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Polycrystalline InP was grown on Si(001) and Si(111) substrates by using indium (In) metal as a
starting material in hydride vapor phase epitaxy (HVPE) reactor. In metal was deposited on silicon
substrates by thermal evaporation technique. The deposited In resulted in islands of different size
and was found to be polycrystalline in nature. Different growth experiments of growing InP were
performed, and the growth mechanism was investigated. Atomic force microscopy and scanning
electron microscopy for morphological investigation, Scanning Auger microscopy for surface and
compositional analyses, powder X-ray diffraction for crystallinity, and micro photoluminescence
for optical quality assessment were conducted. It is shown that the growth starts first by phosphid-
isation of the In islands to InP followed by subsequent selective deposition of InP in HVPE regard-
less of the Si substrate orientation. Polycrystalline InP of large grain size is achieved and the
growth rate as high as 21 um/h is obtained on both substrates. Sulfur doping of the polycrystalline
InP was investigated by growing alternating layers of sulfur doped and unintentionally doped InP
for equal interval of time. These layers could be delineated by stain etching showing that enough
amount of sulfur can be incorporated. Grains of large lateral dimension up to 3 um polycrystalline
InP on Si with good morphological and optical quality is obtained. The process is generic and it
can also be applied for the growth of other polycrystalline III-V semiconductor layers on low cost

and flexible substrates for solar cell applications. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890718]

I. INTRODUCTION

The ever increasing CO, emission from fossil fuel for
energy generation has been recognized as a menace to the
environment and ambitious plans to replace fossil fuel with
green energy is established globally. Solar electricity gener-
ated by photovoltaic (PV) technology is a promising solu-
tion. However, PV technology is prevented from wide
employment due to high levelized cost of electricity
(LCOE).l In order to increase the competitiveness of PV, the
reduction of product cost and the enhancement of module ef-
ficiency have to be achieved simultaneously. III-V semicon-
ductors such as GaAs and InP are suitable candidates for
high efficiency solar cell due to their optimal band gap and
high absorption coefficient.” Indium phosphide has direct
band gap of 1.35eV, which is close to the optimum band gap
for single junction solar cell operating under AM 1.5 global
conditions. Monocrystalline InP solar cell with efficiency of
22% has been reported,’ but the monocrystalline substrate
cost is still too high for terrestrial energy production. Thin
film polycrystalline semiconductors have been studied for
cost effective PV application.”” Among these, InP has lower
surface recombination velocity (10° cm/s) (Ref. 6) than that
of GaAs (10°cm/s) and Si (5-17 x 10°cm/s),”® which
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makes it a promising candidate. Polycrystalline InP on low
cost substrates, such as silicon could open the door to green
energy market for high efficiency and cost effective InP solar
cell.

Polycrystalline InP deposition has been investigated
using different techniques, such as CVD,” MOVPE,” and
vapor-liquid-solid growth.'® Recently, polycrystalline InP
deposition on Si substrate via phosphidisation of indium ox-
ide'! was reported by us in which the polycrystalline InP on
Si with high optical quality was obtained; however, the grain
size and the thickness of the layer are largely limited by the
thickness of spin coated In,O; film on Si. In particular
achieving large grain size is advantageous in order to reduce
the grain boundaries in polycrystalline materials for solar
cell application.'? To this end, we also initiated indium metal
assisted growth in a hydride vapor phase epitaxy reactor
(HVPE).13 In this work, this method is further investigated
to gain knowledge on the growth process, stoichiometric
composition, and grain size, structural and optical quality.
High growth rate can be achieved in HVPE, which is desired
for photovoltaic application. In order to use polycrystalline
InP for active device fabrication, controllable doping con-
centration is essential. In this work, sulfur doping in poly-
crystalline InP was studied. The material and optical
properties of polycrystalline InP grown on Si (001) and Si
(111) under different growth conditions are systematically
investigated and analyzed.

