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HVPE growth and characterization of GaP on different substrates
and patterned templates for frequency conversion devices
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This article describes efforts to achieve fast deposition of thick Quasi-Phase-Matched (QPM) GaP structures with high surface and struc-
tural quality on oriented patterned (OP) templates in a Hydride Vapor Phase Epitaxial (HVPE) process. These QPM structures will be incor-
porated in devices for conversion of frequencies from the near infrared to the mid infrared and THz regions, where powerful and tunable
sources are in great demand for both military and civilian applications. In contrast with GaAs - the most studied OP QPM material - the
two-photon absorption of GaP is predicted to be extremely low, which allows pumping with a number of convenient sources between
1 - 1.7 ym. Unpatterned GaP layers up to 370 pm thick were grown with growth rates up to 93 pm/hr with high reproducibility on bare
substrates. The layers demonstrated smooth surface morphology with RMS < 1 nm and high structural quality with FWHM equal to
39 arcsec for layers grown on GaP and 112 arcsec for those grown on GaAs. Growth on OP-GaP templates resulted in 142 pm thick QPM
structures deposited at a growth rate of 71 pm/h with good vertical (normal to the layer surface) propagation of the initial pattern. When
the growth was performed on OP-GaAs one of the domains showed a trend toward a faceting growth. Further investigations are in pro-
gress to equalize the vertical and lateral growth of the two domains, and determine the best orientation of the substrate and pattern in

order to achieve structures thick enough for high power nonlinear applications. [DOI: 10.2971/j€0s.2011.11017]
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1 INTRODUCTION

Development of direct coherent sources operating in the mid
IR and THz regions started with the investigation of a great
variety of binary and ternary semiconductor materials [1]-[4].
Resulting devices suffered from one or more common disad-
vantages: large size/weight, limited/undesirable wave-
lengths, lack of tunability, low efficiency, or the need for
cumbersome cooling. To provide more options, the research
included frequency conversion devices, initially based on
bulk birefringent phase-matching (BPM) crystals [5]. Prob-
lems like thermal lensing, damage, and the large walk-off
angle between the Poynting vector and the wave vector in
BPM devices led to a search for alternative ways to keep the
phase difference between the mixing waves constant, and
ultimately to quasi-phase-matching (QPM). The first practi-
cal realization of QPM structures was in periodically-poled
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LiNOs, but strong intrinsic absorption in this and other ferro-
electric crystals limits their use to wavelengths shorter than
4 pm [6]. In non-ferroelectric materials the QPM can be
achieved by spatially inverting the nonlinear susceptibility,
initially this was made by alternating wafers in a stack [7].
Optical losses at the interfaces and inability to achieve nar-
rower domains needed for mid infrared generation, howev-
er, led to the development of more advanced techniques,
such as OP thin templates.

More recently, OP-GaAs has emerged as a promising QPM
material, due to its broad IR transparency, high nonlinear
optical susceptibility, and ability to be grown with the neces-
sary periodic structure [8]. Thus, QPM GaAs devices, nearly
a millimeter-thick, with high conversion efficiency and out-
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put power, have been produced [9, 10]. Such devices cannot
take advantage of mature Nd, Yb, and Er-based pump lasers,
however, due to significant two-photon absorption in the 1-
1.7 um region [11].

This limitation can be overcome by using another semicon-
ductor, GaP. Its two-photon absorption in the near-IR is neg-
ligible [12]. In addition, GaP has a relatively high nonlinear
coefficient [13], higher thermal conductivity, lower thermal
expansion and lower index of refraction [14] than GaAs,
which make it a promising nonlinear material. GaP is an in-
direct band-gap semiconductor, with a broad transparency
starting in the visible wavelengths, facilitating alignment in
an optical setup [15, 16]. Interest in QPM GaP has increased
rapidly, and frequency conversion devices based on stacks of
wafers with alternating inversion of the crystal orientation
have been designed [17]. Growth of GaP on patterned tem-
plates has been initiated, using MBE [18, 19] and MOCVD
[20] in an attempt to repeat the success of these techniques in
fabricating QPM GaAs [21]. HVPE growth of QPM GaP is
the only approach capable of producing the hundreds of um-
thick apertures needed for high power applications. Howev-
er, it is still in an initial stage [22] due to the reported low
growth rates [23] or low crystal quality [24], although a great
number of chemical paths, substrates, and modifications of
the process have been tested. On the other side, the addition-
al absorption band between 2 and 4 um, persistently ob-
served in all n-type GaP samples [25, 26] required an im-
provement of the control of impurity incorporation during
the growth.

