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A differential electroluminescence imaging method for solar cells which yields local photocurrent
collection efficiency maps is introduced. These maps attribute a value between zero and unity to
each location on the cell. This value corresponds to the ratio between the current at the cell

terminals and the locally generated photocurrent.

The method is demonstrated for a

multicrystalline silicon solar cell under constant illumination. If the point of maximum power
output of the cell is chosen as the bias point, the method yields quantitative information on the
local contribution to the maximum output power of the solar cell. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4898008]

During recent years, electroluminescence (EL) and pho-
toluminescence (PL) imaging has become an important
state-of-the-art characterization tool for solar cells and mod-
ules.'™ The different EL and/or PL based methods are fast,
reliable, and quantitative. The basis for the quantitative eval-
uation of EL/PL experiments in solar cells is by given the
reciprocity relation®’ between electroluminescent emission
and external photovoltaic quantum efficiency Q. (E)

Den(E) = 0u(E) iy (E) [exp (v) - 1] T 6B)

= dpL(E) + ¢prs (E), (1)

where ¢y, (E) denotes the spectral photon flux density of a
black body, V; the voltage applied to the junction, and V,
the thermal voltage. In Eq. (1), ¢y, (E), the emitted photon
flux density as a function of photon energy E, is a superposi-
tion of the pure EL emission ¢y stimulated by the junction
voltage V; and the short circuit (SC) emission ¢p . caused
by the photoexcitation.” For camera-based imaging methods,
each pixel records a signal S, (r) that depends on the local
emission at a location r on the solar cell or module. This sig-
nal also depends on the quantum efficiency Qc,m(E) of the
camera™ according to

Sin(®) = [ Qun (B0 Eur) b Bz e (P11

th
+ jme<E>¢sc<E, r)dE

= Sp(r)exp (V_‘,-/(r)

th

) + Sprse(r) = Ser(r) + Sprse(r),
()

where we assume V;;, < V. The superposition of EL signal
and the PL signal under short circuit condition underlying
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Egs. (1) and (2) was derived explicitly in Ref. 7 from the
principle of detailed balance. However, the same principle
has been used implicitly earlier in Refs. 10—12 for the special
case of silicon wafer cells. As pointed out by Bothe and
Hinken,’ Egs. (1) and (2) result from the linear superposition
of the two solutions of the diffusion/recombination equation:
(i) the solution for the dark minority carrier distribution and
(ii) the solution for the distribution of photogenerated minor-
ity carriers under short circuit condition.

As can be seen from Eq. (2), an EL image depends on
two local quantities; the local quantum efficiency Q.(E,r),
which results in the spatial dependence of the EL-prefactor
So(r), and the spatial distribution of the junction voltage
Vi(r). The external quantum efficiency Q.(E,r) reflects a
combination of local optical and recombination properties of
the device, whereas variations of V;(r) result from the inter-
play of resistive and recombination effects within the net-
work of resistors and recombination diodes making up the
equivalent circuit of the spatially extended solar cell (see,
e.g., Refs. 13 and 14). Furthermore, the signal is offset by
the PL signal Spy(r) under short circuit conditions as well
as by spurious reflections from the excitation light that are
difficult to suppress.'>'® Due to these various influences,
interpretation of EL/PL images is not straightforward and
methods are required to separate the influence of each of
these factors. Various methods have been proposed during
the past years to isolate the consequences of the local series
resistance’ "' or of the local diffusion length® and reflec-
tance losses>” from the other abovementioned effects.

The present paper uses differential, voltage driven lumi-
nescence images under constant illumination bias, which
allow us to measure the device at any desired bias point, at
the same time eliminating offsets that are not related to volt-
age variations. The present method yields an image of the
photocurrent collection efficiency fpc as a function of the cell
surface coordinate r, by combined analysis of a small signal
and a large signal differential measurement. The quantity fp¢
is defined as the ratio between the locally generated photocur-
rent 0, (r) and the resulting current olr collected at the

© 2014 AIP Publishing LLC
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terminals of the cell.>! Due to this definition, we prefer the
term ‘photocurrent collection (PC) efficiency’ and the symbol
fpc over the term ‘current transport efficiency’ and the symbol
fr used in Ref. 21.

