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In this paper, a novel field-effect passivation technique is used to improve the 

photovoltaic properties of metal/n-GaAs Schottky junction solar cells. In this technique, a 

relatively large density of positive or negative fixed charges existing at the top surface of 

the dielectric thin films is used to create an electric field gradient to prevent the photo-

generated charge carriers from recombining. Atomic layer deposition (ALD) is used to 

grow high quality Al2O3 and ZnO ultrathin films used as the passivating materials. 

Electrical measurements demonstrate an improvement in both diode-like and 

photovoltaic properties of Schottky solar cells in the proposed stacked Al2O3/ZnO 

passivation structure compared to the single Al2O3 layer. This can be attributed to both 

higher equivalent capacitance/permittivity of the stacked passivation layer and increased 

density of negative fixed charges at the interface of passivation layer and the 

semiconductor.  

 

I. INTRODUCTION 
Most of the high-efficiency solar cells are currently based on p-n junction rather 

than Schottky junction structure. A record-high power conversion efficiency of 18.5% is 

Th
is 

is 
the

 a
uth

or
’s 

pe
er

 re
vie

we
d,

 ac
ce

pt
ed

 m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rs
ion

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt
 fr

om
 th

is 
ve

rsi
on

 o
nc

e 
it h

as
 b

ee
n c

op
ye

dit
ed

 a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/1.

51
34

77
3



 2 

measured for a single junction graphene/n-GaAs Schottky solar cell,1 which is noticeably 

lower than the 27.6% observed for the state-of-the-art GaAs p-n junction solar cell2 under 

the one-sun illumination condition. This can be explained based on thermionic-field 

emission theory (TFE),3 where a relatively large reverse saturation current density is 

observed in metal-semiconductor Schottky junction solar cells compared to p-n junction 

solar cells,4 mostly due to the lower Schottky barrier height, narrower depletion region 

width, and larger density of surface states. A higher recombination rate of charge carriers 

at the surface of the semiconductor or at the interface of the metal-semiconductor 

junction results in an increase in reverse saturation current density, which subsequently 

further lowers the Schottky barrier height in these devices.5 On the other hand, 

application of the Schottky junction eliminates the need for highly doped wide bandgap 

semiconductors in the solar cell structure, which can reduce the density of defects that 

can act as recombination centers.6 Moreover, the cost-effectiveness of the fabrication 

process makes the Schottky junction solar cells potentially useful in large-scale 

photovoltaic device fabrication.7 

Surface passivation has been shown to be effective in reducing the recombination 

velocity and improving the photovoltaic properties of solar cells.8 In this approach, 

growth of a suitable dielectric material passivates the dangling bonds existing at the 

surface of the semiconductor. This reduces the density of surface states by minimizing 

the interface trap density, resulting in a lowered surface recombination rate and reverse 

saturation current density.9  

Among different dielectric materials used for passivation purposes, Al2O3
5,10 and 

ZnO11 have been widely investigated due to their high-k dielectric constant and ability for 
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 3 

high-quality thin-film growth using the atomic layer deposition (ALD) technique. In 

addition to its passivating properties, Al2O3 can act as an electron-block/hole-transport 

layer to decrease the recombination velocity at the interface of the metal-semiconductor 

in a Schottky junction solar cell.12 This is mainly due to the large bandgap of Al2O3 and 

positioning of the conduction and valence bands. ZnO has also been shown to suppress 

the growth of the low-k interfacial layer in a metal-semiconductor Schottky junction by 

increasing the equivalent dielectric constant of the passivation layer.13  

Field-effect passivation has been introduced as an advancement of the typical 

surface passivation technique used in the solar cells. In this technique, injection or 

implementation of a large density of positive or negative fixed charges to the dielectric 

passivation layer leads to formation of an electric field to repel the photo-generated 

charge carriers from recombining at the surface of the semiconductor.14,15 In other words, 

an electric field is created at the surface of the semiconductor due to a large density of 

fixed charges that exist at the top surface (within top 2~3 nm) of the dielectric passivation 

layer.16 As a result of this, the concentration of charge carriers close to the surface of the 

semiconductor17 and the reverse saturation current density in the solar cell are reduced.  

