the present growth technique, ZnSSe seems to have higher
crystallographic quality compared with ZnCdS. Therefore, ZnSSe was used in the
device structure described in the following sections.
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Table 5.1: Typical growth condition and solid composition of ZnCdSSe quaternary
alloy.

Beam pressure (x10-% Torr) | Substrate Composition
Zn Cd S Se | temperature (°C) [[z (Cd) | y (S)
2.8 0.8 9.5 0.8 330 0.23 0.23

5.3.3 ZnCdSSe

In ZnCdSSe/ZnSSe heterostructure systems on GaP substrates, ZnCdSSe is used as
pseudomorphic active layers, and suffers from strain. As described in Chapter 2,
ZnCdSSe active layers should have lattice-mismatch of more than 1 % to GaP in
order to achieve sufficient carrier confinement. Therefore, the thickness of ZnCdSSe
in actual heterostructures for light-emitting devices should be thin, e.g., ¢<200 A
However, for optical or crystallographic characterization, the layer thickness is re-
quired to be larger than several thousand A, where the lattice would be relaxed owing
to lattice-mismatch and dislocation defects would be formed. In other words, the
characterization of pseudomorphic ZnCdSSe is almost impossible. In this section,
therefore, only growth conditions of ZnCdSSe are investigated for the composition
control of ZnCdSSe in multi-layered device structures. Thick (¢>1 pm) ZnCdSSe
layers were grown and solid composition of those layers were determined by energy
dispersive X-ray analysis (EDX). Typical growth conditions and composition are
shown in Table 5.1.

5.3.4 Chlorine and nitrogen doping

To date, there have been numbers of reports on doping to ZnS films. As concerns
n-type conduction, the electron concentration (n) of about 10'® cm~2 or higher
has been achieved by aluminum [182] and iodine [183,209] doping in MOVPE and
aluminum doping in MBE [184]. On the other hand, in MBE of ZnSe, ZnCl; is
commonly used and maximum electron concentration of the order of 10'® cm=2 can
be obtained [210]. By doping with ZnCl; to ZnS in MBE, Cook et al. has reported
maximum electron concentration of 3.8x10'" cm~2. However, further improvement
of electron concentration is expected by optimization of the growth conditions. In
addition, sufficient flux of ZnCl; can be obtained at lower temperature (<200 °C)
compared with aluminum. This is a merit for avoiding contamination arising from
degassing. Therefore, ZnCl; was used for n-type doping in this section.
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As for p-type doping, lithium [62] and sodium [207] in MOVPE and phosphorus
[63] in MBE have been used as impurities. By doping nitrogen using ammonia
in VPE of ZnS, p-type conduction with hole concentration of 6x10'® em~3 was
reported [64] as mentioned in Chapter 1. For ZbSe, practical doping levels have
been achieved using a rf nitrogen plasma source [46,47] and led to the realization of
pn junction light-emitting devices, such as the first blue-green lasers [58,59]. From
these results, it is considered that a nitrogen plasma source may also be effective for
p-type doping of ZnS. However, the application of such technique for ZnS has never
been reported. Therefore, a nitrogen plasma source excited by microwave was used
for p-type doping in this section.

As for doping to ZnS-based alloy films, there have been few reports on both
n-type as well as p-type doping. To fabricate pseudomorphic device structures on
GaP, doping to ZnSSe ternary alloy is also investigated in this section.

First, Cl-doping to ZnS is described. Figure 5.18 shows electrical characteristics
of Cl-doped ZnS as a function of T7z,c), measured at RT. It seems that buffer layers
do not have clear effects on electrical characteristics. High carrier concentration
of 2x10® cm™2 and low resistivity of 0.1 Q-cm were achieved. The measured Hall
mobility (i) of about 30 em2.-V~=1.s71 for n=2x10'® cm~2 is comparable to the values
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Figure 5.18: Electrical characteristics of Cl-doped ZnS vs. Tznc), measured at RT.



