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Dear Editor,  

 We would like to submit our manuscript entitled “Developing High Performance 

GaP/Si Heterojunction Solar Cells” for publication in JoVE. This manuscript is the detailed 

methods of the paper published in the Journal of Materials Research (doi: 

10.1557/jmr.2018.14).  

In this paper, details are given for the growth, fabrication, and characterization of 

different n-GaP/n-Si heterojunction solar cells to explore the effect of GaP as a carrier-

selective contact. The a-Si/n-Si/n-GaP solar cell shows a high Si bulk lifetime (~2.2 ms at 

the injection level of 1015 cm-3) and open-circuit voltage of 618 mV and efficiency of 

13.1%. In addition to GaP as an electron-selective contact, a MoOx layer was successfully 

implemented as a hole-selective contact in the n-Si/n-GaP heterojunction solar cell, 

increasing efficiency to 14.1% by improving the short wavelength response. The general 

problem of Si bulk lifetime degradation during growth of III-V compounds on Si by 

molecular beam epitaxy (MBE) was also investigated, and two different approaches to 

preserve minority-carrier lifetime and their effects on GaP/Si solar cell performance are 

presented. 

We confirm that this manuscript is original and has not been published elsewhere 

and it is not under consideration by another journal. All authors have approved the 

manuscript and agree with submission to JoVE. 

Thank you for your consideration, and I look forward to receiving your comments. 

Sincerely, 

Chaomin 
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SHORT ABSTRACT:  22 
Here, we present a protocol to develop high-performance GaP/Si heterojunction solar cells with 23 
a high Si minority-carrier lifetime. 24 
 25 
LONG ABSTRACT:  26 
To improve the efficiency of Si-based solar cells beyond their Shockley-Queisser limit, the optimal 27 
path is to integrate them with III-V-based solar cells. In this work, we present high performance 28 
GaP/Si heterojunction solar cells with a high Si minority-carrier lifetime and high crystal quality 29 
of epitaxial GaP layers. It is shown that by applying phosphorus (P)-diffusion layers into the Si 30 
substrate and a SiNx layer, the Si minority-carrier lifetime can be well-maintained during the GaP 31 
growth in the molecular beam epitaxy (MBE). By controlling the growth conditions, the high 32 
crystal quality of GaP was grown on the P-rich Si surface. The film quality is characterized by 33 
atomic force microscopy and high-resolution x-ray diffraction. In addition, MoOx was 34 
implemented as a hole-selective contact that led to a significant increase in the short-circuit 35 
current density. The achieved high device performance of the GaP/Si heterojunction solar cells 36 
establishes a path for further enhancement of the performance of Si-based photovoltaic devices. 37 
 38 
INTRODUCTION:  39 
There has been a continuing effort on the integration of different materials with lattice 40 
mismatches in order to enhance overall solar cell efficiency1,2. The III-V/Si integration has the 41 
potential to further increase the current Si solar cell efficiency and replace the expensive III-V 42 
substrates (such as GaAs and Ge) with a Si substrate for multijunction solar cell applications. 43 
Among all III-V binary material systems, gallium phosphide (GaP) is a good candidate for this 44 
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purpose, as it has the smallest lattice-mismatch (~0.4%) with Si and a high indirect bandgap. 45 
These features can enable high-quality integration of GaP with Si substrate. It has been 46 
theoretically shown that GaP/Si heterojunction solar cells could enhance the efficiency of 47 
conventional passivated emitter rear Si solar cells3,4 by benefiting from the unique band-offset 48 
between GaP and Si (∆Ev ~1.05 eV and ∆Ec ~0.09 eV). This makes GaP a promising electron 49 
selective contact for silicon solar cells. However, in order to achieve high-performance GaP/Si 50 
heterojunction solar cells, a high Si bulk lifetime and high GaP/Si interface quality are required.  51 
 52 
During the growth of III-V materials on a Si substrate by molecular beam epitaxy (MBE) and 53 
metalorganic vapor phase epitaxy (MOVPE), significant Si lifetime degradation has been widely 54 
observed5–9. It was revealed that the lifetime degradation mainly happens during the thermal 55 
treatment of the Si wafers in the reactors, which is required for surface oxide desorption and/or 56 
surface reconstruction before the epitaxial growth10. This degradation was ascribed to the 57 
extrinsic diffusion of contaminants originated from the growth reactors5,7. Several approaches 58 
have been proposed to suppress this Si lifetime degradation. In our previous work, we have 59 
demonstrated two methods in which the Si lifetime degradation can be significantly suppressed. 60 
The first method was demonstrated by the introduction of SiNx as a diffusion barrier7 and the 61 
second one by introducing the P-diffusion layer as a gettering agent11 to the Si substrate.  62 
 63 
In this work, we have demonstrated high-performance GaP/Si solar cells based on the 64 
aforementioned approaches to mitigate the silicon bulk lifetime degradation. The techniques 65 
used to preserve the Si lifetime can have broad applications in multijunction solar cells with active 66 
Si bottom cells and electronic devices such as high-mobility CMOS. In this detailed protocol, the 67 
fabrication details of GaP/Si heterojunction solar cells, including Si wafer cleaning, P-diffusion in 68 
the furnace, GaP growth, and GaP/Si solar cells processing, are presented.  69 
 70 
PROTOCOL:  71 
 72 
CAUTION: Please consult all relevant material safety data sheets (MSDS) before dealing with 73 
chemicals. Please use all appropriate safety practices when performing a solar cell fabrication 74 
including the fume hood and personal protective equipment (safety glasses, gloves, lab coat, 75 
full-length pants, closed-toe shoes). 76 
 77 
1. Si Wafer Cleaning 78 
 79 
1.1. Clean Si wafers in Piranha solution (H2O2/H2SO4) at 110 °C. 80 

