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ABSTRACT

Coherently coupled arrays of vertical cavity surface emitting lasers (VCSELSs)
offer the potential of extended area coherent sources with high spectral purity, useful in a
variety of applications in the high power (laser radar, optical communications, steerable
sources) and low power (image processing, spectroscopic sensing, optical logic) regimes.
A recently developed method for providing optical confinement is the introduction of a
two-dimensional photonic crystal (PhC) pattern with a defect, etched into the top
distributed Bragg reflector, to define a defect cavity in a VCSEL. This dissertation
investigates the operation of PhC VCSELs that have multiple defect cavities to form
arrays of vertically emitting lasers. A major achievement of this work is coherent
coupling between the defect cavities, with both out-of-phase and in-phase coherent
coupling in 2x1 and 2x2 defect cavity arrays. A qualitative and quantitative
understanding of the optical characteristics of PhC VCSEL arrays was developed and
demonstrated by the agreement of simulated to experiment results. Other conclusions
that are supported by this study are: (1) different wafers result in coupling at different
overlap integral values; (2) coupling can be effected by thermal effects (hysteresis
observed), and (3) the relative phase difference between the defect civilities can be varied

with injection current during both continuous-wave and pulsed operation.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

In its most fundamental definition, the term photonic crystal (PhC) denotes a periodicity
in optical refractive index. The concept of the PhC was first introduced in 1987 by
Yablonovitch, who suggested that spontaneous emission could be completely forbidden within
an electromagnetic bandgap [1]. When realized at optical wavelengths by employing a periodic
dielectric media, the resulting physicai structure is termed a PhC and the forbidden
electromagnetic band is denoted as the photonic bandgap (PBG). The experimental verification
of this concept was first carried out at microwave frequencies in 1989 [2]. This was an important
achievement, as it demonstrated that the bulk properties of the light-matter interaction could be -
directly affected by a PhC. While Purcell had described the property of a microcavity to modify
spontaneous emission more than 40 years earlier [3], it was the work by Yablonovitch that lead
to the PhC becoming a topic of major research interest and opportunity.

PhCs can be realized by creating 1-, 2-, and 3-dimensional (1D, 2D, 3D) periodic
variations in the index of refraction of a structure. It was discovered that 2D PhCs exhibit a PBG

in the direction of their periodic index variation (perpendicular to the PhC), but not in the non-

1
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periodic dimension (parallel to the PhC) {4-7]. The physical details of these structures determine
their PBG. A range of light frequencies is disallowed in the PBG, analogous to the electronic
bandgap that is seen in semiconductor materials. However, if one inserts an intentional
irregularity (or defect) into the periodic PhC structure, photons will tend to be confined around
this region. The defect has the effect of inserting a localized mode into what was the forbidden
zone of the PBG, permitting photons of a particular wavelength to exist but not to propagate in
the PhC. Since the use of conventional electronics fabrication technologies can be much more
easily applied to the creation of 2D PhCs than to 3D PhCs, many examples of lasing 2D PhC
devices have been reported 8, 9].

An example of a 1D PhC is the vertical cavity surface-emitting laser (VCSEL). The
VCSEL was invented by Soda et al. in 1979 [10], though it was not considered a 1D PhC until
after Yablonovitch’s discovery ten years later. The VCSEL typically consists of a multiple
quantum well active region as the gain medium, bounded by top and bottom distributed Bragg
reflectors (DBRs) to create a resonant cavity. Population inversion is commonly provided by
direct electrical injection through the doped DBR layers. Ohmic contacts can be made using Ti-
Au for the p-type contact and AuGe/Ni/Au for the n-type contact. The most commonly
commercially produced VCSELs emit at a wavelength of 850 nm by utilization of GaAs in the
quantum wells. The DBR layers are comprised of alternating layers with high and low
aluminum mole fraction of AlGaAs, with typical resultant refractive index values of 3.0 and 3.55
for the high and low Al content layers, respectively, at 850 nm. In order to achieve very high
mirror reflectivities, 25 to 35 mirror periods are commonly created by epitaxial growth, with
fewer mirror periods on the side of the device where light is to be coupled externally. Lateral

current confinement is most often achieved by means of selective oxidation [11] of an epitaxial

2
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layer or layers, or by ion implantation. The introduction of an oxide layer also introduces an
index step that provides inherent optical confinement, while the use of ion implantation for
current confinement provides no such index step.

