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Abstract. Plasma-enhanced atomic layer deposition is an attractive method for produc-
ing n-GaP layers at low temperatures on p-Si wafers for further photovoltaic application of
n-GaP/p-Si heterostructures. In this study, we explore the influence of growth conditions
on the electrophysical quality of thin n-GaP layers. It was established from admittance spec-
troscopy and current-voltage characteristics that the activation energy of conductivity in GaP
decreases from 0.08 eV to 0.04 eV, with an increase in phosphine flow during the phospho-
rous step, and a subsequent drop to an extremely low value (< 0.02 eV) when additional
flow of silane was added. This leads to extreme improve photovoltaic performance of the
ITO/n-GaP/p-Si sample due to suppression of inflection on the /—V curve leading to an in-
crease in the short-circuit current and the fill factor. Fruthermore, a deep level with the acti-
vation energies ranging from 0.50 to 0.55 eV and the capture cross-section ¢, = (1-10)-10"'"*cm?
was detected in all layers.
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AHHOTanmusga. ATOMHO-CIIO€BOE TJIa3MEHHO-CTUMYJIUPOBAHHOE OCAXKICHUE SBIISICTCS OTHUM
U3 TEePCIEKTUBHBIX METOMOB Wisi popmupoBaHue n-GaP cioeB Npu HU3KKUX TeMIlepaTypax
Ha MOIJIOXKax p-Si A MOCIEoYIOLEro UCIO0JIb30BaHUs B KayecTse (oTonpeodpa3oBaresib-

HBIX CTPYKTYp reteponepexona n-GaP/p-Si. B nanHoit pabote, ObLIO MCCIeNOBAHO BIUSIHUE
OCTOBBIX MapaMeTpoB Ha aJjiekTpodusndeckue cBoiictBa n-GaP. CormracHo u3MepeHUsIM
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CIIEKTPOCKOIIMM ITOJIHON MPOBOAMMOCTU M BOJIBT-aMIIEPHBIX XapaKTePUCTUK ITOKA3aHO, UTO
SHeprus akTupBauuu rnpooauMoctu B GaP cinoe ymenbinaercs ¢ 0.08 3B mo 0.04 3B ¢ yBe-
JIMYEHUEM IToToKa (pocuHa M BpeMEHM €ro B3aMMOJCHCTBUS C MOIJIOXKONM BO BpeMs Iiara
ocaxnaeHus (ocdopa, a nmpu 106aBIeHUN TOMOTHUTEBHOTO IMOTOKA CHJIaHA Ha 11are ocaxie-
Hus (pocdopa oHa 3HAUUTESIPHO YMEHbIIaeTcsl U cTaHOBUTCS MeHbIe 0.02 3B. Dto mpuBoauT
K 3HAUUTEJbHOMY YJIyYLIEHUIO TPOU3BOAUTENbHOCTU coHeuHoro anemeHTa ITO/n-GaP/p-Si
BCJIEJCTBUE YMEHblIeHus nepernba Ha BAX, 4To NpUBOAUT K YBEJIMYEHUIO TOKA KOPOTKOTO
3aMblKaHUg U (akTtopa 3anoiaHeHuss. Kpome Toro, Bo Bcex oOpasuax ObLI OOHApyXeH TIy-
OOKMIi Ne(eKTHbII YPpOBEHb C DHEPTrUeil aKTUBALIUU Ea = (0.50—0.55 eV u ceueHuem 3axBaTa
c,=(1-10)-107"° cm?.

KmoueBbie cioBa: conHeuHbll ajaemeHT, GaP/Si rereporepexon, creKTpOCKOMUS MOJTHOM
MIPOBOAMMOCTH, AaTOMHO-CJIOEBOE OCaXKICHUE

®uHancupoBanue: [IpeacTaBieHHble B paboTe MCCIEIOBaHUS BBITIOJHEHBI 32 CYET TpaHTa
Poccuiickoro HayuHoro (ponna (mpoekt Ne 21-79-10413, https://rscf.ru/project/21-79-10413/).

Ccpuika mnpn  mutupoBanmu: Kugnunein C.JO., TymoBckmx A.C., VYBapo A.B.,
MakcumoBa A.A., BsauecnaBoBa E.A., bapanoB A.U. UccrnenoBaHue (oronpeodpazoBaTeib-
HbIX TeTeporniepexonoB n-GaP/p-Si, nonyuennsix Mmetogom PE-ALD // HayuHo-TexHuuyeckue
Bemomoctu CIIGITTY. dusuko-mateMmatnueckue Hayku. 2023. T. 16. Ne 1.3. C. 90—95. DOI:
https://doi.org/10.18721/ JPM.161.315

Cratbst OTKpPBITOTO jAoctyna, pacmpoctpansiemas no juiieHsuu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