Al2O3 with a negative fixed charge density of around 1.0×1012 cm-2 has been 

widely used as a suitable material for field-effect surface passivation of 

semiconductors.16,18,19 Theoretical studies based on density functional theory and hybrid 

functionals suggest that, on one hand, Al vacancies (VAl), Al interstitials (Ali), oxygen 

interstitials (Oi), and oxygen dangling bonds (DBO) can act as fixed charge centers in 

Al2O3 thin films grown using the thermal ALD technique.20,21,22 On the other hand, 

oxygen vacancies (VO) and Al dangling bonds (DBAl) were shown to form charge traps 
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 4 

that can act as recombination centers, which will increase the surface recombination rate 

and reverse saturation current density.20 Stacked double-layer Al2O3/ZnO thin film grown 

using the ALD technique23 was shown to be an effective field-effect passivation material 

for reducing the surface recombination velocity and increasing the carrier lifetime. In this 

structure, ZnO was shown to reduce the density of charge traps by passivating the As 

dangling bonds existing on the surface of GaAs.24 Additionally, the ZnO interlayer can 

increase the density of the negative fixed charges by formation of the acceptor-like 

defects, such as Zn vacancies (VZn), oxygen interstitials (Oi), and oxygen antisites (OZn).16  

In this paper, the concept of field-effect passivation is used to improve the 

photovoltaic performance of metal/n-GaAs Schottky junction solar cells. Al2O3 and 

Al2O3/ZnO stacks grown using thermal ALD are used as the passivating layer on n-GaAs 

to reduce the leakage current by suppressing the recombination of photo-generated 

minority carriers. The current-voltage (I-V) measurements demonstrate the effectiveness 

of the field-effect passivation to decrease the reverse saturation current and increase the 

short-circuit current (Isc) and open-circuit voltage (Voc) of the Schottky junction solar 

cells.  

 

II. EXPERIMENT 

The schematic of the processing steps for fabrication of the Schottky junction 

solar cells is shown in Figure 1.a.  Silicon-doped n-type GaAs wafers with carrier 

concentrations of 6×1016~7×1017 cm-3, thickness of 400 µm, and average etch pit density 

(EPD) of 5000 cm-2 were purchased from AXT Inc. The samples were first cleaned with 

acetone and methanol to remove any organic contaminants and subsequently etched in 
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 5 

HCl solution for 60 s to remove the native oxide from the top surface of the n-GaAs.25 A 

mesa layer was patterned using conventional UV photolithography techniques and etched 

in H3PO4:H2O2:H2O (3:1:40 vol.) solution for 120 s at room temperature to create an etch 

step of 200 nm. 

Ohmic contact consisted of a multilayer of Ni/AuGe/Ni/Au26 (5/100/35/50 nm) 

and was deposited using the electron-beam evaporation technique at a chamber pressure 

of 2×10-6 Torr. The samples were then annealed using the MILA-5000 rapid thermal 

annealing system in a forming gas environment (95% N2 + 5% H2) at a temperature of 

440 ℃ for 90 s. Transmission line method (TLM) was used to characterize the electrical 

properties of the ohmic contact, in which a series of metal-semiconductor junctions were 

created at various distances relative to each other, and the resistance between each pair of 

contact is measured by applying external bias voltage to the contacts and measuring the 

current.27 The total measured resistance can be plotted versus distance in order to 

calculate sheet resistance and contact resistivity values. Accordingly, the sheet resistance 

and contact resistivity were calculated to be 0.13-0.41 Ω/□ and 3-5×10-3 Ω.cm2, 

respectively.  Following that, the Schottky collection contact (Ag 5 nm) with equivalent 

area of 11 mm2 and its probing pad (Ni/Au 5/100 nm) were similarly fabricated. A 

chemical pre-treatment step was added prior to Schottky collection metal contact 

deposition that included a 5 s etch in H2SO4:H2O2:H2O (1:1:50 vol.) and HCl solutions in 

order to remove the native oxide layer on the surface of the GaAs and prepare the sample 

for contact deposition. The cross-section of the final device structure in shown in Figure 

1.b. A more detailed description of the fabrication process of the metal/n-GaAs Schottky 

junction solar cells can be found elsewhere.28,29  
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 6 

 

FIG. 1. (a) The schematic of the processing steps for the fabrication of metal/n-GaAs 

Schottky junction solar cells to investigate the effect of field-effect passivation on the 

photovoltaic properties of the solar cells, (b) cross section of the final device structure.  