In this study we present an improved HVPE process for
growing: (1) GaP layers on unpatterned GaP and GaAs sub-
strates, and (2) GaP QPM structures on OP- GaAs and GaP
templates. Two different techniques are used to produce the
OP templates - wafer-fused bonding for preparation of OP-
GaP and sub-lattice MBE inversion for OP-GaAs. Some de-
tails related to the experimental procedure are given in Sec-
tion 2. Section 3 is entirely dedicated to studying the growth
process and establishing the optimal conditions for growth
on unpatterned substrates (Section 3.1), half-patterned
(stripes masked off) (Section 3.2) and fully- OP templates
(Sections 3.3 and 3.4). An initial idea about the proper orien-
tation of the template and the pattern is given at the end of
this work.

2 EXPERIMENTAL

Growth experiments were performed in a horizontal low-
pressure, hot-wall, 3-inch quartz reactor over the growth
temperature range of 700 - 740 °C, at supersaturation levels
between 0.5 and 1.0, under pressure less than 10 Torr and a
total mass flow less than 250 sccm. The reactor was supplied
with a three-zone resistive furnace with precise control of the
temperature. The inlet and the outlet gas flows were also
computer controlled. PHs, Ga, and HCl, used as precursors,
were delivered to the reactor volume by high purity Hz. Un-
patterned (100) GaP and (001) GaAs wafers with and without

4° miscut towards (111) were used to grow GaP with initial
phosphine or arsine preflow in order to study the utility of
formation of an intermediate buffer layer. Surface and cross
sections were characterized using Nomarski and Atomic
Force Microscopy (AFM). The structural quality was deter-
mined by high resolution x-ray diffraction (HRXRD). The
electrical properties were evaluated by room temperature
Hall measurements using Van der Pauw method. The optical
properties, transmission and absorption, were measured using
a Cary 5000 spectrophotometer running from 400 - 2600 nm
with a 2 nm fixed spectral bandwidth and a FT-IR scan from
2.5 to 15 mm with a bandwidth of 10 nm. All characterizations
were used as a feedback to optimize the conditions of
growth. The growths were conducted further on half-
patterned (stripes masked off) GaP templates to study the
behavior of the opposite oriented domains separately at
different orientations towards the major flat of the wafers.
Eventually experiments on fully-patterned sub-lattice MBE
OP-GaAs wafer-fused bonding and OP-GaP templates were
performed. In difference to the former approach the wafer-
fused bonding is an innovative simpler procedure, which
does not require using MBE in the process of wafer prepara-
tion. The process consists in the next simple steps. First, two
(100) GaP wafers with inverted crystallographic orientations
are aligned and fused at high temperature. After bonding,
the top GaP substrate is removed to within 4-5 um using
mechanical polishing and chemical wet etching. The sample
is then patterned via standard photolithography, followed by
a bromine ion beam assisted dry etching to remove com-
pletely the top GaP layer, which was not covered with pho-
toresist. The final step to create the grating domains is to re-
move the photoresist.

Further details related to the growth experiment are given in
[22].

3 RESULTS AND DISCUSSION

3.1 Growth on unpatterned GaP and GaAs
substrates

Growth on bare GaP substrate was investigated in two one-
hour-long experiments as reactor pressure and the tempera-
tures of the gallium boat and of the mixing zone were kept
constant. The temperature of the substrate was gradually
increased from 707°C to 725°C at constant supersaturation of
about 0.5. Once the optimal for this serial of experiments
growth rate, i.e. the highest one with the lowest surface
roughness, was determined the supersaturation was gradu-
ally changed from about 0.5 to about 0.8 at the optimal
growth temperature. The average roughness as a factor of
the surface quality was monitored in conjunction with the
growth rate and supersaturation.

The results indicated that the substrate temperature has a
strong influence on both growth rate and surface morpholo-
gy. Like the findings of other authors [27], the growth rate
increases with increasing temperature (Figure 1a) but at 720°C
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FIG. 1 Growth rate and layer roughness as a function of substrate temperature (a) and supersaturation (b) during growth on bare GaP substrate.
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FIG. 2 Combined absorption spectra of a HVPE grown unpatterned GaP layer with and without the substrate (colored lines) plotted in linear (a) and logarithmic (b) scale com-

pared with related data (the black symbols) obtained by previous authors [25] (b).