© 2014 AIP Publishing LLC
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Il. EXPERIMENTAL

30nm thick indium metal film was deposited on two
4inch Si substrates, Si(001) and Si(111), denoted as
Sample A and Sample B, respectively, by thermal evapora-
tion at room temperature for 25 s, which was determined
by the lowest reproducible deposition rate that can be
achieved in evaporator. Thinner indium film is preferred to
minimize indium consumption, and thicker indium film
may require longer phosphidisation time. Prior to the dep-
osition of indium, native oxide on Si substrates was
removed by buffered HF (BOE-Buffered Oxide Etchant)
diluted in 20 times in volume in iso-propyl alcohol (IPA).
Each of the samples A and B was cleaved into four pieces,
Al, A2, A3, and A4 and B1, B2, B3 ,and B4, respectively.
Either phosphidisation of In to InP or direct growth of InP
was conducted on these samples in a low pressure HVPE
(LP-HVPE) reactor with different growth parameters. Al
and B1 were used to study the effect of phosphidisation at
610 °C for 10 min. Direct growth of unintentionally doped
(UID) InP on samples A2 and B2 and sulfur doped InP on
samples A3 and B3 were conducted also at 610 °C but for
15min. In order to investigate the dopant incorporation
and impact of growth temperature on growth of polycrys-
talline InP, growth of 10 alternating layers of UID and sul-
fur doped InP was conducted at 550°C for 20 min (the
growth time of each layer was 2 min) on samples A4 and
B4. The nominal S concentration in sulfur doped InP layer
was 2 X lOlgcm_3, i.e., a concentration value achieved
when a monocrystalline InP is grown with the same exper-
imental condition. [PH3]/[InCl1] (V/III ratio) in all growth
runs was 10. The reactor pressure was maintained at 20
mbar and the total gas flow was 900 sccm. Phosphidisation
is a process of converting In to InP as described for the
conversion of In,O3 in Ref. 11 and In to InP in Ref. 10.
The phosphidisation experiment conducted on samples Al
and Blwas with the same reactor pressure of 20 mbar and
total flow of 900 sccm as the growth experiments men-
tioned above. PHj stabilization flow of 10 sccm was intro-
duced at room temperature until the temperature ramp up
to 610 °C, which takes about 15 min. Then the sample was
kept at this temperature for 10 min with PH; (flow 120
sccm). Note that the temperature ramping stage is the
same for all experiments. Thus, growth and phosphidisa-
tion experiments can be well understood considering that
the difference is the use of InCl and PHj3 as precursors in
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the former case and In and PHj in the latter case. The sum-
mary of the samples with growth conditions is given in
Table 1.

Both the deposited In and resulting InP on silicon sub-
strates were characterized by atomic force microscopy
(AFM) and scanning electron microscopy (SEM) for surface
morphology, powder X-ray diffraction (XRD) for crystallin-
ity, and Auger Electron Spectroscopy (AES) for composi-
tional analysis of the surface. The sulfur incorporation in
polycrystalline InP was revealed by cross-sectional scanning
electron microscopy (X-SEM) after stain etching. The opti-
cal properties of polycrystalline InP on Si were characterized
by micro-photoluminescence (PL) equipped with 514 nm Ar
laser at room temperature.

lll. RESULTS AND DISCUSSION
A. In on silicon

Surface morphology of samples A and B with indium on
Si(001) and Si(111) substrates, respectively, were character-
ized by AFM and SEM for surface morphology studies. Figs.
1(a) and 1(b) show the AFM images of In film of samples A
and B, respectively.

In metal deposited by thermal evaporation forms islands
of different size and shape. It is evident from the AFM
images that both the dimension (lateral and vertical) and the
size dispersion of In islands on sample B are greater than
those on sample A. The islands appear generally elongated
in one direction and close to hexagonal shape on sample B
while more or less rounded and symmetric islands appear to
be seen on sample A. Certain agglomeration of In into bigger
grains in sample B appear to leave some silicon surface
open. The difference in morphology, size, and distribution of
In islands on Si(001) and Si(111) could be due to the differ-
ence in the surface energy of the two types of silicon sub-
strates. Si(111) surface is known to have a surface energy
less than Si(001) surface irrespective of its surface recon-
struction.'* The deposition of In on both substrate follows
the Volmer-Weber growth mode, a situation when the atoms
of the film are more strongly coupled to each other than to
the substrate. This tendency is stronger in sample B (on
Si(111) substrate) where the surface energy is less and bigger
In islands are thus formed.