 81 
1.1.1. To produce Piranha solution, fill the acid bath (high-density polyethylene tank and 82 
hereafter) with 15.14 L of H2SO4 (96%) and then 1.8 L of H2O2 (30%).  83 
 84 
1.1.2. Wait for the temperature of the solution to stabilize at 110 °C. 85 

 86 
1.1.3. Place 4-inch-diameter, float-zone (FZ), n-type, and double-side-polished Si wafers in a 87 
clean 4” wafer cassette (polypropylene and hereafter), and place the boat in the Piranha bath for 88 



 
  

   
 

10 min. 89 
 90 

1.1.4. Rinse for 10 min with deionized (DI) water. 91 
 92 
1.2. Clean Si wafers with RCA cleaning solution at 74 °C. 93 
 94 
1.2.1. Prepare a diluted solution of HCl:H2O2. Fill the acid bath with 13.2 L of DI H2O and 2.2 L of 95 
HCl. Spike the solution with 2.2 L of H2O2 and turn on the heater.  96 

 97 
1.2.2. Wait for the temperature of the solution to stabilize at 74 °C before use. 98 
 99 
1.2.3. Put Si wafers in a clean 4” wafer cassette and place wafers in the RCA solution for 10 min. 100 

 101 
1.2.4. Rinse with DI water for 10 min. 102 
 103 
1.3. Clean Si wafers in Buffered Oxide Etch (BOE) solution. 104 
 105 
1.3.1. Pour 15.14 L of BOE solution in the acid bath. 106 

 107 
1.3.2. Place the 4” wafer cassette in the bath for 3 min. 108 
 109 
1.3.3. Rinse for 10 min with DI water. 110 

 111 
1.3.4. Dry the wafer by dry N2.  112 
 113 
2. P-diffusion in the Diffusion Furnace  114 
 115 
2.1. Put a cleaned wafer in a diffusion quartz boat. 116 

 117 
2.2. Load it into a quartz tube that has a base temperature of 800 °C. Ramp the furnace 118 
temperature to 820 °C in the N2 environment. At 820 °C, start flowing the N2 carrier gas that 119 
bubbles through phosphorous oxychloride (POCl3) at 1000 sccm. After 15 min, turn off the N2 120 
carrier gas and ramp the temperature down to 800 °C before taking the samples out. 121 
 122 
2.3. Place the samples in a BOE solution for 10 min to remove phosphorus silicate glass (PSG) and 123 
then perform a 10-min rinse in DI water. 124 
 125 
3. SiNx coating by PECVD  126 
 127 
3.1. Put the wafer in a clean boat and dip it in a BOE bath for 1 min to remove the native oxide 128 
on the surface. 129 

 130 
3.2. Rinse for 10 min with DI water. 131 
 132 



 
  

   
 

3.3. Dry the wafer with a dry N2 gun. 133 
 134 
3.4. Place the Si wafer on a clean Si carrier (156 mm monocrystalline Si). 135 
 136 
3.5. Load the sample into the plasma enhanced chemical vapor deposition (PECVD) chamber. 137 
 138 
3.6. Deposit 150 nm-thick (38.5 s) SiNx at 350 °C in the chamber. Deposit SiNx at 300 W RF power 139 
with a base pressure of 3.5 Torr and 60 sccm of SiH4 as a silicon source and 60 sccm of NH3 as a 140 
N source (2000 sccm of N2 was used as a diluent).  141 

