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InAlAs /InGaAs sofar cells on IaP for a low-band-gap cell have been fabricated. From
theoretical simulation it is expected that the optimized InAlAs/InGaAs cell should have
phatovoltaic characteristic values of J,=21.2 mA em ™2, ¥, =0.345 V, FF=10.745 and 5=
4.02% at one sun AMU0 without an AR-coating. The best performance achieved by experiment
was J. = 220 mA cm 7, V. = 0.320 V, FF = 0.695, and 5 = 3.61% without an AR-coating. The
uniformity of the characteristics was much improved utilizing the InGaAs cap laver for a low
contact resistivity.

1. Introduction

To achieve a solar cell efficiency higher than 30% for example, tandem [1],
cascade [2], and spectrum-splitting [3] solar cell systems have been proposed and
several device structures were fabricated.

For the low-band-gap cells in the spectrum-splitting system with GaAs for the
intermediate-band-gap cell (E, = 1.43 V), several 111~V semiconductors such as
GaSh, AlGaSb, InGaAs, InGaAsP, and InAsP are candidates from their energy
gap values. However, requirement of high quality epitaxial layers on a [arge areca
{>2") substrate for a near future application reduces the semiconductors to
AlGaSb on GaSb substrate, InGaAs on InP substrate, and InGaAsP on InP
substrate. Experimental comparison of photovoltaic characteristics between Al-
GaSb /GaSb and InGaAs/InP solar cells resulted in a better performance of
InGaAs/InP [4]. However, since liquid phase epitaxy (LPE) was used to grow
InGaAs/InP in the previous experiments [4], the window [ayer was a thick InP
which has a room-temperature energy gap of 1.35 eV that is lower than the cnergy
gap of the GaAs cell. Using molecular beam epitaxy (MBE), higher band gap
Ings, Al 44 As can be grown on a large-area InP substrate with the lattice-matching
condition. Thus, Ing Al gAs/Iny53Ga,.;As on InP solar cell structure, with
InAlAs as the window layer and InGaAs as the absorption layer, both lattice-
matched on InP can be used for the low-band-gap cell covering the solar spectrum
from 0.85 um (GaAs absorption edge) to 1.65 pm (Ings3Gay,,As absorption
edge).

0927-0248/92/$05.00 © 1992 — Elsevier Science Publishers B.Y. All rights reserved
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Our calculation shows that the Ing 5, Al g As/ Ingg;Gag 33 A5 Pyoe cell has 4
higher cfficiency with a higher open-circnit voltage than the Ingg,Alj . As /
Ing 53Gag,,As cell [51 However, the growth process of the latter structure is much
easier by the presently available techniques. We have chosen the Ing 5 Al As/
In,;,Gay 45 As structure as the first step.

In this paper, we will describe the fabrication of the Ings;Alj, Asy
In,s3Ga 4, As solar cells and the experimental results of the photovoltaic charac.
teristics. Iny 5, Aly 4 As and Ing 53Gay , As will abbreviated as InAlAs and InGaAg
hereafter in the text,

2. Device structure and wafer characteristics

The layer structure with the InGaAs cap layer and impurity concentrations are
shown in fig. 1. The thicknesses of p*-InGaAs and n-InGaAs absorption lavers ang
the impurity concentrations were designed to have the highest conversion effj.
ciency at one sun AMO [5]. Be and Si were used for acceptor and donar,
respectively. The layer thickness uniformity was within +4% over 40 mm ip
diameter. Two structures, with and without the p*-InGaAs cap layer, were
fabricated.

The X-ray rocking curve of the wafer is shown in fig. 2. The peaks are
reflections from InGaAs, InP, and InAlAs from left to right. The lattice-mismatch
among the three layers is within 3 X 1073,

The test device structure for the photovoltaic characteristics measurement is
shown in fig. 3. In the photolithography process, the circular opening of the
InGaAs cap layer was made by etching with H,S0,:H,0,:H,0 (3:1:1 by
volume) at 33°C for 1-2 s, and the mesa-etching was then conducted to the depth

p*-InGaAs 01 um 3x1Meri? (Be
F -InAlAs 1.0 pm 108ri? -Be
p- InGaAs 05 pm 2x108%m3 : Be
n-[nGaAs 2.0pm 11072 Si

n*-1nP SUB

Fig. 1. Layer structure of solar cell wafer with InGaAs cap layer. Thicknesses, impurity concentrations,
and dopants are listed on the right hand side,
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Fig. 2. X-ray tocking curve of the wafer. Peaks are from InGaAs, InP, and InAlAs lavers from left to

right. Lattice-mismatch among the layers is within 3> 1077,

of 2 pm with the same etching solution. The edge portion was covered with
polyimide. Ohmic contacts of Au/Zn (10% of Zn by weight) for p* layer and
Au/Sn (10% of Sn by weight) were evaporated and alloyed at 340°C for 1 min in a
hydrogen atmosphere. The opening diameter was 629 pm.