GaP is one of the promising materials for double-junction solar cells on silicon wafers [1]
since the lattice mismatch between Si and GaP is less than 0.4%, and adding nitrogen to GaP
will make it possible to vary the band gap of GaP(N) in the wide range from 1.7 eV to 2.1 eV
[2]. Recently, an interesting method of plasma-enhanced atomic-layer deposition (PE-ALD) at
temperatures below 400 °C was demonstrated for obtaining thin layers of GaP on p-Si wafers [3].
This technology is based on alternative interaction of phosphorous and gallium precursors with
silicon surface in PECVD chamber. The main advantage of this method is that the film growth is
based on the self-limiting mechanism, i.e., it is impossible to deposit more than one monolayer
in one cycle, which ensures high uniformity and conformity of the film thickness. Previously, the
fundamental possibility of donor doping of a GaP film grown by the PE-ALD method with the
additional silane flow was shown [4], but direct influence of silane flow on quality of doping have
not been shown yet. However, this process includes argon treatment leading to the formation of
defects with a high concentration in bulk silicon wafers [5]. In addition, high power of hydrogen
plasma also leads to defect formation in near interface area in silicon [6]. Therefore, a more
complicated growth process should be used to obtain silicon incorporation for n-type doping of
GaP layers without deterioration of bulk properties of wafers, and direct influence of silane flow
on doping will be studied here.

Materials and Methods

In this study, three different GaP layers with thickness of 10—20 nm were grown using an
Oxford Instruments PlasmalLab System 100 PECVD (13.56 MHz) setup on boron-doped silicon
(100) wafers (p = 1-10' cm™) in PE-ALD mode. The main parameters were the same as in [7]
except for the steps described in Table 1: lower PH, flux in OX856 than in OX860, and additional
silane flow of 10 sccm in OX858. Indium tin oxide (ITO) layers were deposited by magnetron
sputtering in first series of samples for photovoltaic measurements. Further, silver paste was
applied to ITO for fabrication of metallic top contact, and bottom ohmic contact to p-Si was
formed by indium. On the other hand, gold was evaporated in BOC Edwards Auto500 setup
through a hard mask in the form of a circle with a diameter of 1 mm. Then, these samples were
etched in wet solution H,SO,:H,0, = 3:1 down to silicon wafer: in result, GaP/Si heterojunction
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remained only under gold circle. Finally, ohmic contact by indium was formed to bottom side.
This series were explored by capacitance methods to probe only heterojunction n-GaP/p-Si
without contribution of additional barrier ITO/n-GaP.

Current—voltage characteristics were measured at 25 °C using a Keithley 2400 source-meter
under AM1.5G illumination provided by a SunLiteTM Solar Simulator from ABET Technologies.
Admittance spectroscopy (AS) [8] measurements were performed using a precision E4980A-001
Keysight (former Agilent) LCR-meter in frequency range with test voltage amplitude of 50 mV
from 20 Hz to 2 MHz in helium cryostat Janis CCS-400H/204 from 12 to 800 K.

Table 1
Different parameters of PE-ALD processes of GaP layers
Pre-PH, step PH, step

Sample | | PH,, | Ar, H, SiH, | , | PH, H,

’ scem sccm scem scem ’ scem scecm
0X856 3 30 0 10
0X860 4 40 50 200 0 3 20 200
0X858 4 40 10 20

Results and Discussion

Current-voltage characteristics of ITO/n-GaP/p-Si samples under AM1.5G illumination are
presented in Fig. 1.
All I—V curves exhibit a knee near the open circuit

1 voltage, which leads to significant decrease of fill

AM1.5G factor (FF) and even short circuit current (/ ). The

05F ] most pronounced drop of FF is observed for 03(856, a
medium one for OX860, and the weakest is for OX858.

< O PE—— = A possible reason explaining such behavior lies in the
£ differences in conductivity of the GaP layer due to the
g-05F ; growth parameters. A similar knee in the /—V curve
3 could be observed for non-sufficient HIT solar cells
TF :8§ggg' based on a p-a-Si:H/i-a-Si:H/n-c-Si heterojunction
5 ~-0x858|] whe_n p.—layer is not enough doped leading to parasitic
barrier in structure and decrease of FF. Here, the shape

- . . . of the I—V curve is dramatically improved when PH

-1 0.5 0 0.5 1 flow increases for OX860 in both stages (Table 1),
Voltage, V and silane flow also reduces the inflection of the I-V

curve leading to a greatly increasing Isc. Therefore,

Fig. 1. Current-voltage characteristics of  the parameters of the PH. step in PE-ALD mode have

ITO/n-GaP/p-Si samples under a critical influence on tl'316 quality of conductivity in
AM1.5G illumination n-GaP.