The starting point of our approach is a reciprocity theo-
rem derived by Wong and Green?' for a (linearized) equiva-
lent network of a solar cell

olr

fre(r) == —

_ _0Vj(r)
- olr

V=0 oVr

3)

ol =0

Equation (3) states that is equivalent to measure fp¢ in either
of two ways: (i) by generating a fixed differential photocur-
rent /] sequentially at all locations r and comparing it to
the respective current 6/r measured at the terminal without
change of the terminal voltage, or (ii) by measuring the local
junction voltage variation 6V;(r) caused by a differential
change of the terminal voltage 6V (without a change of the
illumination). In the first case, the necessary number of
measurements is defined by the desired spatial resolution,
because a local excess generation of photocurrent together
with the measurement of the corresponding change in termi-
nal current is necessary to calculate fpc for each location
separately. In contrast, because of Eq. (1), luminescence pic-
tures yield access to the local junction voltage, thus replac-
ing the cumbersome sequential direct measurement of fpc
described above (with a separate determination of o7 /dl}
for each pixel) by a simple photographic procedure. To
access arbitrary working conditions—including illumination
bias, we need to apply a differential technique.

Let us first consider a large voltage difference to eclipse
the effect of the (short-circuit) PL in Eq. (2). The difference
signal between an external bias voltage V7 = V), and zero bias
(Vr = 0) for the cell under constant illumination bias is given
by

ASc'am(ra Vb) = Scam(r; VT - Vb) - S(ram(r7 VT - 0)
= So(r)exp <7Vj(r’ V;,)) .
Vin

Following Eq. (2), the first derivative of the camera signal
with respect to the terminal voltage reads

d dV; So(r) Vi(r,Vp)
s vy = ALYR)Y (s
dvr (r, V) dVr Va exp Vin )

“4)

Considering a small variation 0V7 of the terminal voltage
around the voltage bias V; = V), for constant bias illumina-
tion, we arrive at the small signal difference

dav; So(r
5scam(r7vb) :d—V; g/(h)
2

Vi(r,V,
xp< i b)>5VT. (6)
Vin
Combining the large signal with the small signal response,
we arrive at

dvj 5Scam (l‘, Vb) Vth

e e X VAR 7 @
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which enables the determination of the photocurrent collec-
tion probability from the ratio of the large signal and the
small signal response.

To experimentally verify our theoretical approach, we
measured a 15.6 cm x 15.6 cm 3-busbar industrial multicrys-
talline cell. The cell contact stage had a solid copper base-
plate and two rows of contact pins along the outside two
busbars. The centre pin in each row measured the cell volt-
age. The middle busbar was not contacted, so that larger-
scale series resistance variations could be observed. The
cell’s current voltage curve was measured, using this con-
tacting setup, under standard test conditions (STC). For the
luminescence imaging measurements, we used a setup from
the Solarzentrum Stuttgart GmbH employing a Princeton
Instruments Nirvana640 InGaAs camera (640 x 512 pixel)
cooled to —80°C. Illumination was provided by a 90W,
808 nm diode laser, with an intensity adjusted such that the
short circuit current of the cell under 808 nm was equivalent
to the short circuit current under STC. This constant bias
illumination was used for all measurements. Neither
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FIG. 1. (a) Large signal difference image of a polycrystalline Si solar cell
(size 15.6 x 15.6cm?) obtained as the difference between a luminescence
image taken at a terminal voltage of V3 =0.53 V and one taken at V=0V
under constant illumination bias. (b) Small signal differential image
obtained as the difference between an image taken at a bias voltage of
Vr=0.57V and one taken at V1 =0.49 V. (c¢) Photocurrent collection effi-
ciency map obtained from dividing the data in (b) through the data in (a).
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background nor flatfield corrections was applied to the
images, as they are accounted for in the analysis method.

Figures 1(a) and 1(b) show the large signal AS.,,(r)
and the small signal differential image 0S.4n,(r) of the
multi-crystalline Si solar cell. The working point was
defined by a bias voltage V,=0.53 V. The large signal dif-
ference picture was obtained by subtracting the lumines-
cence image taken at zero voltage bias from that one
obtained at Vy,. The small signal picture by subtracting the
picture taken at Vy =V, —06Vy/2 from that at Vp =
Vi + 0Vy/2 with 0Vr =80mV. All four images were taken
under the same constant illumination intensity.