X-ray diffraction studies reveal that the deposited in-
dium on both substrates is polycrystalline. Fig. 2 depicts the

TABLE I. Summary of sample description and experimental parameters of phosphidisation of indium and indium assisted growth of InP on silicon substrates

in HVPE.
Substrate Sample ID Process Nominal sulfur conc. (cm™) Growth/ Phosphidisation time (min.) Process Temp. (°C)
In/Si(001) (A) Al Phosphidisation 0 10 610

A2 Growth 0 15 610

A3 Growth 2x 10" 15 610

A4 Growth (UID/2 x 10'%) x 5 20 550
In/Si(111) (B) Bl Phosphidisation 0 10 610

B2 Growth 0 15 610

B3 Growth 2% 10" 15 610

B4 Growth (UID/2 x 10'®) x 5 20 550
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FIG. 1. 3 x 3 um® AFM images of In
islands on (a) Si(001), sample A and
(b) Si(111), sample B.

XRD spectra of samples A and B and of standard reference
sample of In from Joint Committee on Powder Diffraction
(JCPD) data file number 00-005-0642. Polycrystalline In
with XRD peaks at 20 =33.06° and 69.13° corresponding to
tetragonal In (101), and (202), respectively are observed on
both samples. On Sample A, In (202) diffraction peak is not
resolved as it coincides with Si(004) reflection. In addition,
unidentified peaks can be seen in the XRD diffraction peaks
from sample A, which could be due to process related impur-
ities. The purity of deposited thin film by evaporation tech-
nology is affected by the deposition rate. In order to achieve
reproducible 30 nm thin indium film with practical process
time, the deposition rate was kept low during evaporation.
This may lead to an increased gaseous impurity inclusion.
Such impurity related peaks can only be seen on Si(001) sub-
strate but not on Si(111) substrate indicating a surface energy
limited adsorption process. The surface energy of Si(001)
plane is higher than that of Si(111) plane, which may facili-
tate the adsorption of impurities on Si(001) substrate.

The chemical composition of the In on Si layers in sam-
ples A and B was checked by Scanning Auger microscopy
(SAM), by averaging onto 8 x 8 um” areas. Before meas-
uring, surface contamination was removed by Ar ion beam
sputtering. Measurements were taken with V=10kV accel-
eration voltage, I=10nA e-beam current and analyser
energy resolution AE/E =0.5%. The Auger spectra for the
samples A and B are shown in Fig. 3 and are compared to
results obtained from a pure In reference sample, measured

1 In(101)

Sample A i(004)

2
s s o s e e e e N B
zr (0L Sample B .
S sian 3

[
< In(202)?
1
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FIG. 2. Powder XRD diffraction patterns of In on sample A and B, Si(001)
and (111), respectively. The corresponding XRD patterns of standard JCPD
data for In from file number 00-005-0642 is included for reference.

under equivalent conditions. The spectra taken from In
islands of samples A and B retain the same energy value typ-
ical of the elemental transition peak In(MNN)=405¢V, as
does the reference sample,'> without any trace for oxida-
tion.'® Modifications in the branching ratio of the primary
and secondary peaks'’ are consistent with the influence of
surface states, in dependence on the morphology and crystal-
linity of the In islands. In the inset of Fig. 3 is the Si(LMM)
Auger peak at 93 eV, from samples A and B; different inten-
sities of the Si peak originate from different In coverage of
the substrate in the scrutinized areas.

