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ORIGINAL PAPER
Interface Properties of GaP/Si Heterojunction Fabricated
by PE-ALD
Alexander S. Gudovskikh,* Alexander V. Uvarov, Ivan A. Morozov,
Artem I. Baranov, Dmitry A. Kudryashov, Kirill S. Zelentsov, Alexandre Jaffr�e,
Sylvain Le Gall, Arouna Darga, Aurore Brezard-Oudot, and Jean-Paul Kleider
The properties of n-GaP/p-Si interface as well as their influence on solar cell
performance are studied for GaP layers grown by low-temperature (380 �C)
plasma-enhanced atomic layer deposition (PE-ALD). The influence of different
plasma treatments and RF power values are explored. The increase of RF
power leads to a growth transition from amorphous (a-GaP) to microcrystal-
line GaP (μc-GaP) with either amorphous-GaP/Si or epitaxial-GaP/Si inter-
face, respectively. However, when continuous hydrogen plasma is used the
amorphous-GaP/Si interface exhibits better photovoltaic performance com-
pared to the epitaxial one. Values of open circuit voltage, Voc¼ 0.45–0.55 V
and internal quantum efficiencies, IQE> 0.9 are obtained for amorphous-
GaP/Si interfaces compared to Voc¼ 0.25–0.35 V and IQE< 0.45 for epitaxial-
GaP/Si interfaces. According to admittance spectroscopy and TEM studies
the near-surface (30–50 nm) area of the Si substrate is damaged during
growth with high RF power of hydrogen plasma. A hole trap at the level of
EVþ (0.33� 0.02) eV is detected by admittance spectroscopy in this damaged
Si area. The damage of Si is not observed by TEM when the deposition of
the structures with epitaxial-GaP/Si interface is realized by a modified
process without hydrogen plasma indicating that the damage of the near-
surface area of Si is related to hydrogen plasma interaction.
1. Introduction

Combination of III–Vcompounds with silicon is of great interest
for the development of new optoelectronic devices, in particular
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multijunction solar cells. One of the best
candidates for the nucleation and buffer
layer to be grown on Si surfaces for further
III–V materials growth is GaP, which has
the smallest lattice mismatch to Si among
all III–V binary compounds (0.4%). GaP
with a band gap of 2.26 eV could also be
used as a wide band gap emitter or window
layer for Si-based bottom cells in multi-
junction solar cells.

The band discontinuity of the GaP/Si
interface was widely studied theoreti-
cally[1,2] and experimentally[3–5] and the
estimated values for the conduction and
valence band offset are within the range of
0.09–0.35 eV and 0.8–1.05 eV, respectively.
Despite some spreading in the determined
values the valence band offset (ΔEV) is
commonly accepted to be much larger
compared to that of the conductance band
one. Significant valence band offset at the
GaP/Si interface leads to formation of high
potential barrier at the interface with p-type
GaP that causes the limitation of the hole
transport.[6] In contrast, the lower conduc-
tion band offset does not lead to formation
of any potential barriers at the interface
with n-type GaP layers, which could affect the electron transport.
Thus n-GaP/n-Si isotype or n-GaP/p-Si anisotype heterostruc-
tures are of main interest for solar cell applications. However,
electronic properties of the GaP/Si interface, in particular,
interface states densities strongly depend on the GaP growth
conditions including silicon surface pre-treatment, growth
temperature, etc. The growth of polar III–V materials on non-
polar Si substrates faces several important issues. The nucleation
phase of III–V materials may give rise to bonds between two
group-III or two group-V atoms. These bonds between similar
atoms act as a boundary between two single crystalline domains
opposite in phase (antiphase boundaries), which could propa-
gate along the direction of growth. Another problem is related to
elastic stresses in the growing layer, which lead to the appearance
of dislocations. This problem is associated primarily with the
high temperatures required for the growth due to different
coefficients of thermal expansion in silicon and GaP. Finally,
the use of high temperatures leads to inter-diffusion of group-III
and -V atoms into Si and opposite, which act as dopants affecting
the electrical properties of heterojunctions. The epitaxial growth
018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of GaP, which normally requires high temperature at least during
the annealing step for Si deoxidation and surface reconstruction
could affect the electronic properties at the interface as well as
properties ofSi substrates.[7] Lifetimedegradation in the volumeof
Si substrates (for depth of more than 20 microns) was observed
after metalorganic vapor-phase epitaxy (MOVPE) of GaP or Si
substrateannealing in theMOVPEchamber,whichwas associated
with fast diffusion of species.[8] In case of molecular beam epitaxy
(MBE) the growth of GaP occurs at lower temperatures (500–
600 �C) but still a high temperature Si substrate pre-treatment
(800–900 �C) in high vacuum conditions of the MBE chamber is
required. A significant lifetime degradation of Si substrates due to
high temperature annealing in theMBE chamber was reported in
ref. [9].Also a formationof thin�30nmdefective layer inSinear to
the GaP interface was detected.[6] This defective layer attributed to
the diffusion process during the GaP growth leads to significant
reduction of solar cell performance for anisotype n-GaP/p-Si
heterojunctions due to strong recombination in the space charge
region. An intentional phosphorous diffusion in p-Si prior to n-
GaP growth improves the performance of the n-GaP/n-p-Si
heterostructure because the space charge region is moved away
from defective layer.[6] However silicon solar cells with GaP
window layers fabricated by MOVPE of n-GaP on n-p Si
homojunctions with a high temperature (750–1050 �C) surface
reconstructionstep[10]demonstratedahighsurfacerecombination
velocity (105 cms�1) at the GaP/Si interface estimated by the
analysis of quantum efficiency spectra. Strong recombination at
the interface was explained by the high density of interface states
due to antiphase boundaries in the GaP layer.

