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ABSTRACT Electroluminescence (EL) images with absolute photon emissions from Cu(In, Ga)Se2 (CIGS)
solar cells were obtained under different forward current injections, with the spatially distributed EL emission
becoming non-uniform as the current density gradually increases. A distributed two-diode electrical three-
dimensional model was established which simulated the dark current density-voltage curves and the absolute
EL images of the CIGS solar cells very well. Then, the resistive effects were analyzed using this model and
simulation results show that the sheet resistance of the transparent conductive oxide (TCO) layer dominates
the non-uniform distribution of the EL emission in the studied CIGS thin-film solar cells. The effect of
the sheet resistance of the TCO and the series resistance of the micro-diode on the EL variations is found
to become obvious under high-current-injection conditions, whereas the effect of shunt resistance of the
micro-diode on the EL variations becomes more obvious under low-resistance value or low-current-injection
conditions.

INDEX TERMS Absolute electroluminescence, Cu(In, Ga)Se2 thin-film solar cells, sheet resistance,
distributed circuit.

I. INTRODUCTION
Electroluminescence (EL) imaging technique is powerful
to characterize solar cells and modules which has gained
much attention recently [1]–[13]. By measuring the spatially
resolved EL emission from the top surface of solar cells, it is
easy to qualitatively find failures from the EL images such as
electrode faults and cell cracks which has been used in max-
imizing module manufacturing yields such as in crystalline
silicon cells [7]–[10]. Furthermore, quantitative characteri-
zation makes it possible to extract spatially resolved infor-
mation about the electronic material properties of solar cells
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such as minority-carrier diffusion length, diode performance,
series resistance, shunts, and local junction voltage [7]–[17].
Measurements of absolute EL intensity [18] have been
demonstrated usefully to obtain the internal current-voltage
(I-V) relations of solar cells based on the basic reciprocity
relationship [15], [16] between EL emission in light-emitting-
diode (LED) operation and the external quantum efficiency
(EQE) in solar-cell operation. Absolute EL imaging method
has been developed to quantitative mapping the open-circuit
voltage of Si solar cells and modules [19], as well as GaAs
solar cells [20]–[22] and perovskite solar cells [23]. Various
calibration techniques for obtaining absolute EL intensity
have been proposed to characterize the properties of solar
cells which demonstrated good accuracies [24].
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It is generally known that spatial variations of electrical
parameters in practical photovoltaic (PV) devices can lead
to spatial inhomogeneous EL images [17]. Variations of
resistance contributed from different layers of devices are
significant factors to lead the non-uniform distributions in EL
images [25]. Usually, it is very hard to examine the effects
of different parameters experimentally since this needs large
amounts of solar cell samples which is time and sample
consuming. However, computer software such as the Sim-
ulation Program with Integrated Circuit Emphasis (SPICE)
provides a convenient and fast technique to simulate the
effects of various electrical parameters on the EL images with
proper electrical models [20], [26], [27]. For current popu-
lar thin-film polycrystalline hetero-junction solar cells such
as Cu(In, Ga)Se2 (CIGS) solar cells which have inherently
non-uniform electrical properties due to their granular struc-
ture, the study of the inhomogeneity issue is significant to
understand the energy loss mechanism [28]. Previous works
focused on studying local inhomogeneous regions such as
local defects [26], [27], however, systematic works studying
the influence of electrical parameters on the global absolute
EL images of CIGS solar cells are few [29], [30].

In this study, a distributed two-diode electrical model
established by the SPICE software was used to simulate
the measured absolute EL images of a lab-sized CIGS solar
cell (0.75 cm × 0.7 cm). The effects of resistive parameters
such as the sheet resistance of the top transparent conductive
oxide (TCO) layer, the series resistance, and the shunt resis-
tance of the micro-diode used in the electrical model on the
spatially resolved absolute EL images under different current
injection conditions were systematically studied.

II. EXPERIMENTAL AND MODELING
A lab-sized CIGS solar cell with a structure of substrate
(SLG)/molybdenum (Mo)/CIGS absorber/CdS/intrinsic zinc
oxide (i-ZnO)/n-type aluminum doped ZnO (n-ZnO:Al)/Al
grid was used in this study, in which the CIGS absorber layer
was synthesized via a three-stage co-evaporation method,
the details of the fabrication process and facility can be
found in [31]–[37]. The total area of the cell sample
is 0.75 cm × 0.7 cm, with short-circuit current density
(Jsc) of 29.8 mA/cm2, open-circuit voltage (Voc) of 0.683 V,
fill factor of 0.495, and energy conversion efficiency (η)
of 10.1% measured under AM1.5G, 1-sun illumination con-
dition using a solar simulator at room temperature. Absolute
EL images of the CIGS solar cell were obtained using
radiant-flux LED standards for calibration [18]. Planar LEDs
with a circular aperture were prepared, the total absolute
radiant fluxes of which were calibrated and used as radiant-
flux standards in the measurements, the detailed structures of
the planar LEDs and experimental procedures were presented
elsewhere [18].

