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Amorphous and microcrystalline GaP films were deposited on Si substrates by time modulated
plasma enhanced deposition from trimethylgallium and phosphine using constant hydrogen plasma
at a temperature of 250-380 °C. Amorphous GaP films obtained at constant low radio-frequency
(RF) power (20 W) mode exhibit the broad feature at 350-360 cm ! and a shoulder at 370-390 cm ™!
in Raman spectra. Amorphous films have smooth surface with root-mean-square (RMS) roughness
decreasing from 0.9 to 0.2nm with increasing deposition temperature from 250 to 380 °C. Small
amounts of 3-5nm GaP nanocrystal inclusions in the amorphous matrix are formed at 380°C. An
increase of RF power to 100 W during Ga and P deposition steps leads to the formation of a GaP
crystalline phase as confirmed by transmission electron microscopy. Two peaks in the Raman spectra
at 365 and 402 cm ™!, which correspond to GaP TO-LO duplet, were observed in this case. However,
the microcrystalline GaP layers have rough surface with RMS roughness of 6 nm. A critical role of
the hydrogen plasma for GaP growth mechanism is demonstrated. Indeed an effect of the phospho-
rous accumulation in the deposition chamber during phosphine plasma assisted decomposition step
is shown. The hydrogen plasma treatment after P deposition step allows one to avoid an influence of
excess phosphorous to the growth process providing a way to obtain ALD like growth of GaP with

good thickness uniformity. Published by the AVS. https://doi.org/10.1116/1.4999409

I. INTRODUCTION

Heterostructures with GaP layer grown on Si substrates
are of great interest for optoelectronic devices integrated
with silicon, in particular, for solar cells. GaP has the small-
est lattice mismatch beyond III-V binary compounds (less
0.4%) being the best candidate for nucleation (buffer) layer
providing conditions for low defect density at the interface
with the Si substrate.! GaP has a gap of 2.26eV fitting
requirements for a wide gap emitter of GaP/Si heterojunction
solar cells, which according to simulations could have an
advantage of more than 1% of efficiency compared to pas-
sivated emitter and rear cells made of p-type Si wafers,”
which are still of interest, in particular, for low orbit space
applications due to better radiation hardness.” Recently,
promising results have been obtained using n-GaP window
for Si n-p homojunctions.* However, GaP layers are com-
monly grown by epitaxial techniques such as molecular
beam epitaxy (MBE)>® and metal organic vapor-phase epi-
taxy (MOVPE),” which require relatively high tempera-
tures (500-800 °C). Until now, the photovoltaic performance
of GaP/Si heterojunctions obtained by epitaxy*'*!! is far
from that of high efficiency Si solar cells. The main problem,
especially for structures with anisotype heterojunctions (n-
GaP/p-Si), can be related to the high growth temperature,
which affects the GaP/Si interface quality.'? The use of high
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temperatures could lead to interdiffusion of group-III and -V
atoms into Si and opposite, which act as dopants affecting
the electrical properties of heterojunctions, and it can also
promote the fast diffusion of species that can degrade the
carrier lifetime in c-Si."

In this paper, we explore a low temperature (less than
400 °C) technological approach for the growth of III-V com-
pounds on Si substrates using plasma-enhanced atomic layer
deposition (PE-ALD) approach. The PECVD related low-
temperatures technology could provide a lot of advantages
for PV mass production such as large area, high throughput,
low price of the equipment, and the process. Low tempera-
ture ALD is becoming widely used in photovoltaics for
deposition of dielectric antireflection and passivation layers
(commonly Al,O3) on the silicon surface'* while only few
reports on plasma deposition of III-V semiconductors at low
temperature could be found. However, the first report on
plasma enhanced growth at 300 and 350 °C of polycrystal-
line GaN and amorphous GaP films,"” respectively, is dated
by 1978. Recently, the GaN layers containing small crystalli-
tes dispersed in an amorphous matrix were grown on Si
using PE-ALD in the temperature range of 185-385°C.'°
Our preliminary results on plasma enhanced deposition of
amorphous GaP at 350 °C have demonstrated promising pas-
sivation properties of GaP/Si heterostructures when the
phosphorus and gallium atom source flows were alterna-
tively changed.'” However, the obtained deposition rate of

Published by the AVS. 021302-1
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TaBLE I. Parameters of the process steps: time, gas flows, and RF power.
Constant RF power (20 W) mode Pulsed RF power mode
Gas flow (sccm) Gas flow (sccm)

Step t(s) PH; H, TMG/H, t(s) PH; H, TMG/H, RF (W)
P step 3-5 50 50 — 2-3 50 50 — 100
H plasma treatment — — — — 0-5 — 100 — 100
Purge 10 — 100 — 7 — 100 — 20
Ga step 5-10 — 30 70 3-5 — 30 70 100
H plasma treatment — — — — 0-2 — 100 — 100
Purge 10 — 100 — 7-9 — 100 — 20

11.6 nm/cycle means that the ALD growth mode was not
reached. Moreover, Ar plasma, which was used for plasma
ignition and discharge, produces radiation defects in Si miti-
gating the advantage of low-temperature approach. Thus,
PE-ALD like technique with hydrogen plasma is used in this
study.

