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Low-temperature plasma enhanced atomic layer deposition (PE-ALD) was

successfully used to grow silicon (Si) doped amorphous and microcrystalline gallium

phosphide (GaP) layers onto p-type Si wafers for the fabrication of n-GaP/p-Si heter-

ojunction solar cells. PE-ALD was realized at 380 �C with continuous H2 plasma dis-

charge and the alternate use of phosphine and trimethylgallium as sources of P and

Ga atoms, respectively. The layers were doped with silicon thanks to silane (SiH4)

diluted in H2 that was introduced as a separated step. High SiH4 dilution in H2

(0.1%) allows us to deposit stoichiometric GaP layers. Hall measurements performed

on the GaP:Si/p-Si structures reveal the presence of an n-type layer with a sheet

electron density of 6–10� 1013 cm�2 and an electron mobility of 13–25 cm2 V�1 s�1

at 300 K. This is associated with the formation of a strong inversion layer in the p-Si

substrate due to strong band bending at the GaP/Si interface. GaP:Si/p-Si heterostruc-

tures exhibit a clear photovoltaic effect, with the performance being currently limited

by the poor quality of the p-Si wafers and reflection losses at the GaP surface.

This opens interesting perspectives for Si doped GaP deposited by PE-ALD for the

fabrication of p-Si based heterojunction solar cells. Published by AIP Publishing.
https://doi.org/10.1063/1.5000256

INTRODUCTION

Silicon based solar cells are by far dominating the PV market due to the availability and

relatively low price of Si substrates. One of the most efficient ways to increase the Si solar cell

performance is to use heterojunction designs. Thus, heterojunctions between hydrogenated

amorphous silicon (a-Si:H) and crystalline silicon (c-Si) have reached conversion efficiencies of

24.7% for n-type Si wafers with conventional architecture and 26.3% when combined with

interdigitated back contacts.1 Thin layers of a-Si:H with a gap of 1.65–1.75 eV provide an

excellent passivation of the c-Si surface with relatively low light absorption in a-Si:H. An

increase in the Si heterojunction solar cell efficiency could be achieved by further reducing the

absorption in the emitter layer using a material with a higher bandgap. On the other hand, a-

Si:H/c-Si heterojunctions are not so successful for p-type Si wafers, which are still of interest

for low orbit space applications due to better radiation hardness.2 Gallium phosphide (GaP) has

an indirect bandgap of 2.26 eV that is suitable for low absorption losses. Taking into account a

very small difference in the lattice constant between GaP and Si, the GaP/Si heterojunction

could be a good candidate for photovoltaic applications. The GaP/Si interface has a relatively

low conduction band energy offset (DEC¼ 0.2–0.35 eV) and a significant valence band offset

(DEV¼ 0.8–0.95 eV),3,4 making n-GaP/p-Si heterojunctions based on p-type Si wafers prefera-

ble for solar cell applications. The transport across the junction of holes that are photogenerated

in p-Si is limited by the large valence band offset at the GaP/Si interface, which limits
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recombination losses. On the other hand, electrons can easily overpass the spike formed by

small DEC.
5 However, high temperatures which are commonly used for GaP growth using con-

ventional techniques such as molecular beam epitaxy (MBE) and metal organic vapor-phase

epitaxy (MOVPE) lead to lifetime degradation in the Si wafers.6,7 Recently, we have demon-

strated that growth of GaP by plasma-enhanced atomic layer deposition (PE-ALD) at relatively

low temperature (below 400 �C) does not affect Si substrate quality.7 However, an n-type GaP

layer is required for the fabrication of n-GaP/p-Si heterojunctions. Silicon is commonly used as

an impurity in GaP for donor-type doping.8,9 Here, we report about the Si doping facility of

GaP using PE-ALD for the fabrication of GaP/Si solar cells based on p-type Si wafers.

EXPERIMENTAL DETAILS

The GaP layers were grown by PE-ALD at 380 �C using an Oxford Plasmalab 100 PECVD

(13.56 MHz) setup. Fused silica and Si substrates of (100) orientation with 4� cut-off towards

(110) were used. We used boron doped p-type and phosphorous doped n-type Si wafers with dop-

ant concentrations of 1016 cm�3 and 1015 cm�3, respectively. To realize the PE-ALD process,

phosphine (PH3) and trimethylgallium (TMG) flows were alternatively changed with continuous

plasma discharge due to constant hydrogen (H2) flow during the growth and purge steps. TMG

was carried by hydrogen. The gas mixture pressure and total gas flow were fixed at 350 mTorr

and 100 sccm, respectively. Amorphous and microcrystalline GaP films were grown by varying

RF glow discharge power. Amorphous GaP (a-GaP) layers were deposited at a constant RF power

of 20 W, while for the growth of microcrystalline (lc-GaP) films, a pulsed increase in RF power

to 100 W was used during Ga and P deposition steps. In both cases, the conditions of one mono-

layer growth by cycle (growth rate of about 0.25 nm per cycle) were reached by choosing appro-

priate TMG and PH3 dilution in hydrogen and deposition time, which are presented in Table I.