 142 
3.6.1. Confirm the growth rate of SiNx (3.9 nm/s) by depositing SiNx films with different 143 
deposition times on polished wafers and measure the thicknesses by variable angle spectroscopic 144 
ellipsometry (VASE). 145 

 146 
4. GaP Growth by MBE  147 
 148 
4.1. After SiNx deposition, load the wafer into the MBE chamber. 149 
 150 
4.2. Outgas in the introductory chamber (180 °C for 3 h), then outgas in the buffer chamber (240 151 
°C for 2 h). Load in to the growth chamber and bake at 850 °C for 10 min. 152 
 153 
4.3. Decrease temperature to 580 °C. Increase Ga effusion cell temperature to produce ~2.71×10-154 
7 Torr beam-equivalent pressure (BEP) and Si effusion cell temperature to 1250 °C.  155 
 156 
4.4. Adjust the p-valved cracker positioner to achieve ~1.16×10-6 Torr BEP. Open the Ga, P, and 157 
Si shutters and grow 25 nm-thick GaP with an interrupted growth method (10 cycles of 5 s open 158 
and 5 s closed) followed by 121 s of unshuttered growth (i.e., open Ga and p shutters 159 
simultaneously). 160 
 161 
4.5. Decrease the substrate temperature to 200 °C and unload the sample from the vacuum 162 
chamber. 163 

 164 
5. Remove Back n+ and SiNx Layers by Wet Etching 165 
 166 
5.1. Cover the GaP surface with a protective tape to protect it from the HF damage. 167 
 168 
5.2. Prepare ~300 mL of 49% HF solution in a plastic beaker. 169 
 170 
5.3. Place the sample in the HF solution for 5 min to fully remove the SiNx layer. 171 
 172 
5.4. Remove the protective tape, rinse with DI water, and dry by N2. 173 
 174 
5.5. Cover the GaP surface with a new protective tape. 175 
 176 



 
  

   
 

5.6. Prepare HNA solution in a plastic beaker (a mixture of HF (50 mL), nitric acid (HNO3) (365 177 
mL), and acetic acids (CH3COOH) (85 mL)) at room temperature.  178 

 179 
CAUTION: Carefully place the wafer in the solution to avoid HNA penetrating into the GaP surface.  180 
 181 
5.7. Put the sample in the HNA solution for 3 min. 182 
 183 
5.8. Remove the protective tape and rinse by DI water. Dry by N2. 184 
 185 
6. Hole-Selective Contact Formation on the Bare Si Side 186 
 187 
6.1. Cleave the wafer with a diamond pen into four quarters. 188 
 189 
6.2. Thoroughly clean the samples in a DI water tank. 190 
 191 
6.3. Clean the samples in a BOE bath for 30 s to remove the native oxide from the surface. 192 
 193 
6.4. Rinse in the wafers in DI water and then dry by N2. 194 

 195 
6.5. Deposit a 50 nm-thick a-Si: H by PECVD on one of the samples to check the Si lifetime.  196 

 197 
6.5.1. Deposit the a-Si: H layer at 60 W RF power with a pressure of 3.2 Torr and 40 sccm of SiH4 198 
as the silicon source (200 sccm of H2 was used as a diluent).  199 
 200 
6.5.2. Confirm the growth rate of a-Si: H (1.6 nm/s) by depositing a-Si films with different 201 
deposition times on polished wafers and measuring the thickness with VASE. 202 

 203 
6.6. Deposit (i)a-Si (9 nm) and (p+)a-Si (16 nm) on the etched (front) side of a separate Si sample 204 
by PECVD.  205 
 206 
6.6.1. Deposit the p-type a-Si layer at 37 W RF power with a pressure of 3.2 Torr and 40 sccm of 207 
SiH4 as the silicon source and 18 sccm of B[CH3]3 as the boron dopant (197 sccm of H2 was used 208 
as a diluent).  209 
 210 
6.6.2. Confirm the growth rate of p-type a-Si (2.0 nm/s) by depositing a-Si films with different 211 
growth times on the polished wafers and measuring the thicknesses with VASE. 212 
 213 
6.7. Deposit a 9 nm-thick MoOx layer at the room temperature by the thermal evaporation from 214 
a MoO3 (99.99%) source with a deposition rate of 0.5 Å/s. 215 
 216 
7. External Contact Formation  217 
 218 
7.1. Deposit 75 nm-thick Indium Tin Oxide (ITO) (In2O3/SnO2 = 95/5 (weight percent), 99.99%) 219 
layers on the GaP side of the samples by RF sputtering (RF power of 1 kW and pressure of 5 Torr) 220 