it levels off at 70 um/h. The temperature dependence of the
growth rate indicates that the growth is kinetically rather
than thermodynamically limited similar to other findings [28,
29]. The difference between these 2 regimes is that while in a
kinetically limited process events at a molecular level like
removal of the chemisorbed chlorine as HCl play rate-
limiting role [30], in a mass limited process factors like mass
flow rate and, actually, what portion of the flow reacts with
the substrate [29] will have more pronounced impact than
the temperature. Similar conclusion, that HVPE (in case of
GaAs) is mainly governed by surface kinetics, can be also
found in [31]. The surface morphology also improves with
increasing temperature. For example, at higher growth tem-
peratures the wave texture [27], which is typical for most of
the III-V semiconductors, disappears as the roughness of the
grown layer becomes as low as the roughness of the initial
substrate. This makes it possible to perform further re-
growths and build additional layer thickness in more than
one experiment without polishing the layer surface. Similar-
ly, small changes in the supersaturation can result in strong
changes in the growth rate, as the dependence is proportion-
al, i.e. an increase in supersaturation leads to an increase in
the growth rate (Figure 1b). It seems, however, that in the
studied range supersaturation has small influence on the
surface morphology. Although some finer structural effects

like formation of particles in the stream that could rest on the
layer surface (thermophoresis) can initiate defects and thus
deserve more attention.

Avoiding the additional absorption observed between 2 and
4 um was one of the major tasks of this study. Figure 2a and
Figure 2b show the combined (Cary 5000 and FT-IR) absorp-
tion spectra (the colored lines) of two unpatterned GaP sam-
ples. One of the samples has a thickness of 685 mm and in-
cludes the substrate and the HVPE-grown layer while the
other one is 370 mm thick and represents only the HVPE re-
growth after the substrate was polished off. Figure 2a shows
in a linear scale that the HVPE layer has much lower absorp-
tion in comparison to the case when the substrate and the
HVPE layer were still together. The same data was plotted in
a logarithmic scale on Figure 2b and compared with related
data obtained by other authors [25, 26]. The comparison
shows that our HVPE material has lower absorption, which
indicates a lower impurity concentration.

The combined absorption spectra in Figure 2b exhibit a small
jump in the signal at 0.8 pm, which is an instrumental arti-
fact as a result of the change of the detector, as well as the
noise at 2.4-2.6 um (Figure 2a and Figure 2b), which is due to
a signal-to-noise ratio issue related to the detector/source
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Substrate — | GaP on GaP with PHs preflow | GaP on GaAs with PHs pre- | GaP on GaAs with AsHs

Characteristic | flow preflow
Growth rate [um/h] 52.5 54 65
XRD FWHM [arc-sec] 39 112 189
RMS [nm] (20 pm spot) 0.725 0.667 0.637
Carrier concentration n=7.4.10% n=>5.0.10" n=1.8.10%
Mobility [em®V'sec™] 126 119 94
TABLE 1 Growth of GaP on bare GaP and GaAs substrates in PH; or AsH; preflows.
combination. The gradual rise/peak in the FTIR data for the 1 Growth on GaAs template
HVPE sample around 4.1 pum is, probably, due to a direct 1001 4 Growth on GaP template
transition from a shallow donor to the upper conduction g 80‘ Growth on bare Ga?
band or to a conduction band-to-band transition [32, 33]. = _

£ €0 \\es—@,_

® 1 e .
Table 1 lists the results from three two-hour growths of GaP = '
on semi-insulated (SI) unpatterned GaP, GaAs under PHs g 404 / -
preflow and GaAs under AsHs preflow. The preflows were &) 20' Growth on bare GaP
initiated at 400 °C and aimed to prevent the thermal decom- _
position of the substrate. Another goal was to deposit an ol . , ,
intermediate GaAsP buffer layer to make the transition be- 1 2 3 4
tween these two materials smoother. Duration of Growth [h]

One can see that growth rates increase from column 1 to col-
umns 2 and 3 at the expense of the structural quality, due to
the lattice and thermal mismatch between the GaP layer and
the GaAs substrate. It also shows the utility of formation of
an intermediate layer, which has a favorable influence on the
final surface quality, slightly reducing the surface roughness.
The changes in the carrier concentration and mobility need a
deeper understanding of the mechanism of formation of
point defects in the intermediate layer [34].