Il. EXPERIMENT

The time modulated plasma enhanced deposition (PE-
ALD like approach) was realized using a standard PECVD
setup with capacitively coupled plasma (Oxford Plasmalab
100) supplied with phosphine (PHj3) and trimethylgallium
(TMGQG) lines for sources of phosphorus and gallium, respec-
tively. Hydrogen was used as a gas carrier for TMG. The
hydrogen pressure was 2bar while the temperature of the
TMG cylinder was kept at 3 °C. Silicon substrates with (001)
orientation were used for GaP deposition. At the initial stage,
the native oxide was removed from the Si surface by HF-dip
(10%) immediately before loading to the PECVD chamber
(via a load-lock system). The substrates were heated to
250-380 °C during 20-30min in the vacuum chamber. The
total time between HF dip and start of GaP layer deposition
process does not exceed 40 min. The ultimate pressure was
provided by BOC Edwards iH600 dry vacuum pump, and
was estimated to be less 0.1 mTorr (below measurement
limit of Pirani gauge).

In order to avoid the Ar plasma influence to Si substrate,
the process was performed with continuous H, plasma dis-
charge during deposition and purge cycles. No evacuation
cycles were used because of the difficult plasma ignition of
hydrogen rich gas mixture. Due to specific features of our
PECVD setup, the purge step should be at least 7s for full
gas exchange and the minimal time of any step is 2 s to pro-
vide stable program operation. Total gas flow and gas pres-
sure were always kept constant and were equal to 100 sccm
and 350 mTorr, respectively. Stable gas dynamic conditions
with minimal throttle valve adjustment were reached.

First, the deposition of a series of GaP layers was carried
out with temperature variation from 250 to 380°C and at a
power of 20 W (corresponds to a power density of 0.03 W/
cm?) which is the minimal value required for stable plasma
RF (13.56 MHz) discharge. The parameters of each step are
presented in Table I. Then, the deposition with pulsed RF
power increase to 100 W (0.14 W/ecm?) during the precursor
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decomposition and short treatment in hydrogen plasma was
performed at the temperature of 380 °C. The total number of
cycles for each process was equal to 200.

The layer morphology and thickness were determined using
scanning electron microscopy (SEM) (SUPRA 25 Zeiss) and
atomic force microscopy (AFM) (BioScope Catalyst Bruker).
The structural properties were studied by Raman spectroscopy
using Horiba Jobin Yvon LABRAM HR 800 spectrometer
with a laser excitation at 532 nm and by transmission electron
microscopy (TEM) (JEOL JEM 2100F) with 200kV accelera-
tion voltages. Optical emission spectroscopy (OES) was used
for in situ gas content analysis using Solar Laser Systems
S100 spectrometer.

lll. RESULTS AND DISCUSSION
A. Constant RF power mode

According to x-ray fluorescence measurements, the depos-
ited films content Ga and P atoms while no impurities could
be detected because of low sensitivity of this technique to
thin films. SEM [Fig. 1(a)] and TEM [Fig. 1(b)] demonstrate
that GaP films deposited with a constant RF power of 20 W
are homogeneous with a smooth surface and sharp GaP/Si
interface. The selected area electron diffraction (SAED) pat-
tern of the GaP film obtained by TEM [inset of Fig. 1(b)]
exhibits intensive dots corresponding to diffraction from Si
substrate and diffused ring (halo) at (111) plan indicating a
dominant amorphous phase of GaP.