 
  

   
 

with an oxygen flow rate of 2.2 sccm. 221 
 222 
7.2. Unload the samples and turn them over. Then use the mesa shadow mask on the samples 223 
for ITO mesa deposition. 224 
 225 
7.3. Deposit 75 nm-thick ITO by RF sputtering. Deposit 200 nm-thick silver (RF power of 1 kW and 226 
pressure of 8 Torr) for the fingers covering the finger shadow mask. Deposit 200 nm-thick silver 227 
on the GaP side of the samples as the back contact. 228 
 229 
7.4. Anneal the samples in a furnace under atmospheric pressure at 220 °C. 230 
 231 
REPRESENTATIVE RESULTS:  232 
Atomic force microscopy (AFM) images and high-resolution x-ray diffraction (XRD) scans, 233 
including the rocking curve in the vicinity of the (004) reflection and the reciprocal space map 234 
(RSM) in the vicinity of (224) reflection, were collected for the GaP/Si structure (Figure 1). The 235 
AFM was used to characterize the surface morphology of the MBE-grown GaP and XRD was used 236 
to examine the crystal quality of GaP layer. The effective minority-carrier lifetime of the GaP/Si 237 
structure and Si bulk were measured to examine the effectiveness of the lifetime preserving 238 
methods used in this work. External quantum efficiency (EQE), surface reflection, pseudo light J-239 
V (Suns-Voc), and light J-V of the GaP/Si final devices were collected (Figure 2). The internal 240 
quantum efficiency (IQE) was generated from the reflection corrected EQE data. The light and 241 
pseudo J-V parameters are listed in Table 1. Efficiencies of 13.1% and 14.1% with an open-circuit 242 
voltage (Voc) of 618 mV and 598 mV are achieved from Structure A and B, respectively. The MoOx 243 
layer in Structure B as a hole-selective contact performed better than better than the a-Si: H in 244 
Structure A. 245 
  246 
FIGURE AND TABLE LEGENDS:  247 
Figure 1. Characterization of the GaP layer of the GaP/Si structure. (a) 1 x 1 μm2 AFM image of 248 
the 25 nm-thick GaP surface. (b) The coherent double crystal (DC) ω-2θ rocking curve (black) in 249 
the vicinity of Si and GaP (004) reflections (a fitted curve (red) of the structure is also presented). 250 
(c) Reciprocal space map of (224) diffraction spots. 251 
 252 
Figure 2. Electrical characteristics of the GaP/Si heterojunction devices. (a) The effective 253 
minority-carrier lifetime of GaP/Si structure (black dots) and Si bulk lifetime (red dots). (b) The 254 
IQE and surface reflection spectra of a-Si/Si/GaP (Structure A) (black) and MoOx/Si/GaP 255 
(Structure B) (blue). (c) Light J-V (black) and pseudo light J-V (red) of a-Si/Si/GaP device. (d) Light 256 
J-V (black) and pseudo light J-V (red) of MoOx/Si/GaP device. 257 
 258 
Table 1. Light and pseudo J-V values for GaP/Si heterojunctions solar cells.  259 
 260 
DISCUSSION:  261 
A nominal 25 nm-thick GaP layer was epitaxially grown on a P-rich Si surface via MBE. To grow a 262 
better quality of GaP layer on Si substrates, a relatively low V/III (P/Ga) ratio is preferable. A good 263 
crystal quality of GaP layer is necessary to achieve high conductivity and low density of 264 



 
  

   
 