An additional step of H2 plasma annealing at a RF power of 100 W for 2 s was introduced to

etch excess phosphorous deposited at the chamber wall. Each Ga and P deposition step was sepa-

rated by at least 7 s long purge step with constant H2 flow and minimal (20 W) RF power

required to maintain plasma discharge. According to TEM studies, a-GaP layers have a homoge-

neous amorphous structure with a small amount of 2–3 nm size nanocrystalline inclusions, while

for lc-GaP layers, electron diffraction exhibits sharp rings corresponding to the microcrystalline

structure. The grain size of 5–10 nm for lc-GaP was estimated from HRTEM measurements.

For Si doping of GaP in the case of PE-ALD technology, silane (SiH4) seems to be the

more appropriate source of silicon because it is easy to control and no additional negative effect

of hydrogen or SiHx radicals is expected. Silane diluted in hydrogen (0.1 and 10% SiH4: H2)

was added as a separate step after PH3 deposition for Si doping. This doping step was carried

out for a minimal time (2 s) and at minimal RF power (20 W), which are possible for stable

reproduction. All GaP:Si deposition processes consisted of 200 cycles, which correspond to a

thickness of about 50 nm.

Raman spectroscopy was used to study the structural properties of the films. Raman spectra

were measured using a Horiba Jobin Yvon LABRAM HR 800 spectrometer with a laser excitation

at 532 nm. Energy-dispersive X-ray spectroscopy (EDX) and Pulsed RF Glow Discharge Optical

Emission Spectrometry (GDOES)10 were used for composition analysis of the films. The scanning

electron microscope Quantum Inspect FEI supplied with an EDX analyzer was used with an

TABLE I. TMG and PH3 dilution in hydrogen and deposition time for a-GaP and lc-GaP.

a-GaP lc-GaP

TMG step time, s 5 4

TMG: H2 dilution, % 1.4 6 0.2 1.4 6 0.2

PH3 step time, s 3 2

PH3: H2 dilution, % 50 6 2 30 6 2
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acceleration voltage of 15–25 kV and a probe area of 10� 10 lm2. The GDOES study was per-

formed for a probe area of approximately 1 cm2 using a HORIBA Jobin Yvon GD-Profiler.

Electronic properties were studied by I-V and Hall Effect measurements using a Keithley

2400 source-meter and an Ecopia HMS-3000, respectively. First, the electrical measurements

were performed for GaP films deposited on p- and n-type Si substrates using simple Indium (In)

dot contacts. Then, Ti/Ag non-alloyed ohmic contacts were formed on the top of GaP:Si/p-Si

structures using lithography for advanced electrical characterization. The design of the contacts,

which is shown in Fig. 1, allows us to estimate the contact resistivity using transmission line

measurement (TLM) tests, to provide Hall measurements, and to study the photoelectrical prop-

erties of GaP:Si/p-Si heterostructures. Ti/Ag contacts exhibit ohmic behavior with the contact

resistivity of 0.17 X cm2 obtained without any thermal treatment. For photoelectrical measure-

ments, the bottom contact to p-Si was formed by PECVD of p-type a-Si:H and Ag evaporation.

RESULTS AND DISCUSSION

Raman spectra of the GaP:Si films deposited with different silane concentrations are pre-

sented in Fig. 2. When 0.1% SiH4 dilution in H2 is used, the Raman spectra exhibit either a

broad feature at 360 cm�1 corresponding to amorphous GaP11 in the case of a-GaP deposition

conditions or two peaks at appropriate TO and LO positions of GaP12 (365 and 402 cm�1) in

the case of lc-GaP growth. Thus, Raman spectra confirm no structural changes due to Si dop-

ing for 0.1% SiH4 concentration. However, when 10% SiH4 dilution is used, a drastic change

occurs in the Raman spectra, with the appearance of a broad feature at 460 cm�1. This probably

corresponds to a shifted peak position of a-Si:H (480 cm�1) rather than a-GaP, indicating a sig-

nificant change in the layer composition. In this paper, only the GaP:Si films obtained with

0.1% SiH4 dilution will be further considered.