In this paper, we explore the interface properties of GaP/Si
heterojunctions fabricated by a low temperature (less than
400 �C) technological approach for the growth of III–V
compounds on Si substrates using the plasma-enhanced atomic
layer deposition (PE-ALD) technique. The process consists of
alternatively changing the phosphorus and gallium atom source
flows providing the growth of one monolayer by cycle. This new
technological approach was recently developed for the growth of
amorphous and microcrystalline GaP layers.[11] The transition
from amorphous to microcrystalline structure has been obtained
by the increase of the RF power. However, for higher RF power
process an accumulation of the phosphorous at the deposition
chamber walls was observed. The excess phosphorous in the
chamber interacts with Ga precursors perturbing the ALDmode.
An additional high RFpower hydrogen plasma etching step after
P deposition should be used to minimize this negative effect.[10]

On the other hand hydrogen plasma could provide acceptor de-
activation in B doped p-type Si[12] and even damage the Si
surface.[13] Our previous study demonstrated that no significant
influence of the growth process on the volume properties of
silicon wafers could be observed by space charge capacitance
techniques.[14] However, to our knowledge the interface
properties of GaP/Si heterojunctions formed by low temperature
plasma-assisted technique were not studied so far.
Figure 1. Sketches of the process flow for different samples.
2. Experimental Section

GaP layers of 50 nm thickness were grown on p-type (0.8–
1.2 ohm cm) B-doped CZ Si substrates of (001) orientation with
Phys. Status Solidi A 2019, 216, 1800617 1800617 (2
4� off cut toward [110]. Si wafers were cleaned by the Shiraki
method[15] followed by an HF-dip removal of oxide prior to the
GaP deposition. The PE-ALD process was realized at the
temperature of 380 �C using a conventional Oxford PlasmaLab
100 PECVD setup supplied by phosphine (PH3) and trimethyl-
gallium (TMG) lines for sources of phosphorus and gallium.

The process flow for different samples is presented by the
sketches in Figure 1. First the deposition was performed with
continuous H2 plasma discharge during the deposition and
purge cycles. Two different modes of the deposition were used: i)
with constant low RF power of 20W, which provides a growth of
amorphous GaP films (a-GaP); ii) with pulsed RFpower increase
to 100W during Ga and P deposition steps (4 and 2 s,
respectively) and during the hydrogen plasma treatment step
(7 s), which was used after P deposition step to etch excess
phosphorus accumulated at the chamber walls. The latter mode
provides a growth of microcrystalline GaP (μc-GaP). In both
cases a growth rate of about one monolayer per cycle was
reached. For more deposition details one can refer to ref. [11]. A
combination of 3–5 nm a-GaP deposition with subsequent
growth of μc-GaP was also used (case (iii) in Figure 1).

