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We report the performance of a 1 eV GaNAsSb photovoltaic cell grown on a Si substrate with a

SiGe graded buffer grown using molecular beam epitaxy. For comparison, the performance of a

similar 1 eV GaN0.018As0.897Sb0.085 photovoltaic cell grown on a GaAs substrate was also

reported. Both devices were in situ annealed at 700 �C for 5 min, and a significant performance

improvement over our previous result was observed. The device on the GaAs substrate showed a

low open circuit voltage (VOC) of 0.42 V and a short circuit current density (JSC) of 23.4 mA/cm2

while the device on the Si substrate showed a VOC of 0.39 V and a JSC of 21.3 mA/cm2. Both

devices delivered a quantum efficiency of 50%–55% without any anti-reflection coating. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867082]

The conventional multi-junction photovoltaic (PV) cell

consists of three sub-cells. Thus, it is called a triple-junction

PV cell. The top sub-cells are made of gallium indium phos-

phide (Ga0.50In0.50P) and gallium arsenide (GaAs) and are

optimally tuned to absorb photons with energy >1.9 eV and

between 1.4 and 1.9 eV, respectively. The bottom sub-cell,

made of germanium (Ge), is tuned to absorb photons with

energy levels between 0.7 eV and 1.4 eV. Under this configu-

ration, the GaInP and GaAs cells are capable of producing

15 mA/cm2 of short circuit current density (JSC) under a

one-sun condition while the Ge cell is capable of delivering

�27 mA/cm2 of JSC. Since the operating JSC of a multijunc-

tion PV is matched to the JSC of the lowest current subcell,

the high JSC produced by the Ge subcell is squandered.

Proper utilization of the extra current between 0.7 eV and

1.4 eV will result in higher energy conversion efficiency.

Kurtz et al.1 have shown that the insertion of a fourth

sub-cell into a conventional triple-junction PV can theoreti-

cally boast the PV efficiency to �53%. This fourth junction

is tuned to absorb photons with energy levels between 1.0 eV

and 1.4 eV and is located between GaAs and Ge sub-cells.

Dilute nitride material has attracted interest to be the photon

absorption material for this fourth sub-cell due to its unique

properties such as a bandgap energy of 1.0 eV and it being

lattice matched to the GaAs substrate.

The application of indium containing dilute nitride mate-

rials, such as InGaAsN and InGaNAsSb, have been

reported.2–4 It is shown that the nitrogen-related defects in

the dilute nitride material resulted in a low open circuit volt-

age (VOC).5,6 Another variant of dilute nitride material is

GaNAsSb. Instead of indium, GaNAsSb uses antimony to

counter the tensile strain induced by the incorporation of

nitrogen. GaNAsSb was first proposed by Ungaro et al.7 in

1999 as a potential GaAs-based small bandgap (<1.4 eV)

material. It has been demonstrated as a promising material

for optoelectronic devices, such as near infrared

photodetectors8–10 and photoconductive switches,11,12 due to

its capability to achieve a small energy bandgap, Eg

(0.8–1.2 eV), and to be lattice matched to a GaAs substrate.

We have also previously reported the application of

GaNAsSb material in the PV cell.13 Compared to indium

containing dilute nitride, the amount of nitrogen-related

defects in GaNAsSb can be reduced because of the presence

of antimony atoms and the absence of indium atoms during

its growth. Antimony atoms act as a surfactant to allow a

more efficient incorporation of substitutional nitrogen atoms

and to suppress the formation of nitrogen-related defects.14,15

In this Letter, we report the performance of a

GaN0.018As0.897Sb0.085 1 eV PV cell grown on a Si substrate.

Compared to our previous report,13 the GaNAsSb PV struc-

ture in this report was grown on a Si substrate instead of on a

GaAs substrate using molecular beam epitaxy (MBE).

Growth on a Si substrate offers the advantage of a lower sub-

strate cost. The Ge or GaAs substrate cost constitutes

�30%–50% of the PV cell cost in the current technology. By

using a Si substrate, the substrate cost can be significantly

reduced. This leads to tremendous saving in the production

cost of PV cells. Furthermore, the availability of a larger Si

substrate size (12 in.) could reduce the per cm2 cost in the

PV cell fabrication process, leading to a further reduction in

cost. Another advantage of the PV cell on the Si substrate is

the lighter weight of the Si-based PV cell compared to PV

cells grown on Ge or GaAs substrates. The densities of Si,

Ge, and GaAs are 2.329 g cm�3, 5.3234 g cm�3, and

5.32 g cm�3, respectively. Hence, Si has a significantly lower

density compared to GaAs and Ge. Lighter weight PV cells

offer a significant advantage in outer space applications.