From EDX measurements, almost stoichiometric composition of GaP layers was found

(50% of Ga and 50% of P with an error of 65%). However, no indication of Si could be

detected by EDX due to the detection limit for thin samples (50 nm thickness). The stoichio-

metric composition was confirmed from GDOES measurements, where traces of silicon have

also been observed. However, the precise estimation of the silicon content is also difficult using

this technique due to the very low layer thickness. By comparing the data obtained on our PE-

ALD sample with data obtained on an MBE sample with a known Si doping concentration

(4� 1018 cm�3), we estimate that the concentration of Si in the PE-ALD sample is of the order

of 1019 cm�3.

The dark I-V curves for the GaP:Si/p-Si and GaP:Si/n-Si heterostructures with top and bottom

In contacts are plotted in Fig. 3 on a linear scale. The I-V curves for a-GaP:Si and lc-GaP:Si

FIG. 1. Photography of Ti/Ag contacts formed on the top of GaP:Si/p-Si heterostructures.
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layers deposited on p-Si substrates exhibit rectifying behavior [Fig. 3(a)], while In forms an ohmic

contact to GaP:Si and p-Si. For the structures deposited on n-Si, the I-V curves have non-

rectifying behavior [Fig. 3(b)]. The curves are not strictly linear because of the nonlinear behavior

of the bottom In/n-Si contact.

Since a rectifying behavior of I-V curves for the GaP:Si/p-Si heterojunction was observed,

the presence of a barrier and a space region in Si is suspected. Therefore, when electrical mea-

surements between Ti/Ag planar top electrodes are performed, no current passes through the

p-Si substrate due to reverse connection of one of the n-p junctions (Fig. 4).

Hall measurements were carried out between four Ti/Ag planar top electrodes deposited on

top of GaP:Si/p-Si structures (Fig. 1). They demonstrate the presence of an n-type layer. The

obtained sheet electron density (Ns), mobility (ln), and electron concentration (n) assuming a

50 nm thickness of this n-type layer at 300 and 77 K are given in Table II. The general trend of

FIG. 2. Raman spectra of the GaP:Si films deposited with silane concentrations of 0.1% and 10%.

FIG. 3. The dark I-V curve for the GaP:Si/p-Si (a) and GaP:Si/n-Si (b) heterostructures.
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slight electron concentration decrease along with a slight drop of mobility is observed for low

temperature (77 K) Hall measurements. The drop of ln with the temperature decrease suggests

that scattering at ionized impurities is a dominating mechanism for electrons in the n-type

layer.

There are three possible reasons for the formation of an n-type layer at the GaP/Si surface

(Fig. 4): (i) strong n-type doping of GaP; (ii) formation of a strong inversion electron layer in p-Si

due to strong band bending at the GaP/Si interface (see the band diagram in Fig. 5) similar to the

a-Si:H/c-Si case;13 (iii) formation of an n-type layer in the Si substrate due to P diffusion during

GaP growth. The last possible reason can be excluded thanks to planar conductance measurements.

Indeed, the top GaP layer was removed using wet selective etchant (HNO3:HCl:H2SO4:H2O) with-

out etching the Si surface. The planar conductance dropped drastically in this case (Fig. 6).

Regarding the other two possible reasons, the band diagram calculated using AFORS-HET

software14 (Fig. 5) demonstrates that the formation of a strong inversion layer can only be pos-

sible if the Fermi level of GaP is extremely close to the conduction band. As a consequence,

FIG. 4. Schematic presentation of the planar electrical measurements on the GaP:Si/p-Si heterojunction structure.

TABLE II. Electron sheet density (Ns), mobility (ln), and related electron concentration (n) (assuming 50 nm thickness)

obtained from Hall measurements for a-GaP:Si/p-Si and lc-GaP:Si/p-Si heterostructures at 300 and 77 K.

Ns, 1013 cm�2 ln, cm2 V�1 s�1 n, 1019 cm�3

a-GaP:Si/p-Si T¼ 300 K 8.7 6 1.2 21.5 6 3.5 2.0 6 0.3

T¼ 77 K 4.0 6 0.4 12.0 6 2.0 0.82 6 0.09

lc-GaP:Si/p-Si T¼ 300 K 7.1 6 1.2 16.0 6 3.0 1.5 6 0.3

T¼ 77 K 4.5 6 0.4 5.0 6 1.0 0.88 6 0.09

FIG. 5. Calculated band diagram of the n-GaP/p-Si heterojunction where an inversion layer in p-Si could be formed.
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both possible reasons imply that the GaP layer is n-type doped. Therefore, we can conclude

that n-type Si doped GaP films were successfully obtained by PE-ALD using SiH4 as a silicon

source.