 

Two different materials were grown using the ALD technique to investigate their 

suitability as the passivation layer for the Schottky junction solar cells: I) Al2O3 with 

trimethylaluminum (TMA) as the metalorganic precursor and II) ZnO with diethylzinc 

(DEZn) as the precursor. In both growth processes, DI water (DI H2O) was used as the 

oxidizer precursor. These thin films were grown using the GemStar XT thermal ALD 
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 7 

system at a substrate temperature of 200 ̊C and base pressure of ~50 mTorr, using high 

purity nitrogen (99.9999%) as the carrier gas with a flow rate of 40 sccm. Table I shows a 

summary of both growth processes, including the pulse and purge times for each 

precursor. Ex-situ spectroscopic ellipsometry measurements were performed using a 

J.A.Woollam ellipsometer at an incident angle of 75 ̊ in order to measure the thickness 

and other optical properties of the grown films. The measurement data were fitted to the 

Cody-Lorentz optical model, which has been shown to be suitable for amorphous 

materials.30,31 Also, the model of the thin films grown on the substrate consisted of a 

thick (bulk) GaAs substrate without any native oxide (assumed to be removed by HCl 

and H2SO4 wet etching), and subsequently, the passivation layer (single-layer Al2O3 or 

double-layer Al2O3/ZnO) deposited on it. The growth rate per cycle (GPC) for each 

material was calculated by measuring the total thickness of the grown thin films and 

dividing it to the total number of cycles. A GPC rate of 1.80 and 1.16 Å/Cycle were 

observed for ZnO and Al2O3, accordingly, which is comparable to similar works.32,33,34 

 

TABLE I. Summary of the Parameters for ALD Growth of Al2O3 and ZnO. 

Material Precursor Pulse Time (ms) Purge Time (s) Growth Rate Per Cycle 
(Å/Cycle) 

Al2O3 
TMA 20 

6 

1.16 
H2O 20 

ZnO 
DEZn 200 

1.80 
H2O 200 

 

Two different structures for the passivation layer were studied for this paper and 

their effect in improving the photovoltaic properties of the metal/n-GaAs Schottky solar 
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 8 

cells was investigated. The first structure is based on a 20 nm Al2O3 layer. The second 

structure is based on a stacked double-layer Al2O3/ZnO (18/2 nm) configuration, where a 

2~3 nm ZnO layer is grown the n-GaAs substrate, followed by growth of the 18 nm 

Al2O3 top layer. It is expected that the ZnO not only improves the chemical passivation 

on the surface of n-GaAs, but also introduces additional negative fixed charges to 

improve the field-effect passivation properties of the proposed structure. Considering that 

these negative fixed charges are distributed within the 2~3 nm from the surface, the ZnO 

layer’s thickness has been fixed to be less than 3 nm.16 It should be noted that the 

passivation layer with the stacked double-layer Al2O3/ZnO structure was grown in a 

back-to-back process without any exposure to atmospheric pressure or reduction in 

substrate temperature between the ZnO and Al2O3 depositions.  

High-resolution transmission electron microscopy (HRTEM) measurements were 

performed using a FEI Tecnai 20 system, where the images were captured at room 

temperature at an accelerating voltage of 200 kV. The near-interface structural 

characterization was done by means of X-ray photoelectron spectroscopy (XPS) using a 

monochromatic Al-K X-ray source with energy of 1486.7 eV. In order to ensure that the 

XPS data for both ZnO and Al2O3 layers are captured, the samples used for XPS had a 

thinner Al2O3 layer thickness of around 3~4 nm, resulting in a total Al2O3/ZnO thickness 

of 5~6 nm. The calibration process for this spectrum was performed using C 1s spectrum 

at 284.8 eV as reference in order to correct for the charging.35 Analysis of the 

measurement results were performed using CasaXPS software. 

The capacitance-voltage (C-V) measurements were taken on simplified structures 

containing Al2O3 and Al2O3/ZnO on n-GaAs in order to characterize the effect of 
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 9 

negative fixed charges. The photovoltaic and diode-like properties of the complete 

Schottky junction solar cells were characterized using current-voltage (I-V) 

measurements, which were performed under the dark and illumination conditions of 1-

sun AM1.5G. The forward bias characteristics of the solar cells can be expressed as 

                                                         0 exp
qV

J J
nkT

 =  
 

                                                    (1) 

where kT/q is the thermal voltage at 300 K and J0 is the reverse saturation current density, 

which itself can be represented using Equation (2): 

                                                       ** 2
0 exp SBHq

J A T
kT

 = − 
 

                                           (2) 

where A** is the effective Richardson constant (8×108 A.m-2.K-2 for n-GaAs36), T is the 

absolute temperature in K, and SBH  is the Schottky barrier height in eV. The J0 can be 

extracted from the dark I-V characteristics (not accounting for the photo-generated 

current) by determining the y-axis intercept at zero voltage and dividing it to the active 

device area, followed by calculating the SBH using Equation (2).37 Photovoltaic 

properties of the Schottky solar cells can be calculated from the I-V characteristics under 

1-sun illumination condition.  