VCSELs have major commercial markets, primarily as the light sources in local area
networks for short-haul fiber optical data communications links. Other applications for VCSELs
are optical sensing and spectroscopy, reduced-scale atomic clocks, and free-space optical
interconnects. Very often it is desirable to have the highest possible light output power while
maintaining single fundamental mode operation. Because of the narrow thickness of the
epitaxially grown active region and cavity, VCSELs operate in a single longitudinal mode.
However, unless strict attention is given to design and fabrication, multiple lateral mode
operation can be the result of the relatively large optical cavity diameters. Several viable
methods for achieving single fundamental mode operation in VCSELs have been demonstrated,
including etched air posts [12], selective oxidation [13], ion implantation [14], surface relief
etching [15], and combinations of the aforementioned [16,17]. These approaches typically
involve small cavity diameters, complex fabrication procedures, and/or excessive optical loss.
The desire to create a readily manufactureable and robust process to achieve high power single
fundamental mode operation motivated the development of the PhC VCSEL. It has been
discovered that PhC VCSELSs can achieve high power single mode operation with a reproducible,
simple fabrication process that is extendable to any VCSEL material system [18].

A PhC VCSEL is created when a 2D PhC pattern containing at least one defect is etched
into the top DBR of an ion-implanted or selectively oxidized VCSEL [18-20]. This is
schematically shown in Figure 1.1(a) and (b). Figure 1.1(c) shows that three lateral regions of

effective index result: (i) the region within the defect that contains neither the PhC or oxide

3
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layer, (ii) the region that contains the effect of the PhC, and (iii) the region that contains the
effect of the PhC and oxide layer (dominated by the oxide layer). This index profile can produce
a resonant cavity confined in the lateral dimension by the PhC, and is referred to as a PhC defect
cavity. While such a 2D configuration is indeed a PhC, the laser’s operation does not rely on a
PBG, as the propagation and emission of light are parallel to the air holes comprising the PhC,
and not in the plane of the periodic index variation introduced by the holes. This is a situation
directly analogous to the PhC fiber, where a central propagation region is surrounded by a
pattern of air holes extending axially along the fiber. Such an arrangement has resulted in fibers
with unique single mode operation independent of operating frequency, described as an

“endlessly single mode” property [21].
PhC

rln‘_—_-—_defect
0000OGOOOS EEEEE”
000000OCGO
0000000O0CGO
....‘... (b) _% Oxide
<9000 9 9@ R -
0000000 SO
0900000000
000000006
00000006 OCGS

(a)

Y
N

aperture

AT ESI VLSS ILLI LTSS T LIS SIS ESLT LA IS LS LSS ST ASI S LLS LTI SIS SS.
O Gy
(c) |Mest |——-‘ ‘—ﬁj (iti)
Figure 1.1: (a) Top view of a PhC pattern with a single defect. The red arrow indicates the slice shown in (b) the

side view cross section of a PhC VCSEL. (c) Indicates the corresponding change in effective index seen in the
structure (not drawn to scale).

To illustrate this point graphically, a photonic band diagram is shown in Figure 1.2 [22].
For this case, a perfect 2D PhC (infinite air holes with no defects) in a bulk semiconductor
material is assumed. A triangular lattice with a hole diameter () to lattice constant (a) ratio, or
b/a, of 0.85 was used. The shaded region marks the in-plane PBG. However, in the out-of-plane

propagation case shown on the right of the plot in Figure 1.2 the bandgap vanishes, as would be

4
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expected since there is no varying index in this direction. The out-of-plane photonic band
diagram is useful in that it allows for the calculation of the effective index for the structure. This
is done by taking the inverse slope of a straight line from the origin to its intersection with the
lowest order propagating mode (denoted by the red curve) at a point fixed by the lattice constant

for the particular 2D PhC pattern divided by the operating wavelength [22], analogous to the PhC

fiber case [21].
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Figure 1.2: Photonic band diagram for a perfect 2D PhC modeled as infinite air holes in a surrounding bulk
semiconductor material. Both the in-plane and out-of-plane (for increasing k,) cases are shown. The in-plane
PBG is indicated by the shaded region. The red curve indicates the lowest order out-of-plane propagation mode.
The dashed line is used in approximating the effective index for the out-of-plane case [22].

