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Far-infrared electroluminescence characteristics of an InGaP/InGaAs/Ge
triple-junction solar cell under forward DC bias�
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Abstract: The far-infrared electroluminescence characteristics of an InGaP/InGaAs/Ge solar cell are investigated
under forward DC bias at room temperature in dark conditions. An electroluminescence viewgraph shows the clear
device structures, and the electroluminescence intensity is shown to increases exponentially with bias voltage and
linearly with bias current. The results can be interpreted using an equivalent circuit of a single ideal diode model
for triple-junction solar cells. The good fit between the measured and calculated data proves the above conclusions.
This work is of guiding significance for current solar cell testing and research.
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1. Introduction

Multijunction solar cells consisting of InGaP, (In)GaAs
and Ge have the potential to achieve high conversion effi-
ciencies of more than 50%, and are promising candidates
for space and terrestrial applicationsŒ1; 2�. As a result, efforts
have been made to fabricate InGaP/InGaAs/Ge heteropho-
toelementsŒ3; 4�, and to investigate the photoelectric phenom-
ena on themŒ5�7�. Recently, electroluminescence (EL) imag-
ing has been regarded as a novel tool for fast spatially resolved
solar cell characterizationŒ8�, and can also yield absolute map-
pings of serial resistanceŒ9�, diffusion lengthŒ10; 11�and subcell
propertiesŒ12; 13�. However, the characterization of these de-
vices is still challenging. In fact, due to the lack of a compre-
hensive physicalmodel to describe the far-infrared EL intensity
of multi-junction solar cells, experimental results still remain
elusive.

In this work, the bias voltage and current dependence of
the far-infrared EL intensity of a triple-junction solar cell have
been evaluated in detail. It is observed that electrolumines-
cence viewgraphs show clear device structures, and that the
EL intensity increases exponentially with bias voltage and lin-
early with bias current. These results can be interpreted using
an equivalent circuit of a single ideal diode model for multi-
junction solar cells. The good fit between the measured and
calculated data proves the above conclusions, and is of great
guiding significance for current solar cell testing and research.

2. Experimental sample and setup

An InGaP/InGaAs/Ge triple-junction solar cell manufac-

tured by Yin Sheng Technology Co Ltd is evaluated in this
study. A schematic illustration of a solar cell is shown in the
inset of Fig. 1. The subcells (InGaP, InGaAs and Ge junctions)
were grown on a p-type Ge substrate using metalorganic chem-
ical vapor deposition. In this structure, the thicknesses of an
InGaP top subcell, an InGaAs middle subcell, and a Ge bottom
subcell were about 1 �m, 3 �m and 2 �m, respectively. Two
tunnel junctions whose thickness was about 0.03 �m were im-
plemented and placed between each pair of three subcells. The
Ge substrate was about 140 �m, and the whole device thick-
ness about 175 �m. The Ag core covered with Au on the top
subcell was used as the top electrical contact, and another con-
tact on the back of the sample was formed in the same way.
The cell size was 10 � 10 mm2.

The inset (top right) is a GaInP/GaInAs/Ge triple-junction

Fig. 1. Schematic diagram of the setup for electroluminescence mea-
surement (not in scale).
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Fig. 2. (Color online) EL image map under forward DC bias voltages
of (a) 2.8 V and (b) 3.0 V.

solar cell structure.
Electroluminescence detection is performed by the setup

as shown in Fig. 1. The sample is mounted in an x–y–z mi-
crometer positioner. When the solar cell works under certain
forward bias conditions, the emitted photons can be captured
with an infrared (IR) camera to obtain an image of the distribu-
tion of radiative recombination in the cell. In order to align the
IR camera with the optical axis, the position of the solar cell
can be adjusted by the positioner. Then the EL image is sent to
a computer for calculation of the corresponding mean EL in-
tensity. In this way, the EL intensity dependences of forward
DC bias voltage and current are measured.

In the real experiment, the LM1719A power supply model
is selected as a DC bias source. The camera (number VC hr
Research 780 made by InfraTec GmbH) is used for data acqui-
sition at a suitable resolution of 640 � 480 pixels, which has
a linear response function. The camera works in a wavelength
range from 7.5 to 14�m.All the experiments are accomplished
under room temperature and in dark conditions.

3. Results and discussion

In Fig. 2, a measured far-IR thermal image map is shown
under a forward DC bias voltage of 2.8 V and 3.0 V. The con-
tour curves in Fig. 2(a) correspond to the EL intensities of 44
(solid), 43 (dash), and 41 (dot), respectively. The red, yellow,
green and cyan regions represent that the fluorescence intensity
is > 44, > 43, > 41 and < 41. The contour curves in Fig. 2(b)
correspond to the EL intensities of 159 (solid), 148 (dash),
137 (dot) and 126 (dash dot), respectively. The red, yellow,
green, cyan and magenta regions represent that the fluores-
cence intensity is >159, >148, >137, >126 and <126. It can
be seen that maximal light intensity exists in the vicinity of the
top electrode. With the increase in distance from the electrode,
the light intensity starts a gradual decline (indicated by the ar-
rows in Fig. 2). This phenomenon can be interpreted as fol-
lows: for high carrier densities near the electrode region, there
is a high recombination probability which leads to strong light
intensity. Due to the effect of lateral diffusion, the magnitude
of the current density will fall with distance from the electrode.
Therefore, the luminescence intensity also decreases. It should
be noted that there is no obvious difference in the EL images

Fig. 3. EL intensity versus forward DC bias voltage. The inset (top
left) is a schematic of the equivalent circuit model for the triple-
junction solar cell, which can be simplified as a single large ideal
diode.

between the two bias conditions, and that no significant flaw is
observed in this triple-junction solar cell from the EL images.
After the bias voltage level is changed, the same results are also
obtained.