Prior to the growth of the PV cell structure using MBE,

Ge-on-Si virtual substrates were fabricated using composi-

tionally graded Ge1�xSix buffer layers. The epitaxial films

were grown on (100) Si wafers with offcut 6� to the in-plane

h110i by an ultra high vacuum chemical vapor deposition

(UHVCVD) system. The details of the growth can be found

elsewhere.16 The Ge-on-Si virtual substrate was capped with

a 100 nm nþ GaAs layer grown by metal organic chemical

vapor deposition (MOCVD). The GaAs capped Ge-on-Si vir-

tual substrate was the foundation for subsequence MBE

growth of the PV cell. In an MBE system, a GaNAsSb 1 eV
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junction was grown in conjunction with a radio frequency

(RF) plasma-assisted nitrogen source and a valved antimony

cracker source. The 0.75-lm-thick GaNAsSb base and

0.1-lm-thick GaNAsSb emitter layers were grown at the RF

plasma power of 420 W at a substrate temperature of 500 �C.

The beam equivalent pressure of the Sb flux used during the

GaNAsSb growth was �1.4� 10�7 Torr. Under these condi-

tions, �1.8% nitrogen and 8.5% Sb were incorporated into

the GaNAsSb layer. The composition of N and Sb in the ma-

terial was determined using X-ray diffraction analysis.17 The

composition of N and Sb in the GaNAsSb is designed to have

a lattice mismatch of <0.5% to the GaAs and a bandgap

energy of �1.0 eV. The complete structure of the GaNAsSb

1 eV PV cell on the Si substrate can be seen in Fig. 1. For

comparison purposes, nominally the same GaNAsSb 1 eV PV

cell structure was also grown on an Nþ GaAs substrate.

The doping concentration in the base layer and the emit-

ter layer are 2� 1016 cm�3 (n-type) and 2� 1017 cm�3

(p-type), respectively. The doping concentration of nþ GaAs

buffer layer and pþ GaAs contact layer are 5� 1018 cm�3

(n-type) and 2� 1019 cm�3 (p-type), respectively. It can be

seen in Fig. 1 that a layer of 50 nm pþ Al0.7Ga0.3As was

inserted above the emitter layer. The doping concentration of

this layer is 2� 1019 cm�3 (p-type). The existence of this layer

is crucial because it allowed the GaNAsSb layer to be in situ
annealed at 700 �C for 5 min without deteriorating the surface

condition of the layer. An in situ annealing process was per-

formed after the growth of the AlGaAs layer to improve the

carrier lifetime in the GaNAsSb layer. Previous reports18,19

have shown that high temperature annealing process increases

the photoluminescence intensity of the GaNAsSb material.

Higher photoluminescence intensity usually implies a longer

minority carrier lifetime in the material. Arsenic antisite

defects was reported13 to be the main source of carrier recom-

bination centers in the GaNAsSb material. The improvement

in carrier lifetime of annealed GaNAsSb material could be

possibly due to the reduction in the density of arsenic antisite

defects after the annealing process. However, more investiga-

tion is needed to confirm the mechanism of carrier lifetime

improvement in the annealed GaNAsSb material.

The PV cells were fabricated using standard lithography

and wet-etch processing. The PV cell sizes ranged in

active area is 4 mm2. The Ohmic p- and n-contacts were

formed by Ti(50 nm)/Au(200 nm) and Ti(5 nm)/Ge(25 nm)/

Au(100 nm)/Ni(20 nm)/Au(100 nm) metallization, respec-

tively. Furthermore, the n-contact was annealed at 380 �C for

60 s. Finally, no anti-reflection coatings (ARC) on the devi-

ces are used in this study.