Si
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H
i &
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405 eV

In
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FIG. 3. SAM In (MNN) peaks from In-on-Si samples A and B, taken from
8 x 8 um? scan area and compared to the In reference standard sample. The
In peak Inypny =405 eV retains its reference value and spectral width in all
cases, pointing to the high quality of the In-on-Si islands. The Si(LMM)
Auger peak of sample A and B (inset).
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B. InP on Silicon
1. Phosphidisation of In to InP

Under the experimental conditions of relatively low
pressure (at 20 mbar in this case), the decomposition of PH;
to P, or P, is not substantial;18 hence, the phosphidisation
process should involve mostly PH; molecules and can be
described by the following equation:

2Ingy + 2PH3(g) — 2InP) + 3Hy (). (1)

This process of phosphidisation resembles the growth of
III-V semiconductor based quantum dots by fully kinetic lim-
ited growth, droplet epitaxy, where a sequential deposition of
IIT and V elements takes place at controlled temperature and
fluxes.'" Indium islands on Si substrate will melt above
157°C and form island/droplet on Si surface due to surface
tension. Although the samples were kept for 10 min at 610°C
in a higher PH; flow for complete phosphidisation, phosphid-
isation might have occurred already during the temperature
ramp up stage above the melting point temperature of In. It
has been shown that InP can be produced by the reaction of
In droplet and phosphine at a temperature less than 300 °C.2
In that temperature range of temperature ramp up (>157°C),
redistribution and restructuring of the melt leading to differ-
ent distribution and shape of the islands might also happen.
The In islands then get phosphidised to form InP islands.
Recently, we have demonstrated polycrystalline InP via phos-
phidisation of indium oxide in HVPE'' by using a simple
chemical synthesis of the indium oxide on silicon. Similarly,
Rehan et al. demonstrated continuous film of polycrystalline
InP by phosphidisation of In film deposited on molybdenum
substrate.'” The continuity of the film in that study is
achieved by depositing SiO, on In film as a capping layer to
maintain planar geometry by preventing de-wetting at high
temperature. In this work, no such technique is used to regu-
late the geometry and size of the In droplets hence InP islands
of different shape and size and distribution are expected.

J. Appl. Phys. 116, 033519 (2014)

The SEM images taken from the In islands on both sub-
strates are compared with that of the corresponding InP
islands (after phosphidisation of In) in Fig. 4. Energy disper-
sive X-ray spectroscopy in-situ SEM was used to check the
chemical composition of the phosphidized islands and it
reveals that the islands contain only In and P with atomic %
of 48.80 for In and 51.20 for P, which is close to the 1:1 ratio
for InP.

As can be seen in Fig. 4, the phosphidised In (InP),
islands are more uniform in size than the precursor In islands
regardless of the substrate type. It can also be seen that the
size of the InP islands is bigger than the corresponding In
islands on the same substrate. The size of In and InP islands
varies from 8 nm to 400 nm and 300 nm to 1300 nm as meas-
ured by AFM, respectively. This could be due to either the
redistribution and restructuring of the In islands at high tem-
perature or the volume expansion from In to InP.'® A 2 times
volume expansion is expected when In is phosphidised and
form InP due to the molar density difference.

2. Growth of InP on In

Growth of InP in HVPE makes use of InCl, which is
generated in-situ the HVPE reactor by flowing HCI through
molten In. InCl then reacts with PHj3 to form InP according
to the following reaction:

InCl(g) + PH3(g> — InP(S) + HC](g) + H,. 2)

As discussed in Sec. III B I, above 157 °C (melting point of
In), the In islands melt and form droplets. As the heating up
of the samples to the growth temperature is taking place in
PH; atmosphere, complete phosphidisation of these islands
is possible prior to growth. This means InP islands are
formed according to Eq. (1) prior to the growth of InP
according to Eq. (2). The volatility of InCl renders its
adsorption on Si surface with respect to the InP islands less
probable.”! We have observed no nucleation of InP on a bare

FIG. 4. High resolution SEM images:
(a) In on A, (b) In on B, (¢) InP islands
through phosphidisation on A1, and (d)
InP islands through phosphidisation on
BI.
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FIG. 5. Schematic showing the process of phosphidisation in samples Al
and B1 and growth in samples A2, B2, A3, B3, A4, and B4. Note that both
phosphidisation and growth experiments are done at the same temperature
(610°C) and PH; flow (120 sccm). For the growth experiments InCl (flow of
12 sccm) is introduced after the 15 min temperature ramp up stage during
which PH; flow of 10 sccm was maintained.