5.3 Growth and characterization 83

reported so far, typically 20-100 cm?2-V~1-5~! for n on the order of 10'7 to 10!? cm 2
[182-184,202,209], or a little lower. According to the theoretical calculation by Ruda
and Lai [211], the values of p=30 cm?V~1s~! and n=2x10"® cm~? give a high
compensation ratio N,/Ny of about 0.9, where N, and Ny are acceptor and donor
concentration, respectively. However, it should be noted that the mobility may be
underestimated because the samples were not patterned as cloverleaf shape, and that
the effect of the high concentration of defects as shown in TEM images (see Figs.
5.8 and 5.9) was not taken into account in the theoretical calculation. Therefore,
the compensation ratio of 0.9 may not be reliable. Any way, for more detailed
discussion further investigation such as measurement of temperature dependence of
the mobility is necessary. Figure 5.19 shows PL spectra of Cl-doped ZnS grown
with various Tz,c),. For Tz,c1,=160, 180 and 200 °C, electrical characteristics are
very similar, however, clear differences can be seen in the PL spectra. For Tznci,
of 160 °C, strong exciton emission, which is probably assigned as I,, was observed.
However, it becomes weak and disappears as Tzncy,is increased, although electrical
characteristics are almost the same. Therefore, saturation in carrier concentration
is probably due to some kind of compensation, e.g., formation of self-activated (SA)
centers (Vzn-Cls) as observed in the deep level emission in PL spectra [212-214],
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Figure 5.19: PL spectra of Cl-doped ZnS.
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Figure 5.20: PL spectra of Cl-doped ZnS with and without buffer.

rather than saturation of incorporation. For Tzycy, of 140 °C, very sharp I, emission
was observed. As shown in Fig. 5.20, FWHM of the I, emission was as small as
3.7 meV, for the layers both with and without the buffers. Therefore, the effect of
the buffers was not observed also in PL spectra.

ZnSSe was also doped with chlorine. ZnSpg7Seg13 could be doped to n=>5x10'7
em ™2 when Tgz,c),=160 °C.

Second, nitrogen doping to ZnS was investigated. Flow rate of nitrogen was
typically 0.2 scem, and microwave input power was 160 W. ZnSe doped with ni-
trogen under this condition showed net acceptor concentration N,—Ny of the mid
107 ¢em~3. However, all ZnS$ films doped with nitrogen showed very high resistivity.
Some of the N-doped ZnS films exhibited sharp excitonic PL emissions at 4.2 K,
although the emissions could not be identified as those related to the nitrogen ac-
ceptor substituting for sulfur assuming the simple effective mass theory. PL spectra
of the rest of N-doped ZnS are very similar to those of undoped samples. Therefore,
the formation of N-acceptor could not be confirmed by PL. It seems that nitrogen

can hardly be incorporated into ZnS, which is a different situation from the case for
ZnSe.
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5.4 Fabrication of metal-insulator-semiconductor light-
emitting diodes

To date, numbers of MIS LEDs using bulk ZnS [20, 22, 23,25, 215] and epitaxial
ZnS films [209,216] have been reported. Among these devices, the highest external
quantum efficiency is about 0.1 %. In all these devices, self-activated (SA) emission
band [212-214], which corresponds to blue spectral region, was utilized. However,
there has been no reports until now, to author’s best knowledge, on the UV or near-
UV electroluminescence from ZnS-based structures, except for the recent results on
ZnCdS/ZnS multiple quantum wells (MQWs) on GaAs [76].

In this section, several types of MIS light-emitting devices are fabricated to
obtain UV or near-UV emission. Although the quality of ZnS and ZnS-based alloys
are still to be improved as described previously, evaluation of the potential of the
material system proposed in this study is examined at the present stage. Four
types of MIS LED are demonstrated. They are a ZnS-MIS LED, a ZnSSe-MIS
LED, a ZnCdSSe/ZnSSe quantum-well (QW) MIS LED (QW-MIS LED) and a
ZnCdSSe/ZnSSe QW LED with a N-doped layer (QW LED with N-doped layer).
The former three devices use undoped layers as insulator (I) layers, while the last
device uses a N-doped layer as an I layer.

The devices were fabricated on S-doped n-GaP whose orientation was (100) tilted
6° toward [011]. ZnS buffer layers were grown on the substrate at 7y,,=490 °C, and
doped with chlorine. However, resistivity in the buffer may be relatively high owing
to low incorporation of chlorine as a result of the high T,,,. If this is the case,
operating voltage will be increased by a few volts, considered from thickness of the
buffer. In fact, in the structure of n-ZnS/ZnS buffer/n-GaP sub., turn-on voltage was
about 2 V. Therefore, when the bias is applied to the device, about 2 V is probably
applied to the buffer layer. A MIS structures was fabricated on the buffer layer.
Semitransparent gold was formed on the top of the devices by vacuum evaporation,
and used as a contact. FEmission was detected through this semitransparent contact.
An ohmic contact to the GaP substrate was made by the deposition of AuGe and
Ni, followed by annealing in H,; ambient at 320 °C.