The measured electron mobility values are close to that for bulk or epitaxial GaP

(20–50 cm2 V�1 s�1) for the doping level >1019 cm�3.15 However, taking into account the

amorphous or microcrystalline structure of our PE-ALD GaP layers, the measured mobility is

likely to be related to a strong inversion layer in silicon. The electron mobility in Si inversion

layers is significantly lower compared to that of bulk Si due to interface scattering.16 For SiO2/

Si with low interface state density, the mobility is in the range of 100–800 cm2 V�1 s�1 for a

sheet electron density of 1013–1011 cm�2.17,18 However, the maximum values reported for Ns in

electron inversion layers formed in Si based MOS structures reach 1013 cm�2 which is almost

one order of magnitude lower compared to the measured values for GaP/Si structures. The

higher value of Ns and interface defect density for a-GaP:Si/p-Si and lc-GaP:Si/p-Si structures

thus could lead to ln reduction in the Si inversion layer at the GaP interface.

The planar conductance of the n-type layer, presented in Fig. 7, has a weak temperature

dependence, which according to Hall measurements is rather related to mobility changes with

temperature. This planar conductance of GaP:Si/p-Si structures is few orders of magnitude

higher compared to that of a-GaP and lc-GaP layers deposited on fused silica (Fig. 7), indicat-

ing a strong difference in transport mechanisms.

The appearance of an inversion layer at the GaP/p-Si interface means strong band bending in

p-Si, which is obviously required for efficient solar cells. The I-V curves under illumination for

GaP:Si/p-Si heterojunctions with a Ti/Ag grid demonstrate the photovoltaic behavior [Fig. 8(a)]

with an open circuit voltage (Voc) of 0.45–0.50 V, confirming a significant band bending in p-Si.

The shape of I-V curves at V> 0.4 V is affected by the p-Si/(p)a-Si:H bottom contact. It could be

related to contamination of the p-Si back surface during GaP deposition. When (p)a-Si:H was

mechanically removed and replaced by In, an improvement of I-V curve behavior occurs [Fig.

8(b)]. The observed S-shape of I-V curves, which is also called the “rollover effect,” was previ-

ously observed and explained by transport limitation due to the influence of the potential barriers

for the majority carriers or rectifying back contact.19–23 Further optimization of the back contact

FIG. 6. I-V curves measured between two planar electrodes before and after selective GaP etching.
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was done using an Al BSF (Back Surface Field), which was fabricated by Al evaporation and

annealing at 750 �C prior to GaP deposition. The I-V curve does not exhibit the rollover effect

with the Al BSF [Fig. 8(b)]. Thus, no transport limitation through the GaP:Si/p-Si interface was

observed. However, the fill factor (FF) in this case is limited by low shunt resistance, which is

obviously caused by leakage at the periphery of the 0.3� 0.3 cm2 small area cell. Indeed, for a

larger 1� 1 cm2 cell with Al BSF [Fig. 8(a)], the shunt resistance is significantly higher and FF

is equal to 56%. The efficiency of this cell reached 5.7% with a short circuit current density (Jsc)

of 21 mA/cm2 which is approximately half of the maximum Jsc value that could be obtained for

Si solar cells.1

The losses of Jsc should be analyzed using quantum efficiency and reflection measure-

ments, which are presented in Fig. 9. The external quantum efficiency of GaP:Si/p-Si structures

FIG. 7. Temperature dependence of the planar conductance for a-GaP and lc-GaP layers deposited on fused silica and for

GaP:Si/p-Si structures assuming a thickness of 50 nm.

FIG. 8. I-V curves under AM1.5G for GaP:Si/p-Si 1� 1 cm2 cells with bottom (p)a-Si:H/Ag and Al BSF contact (a) and a-

GaP:Si/p-Si 0.3� 0.3 cm2 cells with bottom (p) a-Si:H/Ag, In, and Al BSF contact (b).
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is mostly limited by significant reflection from the GaP surface (Fig. 9) because neither antire-

flection coating nor texturing were used. When reflection losses are taken into account, the

internal quantum efficiency is relatively high in a wide spectral range. Thus, quantum efficiency

is not limited by recombination losses at the GaP/Si interface. In contrast, the decrease in inter-

nal quantum efficiency in the long wavelength region (900–1100 nm) demonstrates significant

recombination losses in the bulk of Si due to the low charge carrier lifetime (10 ls) of the used

wafers, which also explains relatively low Voc values.

CONCLUSION

In conclusion, the growth of Si doped amorphous and microcrystalline GaP films by PE-

ALD on p-type Si substrates leads to the formation of an n-type layer with a high sheet electron

density (>7� 1013 cm�2) and an electron mobility of 13–25 cm2 V�1 s�1. This high electron

concentration indicates a strong band bending in p-Si at the GaP/Si interface, which is relevant

for photovoltaic devices. Thus, Si doped GaP films deposited by PE-ALD are promising candi-

dates for wide bandgap emitters for Si-based heterojunction solar cells.
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