Si surface with the same growth condition. Thus, the subse-
quent growth from InCl and PH; should take place selec-
tively on the phosphidised In (=InP). The islands eventually

J. Appl. Phys. 116, 033519 (2014)

grow and coalesce to form a continuous polycrystalline InP
film. The average growth rate (measured from a fully coa-
lesced layer) of the poly InP on these samples is nearly the
same and it is ~16 um/h. The summary of processes of phos-
phidisation and growth is represented by the schematics in
Fig. 5.

The AFM and SEM images in Figs. 6(a)-6(f) show UID
polycrystalline InP grown on Si(001) (sample A2) and
Si(111) (sample B2). Figs. 6(a) and 6(c) are AFM and SEM
top view images of InP layer on sample A2 and (b) and (d)
are those of InP on sample B2, respectively. The AFM line
section profiles shown in Figs. 6(a) and 6(b) are taken along
the white lines on the corresponding AFM images. Figs. 6(e)
and 6(f) show the cross sectional SEM images from samples
A2 and B2, respectively.

The polycrystalline nature of the deposited InP is evi-
dent in Fig. 6. The root mean square surface roughness (Rg)
of the layers as measured from the 10 x 10 um? scan area of
the AFM images of samples A2 and B2 are R; =314 nm and
Ry =376 nm, respectively. The surface roughness in poly-
crystalline films is mainly caused by the difference in the

FIG. 6. AFM image and line section
profile taken along the white line for

sample A2 (a) and sample B2 (b) and
SEM top view images of sample A2
(c) and sample B2 (d) of polycrystal-
line InP. (e) and (f) are cross-sectional
SEM images of samples A2 and B2,
respectively.
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growth rate of the crystallites with different crystal orienta-
tion. The vertical size of the largest grain measured from
AFM line scan on sample A2 is 0.7 um whereas on B2 is
1.3 um. It can also be seen from the SEM images of samples
A2 and B2 (Figs. 6(c) and 6(d)) that the grains in sample A2
are more uniform in size and more random in orientation
than the grains on sample B2. Both the AFM and SEM
images show large grain size of the polycrystalline InP on
both substrates. Large grain size means fewer grain bounda-
ries. Grain boundaries are known to act as effective recombi-
nation sites of the charge carriers or site of impurities and
hence can hamper solar cell performance. Therefore, poly-
crystalline materials with larger grain size are desirable for
PV applications. It is evident from the AFM images in Figs.
1 and 6 that the uniformity in grain size (difference in the
dispersion of size of the grains) is affected by the substrate
orientation and can be seen in In islands and later in the InP
layer.

SAM studies were conducted on samples A2 and B2 for
compositional analysis of InP grains. Practically, the spatial
resolution of Auger Micro-spectroscopy is set by the diame-
ter of the primary e-beam, which in the present case, at
10nA of primary current, measures around 200nm.
Polycrystalline InP films were cleaved in-situ in ultra-high
vacuum (UHYV), so as to expose single grain boundaries on
cross-sections. Local SAM analysis was performed at
V=10kV, I=10nA, and resolution AE/E=0.5%. Figs.
7(a) and 7(b) show P(LMM) and In(MNN) Auger peaks
from three different InP grains, respectively, in samples A2
and B2 and compared to those from standard monocrystal-
line InP reference sample, measured under equivalent condi-
tions and verified to be stoichiometric within the 1%
compositional precision ultimately attained by Auger
spectroscopy.

In sample A2, the good reproducibility of Auger peaks
with respect to the standard, in position, width and shape,

J. Appl. Phys. 116, 033519 (2014)

and the low oxygen content, below 2% as evaluated by over-
estimation of the noise level, confirm the good crystalline
quality of the InP grains. Grain boundaries are found to be
slightly rich in phosphorous, featuring [In] =46 * 2% and
[P]=54 =2%. Such a low deviation from stoichiometry
might also just be ascribed to different influence on the
exposed surfaces of polycrystalline samples in a phosphorus
rich environment during growth with respect to the single
crystal standard. Auger spectra shown from sample B2 are
affected by carbon contamination on the surface (not shown
in the plot) and by a surface oxygen contamination around
6%—10%, both compatible with data issued from external
grain surfaces, out of the cleaved film cross-section. In spite
of the presence of C and O, a relative concentration
[In] =53 = 8% and [P] =47 = 8% is estimated. In case of
the B2 sample, the presence of contaminants leads to an
increase in the variance of the estimated concentration.
However, in both cases, the measured compositional ratios
indicate that a substantially complete phosphidisation of the
In islands to InP has occurred.