5.4.1 ZnS-MIS LED

Figure 5.21 shows the schematic structure of the ZnS-MIS LED. Cl-doped n-type
and undoped ZnS layer were used as a light emission layer and an I layer, respectively.
Figure 5.22 shows electroluminescence (EL) spectra of the ZnS-MIS LED. At 77 K,
two emission bands peaking at around 470 nm and 550 nm were observed. The
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Figure 5.21: Cross section of ZnS-MIS LED.
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Figure 5.22: EL spectra of ZnS-MIS LED.
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former is probably due to SA emission band of n-ZnS, while the latter seems to be
emitted from the GaP substrate. In the wavelength range from 330 nm to 400 nm,
broad UV emission was observed, although it is weaker than visible emission. At RT,
emission from ZnS became weak, and that from GaP was dominant. The emission
from GaP may be due to photoluminescence excited by emission from ZnS, and/or
hole injection to n-GaP by avalanche breakdown in the high resistivity layer near
the ZnS/GaP interface. If the GaP substrate is removed by the selective etching,
emission from only ZnS would be possible. From these results, it is considered that
strong UV emission cannot easily obtained from MIS LED using ZnS.

5.4.2 ZnSSe-MIS LED

Figure 5.23 shows the structure of the ZnSSe-MIS LED. The structure is the same
as the ZnS-MIS LED except that epitaxial layers are ZnSSe nearly lattice-matched
to GaP instead of ZnS. As shown in section 5.3.2, ZnSSe exhibits strong UV photo-
luminescence at low temperatures. Therefore, it is expected that ZnSSe-MIS LED
emits UV light. Figure 5.24 shows EL spectra of the ZnSSe-MIS LED. At 77 K,
UV emission peaking at around 360 nm was observed, although emission from GaP
around 550 nm is still stronger. Visible emission ranging from 450 nm to 500 nm,
which corresponds to deep level emission such as SA from n-ZnSSe, was also ob-
served. However, at RT, the UV emission almost disappeared. This suggests that
nonradiative recombination process dominated in the ZnSSe layer at RT.
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Figure 5.23: Cross section of ZnSSe-MIS LED.
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Figure 5.24: EL spectra of ZnSSe-MIS LED.

5.4.3 QW-MIS LED

Figure 5.25 shows the structure of the QW-MIS LED. A Zl‘lo,?'ero_z;;So_'rrSeo_gs/
ZnSoseSen.14 quantum well structure was grown at 330 °C on the ZnS buffer layer.
It was assumed that alloy compositions of the quaternary well layer are the same as
those of a single quaternary layer grown under the same conditions. To ensure the
reproducibility of the composition, the single quaternary alloy and the QW-MIS LED
were grown successively. The upper undoped ZnSSe layer was used as an I layer, and
the lower ZnSSe layer was doped with Cl to achieve n-type conduction. ZnSg.g6Seo.14
barrier layers are nearly lattice-matched to GaP, while the Zng77Cdg.2350.775€0.23
well layer has a lattice mismatch of 2.1% to the substrate, which gives the calculated
critical thickness values of 36 A and 155 A using the Matthews and Blakeslee’s (MB)
model [161] and the People and Bean’s (PB) model [162], respectively. The well
layer thickness of 80 A, therefore, is probably close to the actual critical thickness.
Since no evidence of lattice relaxation, such as crosshatched surface morphology, was
observed, the well layer was probably grown coherently on the ZnSSe layer. Figure
5.26 shows the calculated band lineup of the structure using the procedure described
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Figure 5.25: Cross section of QW-MIS LED.
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Figure 5.26: The calculated band lineup for the QW in the QW-MIS LED.
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in Chapter 2. For comparison with 4.2 K PL, the values at 4.2 K was calculated.
The calculated values for conduction- and valence-band offsets are 227 meV and
185 meV, respectively. One of the advantages of the ZnCdSSe/ZnSSe QW system is
that both conduction- and valence-band offset can be large, as shown in Fig. 5.26.

