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Abstract—A simple method to determine the origin of the total series resistance in GaAs and AlGaAs
solar cells and LEDs is given. It allows to discriminate between series resistance effects due to the emit-
ter resistivity and parasitic resistance effects mainly due to the metal-semiconductor contact and the
metal of the grid. The method consists of fitting the current—voltage and light intensity—current charac-
teristics. The former is affected by the total series resistance and the latter just by the series resistance
due to non uniform current distribution. © 1998 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

The reduction of series resistance effects to a mini-
mum is a key issue in the design of solar cells. In
LEDs such a reduction is important to minimize
losses in the emitted light intensity at high currents.
The sources of the total series resistance can be
separated into a parasitic resistance mainly due to
the metal-semiconductor contact and the metal of
the grid, and a series resistance due to the emitter
layer. The latter produces a non uniform current
distribution through the device. The parasitic re-
sistance can be minimized by proper fabrication
technology and the non uniform current distri-
bution by an appropriate front contact design. The
ability to discriminate between both components
would allow improvements in the design of the
device.

We present here a simple method to distinguish
between the aforementioned components of the
total resistance. The only characterization necessary
is the measurement of the current—voltage and light
intensity—current characteristics. The first character-
istic is affected by the total series resistance and the
second one just by the series resistance due to the
emitter. The expression for the current—voltage
characteristics is well known. A simple model to
obtain the analytical expression for the current
dependence of the light intensity is given. We obtain
the value of the total series resistance by fitting the
current voltage characteristics and the series resist-
ance due to the emitter by fitting the light inten-
sity—current characteristics. The parasitic resistance
is then given by the difference between the two
values.
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2. THEORETICAL MODEL

The whole device will be treated as a parallel
connection of a specified number of elementary cells
as sketched in Fig. 1(a). We restrict the analysis to
a simplified structure consisting of an emitter and a
base region. We assume that the current /. flows
horizontally in the emitter and the current [, verti-
cally across the junction and in the base. When the
current flows in the emitter, there is a voltage drop
in this region due to the presence of the emitter
lateral resistance. In Fig. 1(a) we indicate the dis-
tributed resistance of the emitter. The diode under
the metal Dy, is not affected by the resistance of the
emitter as can be seen in the figure. The current
passing through Dy, is I,. The resistance Rparas
results mainly from the metal-semiconductor
contact and the metal of the grid, but may also
include other possible parasitic resistances. We
assume that the resistance of the bulk region in the
base is negligible.

The current in the device has two components:
the space charge recombination current and the
diffusion current. The space charge recombination
current, I, is modelled as[1]:

V.
b= iwexo( 47) m

where V;j is the voltage drop across the junction.
The diffusion, or recombination in the neutral
regions, current /;, under low injection conditions,
is given by Shockley[2] as

V.
h= e (47 @)
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Fig. 1. (a) Cross section of one of the elemental units that
constitutes the device. On the right, our assumption as to
how the current density flows through the device is shown.
On the left, an equivalent circuit is sketched, where I is
the total current injected in the device, V, the applied vol-
tage, V the voltage after the metal-semiconductor contact,
I. is the emitter current, [, is the current in the base and
across the junction, Rp.n.s the parasitic resistance due
mainly to the metal-semiconductor contact and the metal
of the grid. (b) Equivalent circuit of the circuit sketched in
(a) with a global lumped series resistance, Ry, due to the

emitter layer

Therefore the total current takes the form

V; Vi
I=1y eXp(%) + I exp(i—}) (3)

In device modeling, it is common practice to use
the equivalent circuit of Fig. 1(b) in which R is a
global lumped series resistance due to the emitter
layer, which includes the metal contact and non-
contacted areas[3]. In this case the current—voltage
equation takes the familiar form

Va — (Rparas + Rse)l

1=1
01 €Xp kT/q
Va B (Rparas + Rse)l
I 4
+ Ip2 exp AT/ “4)

In this equation the effect of the parasitic resistance
and the effect of the series resistance due to the
emitter are indistinguishable.

The current under the metal I, (Fig. 1(a)) is

14 14
In = Fn (101 epo—TJr Io> expquT) (5)

where F,=A4,/A and is the fraction of the area
covered by the metal.
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Fig. 2. Structures of the fabricated devices. (a) GaAs solar
cell. (b) Al,Ga; _ \As LED

Most of the photons that might escape from the
device are generated by the diffusion current com-
ponent[4] flowing under the unmetallized area.
Therefore the light intensity emitted by the device L
is given by the recombination in the neutral regions
under the unmetallized region, which is equal to the
recombination in the neutral regions of the whole
device (the diffusion current component of
Equation (4)) minus the recombination in the neu-
tral regions under the metal (the diffusion current
component of Equation (5)). Taking into account
that

V="V,- Rparas] (6)
the light intensity is then
V — Reel V
L= CI ——F — 7
01 (exp kT/q m €Xp kT/q) (7

where C is a proportionality constant and ¥ can be
obtained from

V— Rl
2kT/q

V — ReI
I1=1Iy eXpT/;wLIoz exp ®)

and is given by

Fig. 3. Front contact patterns used. (a) 11 mm? solar cells.
(b) 1 mm? LEDs
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Table 1. Performance parameters of the devices
Device Type A (mm®) Fin C (mW/A) Ioi (A) Iox (A) Rioar (Q) Rse () Rparas (Q)
4345 Solar cell 11 0.09 12.8 19%x107°  76x1072 125x107  55x1073 7% 1073
R49-7 LED 1 0.15 44 20x107%% 12x107% 350x107°  45x107°  345x107°
practical range of operation of a solar cell, as is

kT 102( 41y 1 )]
V=Rel+2—In| —— 1+ —1 9
ot 428 [ - . )