Using this approximation to determine the refractive index of a PhC along with a
transmission matrix approach, we can determine an effective index for the three regions (i), (ii),
and (iii) of Figure 1.1(c), and denote them npm, neq, and noy, respectively. The transmission matrix
approach is applicable because cavity resonance wavelength shifts correspond to changes in
effective index [23]. The finite depth of the PhC holes can be accommodated in neq by

calculating an effective index for each DBR layer penetrated by the PhC holes before applying
5
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the transmission matrix approach [18]. Experiments confirmed the validity of using such a PhC

model, and showed that an average index method approach was not appropriate [24].

Figure 1.3: Out-of-plane photonic band diagram for a single hole defect in the previous 2D PhC. There now
appear guided PhC modes lying below the red curve, which represents the lowest order radiation mode. Three
calculated modal intensity plots are shown [25].

Figure 1.3 shows the resulting change in the out-of-plane photonic band diagram when a
defect 1s added to the PhC pattern (still assumes infinite hole depth) [25]. Notice that there are
now a number of modes which lie below the red curve. These are the modes that are confined
and guided by the PhC defect. The two lowest order PhC VCSEL modes are shown (for k, =
1.4). The first unconfined PhC mode (also called a radiation mode) is also shown (for k, =1.4).
This is a mode which is not guided by the PhC defect. The modal intensity distributions are
influenced by the PhC holes, as is apparent in Figure 1.3. It is also apparent from the photonic
band diagram that for k, > 0.4 this is a multimode design, since more than just the fundamental
PhC defect mode are confined and allowed below the unconfined mode.

A motivation for creating PhC VCSELs was the potential for engineering VCSEL modal

properties. The precise control that the PhC affords in engineering the lateral index confinement,

6
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not easily available with other methods used in VCSEL manufacturing, allows for the design of
single mode operation which can be accomplished by use of the Vs parameter [24]. The
fabrication parameters that may be engineered are: (1) the PhC lattice constant a (this is the
spacing between centers of nearest neighbor holes); (2) the hole diameter b; (3) the hole depth;
and (4) the number of missing air holes making up the defect. Resulting spectral plots for a
single mode and a multimode PhC VCSEL are shown as Figure 1.4(a) and (b), respectively [26].
The light versus current characteristic for a single fundamental mode PhC VCSEL is shown in
Figure 1.5 [27]. The device achieved greater than 3 mW of continuous wave (CW) room
temperature output power, with greater than 30 dB side mode suppression from threshold to
maximum power. Additionally, PhC VCSELs have also shown promising results with regard to

high speed small signal modulation [28].
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Figure 1.4: Lasing spectra for (a) a single mode PhC VCSEL and a (b) multimode PhC VSCEL. Inset are the
near field images of the lasing devices [26].
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Figure 1.5: LIV plot for a PhC VCSEL lasing in the single fundamental mode from the threshold current value
to the maximum light output current value [27].

A rigorous and thorough investigation into the modal properties of PhC VCSELs
fabricated into selectively oxidized VCSELs has been conducted [18]. However, until now the
far field radiation properties of the PhC VCSELSs have not been examined. To that end, devices
that were previously examined in [18], and determined to operate as single mode PhC defect
cavity confined devices, were investigated to determine their far field emission properties. The
first determination made was the appropriate current to use when observing the far field
measurement. Several devices were tested by providing current injection at various levels from
below threshold to above threshold and measuring the angular width of the resulting far field
radiation profile.