To investigate the material quality of the GaNAsSb PV

cell grown on a Si substrate, the cell structure was examined

using transmission electron microscopy (TEM). The TEM

image of the cell cross-section (see Fig. 2) reveals that most

of the defects induced by the lattice mismatch were con-

tained at the SiGe graded buffer. There are no visible

defects, such as threading dislocation at the base and emitter

region of the PV cell. However, it has to be noted that cross-

section TEM is not an effective tool to capture threading dis-

location at density <1� 107 cm�3.

Light current-voltage (I-V) photovoltaic measurements

were performed under AM1.5 global solar conditions. The

solar simulator was properly tested and calibrated. The test

was performed by measuring the spectral coincidence

between standard solar radiation and the simulator. From the

spectral coincidence result, the solar simulator used in this

study is classed under JIS class A. The measured light

current-voltage results are shown in Fig. 3. The GaNAsSb

cell grown on the GaAs substrate showed a VOC of 0.42 V

and a JSC of 23.4 mA/cm2. This values of VOC and JSC are

slightly better compared to the recent reported best results of

the GaInNAs(Sb) PV cell, which exhibited a VOC of 0.42 V

and a JSC of 21.3–22.5 mA/cm2.3 Compared to our previous

results,13 the current results exhibit a significant improve-

ment in the VOC from 0.29 V to 0.42 V. On the other hand,

the JSC value in this report (after adjusting for the absence of

the ARC layer) is comparable to the corresponding value in

our previous report. The improvement of the VOC in this

study can be mostly attributed to the incorporation of the in

FIG. 1. Schematic diagram of a GaNAsSb PV cell grown on a Si substrate

with a SiGe graded buffer.

FIG. 2. Cross-section TEM image of a GaNAsSb PV cell grown on a Si

substrate.

103906-2 Tan et al. Appl. Phys. Lett. 104, 103906 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  155.69.2.10

On: Mon, 31 Mar 2014 04:37:20



situ annealing process after the growth of the GaNAsSb layer

to improve the carrier lifetime of the material.

The GaNAsSb cell grown on the Si substrate showed a

VOC of 0.39 V and a JSC of 21.3 mA/cm2. These values of

VOC and JSC are �10% smaller compared to corresponding

values of the devices grown on GaAs substrates. This is

likely due to the incorporation of certain defects into the

GaNAsSb cell grown on the Si substrate. This observation is

discussed further later.

The quantum efficiency (QE) measurements were car-

ried out using a quartz tungsten halogen lamp as the light

source in conjunction with a monochromator. Calibration of

the light source was done using a commercial Si photodetec-

tor (300–1100 nm) and Ge photodetector (1100–1800 nm).

The measured external QE levels of the GaNAsSb cells

grown on the Si and GaAs substrates are shown in Fig. 4.

The figure illustrates that the QE curve of the GaNAsSb PV

cell grown on the GaAs substrate stayed flat at �55% until

the wavelength of 1050 nm and had a cut-off wavelength at

1200 nm. This indicated a bandgap energy level of 1.03 eV

in the GaNAsSb material. On the other hand, the GaNAsSb

PV cell grown on the Si substrate showed a maximum QE

value of 50% at wavelength <900 nm. At wavelength

>900 nm, the QE curve gradually decreased to 40% at

1100 nm and had a cut-off wavelength at 1240 nm, indicating

a bandgap energy of 1.00 eV for the GaNAsSb material. The

Sb composition of both samples is 8.5%. The difference in

the bandgap energy of the GaNAsSb material between both

devices is likely due to the run-to-run variation in the growth

process, which is related to drifting in nitrogen plasma con-

ditions at different runs. It is estimated that the N composi-

tion of cell on GaAs substrate and Si substrate are �1.7%

and 2.0%, respectively. The gradual slope in the QE curve of

the PV cell grown on the Si substrate indicated a poorer car-

rier lifetime in the GaNAsSb layer grown on the Si substrate

compared to the same layer grown on the GaAs substrate.

This is consistent with the observation of the VOC results

shown earlier.

There are two possible explanations for the poor carrier

lifetime in the cell grown on the Si substrate. First, threading

dislocation exists in the material grown on the Si substrate

due to the large lattice mismatch between GaAs and Si. The

threading dislocation density16 is <�1� 107 cm�3 and these

threading dislocations acted as an effective carrier recombi-

nation center.20 Second, the wafer transfer between the

UHVCVD chamber and the MBE chamber exposed the wa-

fer surface to the atmosphere for a long period (>1 months)

without any protective layer on top of the wafer. This could

possibly contaminate the wafer surface for the subsequent

MBE growth and it generated extra carrier recombination

centers.