Starting with the study of the behavior of different reactor
components, the optimization of the growth conditions in
this serial of experiments continued with their testing in 4-
and 8-hour long experiments. The reactor operated equally
and after the optimization all experiments were conducted
without any visible parasitic reactions in front or around the
substrates. The 4-hour growth experiments were marked by
their high reproducibility of the layer characteristics and the
high layer quality. Etch pits and small hillocks that slightly
deteriorated the surface morphology appeared after 8 hours
of growth, but even then almost no additional absorption
band between 2 and 4 um was observed in the sample alt-
hough it existed in the used substrate. The growth condi-
tions, initially optimized for growth on unpatterned GaP
substrates, were further applied in longer experiments for
growth on unpatterned GaAs and on different GaP and
GaAs OP templates, when in some cases the growth was
even faster. Figure 3 shows the optimized growth rates
achieved as a function of duration of growth.

FIG. 3 Growth rate as a function of duration of growths performed on bare and on

patterned GaP and GaAs substrates.

In all cases the growth rate reduces with time but after four
hours it levels off to a rate which for growth on GaP sub-
strates is about twice as high as the reported levels [23] for
material with relatively good quality. In the HVPE process
the growth rate is controlled by:

(1)  thereduction of parasitic deposits in the process;

(2)  obtaining the appropriate balance between absorption
of Ga (GaCl) and P (PHj;) precursors and desorption
of HCl thereby, reducing competition between P and
Cl for available surface sites [29, 30];

the appropriate balance between PHj, and the gener-
ated during the pyrolysis P; and P * [28].

PHj; has a higher equilibrium constant in the reaction with
GaCl in comparison to the other two species and plays the
main role in desorption of chlorine from the layer surface. By
decomposing on the growing surface, PH; supplies the chlo-
rine which is already chemisorbed in the layer with atomic
hydrogen more rapidly than the supply that could possibly
come from dissociation of molecular hydrogen [30]. This
increase of the growth rate at uncompleted PHj pyrolysis can
be, however, at the expense of the surface morphology. This
is because the atomic phosphorus, released at the PH; pyrol-

®)

ysis, can form molecular P,, whose probability to react with
Ga is now much smaller than for atomic phosphorus. Thus,
the un-reacted gallium can condense as droplets on the layer
surface. Further, the Ga-droplets can initiate forming of hill-
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FIG. 4 Growth of GaP on half-patterned (100) GaP templates (a) at different supersat-

uration (b).

ocks via vapor-liquid-solid growth [30]. The choice of appro-
priate combination of the process parameters like substrate
and Ga temperature, reactor pressure [35, 36], and supersatu-
ration facilitated the above mentioned mechanisms and al-
lowed to achieve growth rates as high as 93 pm/h on un-
patterned templates.

3.2 Growth on half-patterned GaP substrates

Selective area growth of GaP has been performed before [20].
We studied the growth on half-patterned, i.e. stripes masked
off, templates in order to investigate the behavior of the two
domains with opposite crystallographic orientations sepa-
rately. For this purpose one (100) GaP wafer was cut in half
parallel to its major flat (the major and minor flats are cuts
used in the wafer industry to denote specific crystallographic
orientations). Two patterns, designated Pattern A and
Pattern B, with inverted crystallographic orientations were
prepared in mutually perpendicular directions, using a 100 um
wide grating mask, where the uncovered areas were pre-
vented from growth by deposition of a 0.1 um thick silicon
nitride layer. The stripes of pattern A were directed along
[011] (perpendicular to the major flat), whereas those of
pattern B were directed along [011] (perpendicular to the
minor flat).

Figure 4a shows cross sections after one hour of growth on
samples A and B. It turns out that under certain conditions
the growth on A is vertical, while the growth on B shows a
trend toward a facet growth. The growth rate on A was 34 pm/h,
whereas B grew slightly slower—at 30 pm/h. These cross
section images are of samples grown at a moderate level of
supersaturation. They are shown as the middle line of imag-
es in Figure 4b and represent optimal supersaturation.

Figure 4b also shows the top surfaces of A and B grown at
lower (bottom line of figures) and higher (upper line of fig-
ures) supersaturation. One can see that any deviation in the
supersaturation from the optimal level dramatically changes
the width of the growing domains. It also turns out that ori-
entation A, which has better performance at the optimal su-
persaturation, is actually more sensitive to changes in the
supersaturation.

FIG 5 Growth of GaP on OP MBE GaAs templates with grating periodicities equal to

170 um (@) and 20 pm (b).

3.3 Growth on sub-lattice MBE inversion OP GaAs
templates

The first attempt to grow GaP on fully OP substrates was
performed on MBE inversion OP-GaAs templates. The inver-
sion of the crystallographic orientation and hence the sign of
the nonlinear susceptibility of the patterns, produced at Stan-
ford University, was achieved by deposition of a thin Ge
intermediate layer in a MBE process. Two different patterns,
with grating periodicities equal to 170 and 20 pum, respective-
ly, were tested over a one hour growth time.