Finally, to verify the influence of the hydrogen plasma on the
interface properties a PE-ALD process without hydrogen plasma
was performed. In this case a short pulse (2 s) of plasma (RF
power of 200W) which content hydrogen was used for PH3

decomposition only, while deposition of Ga occurred due to
thermal decomposition of TMG. Intermediate evacuation and Ar
purge steps were introduced between Ga and P deposition steps
to avoid gas mixture. An additional Ar plasma step (200W, 15 s)
was used immediately before the TMG thermal decomposition
step for surface activation. This additional step allows us to
increase the growth rate form 0.5 to approximately one
monolayer per cycle. The obtained GaP films had microcrystal-
line structure.

For n-type doping an additional step of highly diluted SiH4

(0.1%) was introduced. Incorporation of Si and high electron
concentration (>1018 cm�3) in GaP layers were confirmed by
glow discharge optical emission spectroscopy and electrochemi-
cal-CV measurements (ECV), respectively.[16] The ECV profile
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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measured for an Si doped GaP layer deposited on n-type Si wafer
is presented in Figure 2.

Structural properties of the GaP/Si interface were studied by
transmission electron microscopy (TEM) (JEOL JEM 2100F)
with 200 kV acceleration voltages.

Ti/Ag or Au/Ge grid and full metal ohmic contacts were
formed to the n-GaP layer to study photoelectrical and electrical
properties, respectively, of n-GaP/p-Si heterostructures. Indium
ohmic contacts were formed to the back side of p-Si. Standard
I–V curves under AM1.5G simulator (Abet Technology) were
measured using a Keithley 2400 source-meter. Spectral depen-
dence of quantum efficiency was recorded using a Solar Laser
M266 monochromator supplied by a halogen lamp, a Si
reference photodiode and a Stanford Research SR 830 lock-in
amplifier.

Hall measurements were performed using an Ecopia HMS-
3000 Hall measurement system with 0.55 Tesla permanent
magnet. Four indium contacts with Van der Pauw geometry were
formed on the top GaP surface of n-GaP/p-Si heterostructures.

Space charge capacitance techniques as capacitance–voltage
measurements (C–V) and admittance spectroscopy measure-
ments (capacitance and conductance vs. temperature and
frequency) were performed using an Agilent 4980A LCR meter
and a Janis VPF 100 liquid nitrogen cryostat.
3. Results

The TEM cross section images of GaP/Si interfaces for GaP
grown with continuous hydrogen plasma are presented in
Figure 3. In case of a-GaP growth on Si (occurring at low RF
power) the interface has a sharp border between amorphous GaP
and crystalline Si (Figure 3a). The same sharp amorphous
interface is observed for the sample started with thin (5 nm) a-
GaP layer and continued by growth of μc-GaP (Figure 3b).
Figure 2. ECV electron concentration profile of an Si doped n-GaP layer
deposited on n-type Si.

Phys. Status Solidi A 2019, 216, 1800617 1800617 (3
However in case of direct μc-GaP growth on the Si surface, the
interface between GaP and Si can not be easily distinguished
(Figure 3c). A special test structure was grown to study the μc-
GaP/Si interface. Here the growth on Si surface was started with
3 nm of μc-GaP followed by the growth of a thin (5 nm) Si layer.
The epitaxial conformal growth of GaP at least for the first 3 nm
was confirmed by TEM presented in Figure 3e. The Fourier
filtering applied for the same area gives an evidence of the
epitaxial growth (Figure 3e). Smooth interface between the
epitaxial GaP (epi-GaP) layer and the amorphous Si indicates
that PE-ALD allows us to obtain conformal 2D-growth without
island formation on the Si substrate surface (3D-growth).

A new PE-ALD process using high RF power without
hydrogen plasma also allows us to grow microcrystalline GaP
on Si (Figure 3d). Analysis of the TEM images using Fourier
filtering demonstrates that initial epitaxial growth of GaP also
occurs in this case (Figure 3f). Few nanometers of GaP are grown
epitaxially, while GaP crystallites then become disoriented.