The growth per cycle for the GaP layers grown at 350 °C
and above was about 0.25 * 0.02 nm/cycle, indicating the

a b

Fic. 1. SEM 20° tilt (a) and TEM bright field (b) cross section images of the
GaP film grown on Si at 380°C with constant RF power (20 W) mode.
SAED pattern by TEM is presented in the inset.
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FiG. 2. Temperature dependence of the deposition rate (r) and RMS roughness (a) and surface topology by AFM for GaP deposited at 250 °C (b), 350°C (c),

and 380°C (d).

growth of approximately one GaP monolayer (0.275 nm) per
cycle [Fig. 2(a)]. Thus, one monolayer per cycle growth mode
was achieved using hydrogen plasma in contrary to results
obtained with argon plasma (1-1.6nm/cycle for 350°C).
For 250 °C, the growth per cycle was about 0.4 nm/cycle. The
surface topography measured by AFM strongly depends
on the growth temperature (Fig. 2). The root-mean-square
(RMS) roughness decreased from 0.92nm for 250°C to
0.19 nm for 380 °C.

The Raman spectra presented in Fig. 3 for GaP layers
deposited on Si substrates at different temperatures exhibit
the broad feature at 350-360 cm_l, which corresponds to GaP
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FiG. 3. (Color online) Raman spectra of GaP deposited on Si with constant

RF power at different temperatures. Spectra of Si and GaP substrates are
also presented.

JVST A - Vacuum, Surfaces, and Films

TO(X)-TO(L) peak and a shoulder at 370-390 cm™'. Such
behavior of Raman spectra indicates an amorphous structure
of the GaP films.'"® An amorphous structure of PECVD GaP
films grown at 350°C was also reported in Ref. 15. We
should note that the shoulder at 370-390cm ™' becomes more
pronounced when the deposition temperature is increased,
and it shifts toward the GaP LO peak position (402cm™"),
indicating better structural properties. Indeed, a formation of
GaP nanocrystals was observed by HRTEM in the layers
deposited at 380°C. Low fraction of 2-3nm size ordered
inclusions embedded in amorphous GaP matrix could be
selected in the HRTEM image presented in Fig. 4.

Fic. 4. HRTEM image of GaP grown at 380°C with constant RF power
(20 W) mode. Several examples of GaP ordered areas are marked by dot
contours.
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FiG. 5. (Color online) Raman spectra of GaP deposited on Si with pulsed RF
power (100 W) during Ga and P deposition steps: without H, plasma treat-
ment (1), with H, plasma (100 W) treatment step after Ga and P deposition
steps (2), with H, plasma (100 W) treatment step after P deposition step
only (3). GaP deposited at low RF power (20 W) during Ga and P deposition
steps but with H, plasma (100 W) treatment step after Ga and P deposition
step (4).

Obviously higher deposition temperature is required to
reach a successful surface migration of the deposited atoms
for formation of a GaP crystalline phase. However, the depo-
sition temperature of 380°C approaches the practical limit
of our setup (400 °C) being also close to a temperature limit
for the most commonly used plasma-enhanced equipment.
Moreover, further temperature increase is undesirable because
higher temperature could affect the electronic properties of
the GaP/Si interface and Si wafers due to interdiffusion.

B. Pulsed RF power mode

To enhance the surface migration of adsorbed atoms a
pulsed increase of the RF power to 100 W during Ga and
P deposition steps was proposed. Also the possibility to
enhance the surface migration by an additional short hydro-
gen treatment step at increased RF power introduced imme-
diately after Ga and P deposition steps was explored. The RF

021302-4

power during purge steps was decreased to the minimum
value (20 W), which enables to hold the glow discharge and
to minimize the influence of hydrogen plasma to Si. The
Raman spectra for a GaP film deposited with pulsed RF
power mode are presented in Fig. 5. Two clear peaks at 365
and 402cm ™' could be observed in the Raman spectra for
the layers grown with increased RF power during Ga and P
deposition steps. The peak positions correspond to the GaP
TO-LO duplet'® revealing the formation of a GaP crystalline
phase. The study of structural properties by TEM demon-
strates that GaP films are microcrystalline (Fig. 6). The
selected area electron diffraction (SAED) pattern of the GaP
film obtained by TEM confirms the presence of a GaP crys-
talline phase in the layer [Fig. 6(b)]. Intensive dots in SAED
pattern correspond to diffraction from Si substrate, while the
sharp rings correspond to (111), (220), and (311) reflections
of disoriented GaP crystals. However, high intensive areas
within the diffraction rings indicate a preferred orientation
of GaP crystals. A significant crystalline fraction in GaP
films grown with enhanced RF power is observed in the
HRTEM image presented in Fig. 6(c) where disoriented GaP
grains of few nanometers size could be selected. The forma-
tion of grains leads to rough surface of the GaP film depos-
ited at the pulsed RF power mode as illustrated by SEM and
AFM in Fig. 7. The RMS roughness is within the range of
5.87-5.92 nm.