Initially, gold was evaporated to these GaP layers
grown on n-Si (n = 1-10' cm™) wafers to form structure with Schottky diodes to explore
their defect properties. However, classical rectifying behavior is not observed due to extremely
high conductivity between contacts. In this case, structures Au/n-GaP/p-Si were explored by
capacitance methods since gold does not form a potential barrier on Au/n-GaP and does not
lead to contribution in total capacitance of samples. It is also confirmed by measurements of
capacitance-voltage characteristics (not presented here) for all samples for 100 kHz, and estimated
concentration from 1/C? corresponds to the doping level in silicon wafers.

Admittance spectroscopy were performed in the temperature range from 60 to 400 K for
different applied voltage bias. The C—f curves for different temperatures for V= 0 V and
+0.8 V are presented in Fig. 2. The admittance spectroscopy is based on the measurement of the
capacitance and conductance of p—n junctions using a small signal alternating voltage at different
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frequencies and at various temperatures. If the Fermi level (or quasi Fermi level) crosses the defect
level in the space charge region, we may detect an additional contribution to the capacitance.
This leads to a step-like behavior in the capacitance versus frequency as in C—f'in Fig. 2.
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Fig. 2. C—f curves for different temperatures for V, . =0V (a, ¢, ¢) and V.= +0.8 V (b, d, f)
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A similar behavior of the curves is observed for all samples at ', =0V (left panels in Fig. 2).
A first step on the C—f curve can be seen at low temperatures of é)(g 240 K and a second one at
higher temperatures, 300—360 K (the sequence of steps is indicated by arrows). As shown, the
position of the turn-on frequency (f where —f-dC/df has maxima) shifts toward higher frequencies
with a temperature increase, allowing to obtain the Arrhenius plot and estimate the parameters of
the defect, activation energy £ and the capture cross section o,.

Parameters of high- temperature responses (300—360 K) are almost the same for all samples
since the position of the turn-on frequency is similar for the same temperature, amounting to
E =0.50-0.55 eV and o, = (1-10)-107'° cm®. The parameters do not depend on the process
conditions so the differences in the /—V curves can hardly be explained by its influence.
Furthermore, a similar defect was detected by DLTS in our previous work where it was associated
with a deep defect level in GaP layer, but its nature is still unclear.

In contrary, the parameters of low temperature response depend on the deposition conditions.
Low temperature feature is characterized by low values of ¢_(1-10%° cm2) and E_being equal to
0.08 eV and 0.04 eV for OX856 and OX860, respectively. For OX858 E _is too low to be estimated
(E,<0.02 eV). Thus, the highest value of E is observed in OX856, then i increasing of phosphine
flow leading to decreasmg of Ea in OX860, and the lowest one is in OX858 with additional flow of
silane. The C—f curves were also measured at V,e=10.8V (Fig. 2, b, d, f) to prove the difference
in £ for the samples. In this case, in addition to the capacitance of space charge (which is closer
to the GaP layers) a diffusion capacitance should dominate in the total capacitance. The absolute
value of the capacitance at low frequency is much higher compared to that at 0 V being typical
for diffusion capacitance. However, high amplitude steps are detected for all samples, and their
responses correspond well to the low temperature response observed at 0 V with the same values
of £ . In fact, if we consider the equivalent circuit the space charge capacitance is connect in
paraflel to diffusion capacitance, i.e. contribution of each should be presented in the equivalent
capacitance. Only the contribution of series capacitance could provide such high amplitude steps.
When series capacitance is much lower compared to diffusion capacitance the total capacitance is
determined by series capacitance. If the series capacitance is shunted by conductivity, for example
due to temperature activation, the total capacitance is determined by diffusion capacitance.
Similar behavior has already observed for a-Si:H/c-Si heterojunctions [9]. An activation of the
conductivity of doped a-Si:H layer leads to appearance of low temperature response in the
admittance spectra. An activation of GaP conductivity could explain the observed behavior of the
admittance spectra at +0.8 V as well as dependence of the £ on deposition conditions. Also it is
in good correlation with our suggestion from /—V curves: lower E leads to better conductivity in
GaP with silane flow. Therefore, detected response is related to conductrvrty of GaP layers, and
it can be controlled in future experiments.

Conclusion

Plasma-enhanced atomic layer deposition is attractive method for formation of n-GaP layers
on p-Si wafer for further photovoltaic application. Here, we explore influence of growth conditions
on electrophysical quality of thin n-GaP layers. Admittance spectroscopy and current-voltage
characteristics were used to establish a decrease in the activation energy of conductivity in GaP
with increasing phosphine flow during the phosphorous step from 0.08 eV to 0.04 eV, with a
subsequent drop to extremely low values when additional flow of silane was added. This serves
to greatly improve the photovoltaic performance of ITO/n-GaP/p-Si sample. Moreover, a deep
level with E = 0.50-0.55 eV and 6, = (1-10)-10'*cm* was detected in all layers.
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