Photoelectrical and electrical properties of n-GaP/p-Si
heterojunctions fabricated using continuous hydrogen plasma
strongly depend on the initial growth process. When growth is
started by a low RF power process, which provides amorphous
GaP at the interface, the I–V curves under AM1.5G exhibit
relatively high value of open circuit voltage (VOC) being in the
range of 0.45–0.55 V (Figure 4a) independent on subsequent a-
GaP or μc-GaP growth. In this case VOC is mostly limited by the
low bulk minority carrier lifetime of used Si wafers and
recombination at the back contact. It is demonstrated by spectra
of internal quantum efficiency (IQE), which drop in the long
wavelength region (Figure 4b). However when the growth is
started by a high RFpower process with hydrogen plasma, which
provides epitaxial GaP interface (Figure 3e),VOC is found to be in
the range of 0.25–0.35V, which is significantly lower compared
to that of the amorphous GaP interface (Figure 4a). In the same
time, the short circuit current density and IQE values in the
whole spectral range are also considerably low (Figure 4b). This
difference is obviously caused by strong recombination losses
for the heterojunctions with epi-GaP interface obtained with
hydrogen plasma. A high defect density is expected in the space
charge region, which could be located either at the GaP/Si
interface or in Si near to the surface. In contrast, for the
epitaxial GaP interface obtained without hydrogen plasma
(Figure 3f) the GaP/Si structures demonstrate a value of
VOC� 0.45 V under AM1.5G simulator (I–V is not presented).
Thus a-GaP interface obtained with hydrogen plasma of
low RF power and epi-GaP interface obtained without
hydrogen plasma provide considerably lower recombination
rate at the GaP/Si boundary compared to heterostructures with
epi-GaP interface fabricated with high RF power hydrogen
plasma step.

Another characteristic difference between those two groups of
samples was observed in the lateral conductivity of n-GaP/p-Si
heterostructures measured between two planar ohmic contacts
deposited on the top of n-GaP layer (Figure 5a). Indeed, a high
lateral conductivity, which is few orders of magnitude higher
compared to that of single GaP layer, with a weak temperature
dependence (activation energy<0.1 eV) was previously observed
for n-GaP/p-Si heterostructures with a-GaP interface (followed
by growth of a-GaP or μc-GaP layers). It was explained by the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Figure 3. TEM cross section bright-field images of GaP/Si interfaces a-GaP/Si (a), μc-GaP/(5 nm)a-GaP/Si (b), μc-GaP/Si (c), a-Si/(3 nm)epi-GaP/Si
test structure (e) and epi-GaP produced without hydrogen plasma (d and f). A Fourier filtering of TEM images (e and f) is presented on the right side.

Figure 4. I–V curves under AM1.5G (a) and IQE (b) for n-GaP/p-Si heterostructures with a-GaP (a-GaP and μc-GaP layer) and epi-GaP interfaces.
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Figure 5. Lateral conductivity (a) and simulated equilibrium band diagram (b) for n-GaP/p-Si heterostructures without defect states (black line), with
interface states of 5� 1012 cm�2 eV�1 (red line) and with defect level of 5� 1017 cm�3 in Si near the interface (blue line). Equivalent circuit for lateral
conductivity is presented in the insert. The definition of Vd

GaP, Vd
Si,Ψinv and region of strong inversion are indicated for the band diagram without defect

states.
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formation of an inversion layer in Si near to the GaP/Si interface
due to strong band bending.[17] The formation of this layer with a
high electron concentration near the interface in Si was
confirmed by Hall measurements. High electron sheet concen-
tration (1–9� 1013 cm�2) and mobility of 20–225 cm2V�1 s�1

were obtained. Similarly for n-GaP/p-Si heterostructures with
epi-GaP obtained without hydrogen plasma an inversion layer
was detected by Hall measurements with electron sheet
concentration of 2.5� 1012 cm�2 and mobility of about
70 cm2V�1 s�1.

However, in case of epitaxial GaP at the interface obtained
with hydrogen plasma the lateral conductivity is more than order
of magnitude lower compared to that of the amorphous interface
and has stronger temperature dependence with activation energy
of 0.16 eV (Figure 3a). In this caseHall measurements can not be
performed using our standard equipment due to the low
conductivity. Moreover, I–V curves measured between two
planar electrodes exhibit non linear dependence indicating
rather conductance of reverse biased diodes, which are
connected in series (see inset of Figure 5a). In this case, the
conductance via the p-Si substrate dominates over the conduc-
tance via the inversion layer. Low conductivity of the inversion
layer could be related to lower mobility or lower electron
concentration in case of the epi-GaP interface. A decrease of both
values may be explained in terms of defect states.