When only the short hydrogen treatment step with
increased RF power (100 W) was introduced immediately after
low power (20 W) Ga and P deposition steps the deposited
films were amorphous as indicated by Raman spectra (Fig. 5)
with smooth surface (RMS roughness < 1 nm). However, the
pulsed H, plasma treatment step strongly affects the growth
per cycle and thickness uniformity. Indeed, introduction of H,
plasma treatment after Ga deposition step leads to the increase
of growth per cycle with deposition step time (Fig. 8), which
significantly surpasses one GaP monolayer per cycle. The
thickness nonuniformity increases in this case up to 50% for
3in. wafer. On the contrary, introduction of H, plasma treat-
ment after P deposition step leads to the saturation of the depo-
sition rate with the rise of the deposition step time as for Ga as
well as for P (Fig. 8). The deposition rate saturates at approxi-
mately one monolayer of GaP per cycle level. The thickness

Fic. 6. TEM cross section view (bright field contrast) (a), SAED pattern (b) and HRTEM of GaP grown on Si with pulsed RF power (100 W) during deposition

steps. The boundaries between disoriented GaP sections are selected by the eye.

J. Vac. Sci. Technol. A, Vol. 36, No. 2, Mar/Apr 2018
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Fic. 7. SEM 20° tilt cross section image (a) and surface morphology by
AFM (b) for GaP grown on Si with pulsed RF power (100 W) during deposi-
tion steps.

uniformity was extremely improved in this mode being within
the range of =5%.

To analyze the influence of H, plasma treatment one
should take into account two possible processes. The first
one is related to gas mixture changing time because precur-
sor residues could continue to react during the H, plasma
treatment step. The second is related to the possible interac-
tion between phosphorous and H, plasma. In particular, a
red phosphorous could be condensed at the walls of the
deposition chamber during PH; plasma decomposition.?’
This excess phosphorous should remain in the chamber even
after a full gas mixture exchange. However, then the phos-
phorous is etched by H, plasma during Ga deposition and
subsequent H, plasma treatment steps. In this case the
formed phosphorous precursors (PHy) would interact with
Ga precursors leading to conventional PECVD growth of
GaP. Therefore, the growth per cycle could excess one
monolayer per cycle with a strong spatial nonuniformity
because P etching from the chamber walls provides nonho-
mogeneous gas content.

C. Hydrogen plasma treatment

Optical emission spectroscopy (OES) was used for in situ
examination of the processes during hydrogen plasma treat-
ment. The measured OES spectra of H, and PH; plasma are
presented in Fig. 9. The pure hydrogen plasma has the most
intensive H, line (from Balmer series) at 656 nm caused by
emission of atomic hydrogen. The short wavelength lines Hp

0.6

05¢L a ’ fﬁ)H2 plasma after Ga |

04t 1.

0.3 [1 ML GaP _ (f)ﬁH}ipliafma after P 1

02} &~

r (nm/cycle)
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TMG step time (s)
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and H, at 486 and 434nm have lower intensity. There are
also spectral lines of molecular hydrogen at 600 nm range
called Fulcher o band.?! Thus, the H, line was used to con-
trol the hydrogen atom concentration in the plasma.

When phosphine is added to the hydrogen plasma it takes
a green color due to continuous emission band of PH; mole-
cules in the range of 450-650 nm. Phosphine plasma has also
lines at 341, 666 and 717 nm, which correspond to emission
lines of PH and PH, radicals. The most intense PH, 666 nm
line is of particular interest, because neither molecular nor
atomic hydrogen emission lines appear at this wavelength,
allowing one to extract information about the concentration
of PH, radicals and atomic hydrogen in the PH3/H, plasma.

The time dependence of the PH, and H,, lines during depo-
sition process with pulsed RF power increase and H, plasma
treatment step after Ga deposition is presented in Fig. 10(a).
First, at the P deposition step (100 W) a rise of PH; concen-
tration in the chamber leads to an increase of PH, line inten-
sity, which is accompanied by a decrease of the intensity of
the H, line because PH; ionization energy (7.2eV) is much
lower compared to that of hydrogen (16.5eV). Addition of
PH; with a low ionization energy leads to redistribution of
the electron energy in the plasma and therefore to a decrease
of ionized hydrogen atoms concentration.’ Studying changes
in the intensity of the H, hydrogen line is an indirect way to
determine the variation of phosphine concentration. Next,
during the purge step (20 W), the H,, line intensity increases
due to the drop of PH; concentration in the chamber. Finally,
at the Ga deposition step (100 W), a slight increase of the
PH, line intensity is observed because of the phosphorous
etching in H, plasma. The traces of phosphorous precursors
during Ga deposition step obviously lead to uncontrollable
GaP deposition.