The crystallinity of InP grown on samples A2, B2, A3,
and B3 was examined by powder XRD and the diffraction
pattern along with the InP JCPD date from file number
00-010-0216 is given in Fig. 8. The observed diffraction
peaks as labeled in the figure are (111), (200), (220), (311),
(222), (400), and (331) at 20 =26.2°, 30.4°, 43.6°, 51.6°, 54,
63.3°, and 69.8°, respectively, on all samples except that the
(331) peak on samples A2 and A3 is not resolved as it coin-
cides with that of Si(004) reflection. The effect of sulfur dop-
ing on the quality of the InP in case of samples A3 and B3 is
not evident from the XRD diffraction pattern. In all samples,
InP(111) is the dominating diffraction peak as it is also
100% peak in the JCPD data. This is because InP(111) has
the lowest surface energy compared to all other planes,
hence it is easier to form (111) orientated grain. The fact that
the dominant peak in the XRD diffraction patterns is

@] (b).

A

LI
=3

EdN(E)/dE (a.u)

Standard l

In B

FIG. 7. SAM survey spectra taken on
in-situ cleaved cross-section of InP
sample A2 (a) and B2 (b) and com-
pared to data from reference InP single
crystal. Traces “a,” “b,” and “c” corre-
spond to the local composition of three
grain boundaries, a few micrometers
apart, exposed by cleavage and locally
probed by the 200 nm-wide e-beam.
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FIG. 8. Powder XRD diffraction patterns of InP on samples A2 and A3
(Si(001)) and B2 and B3(Si(111)) deposited under similar conditions but dif-
ferent doping, A2 and B2 are UID InP and A3 and B3 are sulfur doped. The
standard XRD patterns for InP from JCPD file number 00-010-0216 are also
given for comparison. The offset in the intensity is deliberately introduced
for better visibility of each peak.

InP(111) in all samples indicates its preference with respect
to other orientations regardless of the doping in the layer and
the orientations of substrate.

It can be noted that none of the XRD peaks related to In
in Fig. 2 are observed in Fig. 8. This indicates the absence of
In phase in the region of the XRD detection limits indicating
a complete phosphidisation of In to InP.

To estimate the crystallite size and microstrain in the
polycrystalline InP, we have used Williamson-Hall plot.23
XRD line broadening occurs due to lattice distortion (strain)
and/or crystallite size in addition to broadening caused by
the instrument. Williamson-Hall plot can be used to separate
the strain and crystallite size effect on the XRD line broaden-
ing assuming the contribution of the instrumental broadening
to be negligible. The equation relating the line broadening
with crystallite size and strain is given as

:DCOSH

p +4e tan 0, 3)
where f is the full width at half maximum (FWHM) in radi-
ans of the diffraction peak at 20, K is a dimensionless con-
stant close to unity (0.93), 4 is the X-ray wavelength
(1.54 A), D is the crystallite size, and e is the micro strain
and 60 is the Bragg angle of the [hkl] reflection.
Rearrangement of Eq. (3) gives

p cos /7 =K/D + 4e sin(0) /. 4)

Therefore, the plot of fcos/A vs. sinf/1 is a straight line
with slope giving the strain (4e) and intercept (K/D) the par-
ticle size (D) in the same unit of 4. Note that Eq. (3) can be
reduced to the Debye—Scherrer equation®* that is commonly
used to determine the crystallite size for each [hkl] XRD dif-
fraction peak if the strain effect in broadening the XRD peak
is negligible

Dy = 7——.- ®)
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FIG. 9. Williamson-Hall plot based on Eq. (4) for samples A2 and B2, and
A3 and B3: Sulfur doped and UID polycrystalline InP layer, respectively.
The lines are the linear fits of the data for each sample.