The growth rate in both areas was 85 um/h. Figure 5a (a 3D
reconstruction of images of the cross section and the surface
before and after growth) shows that in the case of the 170 um
wide grating one of the domains grows at the expense of the
other domain. Thus, after one hour of growth this domain is
already 164 um wide, while the width of the other one is
only 6 um. In the case of the 20 um wide grating, Figure 5b,
after 20 um of growth the lateral growth prevails and the
pattern disappears. Due to the lattice and thermal mismatch
between the layer and the template, the growth of GaP on
GaAs patterns is less favorable. These initial experiments,
however, proved the concept that GaP can follow patterns
even on foreign substrates.

3.4 Growth on wafer fusion bonded OP gap
templates

The wafer fusion bonding technique for the preparation of
OP-GaP templates (WF/OP-GaP), in contrast to the sub-
lattice MBE inversion approach (which in case of GaP uses Si
intermediate layer to reverse the polarity), does not require
expensive equipment and is a relatively simple but effective
procedure. It consists of several steps involving bonding of 2
wafers with opposite crystallographic orientations at high
temperature and a consequent pattern gratings using photo-
lithography. The process, developed first for GaAs [37, 38],
was recently adopted for GaP [39]. More details about prepa-
ration of the templates will be published elsewhere [40].

The deposition of GaP was performed under optimized
growth conditions on such WE/OP-GaP templates. Each tem-
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Sample B

FIG 6 Growth on wafer fusion bonded OP-GaP templates: the wafer before (a) and
after (b) growth as the horizontal pattern is with orientation along [01 ], while the
vertical one is along 011] (b). (c) (sample A) and (d) (sample B) represent their cross

sections.

plate possessed two patterns with a periodicity of about 240 um
in two mutually perpendicular directions - the same as the
directions of the patterns on half-patterned templates (see
Section 3.2). The duration of growth was two hours at an
average growth rate of 71 um/h. A 142 um thick QPM GaP
structure was achieved.

Like the growth on half-patterned templates, the growth on
the fully-patterned wafer bonded templates (Figure 6a - be-
fore growth) was better when the stripes of the pattern were
directed along [011] (perpendicular to the major flat) - sample
A (Figure 6b - the horizontal pattern, and Figure 6c - cross
section), than when they were directed along [011]
(perpendicular to the minor flat)—sample B (Figure 6b - the
vertical pattern, and Figure 6d - cross section). Similar re-
sults—that growth in different orientations on unpatterned
and patterned substrates leads to different growth rates and
different mesa shapes—have been reported for some related
materials, such as GaAs [31] and InP [41]. The difference in
the deposition rates when growth was conducted in different
orientations can be attributed to the different surface energy.
The shape of the mesas results from the hierarchy of the
growth rates of the low index faces. A qualitative on-atomic-
level explanation suggests that the chemisorbed on the sur-
face GaCl needs some time to react with the available atomic
hydrogen and return as HCI to the vapor phase, allowing
phosphorus atoms to absorb on the substrate. This time
seems to be proportional to the number of bonds that GaCl
makes with the substrate. This number is different for the
different orientations. Thus the growth can be facilitated or
hindered and this will influence on the mesa shape, too. Fur-
ther investigations, which aim to confine the lateral growth,
to equalize the growth rates and the quality of the two oppo-
sitely oriented domains, and thus to achieve at least 500 um

thicknesses as needed for high power nonlinear applications,
are currently in progress.

4 CONCLUSION

HVPE growth of GaP was performed on different types of
unpatterned substrates and patterned templates. A number
of useful growth dependencies, related to the growth rate
and different layer characteristics, were established. Deter-
mining the optimal for the studied range growth conditions
and establishing a process for fast deposition allowed to
achieve a maximal growth rate of 93 um/hr, and to grow GaP
layers up to 370 pum thick on unpatterned GaP template. The
layers possess a smooth surface morphology (AFM) with an
average roughness less than 1 nm, and high structural quali-
ty (XRD), with FWHM = 39 arc-sec for growth on GaP and
FWHM = 112 arc-sec for growth on GaAs. A new wafer fu-
sion bonding process for fabricating orientation-patterned
GaP templates was developed and tested for its feasibility to
provide a medium for the growth of hundreds of microns
thick QPM structures. A good quality GaP QPM structure,
142 pm thick, was successfully grown, with an average
growth rate of 71 um/h on such templates, following the ini-
tial pattern. The optimal orientation of the pattern towards to
the major flat of the wafer was determined as well.
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