In Fig. 3, the measured EL intensity as a function of the
forward DC voltage is shown. It can be seen that there is not a
simple linear relationship. It is noted that the intensity is nearly
constant until approximately 2.7 V, and after that the curve is
lifted up rapidly. In order to study the injection current effect on
EL intensity, the EL intensity is measured against the forward
DC current, as shown in Fig. 4. It is observed that the intensity
is an almost linear increase with bias current.

Traditionally, it is widely regarded that the equivalent cir-
cuit model of triple-junction solar cells is composed of three
diodes connected in seriesŒ5; 7�. In essence, the whole cell can
be described as a single large ideal diode, as shown in the inset
of Fig. 3. Therefore, a simple ideal diode model is used in this
study. The total excess minority carrier number N along the
depth x in the P active layer will be expressed as followsŒ11; 14�:

N D

Z C1

0

np.0/ exp.�x=Le/dx D np.0/Le; (1)

in which np(0) is the excess minority carrier number at the p–n
junction edge, and Le is the diffusion length, which tends to a
constant at room temperature .

np(0) is subject to an applied forward voltage V by the
following equationŒ15�:

np.0/ D np exp.eV=kT /; (2)

where np, e, k, and T are the equilibrium minority carrier den-
sity in the P layer, the electron charge, the Boltzmann constant,
and the temperature, respectively.

The EL intensity IEL is considered to be proportional to
N integrated along the depth. Therefore, IEL is also propor-
tional to np(0) for fixed diffusion length Le. Then, IEL will be
expressed as a function of V as follows:

IEL D A exp.eV=kT /; (3)
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Fig. 4. EL intensity versus forward DC bias current.

where A is a constant that is related to doping density and tem-
perature.

Therefore, it is clear that EL intensity increases exponen-
tially with bias voltage, which is behavior similar to a forward-
biased ideal diode. After considering the background signal, a
fitting curve is plotted in Fig. 3 according to Eq. (3). From the
fitting results, good agreement can be observed. The extracted
constant is about (8.2394 ˙ 1.2348) � 10�49. Because the fit-
ting errors do not exceed 15%, this model can provide a rea-
sonable explanation of the experimental data.

In addition, the forward current I of an ideal diode can be
determined by the well-known Shockley diode equation, and
an ideality factor of 1 is expected. Therefore,

I D I0Œexp.eV=kT / � 1�; (4)

where I0 is the dark reverse saturation current.
If condition (exp.eV=kT / � 1) is satisfied (which is true

particularly when the bias voltage is large enough), then the
above equation can be simplified as follows:

I � I0 exp.eV=kT /: (5)

Then, combing Eq. (3) and Eq. (5), the EL intensity follows
that

IEL � A
I

I0

; IEL / I: (6)

From Eq. (6), it is quite obvious that EL intensity is a linear
function of the forward injection dc current. The correspond-
ing fitting curve is shown in Fig. 4. The extracted slope is about
80.14299 ˙ 3.87143. The fitting errors do not exceed 4%, and
the results are very close to the predicted relation. It should
be noted that Equation (6) is completely different from the re-
sults for a single-junction solar cell given by Fuyuki et al.Œ16�

and Mártil et al.Œ17�, in which the diode ideality factor can be
deduced by measuring the electroluminescence intensity as a
function of the forward injection current. There may be two
reasons for this. One is that the performances of the series-
connected diodes depend on the characteristics of each diode,
so the cell will be close to the ideal diode characteristics if all
the diodes are perfect. Another is that the two tunnel junctions
in the sample may reduce leakage current, so that the total cell

current would be a diffusion current and the whole cell ideal-
ity factor would be 1. From the above results, it can be seen
that there are no defects in this triple-junction solar cell. This
conclusion is consistent with the findings from the far-infrared
thermal image map in Fig. 2. The triple junction solar cell can
therefore be regarded as a single large ideal diode in certain
conditions.

4. Conclusion

The far-infrared electroluminescence characteristics of an
InGaP/InGaAs/Ge triple-junction solar cell under forward dc
bias were analyzed in detail. It is clearly observed that the elec-
troluminescence viewgraph shows clear device structures, and
that the EL intensity increases exponentially with bias voltage
and linearly with bias current. These results can be interpreted
using the equivalent circuit of a single ideal diode model for
multijunction solar cells. The fitting results prove our proposed
model. This work is very significant for the research, testing
and production of solar cells.
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