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ABSTRACT: Numerical simulation of devices plays a crucial role in their design, performance prediction, and
comprehension of the fundamental phenomena ruling their operation. Here, we present results obtained using the
code D-AMPS-1D, that was conveniently modified to consider the particularities of III-V solar cell devices. This
work, that is a continuation of a previous paper regarding solar cells for space applications, is focused on solar
cells structures than find application for terrestrial use under concentrated solar illumination. The devices were
fabricated at the Solar Energy Institute of the Technical University of Madrid (UPM). The first simulations
results on InGaP cells are presented. The influence of band offsets and band bending at the window-emitter
interface on the quantum efficiency was studied. A remarkable match of the experimental quantum efficiency
was obtained. Finally, numerical simulation of single junction n-p InGaP-Ge solar cells was performed.
Keywords: III-V semiconductors, simulation, solar cell, concentration

1 INTRODUCTION

The higher efficiencies and radiation resistance of
II1I-V solar cells have made them attractive both for space
and terrestrial applications [1-4]. Given the importance
acquired by PV devices based on III-V materials, a
scientific collaboration from the Solar Energy Group
(GES) of the National Atomic Energy Commission
(CNEA, Argentina) and the Solar Energy Institute of the
Technical University of Madrid (UPM, Spain) was
initiated. The purpose of this cooperation is to generate a
more detailed knowledge of these devices by combining
the complementary experiences of both groups.

In this paper, research activities performed on InGaP
and Ge solar cells, particularly in the topics of simulation
and characterization, are reviewed.

This work is a continuation of previous contributions
on simulation on III-V devices already published [5,6],
where further details about the numerical simulations
performed can be found.

2 NUMERICAL SIMULATION

The electrical transport and the optical behaviour of
the solar cells discussed in this work were studied with
the simulation code D-AMPS-1D [7,8]. This software is
an updated version of the one-dimensional (1D)
simulation program AMPS (Analysis of Microelectronic
and Photonic Devices) that was developed at The
Pennsylvania State University, University Park, USA,
during the years 1988-1993 [9].

The code evaluates the external device characteristic
curves such as the current density—voltage (J-V) under
dark and under illumination, the quantum efficiency, the
reflectivity, and internal quantities such as the electric
field, the free and trapped carrier concentrations, the
electron and hole currents, the recombination and
generation rates, etc.
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The solar cells analysed were InGaP and Ge solar

cells, both of them fabricated at UPM.

The first device simulated was a single junction n-p
InGaP solar cell with a structure identical to the top cell
of a high efficiency high-concentrator InGaP/GaAs dual-
junction solar cell [4] (details about the structure are
summarised in  Table I). Accordingly, their
manufacturing process is identical to that used for dual-
junction concentrator devices that can be found
elsewhere [4], and it is based on the metal organic vapor
phase epitaxy (MOVPE) technique. The active area of
the solar cells is a square of 1mm of side, endowed with
an inverted square grid having 8 evenly spaced fingers 3
um wide each and surrounded by a busbar 100 um wide.

The main parameters used in the simulations are
summarised in Table I. The coefficient for radiative
direct recombination was set to 7.2x10° em® s! for
GaAs [10] and to 1x107'° ecm® s7! for InGaP [11]. The
dependence of the mobility with respect to the doping
level was taken into account in each device layer
following the model used by Ghannam et al. [12]. The
band gap of InGaP was determined experimentally and it
was found to be in agreement with the values reported in
the literature for partially ordered InGaP [13-15]. Band
offsets between AlInP and InGaP were taken as type 1
[16] although, in detailed simulations, the dependence of
our results for different offsets was studied. In all cases
the illumination source was the standard AMO and
AM1.5G, spectra taken from ASTM standards [17], since
these were the spectra available at the solar simulators.

The cells lacked of an antireflective coating (ARC), a
non-passivated surface was considered (S=1x10° cm/s),
as well as some band bending at the front surface.
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Table I: Main parameters used in the numerical simulations of the InGaP solar cell.

window emitter base BSF buffer substrate
Material AllnP InGaP InGaP AlGalnP GaAs GaAs
Ey (eV) 2.36 1.82 1.82 2.13 1.424 1.424
Thickness (nm) 25/30 180 600 70/ 40 1150 250000
Ny (cm™) 5.10" 5.10"7/1.10" 0 0 0 0
N, (em™) 0 0 1.10'7/9.10" 5.10" 1.10" 1.10"
fjggiﬁt (rcfl?;:)bi“aﬁon rate ; 1x1071° 1107 X101 7.2x107°  7.2x107°
Electron mobility (cm?¥ V.s) 832 895 1140 895 2834 6647
Hole mobility (cm?/ V.s) 40 40 40 40 154 345

Nowadays, Ge solar cells have become important 3 RESULTS

because they can be used both in homojunction and
multijunction devices. An example of the first scenario is
the case of devices for TPV (Thermophotovoltaics)
applications [18, 19] and an example of the second are
triple junction InGaP-GaAs-Ge cells for space or
terrestrial applications.