The results for a PhC VCSEL with a single defect are shown in Figure 1.6. This plot
shows the angular widths of the far field intensity pattern measured at the 1/e?, 1/e, and 1/2 times
the maximum intensity points (see Figure A.1 in Appendix A for a graphical depiction
explaining how this measurement convention is defined and applied throughout this dissertation).
Measurements were made over a broad range of injection currents, both below and above the

measured threshold current of 3.9 mA. It is seen that the angular width narrows dramatically

8
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once threshold is achieved and reaches a constant value for all three measurements soon after
[29]. In order to insure that future far field measurements would be taken within the range of

constant angular width, 1.5 times threshold current is used as the measurement standard.
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Figure 1.6: Measured full angular width of the far field intensity pattern for a single defect cavity PhC VCSEL.
Measured threshold current is 3.9 mA. (° scan was used for each data point.

Following these results, far field measurements where then made at 1.5 times threshold
for many single mode PhC VCSELs of various design parameters and oxide aperture sizes.
Results for three devices having PhC lattice parameter of a =4 pm (this is the lattice parameter
value used in the studies presented in later chapters), along with the result for a single mode
selectively oxidized VCSEL fabricated on the same sample but without the addition of the PhC
pattern, are shown in Figure 1.7. Scans were taken for each device along the 0° direction (an
explanation of the conventions used in measuring and displaying far field data used throughout
this dissertation is found in Figure A.2 in Appendix A). Gaussian fits were calculated for each
device, with R-squared values ranging from 0.992 to 0.999 (an R-squared value of 1.0 equals a

perfect fit). In addition to the well behaved adherence to a Gaussian fundamental mode, the most

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~— Data R?=0.992 — Data R?=0.999
—~ 0.8; — Fit ] 0.8t — Fit
= -~
8 s
> 0.6} ; 0.6}
! [ 1
g 04 —~ 12.79° g o4 ~ 10.65°
= e = e
0.2 1 0.2 1
Lz 17.48° — 14.83°
€ €
'n -20 0 20 40 %0 -20 0 20 40
Angular Width (degrees) Angular Width (degrees)
(@) )
1 . : 1 :
— Data R? = 0.995
0.8t — Fit =08
5 )
S 06} 206
Z e
(] 1 2 nal
8 o4 - 14.02° £04
= e
0.2} 1 . 0.2
. 20.07
9o 20 0 20 40 %o -20 0 20 40
Angular Width (degrees) Angular Width (degrees)
(© (@)

Figure 1.7: Gaussian curve fits to the measured fundamental mode far field intensity profiles from a PhC
VCSEL with (a) a =4 wm, b/a = 0.5, oxide aperture = 5 pum, defect diameter = 6 pum, (b) a =4 pum, b/a = 0.6,
oxide aperture = 10 um, defect diameter = 5.6 um, (¢) a = 4 um, b/a = 0.7, oxide aperture = 15 um, defect
diameter = 5.2 um, and (d) a selectively oxidized VCSEL with oxide aperture = 3 um. The R? value for each

curve fit and the 1/e and 1/¢* full angular widths are shown. Data was collected at 1.5 times the threshold
current for each respective device. 0° scan was used in each case.

noticeable result from these measurements is that the PhC VCSELs have dramatically narrower
angular beam divergence than the oxide VCSELs. The oxide VCSELs tested have 1/¢* angular
beam widths from more than 30° to more than 50°, while the PhC VCSELSs are typically in the
10° to 20° range for the same measurement. This results from the same fundamental property of
the PhC VCSEL that is exploited to achieve high power operation, namely the ability to increase

the diameter of the lasing defect cavity while still maintaining single mode operation, which is

10
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not a property of the oxide VCSEL. Since the mode size of the PhC VCSEL increases with the
size of the defect cavity, the angular width of the far field, which is the Fourier transform of the
near field mode, is subsequently reduced. Therefore the benefit of increasing power by
increasing the defect cavity diameter also leads to the benefit of increasing the effective power
available for coupling into a fiber by reducing the angular divergence of the beam.