In fact the presence of the inversion layer indicates a strong
band bending in Si. For the structures with epi-GaP interface
fabricated with hydrogen plasma a high defect density is
expected to be located at the interface or in Si near to the surface.
Defect states could lead to pinning of the Fermi level at the
position closer to the valence band and therefore lower electron
concentration in the inversion layer. An effect of the Fermi level
pinning at the GaP/Si interface at 1.5 eV above the valence band
was reported in ref. [3] where further annealing provides a shift
Phys. Status Solidi A 2019, 216, 1800617 1800617 (5
of the Fermi level position toward the conductance band. The
band diagram at equilibrium was simulated for the n-GaP/p-Si
heterojunction with interface states density (Dit) of 5� 1012

cm�2 eV�1 and without Dit using AFOR-HET[18] software
(Figure 5b). The density of interface states was taken as constant
through the bandgap, assuming donor/acceptor-like defects in
the lower/upper half of the bandgap. Doping concentration of
Nd¼ 1018 cm�3 and Na¼ 1016 cm�3 for n-GaP and p-Si,
respectively, and ΔEV¼ 0.9 eV were used. Without interface
states a strong inversion layer leading to high electron
concentration, up to 6� 1018 cm�3, occurs in Si near to the
GaP/Si interface. Introduction of a high interface states density
(5� 1012 cm�2 eV�1) leads to a shift of the Fermi level toward
midgap due to the pining effect. Band bending in Si decreases
sufficiently so that strong inversion at the interface disappears
(electron concentration <1016 cm�3). A similar effect occurs
when a high defect density is introduced in Si near to the
interface. We calculated the band diagram for an acceptor like
point defect located in the middle of the Si bandgap (Et¼ 0.56
eV) with a concentration of 5� 1017 cm�3 that was introduced
within a region of 50 nm from the GaP/Si interface. This is
presented in Figure 5b. Significant decrease of the electron
concentration underneath the Si surface can be also observed.
Obviously the defect density could also affect the electron
mobility. Thus high density of states at the GaP/Si interface or in
the subsurface region can lead to lower lateral conductivity.
However, the calculated values of VOC are quite different for n-
GaP/p-Si structures where defects are located at the interface or
in the subsurface region if the same capture cross section value
(σn¼ σp¼ 10�13 cm2) for hole and electron is considered. The
structure with interface defect density (5� 1012 cm�2 eV�1)
exhibits a VOC value of 0.44V under AM1.5 illumination. In
contrast, a value of 0.21V was calculated for the structure with
defects (5� 1017 cm�3) located in a region of 50 nm near to the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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interface. This strong difference in photovoltaic properties for
the structures with similar potential drop in Si could be used for
the analysis of experimental data.

One direct method to get insight into the potential drop in
abrupt p-n heterojunctions is to use C–V measurements.[19]

Conventionally the intercept of 1/C2 curve with the voltage axis
(Vint) gives an estimation of the total diffusion potential which is
the sum of the diffusion potential in Si (Vd

Si) and in GaP (Vd
GaP).

However, in case where the inversion layer is formed at the
interface the contribution to this intercept value from the Si part
is limited by the potential drop in the depletion region (Ψinv)
only.[20] The measured 1/C2 curves versus voltage at high
frequency (100 kHz) for the heterojunctions with both a-GaP
interface (a-GaP and μc-GaP layers) and epi-GaP interface
formed using a hydrogen plasma step are presented in Figure 6.
The curves are linear with approximately the same slope and
intercept voltage (Vint). Linear behavior indicates a constant
doping concentration profile within the depletion region
variation range (0.3–0.8 μm) suggesting that there is no
hydrogen plasma induced B passivation[21] in this range. The
slope for all the samples gives a value for the doping
concentration of 1016 cm�3 which is in agreement with the Si
wafer resistivity. The value of Vint (�0.85V) is the same for all the
samples. According to the estimation from the calculated band
diagram (Figure 5b), Vint is obviously limited by the potential
drop in the depletion region (Ψinv). It means that even for the
structure with the epi-GaP interface produced with hydrogen
plasma Vd

Si should be larger than or equal to Ψinv. Thus taking
into account the doping level of p-Si and estimated values for the
doping level in n-GaP (>1018 cm�3) the position of the Fermi
level at the interface for all the structures could be estimated to
be in the range of 0.85–1.05 eV above the valence band of Si.
Figure 6. High frequency (100 kHz) 1/C2 curves versus voltage for n-GaP/
p-Si heterostructures with a-GaP (a-GaP and μc-GaP layer) and epi-GaP
interfaces measured at room temperature.