A two-diode electrical model that approximately describes
the cell topology was used in order to conduct the spa-
tial simulation in SPICE. The part of the model is shown
in Fig. 1 which consists of four layers. The top layer is a

FIGURE 1. Part of the distributed two-diode electrical model of CIGS solar
cell for EL simulations by SPICE. Rm: distributed resistor of the top
electrode metal layer; RTCO: distributed resistor of the TCO layer; Rb:
distributed resistor of the bottom contact layer; Each micro-diode is
represented with a modified two-diode current model, rs-series
resistance; rsh-shunt resistance; n1, n2- ideality factors; j01,
j02-saturation current densities.

grid contact layer representing the electrode metal layer (alu-
minum, Al), with a distributed resistor denoted by Rm, similar
descriptions are used for other layers. The layer under the
grid contact is a resistive grid layer (RTCO) representing the
TCO layer (n-ZnO:Al in our cell sample). The bottom layer
is also a grid (Rb) representing the back contact (Mo here).
Between the TCO layer and the bottom layer, there is an
active layer composing of micro-diodes. Each micro-diode
is represented with a modified two-diode model of the solar
cell representing the CdS-CIGS heterojunction structure and
the CIGS bulk resistance (rs-series resistance; rsh-shunt resis-
tance; n1, n2-ideality factors; j01, j02-saturation current den-
sities). The negative probe is connected to the distributed
resistors representing the Al electrode layer contact with the
TCO and placed above the TCO layer in the top layer. The
positive probe is connected to the bottom layer in the center
of the cell. Thus, the simulated contacting scheme replicates
that of the ELmeasurements. Themain parameters describing
the two-diode model of micro-diode in the dark are shown in
Fig. 1, with one diode describing diffusion current (j01) and
the other one describing recombination current (j02) [38].

The parameters of the micro-diode were extracted from the
dark current density-voltage (J-V) characteristic of the cell:
where N is the total number of micro-diodes according to the
meshing of the cell’s active area.N = 900was selected in this
work considering both the time consumption and smoothness
of the simulations. Initial values of the parameters used for
SPICE simulation were calculated by multiplication of cell
resistances (Rs and Rsh) with the number of micro-diodes
(N ) since the micro-diodes are connected in parallel both
micro-diode resistances (rs and rsh). Due to the square grid
used for simulations, the values of RTCO and Rb were numeri-
cally identical to sheet resistancesRTCO andRb [6]. The initial
values of RTCO, Rb, and Rm were referred from literature [6].
Then an iterative procedure was implemented until the fitting
results approximate experimental results, the deviation was
controlled smaller than 1%.
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In practice, the main parameters that influence the simu-
lated CIGS cell’s J-V curve, as well as the EL distribution
throughout the cell, are series resistance rs, shunt resistance
rsh, and TCO resistance RTCO, whereas Rb and Rm are usu-
ally too small and negligible [6]. To determine the correct
values of these parameters, SPICE simulations of the dark
J-V and EL emission were iteratively performed. When both
simulations adequately fitted the measurements, the values of
parameters were determined.

III. RESULTS AND DISCUSSION
Absolute EL images obtained with different injection cur-
rent densities from 5 mA/cm2 to 50 mA/cm2 are shown
in Fig. 2, note that the dark edges of the images are the
background. It can be seen that as current density increases,
the absolute EL intensity increases and the EL emission
distribution becomesmore inhomogeneous and high intensity
of EL emission concentrates around the grid Al electrode.
The EL emission intensity is symmetrical with respect to the
top Al grid, indicating the relevent resistances are uniformly
distribited.

FIGURE 2. EL images (absolute photon emission rate) of a CIGS solar cell
with 10.1% efficiency as a function of different injection current density
from 5 to 50 mA/cm2 by using radiant-flux LED standards for
calibration [24].