 

III. RESULTS AND DISCUSSION 

A. Microscopic Interface Characterization 

Figure 2.a shows the HRTEM images of the n-GaAs surface with the stacked 

Al2O3/ZnO passivation layer. A weak polycrystalline-like structure for the ZnO interlayer 

and amorphous structure for the Al2O3 layer were observed. An approximate thickness of 
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 10 

2~3 nm for ZnO and 18 nm for the Al2O3 film was measured, confirming the ex-situ 

ellipsometry measurement results. Moreover, a smooth interface between the passivation 

layer and n-GaAs can be seen, demonstrating the high quality of the ALD-grown thin 

films. Figure 2.b shows the Zn 2p XPS spectrum for the stacked Al2O3/ZnO layer on the 

n-GaAs, confirming the growth of ultrathin ZnO films.  

 

FIG. 2. (a) HRTEM images showing the interface between n-GaAs and stacked 

Al2O3/ZnO passivation layer, and (b) XPS measurement showing Zn 2p specta in the 

Al2O3/ZnO films.  
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 11 

The As 3d spectra obtained from the XPS measurement and shown in Figure 3 

demonstrate an increase in the Ga-As peak (in GaAs) and a slight decrease As3+ peak (in 

As2O3) after using the ZnO interlayer. These results can likely represent a reduction in 

growth of low-k interfacial layers, such as As2O3, on the surface on GaAs.13,24,38 

 

 

FIG. 3. As 3d XPS spectra obtained from the ALD-Al2O3 and Al2O3/ZnO films grown on 

GaAs substrate. Fitted peaks represent Ga-As and As3+ (inset).  

B. Effect of ALD-Al2O3 Passivation Layer 

The I-V characteristics of metal/n-GaAs Schottky solar cells with and without the 

20 nm Al2O3 surface passivating layer are shown in Figure 4. These measurements were 

performed under dark condition to extract the diode-like properties, shown in Figure 4.a, 

and under 1-sun illumination condition to account for the photovoltaic response from 

these devices, shown in Figure 4.b. The deduced diode-like properties, as shown in Table 

II, show a reduction in the reverse saturation current density from 9.0×10-9 to 4.5×10-11 

A/cm2 and an increase in shunt resistance (Rshunt) from 8.1 to 10.5 kΩ. This could be 

attributed to a reduction in leakage current due to the higher equivalent capacitance 
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 12 

between the metallic contacts caused by the Al2O3 dielectric thin film. The photovoltaic 

properties of the Schottky junction solar cells show improvement in Voc from 173 to 208 

mV and SBH  from 770 to 907 meV after passivating with ALD-Al2O3. Moreover, surface 

passivation has led to a 51% increase in total generated power from 7.26 to 11.51 W. 

These facts can be explained by a reduction in density of surface states, and 

consequently, reduction in the recombination velocity of minority carriers upon the 

passivation process.  

 

FIG. 4. I-V characterization showing the effect of a 20 nm ALD-Al2O3 passivation layer 

on properties of metal/n-GaAs Schottky solar cells; (a) I-V measurement under dark 

condition, and (b) I-V measurement under 1-sun illumination condition.   

Th
is 

is 
the

 a
uth

or
’s 

pe
er

 re
vie

we
d,

 ac
ce

pt
ed

 m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rs
ion

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt
 fr

om
 th

is 
ve

rsi
on

 o
nc

e 
it h

as
 b

ee
n c

op
ye

dit
ed

 a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/1.

51
34

77
3



 13 

A summary of the extracted parameters for the photovoltaic and diode-like 

properties of metal/n-GaAs Schottky solar cells is shown in Table II. A slight 

improvement in Isc is observed after Al2O3 passivation, where it increases from 120 to 

123 µA. This could be attributed to reduction in recombination velocity of photo-

generated charge carriers, especially close to the current collection contacts, which leads 

to improvement in the photo-generated current.  

C. Effect of ALD-Al2O3/ZnO Passivation Layer 

The effect of a 2~3 nm ZnO interlayer in improving the properties of the 

passivation layer can be understood using the characterization results shown in Figure 5. 

The C-V characteristics of the devices measured at a frequency of 100 kHz, Figure 5.a, 

show existence of a strong inversion capacitance at the negative voltages. This could be 

due to the processing steps, where chemical treatment prior to deposition of the 

passivation layer would lead to submicron surface inversion of n-GaAs.39,40 Nonetheless, 

a higher capacitance in both positive and negative voltages for the stacked passivation 

layer with the ZnO interlayer is observed compared to the Al2O3 structure. Also, the C-V 

measurements show that the capacitance in both voltage ranges increase without reaching 

to a saturation point, which is likely due to existence of a leakage current. The 

ellipsometry measurement, shown in Figure 5.b, also shows the stacked passivation layer 

with a higher permittivity compared to the Al2O3 structure.  