Phys. Status Solidi A 2019, 216, 1800617 1800617 (6
Interface states as well as defect levels in the volume of the
semiconductors could be directly detected by admittance
spectroscopy (C-T-ω and G-T-ω).[22,23] If the Fermi level in the
space charge region of the junction crosses the trap level a small
variation of the ac voltage implying a variation of the Fermi level
can lead to a change of charge and contribute to the capacitance,
provided the frequency of the test signal is low enough for
capture/emission of the charge carriers into/from the trap level
to occur. In contrast, at high frequency the states occupancy
cannot follow the ac change of the Fermi level. So, there is a
transition angular frequency (ω0) that corresponds to the
emission rate, which is proportional to exp(–Et/kT), where Et
is the difference between the trap level and the nearest band.
Thus the temperature dependence of ω0 allows one to determine
the energy of the trap level. Experimentally ω0 can be determined
by the maximum of dC/dω or by a peak in G/ω, G being the
related conductance. Thus an Arrhenius plot of ω0 can be used to
determine an activation energy that corresponds to Et.

In case of the n-GaP/p-Si heterojunction, the overall
capacitance may be defined by the equivalent circuit presented
in the insert of Figure 7. Cw

GaP and Cw
Si are the capacitances of

the depleted regions in GaP and Si, respectively. An additional
capacitance, Ct

GaP, being in parallel to Cw
GaP is related to the

electron exchange between n-GaP and interface states/defects in
GaP. In the same way, an additional capacitance,Ct

c-Si, in parallel
toCw

Si, is related to the exchange of holes between p-Si and states
located at the interface or in the space charge region in Si. The
capacitance of the very thin depletion region in GaP (Cw

GaP) is
expected to be large so that the overall capacitance should be
more sensitive to the silicon side since both Cw

GaP and Ct
GaP are

connected in series with the capacitances of the Si side (insert of
Figure 7a). Additionally, a temperature-dependent conductance
GGaP, which is related to the transport activation through a spike
of EC at the GaP/Si interface (Figure 7a), should be taken into
account.[24] Thermal activated electron transport over this barrier
leads to the shunting of Cw

GaP, which also makes the overall
capacitance more sensitive to the silicon side and increase
toward the sum of Cw

Si and Ct
c-Si.

Variations of the capacitance response Ct
c-Si with the applied

dc bias allows one to distinguish the response of interface states
from that of states located in the space charge region. Indeed, if
at zero bias Ct

c-Si is caused by the response from interface states
(exchange of holes) the corresponding activation energy should
be equal to the difference EF � EV

Si at the interface. When a
positive bias voltage is applied to the heterojunction one has to
consider the quasi Fermi level for holes, EFp, and the activation
energy for the exchange of holes between interface states and p-
Si is then equal to the value of EFp � EV

Si at the interface, which
should be lower than that of EF � EV

Si (Figure 7b). Thus the
change of the activation energy with positive applied bias is a
sign of the interface states response. However, if the response is
related to a defect level in the space charge region of Si the
activation energy should correspond to Et and be independent of
the applied dc bias (Figure 7b).

The experimental admittance spectra at zero bias for both
heterojunctions with a-GaP and epi-GaP fabricated with
hydrogen plasma are presented in Figure 8. A small step
with limited amplitude is observed in the temperature range
200–340K for both structures. This step is related to either the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Figure 7. Calculated band diagram for n-GaP/p-Si heterostructures at 0 V (a) and at direct bias of 0.3 V (b). Equivalent circuit for the capacitance is
presented in the insert.
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electron exchange between n-GaP and interface states/defects in
GaP (Ct

GaP) or transport activation over a barrier at the GaP/Si
interface. Both spectra do not exhibit any response related to the
exchange of holes between p-Si and states located at the interface
as well as in the space charge region in Si (Ct

Si). This was
expected because the estimated activation energy from the
position of the Fermi level (0.85–1.05 eV) is too large to be
detected in the experimental range of frequency and
temperature.