Fig. 3 shows the result of the simulation, a dark J–V charac-
teristic is directly comparedwith themeasured J–V character-
istic. Dark J–V simulation was performed as a direct-current
(DC) sweep analysis of a voltage source connected to the
provided nodes. A two-diode model was used to describe the
J-V characteristics of the micro-diode by using the following
equation,

j = j01 exp
(
q (V − j · rs)

n1kT

)
+ j02 exp

(
q (V − j · rs)

n2kT

)
+
V − j · rs

rsh
(1)

where j is the total current density of one unit of the
two-diode, q is the elementary charge, k is the Boltzmann

FIGURE 3. I-V relationship from I-V experiment (circle symbol) and
simulation (solid line) by SPICE using two-diode electrical model.

constant, and T is the Kelvin temperature, the other parame-
ters have been defined in previous content. Note that the rs is
fine-tuned when transforming to the model parameter, since
the rs in Eq. (1) also contains RTCO, Rm, and Rb. By using
this model, good fitting results can be obtained as Fig. 3
shows.

Under forward injection current, the local voltage bias on
each micro-diode unit could be extracted using the SPICE
simulation and the absolute EL emission rate could be
obtained according to the reciprocity relationship as follow-
ing shows [15],

φemi(E) = Qei(E)φbb(E) exp(qVi/kT ) (2)

where Qei(E) is the EQE of the solar cell, E is the photon
energy, Vi is the local junction voltage on the ith micro-diode,
and ϕbb is the spectral flux density of a black body, which
depends on Planck’s constant h and the vacuum speed c of
light, given by Equation (3),

φbb(E) =
2πE2

h3c2
exp(−E

/
kT ) (3)

Then, the injection current density-dependent absolute EL
emission intensities of the total micro-diodes were obtained
and compared to the measured absolute EL emission, as well
as the external EL quantum yield (yLEDext , defined as the ratio of
average absolute EL emission rate over the injected electrons
per unit area [18]) dependent on injection current density
under the operation of an LED, and the results are shown
in Fig. 4. It can be found that there is still a small difference
between the simulated and experimental in EL emissions
and yLEDext dependent on injection current. This reason for the
difference may due to the actually existed spatially inhomo-
geneous properties for real solar cells, that is, the poorer diode
quality factors may be different for each micro-region on the
sample, whereas the model used for simulation is spatially
uniform. The fitted power-law relation [6] (IEL ∼ Jb, IEL :
EL intensity, J : current density, b: power law exponent) of
the absolute EL emission dependent on current density are
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FIGURE 4. Current density dependence of (a) the absolute EL intensity,
which is the sum of the absolute values for the total pixels in the
measured absolute EL images (the two lines show the fitting results using
power-law relation), (b) the external EL quantum yield (Ext. EL. Quan.
Yield) of the sample under the operation of an LED (yLED

ext ).

also shown for both experimental and simulation results in
Fig. 4 (a). The power-law exponent of the simulation EL is
smaller than that of the experimental results [6]. This empir-
ical exponent can actually be viewed as the diode quality
factor of the one-diode model [15], [39]. Please note that,
despite the one-diode model can fit the injection dependence
of the EL intensity quite well, the two-diode model was
reported to be more decent for simulating both electrical
and luminescence properties of the studied samples [40].
Thus, the larger exponent obtained from the experimental
result than the simulated result may also be attributed to the
inhomogeneous characteristics of real solar cells with poorer
diode quality factors.

Fig. 5(a) shows an example of the simulation results of the
absolute EL emission image from the CIGS solar cell with
a forward injection current density of 30 mA/cm2. Note that
the darker edges around the simulated image are attributed to
the degraded EL intensity at the edge of the solar cell sample.
This image approximates to the real EL image in Fig. 5(b)

FIGURE 5. (a) Simulated and (b) measured absolute EL image with an
injection current density of 30 mA/cm2.

with an injection current density of 30 mA/cm2, while the
concentration of the EL emission around the grid Al electrode
can also be observed clearly.