To simulate the performance of GaNAsSb under the

stack of GaInP and GaAs tandem cells, we used QE data to

calculate the JSC of the GaNAsSb PV cell generated by the

solar spectrum with a wavelength longer than 870 nm:

JSC(>870nm). The calculated JSC(>870nm) of the GaNAsSb PV

cell grown on the GaAs substrate and the Si substrate are

6.9 mA/cm2 and 6.2 mA/cm2, respectively. These values are

higher compared to the reported values of the GaInNAs(Sb)

PV cells (4.6–5.1 mA/cm2).3 The JSC(>870nm) of the

GaNAsSb PV cell could likely be increased to

�8.6–9.6 mA/cm2 if an ARC layer is deposited at the top of

the device to eliminate the surface reflection of incident

light.

Two carrier generation regions exist in a PV cell: (1) the

depletion region and (2) the quasi-neutral region. Photo-

carriers generated in the depletion region were quickly swept

away under the electric field. The carrier collection effi-

ciency in the depletion is always assumed to be close to

100%. On the other hand, the photo-carriers generated in the

quasi-neutral region have to diffuse at a slower speed

towards the pn junction. The carrier collection efficiency in

the quasi-neutral region depends on the width of the quasi-

neutral region (w) and the carrier diffusion length of the ma-

terial (L). If L>w, the collection efficiency will be close to

100%. On the contrary, if w>L, there will be a loss in car-

rier collection. It is extremely important to know the carrier

diffusion length in the base layer when designing a highly ef-

ficient PV cell.

We estimated the “effective” carrier diffusion length in

the GaNAsSb base layer by measuring the photo-current

FIG. 3. The light current-voltage curves of the GaNAsSb PV cells grown on

GaAs and Si substrates under the AM1.5 global solar spectrum (“FF”

denotes “fill factor”).

FIG. 4. The quantum efficiency spectra for GaNAsSb grown on a GaAs sub-

strate and a Si substrate. The QEs of both devices were measured without an

ARC layer.
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generated at different widths of the quasi-neutral region. The

width of the quasi-neutral region can be changed by chang-

ing the width of the depletion region using different reverse

biasing voltages. The photo-current of the device increased

with the increase in the width of the depletion region and

decrease in the width of the quasi neutral region. The

increase in the photo-current is saturated when the width of

the quasi neutral region approaches the “effective carrier dif-

fusion length” as unity carrier collection efficiency is

achieved. To ensure the uniformity of carrier generation

across the entire base layer, the photo-current measurement

was performed using an incident light with a wavelength

close to the band edge of the material. Due to the negligible

light absorption at these wavelengths, the variation of inci-

dent light intensity is small across the base layer. Incident

lights with wavelengths of 1196 nm, 1198 nm, and 1200 nm

were used in our measurement. The results of the measure-

ment are shown in Fig. 5. The quasi-neutral region width is

defined as the total base thickness minus the width of the

depletion region. It can be seen that the “effective” hole mi-

nority carrier diffusion length in the GaNAsSb base is

�400 nm. Thus, a GaNAsSb cell with a quasi-neutral region

wider than 400 nm will result in lower carrier collection effi-

ciency of the photon generated carriers because the carriers

generated outside the diffusion length could be recombined

before reaching the depletion region.

In conclusion, we have reported the performance of a

1 eV GaNAsSb PV cell grown on a Si substrate. The cell

showed a VOC of 0.39 V and a JSC of 21.3 mA/cm2. On the

other hand, a 1 eV GaNAsSb PV cell grown on a GaAs sub-

strate showed a VOC of 0.42 V and a JSC of 23.4 mA/cm2.

This study showed that the GaNAsSb PV cell grown on the

Si substrate has a peak QE of 50% at wavelength <900 nm.

Using the photo-current measurement at different reverse

bias voltages, the “effective” hole minority diffusion length

of the GaNAsSb PV cell is estimated to be �400 nm. This

short diffusion length could be likely be the main contributor

to the non-unity QE found in the GaNAsSb PV cells.
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