recombination centers. The AFM root-mean-square (RMS) of the GaP surface is ~0.52 nm 265 
showing a smooth surface with no pits, indicative of high crystal quality with a low threading 266 
dislocation density (Figure 1a). Further, pendellosung fringes were observed from the ω-2θ 267 
rocking curve (Figure 1b) indicative of smooth interfaces. The full width at half maximum (FWHM) 268 
of the GaP peak measured from the triple crystal ω rocking curve is ~14 arcsec and the threading 269 
dislocation density calculated is ~2×106 cm-2. The RSM (Figure 1c) in the vicinity of (224) 270 
diffraction spots of the GaP/Si sample shows coherent GaP and Si peaks, which indicates GaP is 271 
fully strained to the Si substrate with good crystalline quality.  272 
 273 
The critical step of achieving high-performance Si-based solar cells is to maintain high Si minority-274 
carrier lifetimes throughout the deposition of GaP. It is shown that by inserting the n+ layer 275 
before the GaP growth, the Si bulk lifetime can be well-maintained (up to a milliseconds level). 276 
In addition, the GaP/Si lifetime was measured to be ~100 μs after GaP growth in the MBE 277 
chamber. The achieved high lifetime of Si indicates a promising device performance (as shown in 278 
the Figure 2c). The light and pseudo J-V parameters for GaP/Si heterojunctions solar cells (a-279 
Si/Si/GaP (Structure A) and MoOx/Si/GaP (Structure B)) are listed in Table 1, measured under an 280 
AM1.5G condition with irradiation intensity of 1 kW m-2. While ITO and Ag were applied as the 281 
contact layers to the GaP layer in this work, however, to achieve better performance of GaP/Si 282 
solar cells, it is recommended to optimize ITO thickness, transparency, and its conductivity. 283 
 284 
In this work, MoOx was also used as a hole selective contact to further improve the carrier 285 
collection efficiency at short wavelengths. Benefitting from the higher bandgap of MoOx 286 
compared to the a-Si layers, the IQE shows a boost at the short wavelength regime (300 – 600 287 
nm). The MoOx/Si/GaP solar cell demonstrated a better performance than the best performing 288 
MoOx/Si solar cells reported in the literature12 without inserting the passivation layer between 289 
MoOx and Si interface.  290 
 291 
Although a high Si bulk lifetime can be achieved from the aforementioned approach, the 292 
minority-carrier lifetime of GaP/Si structure is still not comparable to a-Si passivated structures, 293 
which implies that the GaP layer quality should be further improved. The demonstrated approach 294 
which requires a diffusion step and SiNx coating layer could affect the surface quality of the Si; 295 
hence, the subsequent GaP crystal quality can be impacted. Furthermore, x-ray photoelectron 296 
spectroscopy (XPS) and secondary-ion mass spectrometry (SIMS) can be conducted to investigate 297 
the P-diffusion profile in this structure. 298 
 299 
In this work, we have demonstrated the high-performance GaP/Si heterojunction solar cells by 300 
inserting n+ layers into Si substrates before the GaP growth. This protocol can be applied to 301 
maintain a high minority-carrier lifetime of Si while epitaxially growing not only GaP (presented 302 
here) but also to other III-V or II-VI materials to achieve heterojunction devices. Furthermore, 303 
multijunction solar cells with high-performance Si bottom cells can be realized by this approach. 304 
 305 
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VOC JSC FF FF0 WOC η η0

(mV) (mA/cm
2
) (%) (%) (mV) (%) (%)

Structure A 618 33.1 64 80 522 13.1 16.5

Structure B 598 34.3 69 80 542 14.1 16.9
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Name of Material/ Equipment Company Catalog Number Comments/Description

Hydrogen peroxide, 30% Honeywell 10181019

Sulfuric acid, 96%

KMG electronic 

chemicals, Inc. 64103

Hydrochloric acid, 37%

KMG electronic 

chemicals, Inc. 64009

Buffered Oxide Etch 10:1 

KMG electronic 

chemicals, Inc. 62060

Hydrofluoric acid, 49% Honeywell 10181736

Acetic acid Honeywell 10180830

Nitride acid, 69.5%

KMG electronic 

chemicals, Inc. 200288
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 received 
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 Commonwealth  of  Massachusetts  without  giving  effect  to  any 


of  work  to  JoVE,  making  of  videos  by  JoVE,  or  publication  in 
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Dear Editor, 

Thank you so much for taking the time for this manuscript. Your valuable comments 

improve the manuscript significantly. We have addressed the comments as below. 

Editorial comments: 

1. Long Abstract: Do you mean the ‘Shockley-Queisser limit’? 

R: We have corrected the typo. 

 

2. 1.1.1: Can you double-check your proportions here? I don’t see how this is a 3:1 

solution, especially if you mean to use 4 gallons of H2SO4. 

R: We have double-checked through the entire manuscript and minimize the error. 

 

3. 5.6/5.7: What is ‘Dimond’ here for? 

R: It is a typo and we have remove it. 

 

4. Currently your protocol exceeds 2.75 pages, which is our limit for filming and video 

length reasons. Please highlight 2.75 pages or less of the protocol, including headers and 

spacing. 

R: We have highlighted the protocol for filming. 

 

5. Discussion: This should largely be written to inform someone who wishes to replicate 

your protocol; therefore, please include more information on critical steps in the protocol, 

modifications, troubleshooting methods, and limitations. 

R: We have revised the discussion section. 
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