When the positive bias of 0.3V is applied, the structure with a-
GaP does not demonstrate any additional response (Figure 9a).
The capacitance measurements above 300K become noisy and
not reliable because of drastic rise of the conductivity of direct
biased junction. However, a strong response is observed for the
structure with the epi-GaP interface produced with hydrogen
plasma (Figure 9b). Significant increase of the capacitance above
240K corresponds to the contribution of Ct

Si related to holes
exchange between p-Si and defect states. The determined
activation energy of 0.33� 0.02 eV is significantly lower
compared to the estimated position of EFp at the interface
Figure 8. C-T-f at 0 V for GaP/Si structures with a-GaP (a) and epi-GaP (b)

Phys. Status Solidi A 2019, 216, 1800617 1800617 (7
(0.55–0.75 eV) for 0.3 V direct bias. Moreover, the activation
energy does not depend on applied voltage in the range of 0.2–
0.4 V. Thus the detected response is rather related to the trap level
in Si. On the other hand no response was observed at zero bias
while it should be detected because the Fermi level in the quasi
neutral region of p-Si (0.18–0.2 eV above EV) for the temperature
range of the measurements crosses the trap level (0.33 eV) in the
space charge region at the distance of 0.15–0.2 μm from the
interface. This discrepancy could be explained by the fact that
defects are located in Si only near to the GaP/Si interface within a
distance of 30–50 nm (Figure 5b). In this case at equilibrium the
Fermi level does not cross Et while when a direct voltage (>0.2 V)
is applied EFp can cross Et and a response in admittance spectra
is observed. The capacitance signal increases with direct bias
indicating an increase of the defect density toward the interface.

The presence of a defect rich region in Si near the GaP/Si
interface has been confirmed by TEM studies. TEM cross section
images for μc-GaP/Si structures with a-GaP and epi-GaP
interfaces are presented in Figure 10. For epi-GaP interfaces
fabricated with hydrogen plasma a damaged region of the Si
interfaces grown using hydrogen plasma.
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Figure 9. C-T-f at 0.3 V for GaP/Si structures with a-GaP (a) and epi-GaP (b) interfaces grown using hydrogen plasma.
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substrate within�30 nm could be clearly identified in bright and
dark field contrast (Figure 10c and d). In case of the a-GaP
interface (Figure 10a and b) and epi-GaP interface fabricated
without hydrogen plasma (Figure 10e and f), this damaged area
is not observed.
4. Discussions

For GaP grown on Si, the barrier formed by the significant
valence band offset (0.8–1 eV) blocks the transport of the holes
from p-Si to n-GaP limiting recombination losses in GaP layer
and top contact. In this case only defects located at the GaP/Si
interface and in Si could affect the recombination. Admittance
spectroscopy detected a small step, which is related to either the
electron exchange between n-GaP and interface states or
transport activation over a barrier at the GaP/Si interface. The
bias dependence does not allow us to distinguish between the
two cases. The position of EFn at the GaP/Si interface does not
depend on applied bias due to the strong doping of n-GaP.
However, for the a-GaP/Si structure the activation energy (Ea)
being about 0.3 eV indicates that the response should rather arise
from interface states, which becomes detectable for Dit> 1012

cm�2 eV�1. In this case Ea corresponds well to the difference
EC

GaP � EF at the GaP/Si interface. On the contrary, for the epi-
GaP sample, Ea being about 0.1 eV corresponds rather to the
effective potential barrier height at the GaP/Si interface, which is
related toΔEC. Thus lower interface states density is expected for
epi-GaP/Si interface.

Concerning the defects located in Si space charge region, no
response was detected for the sample with a-GaP/Si interface.
On the contrary, the admittance measurements for epi-GaP/c-Si
grown using hydrogen plasma reveal the presence of a high
defect density (about 1017 cm�3) in the subsurface region of Si
within a distance of 30–50 nm from the interface. The trap level
with position of EVþ (0.33� 0.02) eV detected by admittance
spectroscopy could be related to carbon-related complexes Ci–Oi

(EVþ 0.35 eV), which was observed in B-doped Si substrates after
electron irradiation.[25–27] In ref. [28] the defect level of EV
þ0.34 eV was associated with Ga-related defects. However, the
Phys. Status Solidi A 2019, 216, 1800617 1800617 (8
defect level of the same position (EVþ 0.34 eV) detected in Ga-
doped Si was also attributed to the Ci–Oi complex.[29–33] These
defects are mostly observed in electron-irradiated damaged Si.