A 4.2 K PL spectrum of the QW structure is shown in Fig. 5.27 where there
are four major peaks at 358 nm, 384 nm, 398 nm and 416 nm. The differences
in wavelength of the latter three peaks are very close to the interval of the peaks
in the reflection spectrum caused by interference within the film. Therefore, it
is suggested that the PL spectrum is modulated by the interference and that the
true PL spectrum consists of two emission peaks which are located in the vicinity
of 358 nm and 384 nm. The former peak is attributed to the emission from ZnSSe
barrier layers because it coincides with the PL spectrum from the ZnSSe single layer.
On the other hand, the wavelength of 384 nm agrees rather well with the estimated
bandgap shown in Fig. 5.26. Therefore, the latter peak probably originates from
the Zng77Cdg2350.775€0.23 well layer. Although the well layer is very thin (80 A),
the emission from the well is clearly observed, indicating effective collection of the

excited carriers into the well layer.

ZnCdSSe/ZnSSe SQW

w
=
S | ZnSSe barrier 42K |
1 ZnCdSSe well i
= v :
2 [ X5 1
n | ]
c
2t 1
—
=
P |
o i
g g I | n P | ] n e

400 500 600
Wavelength (nm)

Figure 5.27: A 4.2 K PL spectrum of the QW structure.
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Current-voltage (I-V') characteristics of the QW-MIS LED at RT and 77 K are
shown in Fig. 5.28. Although the current transport mechanism is too complicated
to be explained, the slopes of the I-V curves are seen to be almost the same between
RT and 77 K, which strongly suggests that a tunneling process is related to current
transport. Figure 5.29 shows the electroluminescence (EL) spectra of QW-MIS LED
at 77 K as a function of the current density. When the sample was forward-biased
(Au:4) at 77 K, two emission peaks at around 361 nm (A) and 391 nm (B) were
observed. Owing to the interference, the spectra were modulated as in the case of
the PL spectrum. By comparison with the PL spectra, it is reasonable to conclude
that peaks A and B originate from radiative recombination in the ZnSSe barrier
layers and the ZnCdSSe well layers, respectively. Emission from the GaP substrate
in the range from 530 nm to 600 nm was also observed. At the current density
of 180 mA /cm?, the emission was very weak and peak A (from the ZnSSe barrier)
was stronger than peak B (from the ZnCdSSe well). When the current density was
increased to 360 mA/cm?, peak B became stronger than peak A. At the current
density of 5.4 A/cm? (current of 30 mA), peak B dominated the spectrum and

«:RT, Au:+ o 77K, Au:+ :
oL =:RT, Au:- 077K, Au:—
10% :
Qo ]
§ |
<
=107
‘@ i i
s : E
5 10} 3
5 :
O ! ]
-6 : " 1 PR -
L 0 5 10 15
Bias voltage (V)

Figure 5.28: Current-voltage characteristics of the QW-MIS LED. Measurement
temperature and polarity of the bias applied to the top Au contact are inserted in
the figure.
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corresponding purple emission was clearly observed with the naked eye through the
top semitransparent Au contact. Figure 5.30 shows the photograph of the QW-
MIS LED at 77 K. The process of EL from this type of MIS structure is probably
explained by the following mechanism. The minority carriers (holes) are injected by
tunneling from the Au electrode, as stated above. However, if the applied bias is low,
i.e., the current density is low, injected holes can probably recombine with electrons
in the [-ZnSSe layer before they reach the ZnCdSSe well layer because electric field
in the I-layer is also low. With increasing the bias voltage, most injected holes drift
to the well and recombine with electrons at the quaternary well layer, which results
in efficient near-UV emission.

With the detection of the emission through the n-ZnSSe layer by removing a part
of the GaP substrate, further improvement of the EL efficiency will be possible. At
RT, the emission intensity of the near-UV light was weak at the present stage, which
may be caused by the increase of the nonradiative recombination of the carriers or
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Figure 5.29: Electroluminescence spectra of the QW-MIS LED at 77 K for various
current densities.
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Figure 5.30: Photograph of QW-MIS LED at 77 K. Whitish purple emission was
clearly observed.

insufficient injection of the holes to the well layer. Relatively large FWHM values of
the PL peak at 4.2 K (about 120 meV) and the EL peak at 77 K (about 200 meV)
may be caused by the fluctuation in alloy composition or well thickness or by large
defect density, although we have not yet identified which is the main factor. In
any case, it is suggested that further improvement in the crystal quality is needed.
Moreover, it is necessary to attain low-resistance p-type conduction in ZnS as well
as in ZnSSe or ZnCdS alloy with a large S composition, which will enable us to

fabricate pn-junction near-UV or UV devices.