In Figs. 1(a) and 1(b), details such as different emission
intensities caused by different grain orientations, reduced
emission at grain boundaries, or dislocations, appear simi-
larly, although some of the features appear more prominent
in the small signal image. The differences between Figs. 1(a)
and 1(b) are entirely explained by Eq. (7), as can be seen
from the PC efficiency image (Fig. 1(c)), calculated from the
ratio between the intensities displayed in Fig. 1(b) and Fig.
1(a). As predicted by Eq. (7), the PC map exhibits values
between O and 1, with fpc approaching unity at locations
where perfect current collection is obtained, for instance
close to the two contacted bus bars. Since the center bus bar
was not contacted, fpc decreases towards the center of the
cell. Especially, low values of fpc are caused by broken grid
fingers (arrow for one example in Figs. 1(a)-1(c)) and
regions of enhanced recombination (circle for one example
in Figs. 1(a)-1(c)). It is interesting to note that in case of the
broken finger (an example of collection losses due to a high
local series resistance), the low PC values result from the rel-
atively strong signal in the large signal picture (Fig. 1(a),
arrow) which enters in the denominator of Eq. (7). This
strong signal originates from the fact that the high series re-
sistance due to the broken finger which implies that the local
junction voltage V;(r) is much larger than the terminal volt-
age. The large value of V;(r) leads to a high large signal
response AS.,,(r) [cf. Eq. (4)]. However, the high series re-
sistance reduces the small signal response 0S ., (r) with
respect to ASqq,(r) by the poor ratio dV;/dVy [cf. Eq. (5)].
In contrast, the low collection efficiency in the area of exces-
sive recombination results from a low signal in the small sig-
nal picture (Fig. 1(b), circle) entering in the enumerator of
Eq. (7). This effect is due to the reduced ratio of the local
differential diode resistance in high recombination regions
when compared to a normal series resistance. Therefore, the
low dV;/dVy value implies a reduced small signal 6Sqm(r),
while the large signal image shows no peculiar reduction.

Due to the voltage dependence of the local diode resis-
tances, the PC maps are expected to change with changing
voltage bias. This is illustrated by the sequence of PC maps
taken at bias voltages V,=0.47V (Fig. 2(a), maximum
power point), V,=0.51V (Fig. 2(b)), and V;,=0.53 V (Fig.
2(c), same as Fig. 1(c)). It is clearly seen from the figures
that fpc decreases at any point with increasing V3. Even in
the defect free regions in the upper center of the cell, the col-
lection efficiency decreases due to the increasing ratio
between series resistance and local diode resistance.

The PC map at the maximum power point (Fig. 2(a)) is
especially  valuable because here the differential
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FIG. 2. Photocurrent collection efficiency maps measured at bias voltages
V=047V (a), V,=0.51V (b), and V};, =0.53 V ((c)—same as Fig. 1(c)).

contributions to the overall photocurrent from each point on
the solar cell at the same time represent the differential con-
tribution to the maximum output power. At the maximum
power point, variations of the terminal current 6/7 lead to
variations 0P« of the maximum output power according to
OPmax = Vi mppOlr.>*> With the definition of the PC effi-
ciency, we have

dl
5Pmax = VT,mpp d_[; 51{ = VT,nzpprC (I‘)(Slz, (8)

i.e., the PC map multiplied with the terminal voltage V7
at the maximum power point yields the local contribution to
the maximum output power 0P, per unit locally generated
photocurrent 6/]. As can be seen from Fig. 2(a), major losses
to OPmax occur at the high recombination areas in the center
of the cell with very low values of fpc in the range of
0.1-0.2. Broken grid fingers lead to values of fpc of approxi-
mately 0.5, whereas in the defect free regions close to the
two contacted bus bars, fp¢ is very close to unity.

In summary, we have introduced a method to generate
PC maps from differential EL images under illumination,
i.e., under relevant working conditions. These PC maps
quantitatively measure the current collection efficiency, and
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so the image yields comprehensive and quantitative informa-
tion on the differential contribution of each area to the photo-
current at the maximum power point and, consequently, the
differential contribution to the output power of the solar cell.
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