We have used both Egs. (4) and (5) to estimate the crystallite
size of the polycrystalline InP for samples, A2, B2, A3, and
B3.

The plots of fcos0/A vs. sin0/A from Eq. (4) for sam-
ples A2, B2, A3, and B3 are given in Fig. 9. The (hkl)s indi-
cated inside the figure at the bottom are the reflection planes
considered in the calculation by Eq. (4). The crystallite size
related to the crystalline grains oriented to the (hkl) direction
for all samples (A2, B2, A3, and B3) is given in Table II.

The strain extracted from the slopes of the linear fits
(e =slope/4) for the data of all samples (Fig. 9) is in the
range of (1- 6.5) x 10_4, i.e., 0.01%-0.065%, indicating the
residual strain in the film is quite low. The crystallite size
obtained from the intercepts of the linear fits (D = K/inter-
cept) lie in the range of 198-212nm. The variation of both
strain and crystallite size is not that significant from sample
to sample and can be considered to be within the error mar-
gin of both the XRD instrument (the accuracy of the FWHM
from each XRD peak) and the Williamson-Hall plot model.
As it can also be seen from Table II, the crystallite size
derived from the Debye—Scherrer model (Eq. (5)) for all the
samples has approximately the same value obtained from
Williamson-Hall model within ~15 nm. This shows the con-
tribution of strain in the films to the broadening of the XRD
diffraction peaks is minimal and the broadening is largely

TABLE II. Crystallite sizes of the deposited InP films, obtained by means of
the Debye—Scherrer Eq. (5). The sizes are related to the crystalline grains
oriented to the direction labelled by the Miller indices in the first column for
each of the samples A2, B2, A3, and B3.

Crystallite size (nm)

Miller indices A2 B2 A3 B3
(111) 205 207 197 214
(200) 205 212 190 218
(220) 212 203 219 217
(222) 208 219 213 223
311) 207 224 220 216
(400) 210 213 219 226
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due to the crystallite size. In summary, the effect of substrate
type and doping is negligible with respect to crystallite size
and strain in the film.

Alternating layers of sulfur doped and UID polycrystal-
line InP layers were grown on samples A4 and B4. After the
InP growth, the samples were cleaved and stain etched to
reveal the dopant distribution in the grown layers. The stain
etched cross section of cleaved surface was characterized by
SEM and shown in Figs. 10(a) and 10(b). Uniform polycrys-
talline InP growth is achieved on both Si(001) and Si(111)
substrates. The average growth rate of polycrystalline InP on
sample A4 and B4 is 21 um/h, which is greater than that on
samples A2 and B2, which is 16 um/h. This is due to the dif-
ferent growth temperature (610°C for samples A2 and B2
and 550 °C for samples A4 and B4). Apparently the growth
of A4 and B4 is still in the kinetic regime and that of A2 and
B2 has already crossed the kinetic barrier to the thermody-
namic regime. InP formation being exothermic, increase in
temperature in the thermodynamic regime lowers the growth
rate. The grain size of InP grown at 550 °C has been investi-
gated in earlier work."? Larger (111) grains were obtained
while the sizes of grains with other crystalline orientations
were reduced. Stain etching of UID InP has higher etch rate
than sulfur doped InP. Contrast variation between sulfur
doped and UID InP layers is therefore created and is visible
in SEM images. Dopant concentration fluctuation within the
layer is also reflected as the result of dopant dependent stain
etching rate and the corresponding contrast variation in the
individual layer. This could be caused by grain growth with
different crystalline orientation in polycrystalline InP, which
is similar to what we have observed in selective area growth
of monocrystalline InP.*> Dopants such as sulfur and silicon
preferentially get incorporated on high index planes having
high density of stable bonding sites and hence enhanced dop-
ant concentration is often observed on these planes. In poly-
crystalline InP growth, grains with boundary of different
crystalline orientations are formed, thus crystal orientation
dependent dopant incorporation in grown layer is expected.
How much of such a variation can be tolerated in a real pho-
tovoltaic cell is extremely interesting to investigate in future
studies.