For the three PhC VCSEL results presented, it is observed that the mode size does not
scale absolutely with the PhC defect diameter. For the device result shown in Figure 1.7(a) the
PhC defect diameter is 6.0 um, but this device yields a wider far field angular width that the
device of Figure 1.7(b) which has a PhC defect diameter of 5.6 um. The explanation for this
result is the difference in the size of the oxide aperture in the two cases. For the former, the
oxide aperture is 5 wm, while it is 10 um for the smaller PhC defect diameter device. The result
of the oxide aperture diameter being smaller than the PhC defect diameter is to cause the mode
size to be smaller than would have been the case had the oxide not been a factor.

While the PhC VCSEL scans in one dimension showed good fits to a Gaussian function,
it should be expected that a mode confined within the nonsymmetric defect cavity of a triangular
PhC defect cavity should not be strictly Gaussian. A verification of this is found by examining
the complete far field intensity pattern shown at Figure 1.8. While the dominant central lobe is
Gaussian in shape, there are also six lesser lobes arranged in a hexagonal pattern that are
indicative of the lasing mode not being strictly Gaussian. A measurement of the relative power
division between the main Gaussian lobe and the lesser lobes shows that more than 92% of the

power is contained in the main lobe, making a Gaussian approximation for the near field mode

appropriate.

11
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Figure 1.8: Measured far field intensity pattern for a single defect PhC VCSEL. The plot is rotated 20°
clockwise and tilted 15° from the standard contour plot view, so that the 6 lesser lobes can be seen. 3D
shadowing is provided to add contrast. (Conventions used throughout this dissertation in presenting graphical
far field data are described in Appendix A.)

As an extension of the single defect cavity PhC VCSEL work, an initiative to add
additional defect cavities to the PhC pattern was undertaken and is the subject of this
dissertation. The goal of this effort is to achieve coherent coupling between the separate lasing
defect cavities and thereby create an extended area coherent source. The benefits of achieving
coherent coupling between multiple lasing elements of vertically emitting lasers has motivated
this area of research for more than 15 years and offers the potential of extended area coherent
sources with high spectral purity, useful in a variety of applications in the high power (laser
radar, optical communications, steerable sources) and low power (image processing,

spectroscopic sensing, optical logic) regimes.

1.2 Previous Work

VCSELs have several features such as low threshold, high beam quality, and low cost,
which make them attractive for many applications. Because of their vertical out-of-the-epitaxial-

plane light emission, VCSELs are uniquely suited for arrangement into 2D arrays. Individually
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addressable 2D arrays of uncoupled VCSELs are potential emitters for high speed optical
interconnects, such as chip-to-chip and board-to-board communications. An individually
addressable 8x8 array of VCSELSs was first reported in 1991 [30]. However, it is their potential
utilization in coherently coupled arrays that is directly analogous to the work undertaken herein.

The first demonstration of such a phase-locked 2D array was reported in January 1990 by
Yoo et al. [31]. This array was comprised of more than 160 VCSELSs etched 1.3 um in diameter,
with a spacing of less than 0.1 um between each lasing element. The overall array was 25 um in
diameter and each of the lasers was located on a 2D rectangular lattice, which allowed
evanescent optical coupling between the device elements. The array produced a double-lobed
beam pattern in the far field. That same year a reflectivity modulation technique was employed
to produce an optically coupled 3x3 2D array of VCSELSs, which also produced a double-lobed
far field pattern [32].

Shortly thereafter, Hadley introduced a formalism for the investigation of optical modes
of 2D phase-locked VCSEL arrays [33]. He described a fundamental and higher order
evanescent mode for the case where VCSEL array elements are separated by material of lower
refractive index. He also described a fundamental and higher order “leaky mode” for the case
where VCSEL array elements are separated by material of higher refractive index. Because this
case is not applicable to the work conducted herein, discussion will be limited to the
evanescently coupled case. The fundamental mode arrangement has adjacent emitter elements of
the array that are in-phase with each other; that is, the elements have zero relative phase
difference. For the higher order modes, the adjacent elements are out-of-phase with each other;

that is, they have a relative phase difference of 180°. Figure 1.9 shows a qualitative depiction of
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Figure 1.9: Graphical depiction of the results described by Hadley [33], for VCSEL arrays in the coherently
coupled (a) in-phase and (b) out-of-phase cases. Shown at the left are gray boxes representing the top-down view
of a 2x2 arrangement of VCSELs with relative phase angles labeled for the in-phase and out-of-phase cases,
respectively. Also shown is a qualitative depiction of the resulting far field radiation pattern indicative of in-phase
and out-of-phase coherent coupling, respectively.