Damage of Si in the subsurface region within the distance
similar to that estimated by admittance spectroscopy (30 nm) has
also been revealed by TEM for the epi-GaP/Si structure
fabricated with hydrogen plasma. This damaged area provides
a strong recombination loss leading to drastic reduction of the
photovoltaic performance that invalidates the advantages of low
temperature technology. The C–Vmeasurements demonstrate a
relatively high band bending in Si and predict high electron
concentration near the interface for all the samples including
one with epi-GaP/Si grown with hydrogen plasma. Thus the
lower lateral conductivity observed for the latter sample is rather
related to the reduction of electronmobility in the damaged area.

The origin of the defects is a key issue for further technology
development. The defects in Si are obviously caused by high
power hydrogen plasma treatment, which occurs during the
whole μc-GaP growth process. When growth of μc-GaP was
realized by a new PE-ALD process without hydrogen plasma the
damage of Si in the near surface region was not observed
indicating at least lower concentration of the defects. There are
different mechanisms, which could be involved in defect
creation: deep UV radiation of plasma discharge, electron or
particle bombardment (ions and neutrals)[34] as well as hydrogen
incorporation in Si.

We should stress that similar effects of hydrogen plasma of
comparable power density on Si subsurface region was observed
for a-Si:H/c-Si heterojunctions in ref. [13]. Complete removing
of the a-Si:H layer by hydrogen plasma etching lead to a decrease
of effective lifetime in Si accompanied by an increase in the c-Si
surface roughness and the appearance of defects in the near-
surface (10–15 nm) crystalline structure observed by TEM.
However, it was enough to leave a thin (8 nm) a-Si:H layer to
shield the c-Si surface from sub-surface defect creation. The
same protective properties of thin a-GaP layer were demon-
strated in our work. The damage of Si was observed neither by
TEM nor from photoelectrical measurements when thin (about
5 nm) a-GaP layer was grown on Si prior to μc-GaP growth with
high power hydrogen plasma. This layer seems to be too thin to
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Figure 10. TEM cross section view in bright (a, c, and e) and dark field (b, d, and f) contrast for GaP/Si structures with a-GaP (a and b) and epi-GaP
interfaces (c and d) fabricated with hydrogen plasma and epi-GaP produced without hydrogen plasma (e and f).
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protect from UV irradiation and hydrogen diffusion, while it
seems to be enough to avoid direct interaction of the Si surface
with hydrogen plasma.

Thus the most important result for further technology
development of high quality epitaxial growth of GaP on Si
substrate by PE-ALD is that hydrogen plasma plays a crucial role
that should be taken into account.
Phys. Status Solidi A 2019, 216, 1800617 1800617 (9
5. Conclusion

Electronic properties of n-GaP/p-Si heterojunctions with a-GaP
or μc-GaP grown by PE-ALD under different conditions were
studied using a set of space charge capacitance techniques and
conventional photoelectrical measurements. In case of continu-
ous hydrogen plasma, the growth of amorphous GaP at low RF
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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power provides better photovoltaic performance of the a-GaP/Si
interface compared to the interface with thin (3 nm) epitaxial
GaP fabricated at high RFpower. When the deposition started by
growth of thin epitaxial GaP layer using hydrogen plasma a
defect rich area with a hole trap level EVþ (0.33� 0.02) eV was
detected in Si within 30–50 nm near to the GaP/Si interface by
admittance spectroscopy. The damaged area in Si within the
same distance from the interface was also observed by TEM. The
damage of Si is related to the interaction of hydrogen plasma
with the Si surface during the deposition process. When a thin
(5 nm) amorphous GaP layer deposited prior to μc-GaP grown
with hydrogen plasma or epitaxial growth of GaP was realized by
a new PE-ALD process without hydrogen plasma the damage
of Si in the sub-surface region was not observed. Lower
concentration of defects in this case is also correlated to higher
photovoltaic performance of those samples. Further study of the
GaP/Si hetero-interface properties obtained by hydrogen plasma
free PE-ALD process will be performed in the future.
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