A flat-band voltage shift in the positive voltage range was observed in the 

Al2O3/ZnO compared to the Al2O3 structure. This decrease in the flat-band voltage 

indicates an increase in the density of the negative fixed charges in the Al2O3/ZnO 

passivation structure, which can be described as41 

                                                 SBH FB ox
fix

V C
N

q A

 −
                                                      (3) 

where SBH  is the Schottky barrier height, VFB is the flat-band voltage, Cox is the oxide 

capacitance, and A is the Schottky contact area.  
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 14 

 

FIG. 5. (a) C-V characteristics measured at 100 kHz and (b) ellipsometry measurements 

showing a higher capacitance and equivalent permittivity for the stacked Al2O3/ZnO layer 

compared to the Al2O3 structure. 

 

The effect of fixed charges at the dielectric passivation layer plays an important 

role in reducing the recombination of the charge carriers at the surface of semiconductor. 

The increase in density of fixed charges, which is caused by the ZnO interlayer, leads to 

formation of a stronger electric field gradient that repels the charge carriers from nearing 

the surface of the semiconductor and being trapped.14 The effect of the ZnO interlayer on 

photovoltaic properties of the Schottky junction solar cells is depicted in Figure 6, and 

the deduced diode-like and photovoltaic parameters are shown in Table II. Increases in 
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Voc from 208 to 398 mV, Isc from 123 to 148 µA, and efficiency from 0.8% to 2.5% are 

observed for the stacked Al2O3/ZnO layer compared to the Al2O3. Further improvement 

in the efficiency of our devices is expected by using an anti-reflection coating layer to 

reduce solar reflection from the top metal contact and optimizing the device structure by 

adding window and electron/hole blocking layers.42,43 

 

 

FIG. 6. I-V measurements for the passivated metal/n-GaAs Schottky solar cells with only 

Al2O3 passivation layer and stacked Al2O3/ZnO passivation layer. 

 

Moreover, a significant reduction in the J0 from 4.5×10-11 to 1.0×10-13 A/cm2 is 

observed, indicating the improved passivating properties of the proposed stacked 

Al2O3/ZnO layer. This can be attributed to induction of additional negative fixed charges 

and reduction in growth of the As-related oxide layers by using the ultrathin ZnO 

interlayer. In other words, it would further decrease the concentration of minority carriers 

at the surface of the semiconductor, reduce the overall recombination velocity, and 

consequently improves the overall photovoltaic properties of the solar cells. 
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TABLE II. Extracted Diode-like and Photovoltaic Parameters of the Metal/n-GaAs 
Schottky Solar Cells without and with the two Passivation Structures 

 
Voc 

(mV) 

Isc 

(µA) 

SBH  

(meV) 

FF 

(%) 

Rshunt 

(kΩ) 

J0 

(A/cm2) 

Pmax 

(µW) 
PCE 
(%) 

Not 
Passivated 173 120 769.7 35.0 8.1 9.0×10-9 7.3 0.5 

Al2O3 
Passivated 208 123 907.5 45.0 10.5 4.5×10-11 11.5 0.8 

Al2O3/ZnO 
Passivated 398 148 1066.0 65.0 58.8 1.0×10-13 38.2 2.5 

 

 

IV. SUMMARY AND CONCLUSIONS 

The effect of field-effect passivation in improving the photovoltaic properties of 

metal/n-GaAs Schottky junction solar cells was studied in this work. Two passivation 

structures were grown using the ALD technique on the top surface of the solar cells. They 

include a 20 nm Al2O3 and another stacked Al2O3/ZnO layer with the approximate 

thicknesses of 18 nm and 2~3nm. C-V and ellipsometry measurements show that the ZnO 

interlayer not only passivates the n-GaAs surface more effectively than just the Al2O3, 

but also helps to create an electric field gradient to repel the photo-generated charge 

carriers by introducing additional negative fixed charges. Moreover, the I-V 

measurements demonstrate an improvement in both diode-like and photovoltaic 

properties of the Schottky junction solar cells with the use of the Al2O3/ZnO passivation 

layer. Notably, the significant reduction in reverse saturation current density confirms the 

decline in the recombination of the charge carriers, which can be attributed to the field-

effect passivation properties of the proposed structure.    
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