the phase relationship between adjacent elements in an extended array of individual VCSEL
elements as used in the calculations by Hadley, illustrating this point. For the parameters of his
calculations, Hadley concluded that in the evanescent coupling case, the higher order mode
would have lower loss than the fundamental mode, where the lowest loss mode is likely the
mode that would occur at threshold. He also made predictions for the 2D far field profiles. The
fundamental mode in the 1D array case (line array of devices) is characterized by a single on-
axis lobe accompanied by two smaller side lobes. Hadley predicted that for the 2D array case,
the fundamental mode should result in a central peak surrounded by four lesser side lobes, as is
illustrated graphically in Figure 1.9(a). For the higher order case, the far field intensity pattern of

the 1D array having two identical off-axis peaks is replaced in the 2D array case by a pattern
14
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with four nearly equal off-axis peaks, as seen in Figure 1.9(b). Hadley concludes that gain-
guided and most index-guided 2D arrays are likely to lase in the higher order (out-of-phase)
mode with their radiation emitted into four equal intensity far field peaks. Since in-phase
coupling is the result most appropriate for the applications of extended area coherent sources
listed earlier, Hadley’s results indicate that realizing in-phase coupling in evanescently coupled
devices may not be easily achieved.

To investigate these results, Warren et al. [34] fabricated 2D coherent VCSEL arrays
which employed a reflectivity modulation scheme and added an integrated phase corrector in
every other element in the VCSEL array. The far field pattern for the uncorrected 2D array
indeed showed the four off-axis lobes predicted by Hadley, indicative of out-of-phase coherent
coupling. The phase corrected array produced a far field pattern with a central on-axis lobe and
four side lobes, analogous to in-phase coherent coupling. In this case, the out-of-phase coupling
was converted into in-phase coupling by the intermeshed 180°-phase shifter elements. However,
this result was achieved at the expense of a very difficult fabrication process.

In 1999 a two-element phased array of antiguided VCSELSs was first reported [35]. The
lateral index modification required for antiguiding was achieved by modification of the cavity
length in the microcavity. This required a patterned 3-nm etch performed between two epitaxial
growths. Both in-phase and out-of-phase operation were achieved by varying the separation
between lasing elements. In 2000, this work was extended to 4x4 arrays of in-phase and out-of-
phase coherently coupled antiguided VCSELs [36]. Actively controlled methods for injection
locking arrays of VCSELs through the use of a “leader” laser to seed the mode of “follower”
array elements in order to achieve coherent coupling has also been demonstrated to achieve both

in-phase and out-of-phase coherent coupling as observed in the far field [37].
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Our initial investigations into PhC VCSELs with multiple PhC defect cavities showed
some promising results for achieving coherent coupling between multiple lasing elements, and
motivated the continued work that will be described herein. Shown in Figure 1.10 is the near
field image of a PhC VCSEL with a two lasing defect cavities. Shown in Figure 1.11 is the first
reported example of coherent coupling between multiple defect cavities in a PhC VCSEL [38].
Figure 1.11(a) shows an uncoupled result, so categorized by the far field intensity profile that
results from the superposition of the Gaussian-like beams from each of the two PhC defect
cavities. The far field intensity profile shown in Figure 1.11(b) is categorized as coherently
coupled because of the interference effects that are exhibited in the far field. The result is
consistent with that described by Hadley as out-of-phase coherently coupled as two main lobes

with an on-axis null are observed.

Figure 1.10: Near field image of a PhC VCSEL with multiple defect cavities each lasing in its fundamental mode.

The dashed square denotes the location of the 25-um wide oxide aperture. The red line indicates the line scanned
during far field measurements [38].
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