The optical quality of both sulfur doped and UID poly-
crystalline InP layers was characterized by photolumines-
cence spectroscopy. Fig. 11 depicts the normalized intensity
spectra from samples A2, B2 and a control sample of UID
InP (monocrystalline) layer on semi-insulating (SI) InP sub-
strate (upper panel) and from samples A3, B3 and a control
sample of sulfur doped InP on SI-InP substrate (lower panel).

J. Appl. Phys. 116, 033519 (2014)

FIG. 10. Cross sectional SEM images
of alternating polycrystalline S doped
InP/UID InP layers on (a) sample A4
(Si(001)) and (b) sample B4 (Si(111))
revealed by stain etching.

Note that the control samples were grown in the same growth
experiments as the corresponding samples of polycrystalline
InP. The PL spectra of UID polycrystalline InP on samples
A2 and B2 have same line shape, same peak position
Jpeak =920 nm and equal FWHM =28 nm but broader than
that of the control sample (FWHM =22 nm). The peak posi-
tion and FWHM of the spectra from samples A3, B3 and
their control sample are Jipeak =917 nm and
FWHM =35nm, hence blue shifted and broader than the
spectra of the UID polycrystalline InP. This is due to
Burstein-Moss effect caused by the conduction band states
filling that happen in a heavily doped semiconductor
material.

The observed broader spectra from samples A2 and B2
with respect to that of the control sample could be due to the
grain boundaries in the polycrystalline InP. Grain boundaries
in the polycrystalline InP can act as effective sites for dopant
incorporation leading to increased free carrier concentration
and thus, broader and blue shifted spectra (Burstein-Moss
effect) compared that of the single crystalline InP on the con-
trol sample. However, the spectra from the sulfur doped pol-
ycrystalline InP on samples A3 and B3 are of the same
FWHM with that of the monocrystalline InP on the control
sample except the extended tails in both high and low energy
sides of the peak maxima, which could be due to the struc-
tural irregularities in the polycrystalline InP,26 i.e., the

L — a2 1
—B2
——— UID-InP/InP
Zos} .
2
|
& .
E LOF ——A3 1
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FIG. 11. Normalized PL spectra from samples A2, B2 and control sample of
UID InP on SI-InP and A3, B3 and control sample of sulfur doped InP on
SI-InP.
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interaction of carriers with impurities in this case at the grain
boundaries is known to create a band tailing in the energy
band gap of semiconductors.

IV. CONCLUSION

Growth of polycrystalline InP on (001) and (111) silicon
substrates by using In as an intermediate material is investi-
gated. Indium is deposited on Si by thermal evaporation
technique and In islands with different size and density are
obtained depending on the substrate orientation. Growth is
conducted in a low pressure hydride vapor phase epitaxy sys-
tem. The growth continues on the InP islands that have been
initially formed by phosphidisation of In islands. Since the
nucleation of InP is not possible on bare silicon surface in
hydride vapor phase epitaxy system, the growth is under-
stood to be selectively taking place on the InP islands. This
makes the process generic and can be applied to other III-V
materials on other substrates such as glass and metal as well.
Both the In islands and resulting InP on Si substrates are
characterized by several techniques. Scanning electron mi-
croscopy and atomic force microscopy are used to study the
morphology and InP grains with up to 3 um size are
obtained. The growth rate is found to be as high as 21 um/h.
The final film thickness is not limited by the initial indium
thickness as the case may be in a pure phosphidisation pro-
cess. Powder X-ray diffraction studies show the polycrystal-
line nature of InP and minimal microstrain regardless of the
substrate type and growth conditions. Scanning Auger mi-
croscopy was used to study the surface quality of In islands
and surface quality and stoichiometric composition of InP
grain surfaces and boundaries. Good quality of In islands
with identical surface quality with that of reference In and
InP with a In:P = 1:1 composition and identical overall qual-
ity with that of standard single crystalline InP are achieved.
Photoluminescence studies show that the quality of the
grown polycrystalline InP is well comparable with that of
the single crystalline InP. Sulfur doping of the polycrystal-
line InP is investigated and effective doping of the InP grains
is achieved. These studies are useful towards realizing high
efficiency and cost effective solar cells based on InP even on
flexible substrates.
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