The second device simulated was an InGaP-Ge solar
cell. The main parameters used in the simulations are
listed in Table II. The InGaP material parameters were
extracted from the same references used to simulate the
InGaP cell. The Ge mobility was extracted from
reference [20]

Table Il: Main parameters used in the numerical
simulations of the Ge cell.

buffer emitter base
Material InGaP Ge Ge
E, (eV) 1.82 0.664 0.664
Tthickness (nm) 980 180 180000
Np (cm™) 3x10'® 8.5x10" -
Nj (cm™) - - 1.5x10"
Electron 803 1000 2600
mobility
(em?/V.s)
Hole mobility 40 200 700
(cm? V.s)
Radiative 1x1071° - -
recombination
rate coefficient
(em’/s)

The emitter of InGaP-Ge solar cell was prepared by
diffusion of phosphorus and the buffer was grown by
MOVPE technique. The active area of the solar cells is a
circle of about 1.53mm of diameter.

In the numerical simulations was taken into account
that Ge solar cells, with n-p (or p-n) junction, can be
prepared by two methods: dopant diffusion [19, 21] or
epitaxial growth [22, 23], in both cases starting from n-
type or p-type substrate. Thus, a comparison of the
simulated electrical parameters of each case was
performed.
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3.1 InGaP solar cell

Figure 1 shows the experimental and the simulated
external quantum efficiencies (EQE) of two n-p InGaP
solar cells. As can be seen in la and 1b, the fitting of the
experimental curve is quite good. The fit in the short
wavelength region can be improved adjusting the band
offsets at the window - emitter interface (AE,, as shown
in Figure 2). Thereby. several values for AE. have been
considered in order to evaluate the deviations of our
predictions with respect to the EQE experimental curve
(Figure 3). The calculated electrical parameters are
presented in Table III.
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Figure 1: External quantum efficiency of InGaP solar
cells. The experimental curve was measured at UPM.
The two structures differ basically in the window and
BSF thicknesses as specified in Table 1.
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Figure 2: (a) Energy band diagram calculated for the
InGaP cell at thermodynamic equilibrium. (b) Enlarged
view showing details of the conduction band offset AE, at
the window — emitter interface.
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Figure 3: External Quantum Efficiency calculated for
different values of AE..

Table I1I: Electrical parameters calculated for the
homojunction InGaP solar cells.

Voc (V) Jsc FF n (%)
(mA/cm®)

965-TC
AMO 1.32 13.07 0.826 10.40
AML1.5G 1.30 11.25 0.832 12.25
963-TC
AMO 1.31 12.58 0.835 10.09
AMI1.5G 1.30 10.98 0.837 11.92
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3.2 Germanium solar cell

As mentioned before, the emitter of Ge
homojunctions can be prepared by two methods,
diffusion or epitaxial growth. The results show small
differences in the electrical parameters when a gaussian
or an abrupt change in the concentration of the emitter
doping is considered.

Incidentally, the Ge devices were -electrically
characterised in the GES. The I-V curve was measured
with a commercial solar simulator with 1kW Xe lamp, a
customised optical filter for a better matching of the
AM1.5G spectrum, and a data acquisition system.
Irradiance was set with a c-Si reference cell previously
calibrated. Then they were corrected according to the
short circuit current measured under the Sun, where
global irradiance was monitored using a thermopile type
radiometer. Finally, electrical parameters were extracted
from the corrected I-V curves.

The experimental and the simulated results are
presented in Table IV.

Table IV: Light J-V parameters calculated for the Ge
solar cell (AM1.5G).

Voe I FF n

mV)  (mA) (%)
733-BC
experimental 230 25.00 0.644 5.7
simulation 220 2574 0.653 5.6
(diffused junction)
simulation 220 2573 0.652 5.6
(abrupt junction)

It is important to note that when a high density of
defects in the buffer (Ng=1x10""cm™) is considered, a
better fitting for the EQE curve at low wavelengths is
achieved. In this particular case, the short circuit current
became J=25.03mA/cm’ that better approximates the
experimental value. This could mean that there is a high
density of defects in the material or at the InGaP-Ge
interface, reaching the junction fewer electron-hole pairs
generated in the InGaP.

Figure 4 shows the generation (G) and recombination
rates (R) for the different device layers. The region of the
substrate where R=G, about 67um from the surface, is a
dead zone in terms of collection of photocarriers thar
does not contribute to he current Jg, i.e., it just plays the
role of mechanical support.
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4 SUMMARY

New results on III-V and Ge solar cells simulation
using D-AMPS-1D are presented. The main electrical
and optical parameters were taken from literature and the
simulated structures correspond to real devices.
Particularly, in InGaP cells without ARC, the
characteristics of the EQE at short wavelengths were
successfully interpreted in terms of the band offset
alignment at the window-emitter interface. These results
demonstrate the capabilities of the D-AMPS-1D code to
provide valuable insight into the performance of III-V
solar cells. On the other hand, an InGaP-Ge
homojunction was simulated. A comparison of the
electrical parameters obtained by numerical simulation of
diffused emitter and abrupt junction was made. The
results show practically no differences if an average
concentrated in the abrupt case is considered. Finally, the
onset of the “dead zone” in the device was observed.
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