The light intensity can then be written as

12, (| 4IyI 2 R
L=Cc-2|( |1 —1)|1-F
4101( + 13, ) [ " exp(kT/11>]
(10)

Therefore the light intensity is not affected by the
parasitic resistance Rp.ms but just by the series re-
sistance due to the emitter. We can obtain the total
series resistance from Equation (4) and the emitter
resistance from Equation (10). The difference will
give the parasitic resistance.

This method of separately estimating Rparas and
R, can identify the main source of resistance in
optoelectronic semiconductor devices. This infor-
mation can then be used to optimize the design of
such devices.

The series resistance due to the emitter layer
obtained under dark conditions, is in general differ-
ent from its value under illuminated conditions. At
low enough currents, the series resistance under
dark conditions, under illuminated and short-circuit
conditions and under illuminated and open-circuit
conditions converge to a unique value[3]. This value
can be used as a reasonable approximation for the

10 T T T T

discussed in[3]. So the method explained here must
be used at low enough currents to get the value of
the series resistance. Since the value of the series re-
sistance varies with current this must be obtained
within a small range of current where it can be
assumed to be nearly constant.

3. EXPERIMENTAL

Solar cells with a structure shown in Fig. 2(a)
and light emitting diodes with the structure in
Fig. 2(b) have been fabricated. The solar cells con-
sist of a p-Al,Ga; _ (As/p-GaAs/n-GaAs configur-
ation. The two p-type layers are doped with
beryllium and the substrate is doped with silicon.
The wafer of LED material was kindly supplied by
Sumitomo and processed in our laboratory. The
LEDs consist of an Al,Ga; _ ,As heterojunction
doped with silicon in both the p-layer and n-layer.
The aluminum composition changes with depth as
shown on the right hand side of the diagram. The
details concerning device parameters can be found
in Table 1. The patterns used for the front metal
contact are shown in Fig. 3(a) for the 11 mm? solar
cells and in Fig. 3(b) for the 1 mm? LEDs. The
dark current—voltage curves corresponding to a
typical GaAs solar cell and a typical Al,Ga; _ ,As
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Fig. 4. Current—voltage characteristics of a typical Al,Ga; _ ,As LED and a typical GaAs solar cell.

They show three regions: the first one where space charge recombination current is dominant with an

ideality factor of n = 2, the second one, characterized by n = 1 where the diffusion current dominates
and the third one affected by the series resistance effects
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Fig. 5. Light intensity vs current for a typical GaAs solar cell, experimental data (symbols) and theor-
etical fits (solid line) with parameters in Table 1 and different resistances R,

LED are shown in Fig. 4 with the different regions
where the space charge recombination current is
dominant (n = 2) and the diffusion current becomes
relevant (n = 1). At high currents the current—
voltage characteristic is affected by series resistance
effects. By fitting these curves to Equation (4) we
obtain the parameters Iy, Iy, and
Riotal = Rse T Rparas that appear in Table 1.

The total light output was measured using a cali-
brated large area photodiode. The injected current
is continuous at low levels and pulsed (pulse width
1 us, duty cycle 1%) at high currents to reduce

device heating. Heating is also decreased by means
of a good thermal contact achieved by soldering the
devices onto a copper disk. The light power of a
typical solar cell and a typical LED is given in
Fig. 5 and Fig. 6 respectively. The measurements
are represented by symbols. The theoretical light
power curves given by Equation (10) are sketched
by continuous lines for different values of Rg. It
can be observed that there is a satisfactory agree-
ment between experiment and theory and the best
values to fit the curves are given in Table 1. The
value of the parasitic resistance of the LEDs is high
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Fig. 6. Light intensity vs current for a typical Al,Ga, _  As LED, experimental data (symbols) and
theoretical fits (solid line) with parameters in Table 1 and different resistances Rg.



Origin of series resistance of solar cells and LEDs 571

due to the high value of the metal-semiconductor
resistance with Al,Ga; _ ,As which increases with
aluminum concentration. However in the solar cells
devices the parasitic resistance is low because of the
better metal-semiconductor contact with GaAs.
The value for the series resistance due to the emit-
ter is relatively low in both solar cells and LEDs.
The values for the different resistances obtained by
fitting the experimental curves agree well with the
calculated ones using the equations given in[5].

4. SUMMARY

We have developed a method to obtain the
values for the series resistance due to the emitter
and the parasitic resistance mainly due to the
metal-semiconductor contact and the metal of the
grid. A simple model of the current dependence of
the light intensity has been presented. Satisfactory
agreement between experiment and theory has been
demonstrated. The application of the theory to our
device leads us to conclude that the value of the
parasitic resistance of LEDs is high because of the
high value of the metal-semiconductor resistance

with Al,Ga; _ ,As. The parasitic resistance in solar
cells is low because of the better metal-GaAs con-
tact. The series resistance due to the emitter was
found to be relatively low.
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