Fig. 6 shows the comparison of the normalized EL profiles
from experimental absolute EL measurements and absolute
EL emission simulations in two directions, which are in
parallel to (x-direction) and vertical to (y-direction) the main

FIGURE 6. Normalized EL profiles from experimental absolute EL
measurements and absolute EL emission simulations in (a) x-direction
and (b) y-direction.
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grid electrodes in the plane of the solar cell’s surface. It can be
seen that in y-direction, the simulation results are well-fitted
the experimental results for all injection currents by using
the fitting parameters listed in Table 1, this indicates that
along y-direction, the properties of the solar cell are uniform.
In x-direction, however, divergence can be found between
the experimental and simulated results, especially in the two
outer sides of the cell, this indicates that along x-direction,
the solar cell still shows inhomogeneity properties even if the
dark edges were considered in our simulations. The similar
phenomenon can also be demonstrated in some types of
solar cells, such as monocrystalline Si and GaAs [20], [41].
However, for other types of materials like multi-crystalline
Si, the resistive effects show strong lateral inhomogeneities in
the whole spatial distribution, and the values of the relevant
resistances are found to be larger away from the busbar or
near the cracks, which may require to utilize some 2-D finite
element simulation methods [42]–[50].

TABLE 1. Parameters used in the simulation.

Based on the resistive parameters in Table 1, we tried to
simulate and investigate the effect of resistive parameters
on the inhomogeneity properties of the solar cells, since
it is hard to really prepare CIGS solar cells with desired
parameters whereas simulation supplies a convenient way.
The investigation method was to change one parameter while
keeping the other ones unvaried. Fig. 7 shows the absolute
EL emission profiles dependent on the sheet resistance of the
TCO layer (RTCO) in the two directions as shown in the two
insets of the respective figure, with injection current density
of 30 mA/cm2. It can be seen that the non-uniformity of the
EL profile becomes more severe as the TCO sheet resistance
increases. From center to outer along y-direction as shown
in Fig. 7 (b), the absolute EL intensity is firstly higher with
larger RTCO, but the decreasing of the intensity is also faster
for larger RTCO, so after some point along y-direction, the
absolute EL intensity gets lower for larger RTCO. However,
the distance between two sub-grids is too close to observe
the same phenomenon of crossing along x-direction, as shown
in Fig. 7 (a).

Fig. 8 (a) and (b) show the influence of the series resistance
rs on the absolute EL emission profiles in y-direction under
high (30 mA/cm2) and low (1 mA/cm2)-current-injection
conditions, respectively. In high-current-injection conditions,
all the EL emission profiles show non-uniformity properties.
Besides, as rs increases, the EL emission profiles become
more homogeneous, this effect is opposite to that of RTCO as
shown in Fig. 7. In low-current-injection conditions, it gets

FIGURE 7. Influence of RTCO on the EL emission profiles in (a) x-direction
and (b) y-direction.

hard to distinguish the EL emission profiles with different rs
since all the profiles become almost uniform in this direction.
Fig. 8 (c) and (d) show the influence of the shunt resistance rsh
on the absolute EL emission profiles in y-direction under the
two current injection conditions. Note that the variation of the
global rsh in each micro diode can be caused by the instability
of the cell fabrication processes. In high-current-injection
conditions, all the EL emission profiles show inhomogeneous
and parallel characteristics along y-direction, and it is hard
to distinguish the absolute EL emission profiles with the rsh
increased from initial 520 to 720� · cm2, whereas the degra-
dation of EL emission starts to be obvious as the rsh decreased
from 520 to 320�·cm2, indicate that too low shunt resistance
will increase the leakage current in the solar cell and seriously
affect the EL emission. In low-current-injection conditions,
all the EL emission profiles become almost uniform, and it
is very easy to distinguish the EL emission profiles with dif-
ferent rsh, as the absolute EL intensity increases rapidly with
increased rsh. It should be noted although this work studies
the influence of electrical parameters on the global absolute
EL images, the results are also useful for determining the type
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FIGURE 8. Influence of (a) (b) series resistance rs and (c) (d) shunt
resistance rsh on the EL variations in y-direction under high (30 mA/cm2)
and low (1 mA/cm2)-current-injection conditions, respectively.

of local resistive singularity induced defects by analyzing
local inhomogeneity in EL images under different injection
conditions.

IV. CONCLUSION
Spatially resolved EL images with absolute emissions for
CIGS solar cells measured under different forward current
injection conditions were well simulated by SPICE using
a two-diode electrical model. By fitting the simulated dark
J-V curve and the absolute EL images with the experimental
results, resistive parameters such as RTCO, rs, and rsh were
extracted. Further simulations have shown that the RTCO
dominated the non-uniform distribution of the absolute EL
emission around the electrode contacts in the CIGS thin-film
solar cells. Simulations also show that the influence of the
RTCO and the rs on the absolute EL emission profiles are
obvious under high-current-injection conditions, whereas the
influence of the rsh on the absolute EL emission profiles
become more obvious under low-resistance-value or low-
current-injection conditions.
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