To confirm this P etching effect, the phosphorous was
deposited at the chamber walls by PH; decomposition during
30s at 100 W. Then, the chamber was purged by H, during
1 min without plasma. Next, the H, plasma (100 W) etching
was started. Time dependence of H, and PH, OES lines is
presented in Fig. 9(b). The PH, line was clearly observed in
the plasma which intensity decreased during 20s accompa-
nied by the rise of the H, line intensity. The observed

0.6 . .
05| b p ]
04+t . '(1')’ H, plasma after Ga
S 03[1MLGaP T ]
o U LLTIILL f— i -i ST
E 021 (2) H2 plasma after P
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0 . L
1 2 3 4

PH3 step time (s)

FiG. 8. Deposition rate (r) as a function of TMG (a) and PH; (b) deposition step time for GaP deposited with pulsed RF power (100 W) using H, plasma treat-
ment after Ga deposition step (1) and H, plasma treatment after P deposition step. PH; (a) and TMG (b) deposition step times were fixed to 2 and 4 s, respec-

tively. The level of one GaP monolayer (ML) is also indicated.
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FiG. 9. (Color online) OES spectra of H, and PH; plasma (a). Time dependence of H, (656 nm) and PH, (666 nm) OES lines for H, plasma treatment after

P deposition during 30s (b).

behavior indicates a strong phosphorous etching effect which
affects the GaP deposition process.

To avoid the negative influence of etching effect to the
PE-ALD, the process was modified. Longer H, plasma treat-
ment steps (100 W) were introduced after the P deposition
step to etch the phosphorous in excess before Ga deposition.
Moreover, no H, plasma treatment steps after Ga was used.
The time dependence of PH, and H, lines for this modified
process is presented in Fig. 10(b). A decrease of PH, and
increase of H, lines intensity is observed during H, plasma
treatment steps indicating a removal of excess phosphorous,
while no phosphorus precursor presence (PH; line) is observed
during the Ga deposition step. This modified pulsed RF power
process allows one to reach ALD like growth of GaP films
with nonuniformity less than 5% for 3 in. substrates and less
than 3% for 2in. substrates. The results of optical measure-
ments of the uniformity are presented in Fig. 11, where the
distribution of the wavelength of reflection maximum as a
function of distance for 3 in. Si substrates is shown. The posi-
tion of the reflection maximum, which slightly depends on dis-
tance, was used to calculate the GaP film thickness. The
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thicknesses values correspond well to the one obtained by
electron microscopy and are varied in narrow range indicating
good film thickness uniformity.

IV. SUMMARY AND CONCLUSIONS

Plasma enhanced atomic layer deposition approach allows
one to obtain amorphous or microcrystalline GaP films at
temperatures below 400 °C. The transition from amorphous to
microcrystalline structure could be obtained by the increase
of the RF power, which increases the kinetic energy of the
adsorbed atoms and their migration possibility. However, a
significant increase of surface roughness appears for micro-
crystalline GaP films compared to the smooth surface of
amorphous GaP.

A specific feature of the GaP growth mechanism was
observed for higher RF power modes, namely, an accumula-
tion of the phosphorous at the deposition chamber walls. The
excess phosphorous in the chamber etched by the hydrogen
plasma may interact with Ga precursors thus perturbing the
ALD mode. The way to minimize this negative effect by an

b pu, n, H, TMG H,

olcH L1 (100W); (20 W) ! L (20 W)
8000 -| : ! ! N
6000 - Il :
4000 )
2000/ H |

--"—’— ' ! PH2 -~\...J :L__

0 :' : T — T I' I|
0 10 20 30
Time (s)

Fic. 10. (Color online) Time dependence of H,, (656 nm) and PH, (666 nm) OES lines for the processes with H, plasma treatment step after Ga deposition step

(a) and after P deposition step (b).
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FiG. 11. Wavelength of the reflection maximum (e max) VS distance for
3in. Si substrates with GaP film deposited with H, plasma treatment step
after P deposition step. Calculated GaP film thickness, which corresponds to
ARefl Max» 18 indicated on the left axis.

additional hydrogen plasma etching step after P deposition was
proposed. Microcrystalline GaP films with good thickness uni-
formity (thickness within =5% for 3 in. wafer) and saturated
deposition rate (at one monolayer per cycle) were obtained. No
phosphine traces in the plasma during Ga deposition step were
observed in this case. Further studies will be devoted to the
improvement of the structural properties and morphology of
GaP films grown on Si by plasma enhanced deposition.
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