5.4.4 QW LED with N-doped layer

Figure 5.31 shows the structure. Compared with the QW-MIS LED mentioned
above, thicker N-doped layer was used as an I layer instead of the undoped layer. As
mentioned in section 5.3.4, N-doped layers were electrically high resistive. However,
if the N-doped layers are high-resistive p-type, hole injection from N-doped layer
can be expected, and some differences may be observed in I-V characteristics and
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Figure 5.31: Schematic structure of QW LED with N-doped layer.
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Figure 5.32: EL spectrum of the QW LED with N-doped layer.
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EL spectra of the QW LED with N-doped layer, compared with those of the QW-
MIS LED. Figure 5.32 shows EL spectrum of the QW LED with N-doped layer.
Being different from EL from the MIS device, emission from the ZnCdSSe well was
not clearly observed especially when the bias voltage was low. This result suggests
that the emission originated from the N-doped ZnSSe layer owing to hole injection
from the electrode, and most of injected holes recombined before they reached the
QW, especially under the low bias, because N-doped layer was relatively thick. This
implies that N-doped layer was not converted to p-type, which coincides with the
results in section 5.3.4. In addition, turn on voltage increased by about 10 V relative
to the QW-MIS LED. This seems to be due to increased thickness of N-doped layer,
because the voltage needed to cause tunneling is proportional to the thickness of
high-resistive layer. This also suggests that the N-doped layer is as high-resistive as
the undoped layers.

5.5 Summary

In this chapter, growth and characterization of ZnS-based crystals were described.
The growth process of ZnS was investigated by in situ monitorring by RHEED.
The film quality was characterized by XRC measurement and TEM observation, and
relationship with growth process has been discussed. It was found that the use of ZnS
buffer layer grown at high temperature improves the quality of upper epitaxial layers
of not only ZnS but also ZnSSe ternary alloys. However, for alloys, lattice-matching
effect to GaP, such as narrowing of XRC, was not clearly observed. On the other
hand, it was found from the XRC measurement that quality of ZnCdS layers was
worse than ZnSSe. n-type conduction control using ZnCl; was successfully achieved
in ZnS and ZnSSe; minimum resistivity was about 0.1 Q-cm at n=2x10"® cm—2.
However, the epitaxial layers doped with nitrogen using microwave-excited-plasma
remained high resistive, even if the doping was carried out under the condition where
the effective doping was achieved in ZnSe (N,—Ng>10'" cm™3).

On the basis of these results, light-emitting devices which consists of MIS struc-
tures were fabricated. From the ZnCdSSe/ZnSSe QW-MIS LED, strong near-UV
emission was observed at 77 K. This is the first observation of near-UV electrolumi-
nescence from pseudomorphic ZnS-based structures on GaP substrates, and strongly
suggests high potential of ZnCdSSe system for the application to UV /near-UV light-
emitting devices. However, more effort is still needed to improve crystallographic
quality and to achieve p-type conduction of these ZnS-based crystals.



96 Chapter 5 ZnS-based structures grown by MBE using elemental sulfur on GaP



Chapter 6

Conclusion

In this study, the utilization of ZnCdSSe quaternary alloys has been proposed for the
structural improvement of blue/blue-green light-emitting devices toward the practi-
cal use and for the developement of new material system for UV /near-UV devices.
On the basis of estimated physical parameters, a ZnSe-based structure on a GaAs
substrate has been proposed for the blue/blue-green device, while a ZnS-based struc-
ture on a GaP substrate has been proposed for the UV /near UV device. For the
construction of such structures, epitaxial layers were grown by metal-organic molec-
ular beam epitaxy (MOMBE), gas-source molecular beam epitaxy (GSMBE) and
molecular beam epitaxy (MBE), and were characterized in terms of crystallographic,
optical and electrical properties.

In Chapter 2, structural design of short-wavelength light-emitting devices with
ZnCdSSe quaternary alloys has been described. First, the physical parameters of
ZnCdSSe quaternary system, such as, the lattice constant, bandgap and band-edge
energy, were estimated from those of binary compounds. From this estimation, it was
predicted that strained layer heterostructures have to be used for carrier confinent,
which is necessary for the light emitting devices such as laser diodes. On the basis
of these results, two types of pseudomorphic device structures have been proposed.
Omne is the ZnSe-based structure on the GaAs substrate for the blue/blue-green
spectral region, in which ZnCdSSe is used to increase flexibility in device design,
and the other is the ZnS-based structure on the GaP substrate for the UV /near-UV
region, in which desirable band-lineup is realized by using ZnCdSSe. The critical
thickness of the strained layer and refractive indices of the constituent layers have
also been estimated. These results suggest that the ZnCdSSe quaternary alloy will
be useful for the short-wavelength light-emitting devices.