3. Photovoltaic characteristics and discussion

For the photovoltaic characteristics measurement at one sun AMO, a tungsten
lamp solar simulator including an infrared optical filter with the cut-off wavelength
at 0.85 pm was adjusted to have the same spectral irradiance as the solar spectrum
at AMO between 0.85 and 1.65 pm.

AuZn/Au ELECTRODE

POLYIMIDE

- n-1nGaAs

4—n-InP

™~

AuSn ELECTRCODE
Fig. 3. Test device structure for photovoltaic characteristics measurement. The opening diameter is 629
pm.
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Fig. 4. The best photovoltaic characteristics obtained without AR-coating at one sun AM{; Jo. =220
mA cm ™2, ¥, = 0320 V, FF = 0.693, and 7 = 3.61% without an AR-coating.

* Tac

Fig. 4 shows the best photovoltaic characteristics at one sun AMO0. The AR-coat
ing was not provided but the InGaAs cap layer was used under the ohmic contact
ring. The obtained values were J, = 22.0 mA ecm™2, V,_ = 0.320 V, FF = 0.695 and
1 =3.61% as listed in table 1. Here, J is the short-circuit current, V. is the
open-circuit voltage, FF is the fill factor, and # is the conversion efficiency.

The InAlAs/InGaAs cells without the InGaAs cap laver also showed similar
photovoltaic characteristics when a good ohmic contact to the InAlAs window
layer was obtained. However, in most cases the ohmic contact formation onto
InAlAs which has an Al composition of 0.52 was very unreliable and unrepro-
ducible. To ensure a low resistivity and reliable ohmic contact, a thin highly daped
p-InGGaAs was necessary as it was shown in fig. 1.

Simulated photovoltaic characteristics of the cell with the interface recombina-
tion velocity of 10000 cm s~ are as follows: J is 21.2 mA ecm™2, V,_ is 0.345 V,
FF is 0.745, and 7 is 4.02% at one sun AMO without an AR-coating [5] as listed in

Table 1
Comparison of experimental and theoretical photovoltaic characteristics at one sun AMO
"rsc V;c FF 7
{mA cm™?) (V) (%)
Experiment 220 0.320 0.695 3.61
Calculation
(5,=8,=10000 cmn s~ ") # 21.2 0.345 0.745 4.02
Calculation
(5.,=8,=0cms™ ") 220 0.345 0.746 4,20

# 8, (8,): interface recombination velocity for electrons (holes).
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table 1. If the interface recombination velocity is assumed to be 0 cm s~', the
photovoltaic characteristics become as follows: J is 22.0 mA em ™%,V is 0345V,
FF is 0.746, and 7 is 4.20% as listed in table 1.

For this simulation, the reflectivity of InAlAs was necessary. The wafer for the
solar cell itself was used for the reflectivity measurement. Since in the wavelength
region from 0.85 to 1.65 pm the InAlAs is transparent and the InGaAs layer
adjacent to the InAlAs is highly absorbing and thick enough, the reflectivity
measured is considered equal to the reflectivity of a semi-infinite sample. In that
wavelength region the reflectivity was found to be flat and measured to be 0.28.
This value was used in the simulation. If a perfect AR-coating is adopted to the
present solar cell, J. and 7 will increase to 30.6 mA cem~? and 5.01%, respec-
tively.

4. Summary

InAlAs /InGaAs solar cells on InP for a low-band-gap cell have been fabricated.
The best performance achieved by experiment was J,_ = 22.0 mA ecm %, V. = 0320

'V, FF = 0.695, and % = 3.61% without an AR-coating. The obtained efficiency is

90% of the simulated efficiency. This efficiency corresponds to 5.01% if a perfect
AR-coating is provided. The uniformity of the characteristics was much improved
utilizing the InGaAs cap layer for a low contact resistivity.
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