In Chapter 3, MOMBE and characterization of ZnCdSSe quaternary alloys and
ZnSe-based heterostructures were described. ZnCdSSe quaternary alloys were grown
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by MOMBE for the first time. The solid composition of Zn;—;Cd;S,Se;—, could
be controlled by changing source supply in the composition range of 0<z<0.1 and
0<y<0.25. Reflection high-energy electron diffraction (RHEED) intensity oscillation
was observed during the growth of ZnCdSSe on GaAs, which indicated two dimen-
sional growth mode. ZnCdSSe layers thus grown exhibited excellent crystallographic
and optical properties. For example, for a 0.96 pm thick Zng g5 Cdg.0550.155¢€0.85 layer,
which is nearly lattice-matched to the GaAs substrate, the full-width at half maxi-
mum (FWHM) of (400) X-ray rocking curve (XRC) was as small as 40 arcsec, and
a 4.2 K photoluminescence (PL) spectrum was dominated by exciton emission. In
addition, optically pumped lasing was observed in the multi-layered structure using
ZnCdSSe at 77 K. The threshold excitation intensity was as low as 18 kW /cm?.
From these results, it was shown that the ZnCdSSe system grown by the MOMBE
technique has high potential for the use in ZnSe-based light-emitting devices,

In Chapter 4, GSMBE and characterization of ZnS-based epitaxial layers and
their heterostructures were described. The solid compositions of ZnSSe and ZnCdSSe
with the large sulfur content could be well controlled. Some physical parameters of
ZnCdSSe were investigated, and agreed with estimated values described in Chap-
ter 2. A ZnCdSSe/ZnSSe double-heterostructure (DH structure) was also fabricated.
From the active layer of the DH structure, photoluminescence was observed at 4.2 K,
which suggests that carriers were confined in the active layer in accordance with
band-lineup estimation. However, crystallographic quality of the epitaxial layers
was rather poor; FWHM of XRC for about 1 um thick layers was about 1000 arc-
sec. This may be related to the mechanism of the growth using hydrogen sulfide as
a sulfur source. Therefore, it was suggested that an alternative sulfur source should
be used to grow high quality epitaxial layers.

In Chapter 5, MBE and characterization of ZnS-based epitaxial layers using
an elemental sulfur source was described. First, since MBE growth technique of
such ZnS-based crystals on the GaP substrate is not well established, the relation-
ship between growth process and film quality has been investigated for ZnS, by
using RHEED, XRC measurement and transmission electron microscope observa-
tion. It was found that crystallographic quality is improved by using the ZnS buffer
layer grown at high temperature onto the GaP substrate. This effect was also seen
for the ZnSSe ternary alloy, however, lattice-matching effect was not clearly ob-
served; FWHM of XRC was almost constant at about 500 arcsec for about 1 pm
thick layers irrespective of sulfur composition. This may result from the imper-
fect interface of the epitaxial layer and the substrate. n-type conduction control
was successfully achieved by chlorine doping. The resistivity at room temperature
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could be reduced down to 0.1 Q-cm, when the electron concentration was 2x10'®
em~3. On the other hand, p-type conduction was not obtained by nitrogen doping
with microwave-excited nitrogen plasma, unlike the case for ZnSe. On the basis
of these results, metal-insulator-semiconductor light-emitting diodes (LEDs) were
fabricated. Strong near-UV emission was observed from the LED with the pseudo-
morphic ZnCdSSe/ZnSSe quantum well at 77 K. These results strongly suggest high
potential of the ZnCdSSe/ZnSSe on GaP system for the application to UV /near-UV
light emitting devices.

It is considered that the results obtained in this study are very useful for the de-
velopement of short-wavelength light-emitting devices made from the wide-bandgap
I1-VI semiconductor. However, especially for UV /near-UV devices, further investi-
gation for the improvement of crystallographic quality and the realization of p-type
conduction in ZnS-based crystals is still needed. And these are the subject in future.
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