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A method is proposed that enables the imaging of the photocurrent collected by a solar cell under

arbitrary operating conditions. The method uses a series of luminescence images under varying

illumination to derive the total photocurrent collection efficiency at a given voltage bias. The

resulting total photocurrent collection image directly relates to the difference between the dark and

illuminated current-voltage characteristics of the cell. A crystalline silicon solar cell is used to test the

method, and the images of the total photocurrent collection efficiency are used to quantify the influ-

ence of a crack on the total collected photocurrent of the solar cell. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4971266]

During the recent years, luminescence imaging has

become a standard tool to quantitatively analyze the perfor-

mance of photovoltaic materials and devices. Some methods

analyze the local properties of solar cells such as series resis-

tance or dark saturation current.1–5 However, these evalua-

tion methods rely on approximations and simplifications that

are not universally valid in a spatially extended system of

distributed diodes and resistors.6 Recently, a quantitative

imaging method based on a linear reciprocity relationship

for photocurrent collection was proposed.7 This method is

universally valid and yields the differential local photocur-

rent collection efficiency fpc;loc .8–10 Hence, an image of

fpc;loc depicts the probability that a locally generated differ-

ential photocurrent arrives at the terminals of the solar cell at

a given bias situation. Though being simple, general, and

quantitative, the method only images a differential and not

the integral situation.

The present paper extends the mapping of the differen-
tial photocurrent collection efficiency fpc;loc to imaging of

the total photocurrent collection efficiency Fpc;loc. This

quantity describes the fraction of the total locally generated

photocurrent that contributes to the external current.

Therefore, integration of the quantity Fpc;loc over the cell

area yields the difference between the dark and the illumi-

nated current voltage characteristics, and Fpc;loc shows how

much each location of the solar cell contributes to this

difference.

The quantity fpc;loc was defined by Wong and Green7 as

fpc;loc r; Iph;Vextð Þ :¼
dIcoll;loc r; Iph rð Þ;Vext

� �
dIph rð Þ

����
dVext¼0

¼
dVj r; Iph rð Þ;Vext

� �
dVext

����
dIph¼0

; (1)

where Icoll;loc describes the externally collected current

and Iph describes the generated photocurrent at position r.

The quantity fpc;loc is therefore a differential measure for the

fraction of the locally generated photocurrent that contributes

to the current at the terminals of the device. Equation (1) also

shows that fpc;loc is equal to the derivative of the local junction

voltage Vj with respect to the external voltage Vext under con-

stant illumination. The local junction voltage Vj is accessible

from luminescence images and the reciprocity relation11 by

UEM�PL E; r;Vext;Uexcð Þ ¼ USC E; r;Uexcð Þ þQe E; rð ÞUbb Eð Þ

� exp
Vj r; Iph rð Þ;Vext

� �
Vth

 !
� 1

" #
:

(2)

In Eq. (2), it is shown how the luminescence intensity

UEM�PL depends on the junction voltage Vj. The quantity

Ubb is the black body spectrum, Qe is the external quantum

efficiency, and USC is the luminescence intensity under short

circuit conditions, which is voltage independent but is influ-

enced by the illumination intensity Uexc. The energy of the

emitted photons is described by E and the thermal voltage is

described by Vth. The differential photocurrent collection effi-

ciency fpc;loc is determined by taking luminescence images at

varying external voltages and determining dVj using Eq. (2).

The details of the measurement and calculation procedure

have been published previously.8,9

For our purpose, we have to calculate the total externally

collected photocurrent Icoll;loc resulting from the generated

photocurrent at position r according to

Icoll;locðVext; Iph; rÞ ¼
ðIph

0

fpc;locðr; I0ph;VextÞdI0ph: (3)

Equation (3) states that we need fpc;loc images at different illu-

mination intensities and the locally generated photocurrent

Iph. For the following, we assume that the quantum efficiency

of the analyzed device is position independent and that

fpc;loc ¼ 1 at Vext ¼ 0, everywhere in the device. Following

these assumptions, Iph can be determined from the short cir-

cuit current Isc, as the short circuit current density Jsc is then

equal to the locally generated photocurrent density Jph. The

desired quantity Fpc;loc is obtained from Eq. (3) simply by
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dividing through the locally generated photocurrent. After

additionally transferring currents to current densities and

using Jph ¼ Jsc, Eq. (3) reads

Fpc;loc r; Jsc;Vextð Þ ¼ 1

Jsc

ðJsc

0

fpc;loc r; J0sc;Vext

� �
dJ0sc: (4)

To illustrate the meaning of the fpc;loc and Fpc;loc images,

we discuss in the following how these local properties of a

solar cell relate to a global property that is determined with-

out the use of imaging techniques. The global externally col-

lected photocurrent is defined via

Icoll;globðVext; IscÞ ¼ IðVext; IscÞ � IðVext; Isc ¼ 0Þ; (5)

i.e., as the difference between a dark and illuminated

current-voltage curve at the same Vext. Furthermore, we

define a global differential photocurrent collection efficiency

fpc;glob as the derivative of Icoll;glob with respect to the short

circuit current. Accordingly, the integral quantity Fpc;glob

equals Icoll;glob=Isc and we have

fpc;glob Vext; Iscð Þ ¼ dIcoll;glob Vext; Iscð Þ
dIsc

¼ 1

A

ð ð
fpc;loc r; Isc;Vextð ÞdA; (6)

as well as

Fpc;glob Vext; Iscð Þ ¼ Icoll;glob Vext; Iscð Þ
Isc

¼ 1

A

ð ð
Fpc;loc r; Isc;Vextð ÞdA: (7)

In Eqs. (6) and (7), A denotes the active area of the sample.

The above relations are useful to verify the assumptions and

the theory behind the method, as they provide a simple way

to relate the imaging results [right terms of Eqs. (6) and (7)]

to the properties of the device that can be measured indepen-

dently from the current-voltage curves [middle terms of

Eqs. (6) and (7)]. Note that Eq. (6) was already used by

Delamarre et al. to verify the differential photocurrent col-

lection efficiency images.12

The method was tested with a crystalline silicon solar

cell. A standard PL imaging system was used. The illumina-

tion source was a 90 W, 808 nm diode laser that was widened

with a beam homogenizer to an overall homogeneity of

65% on a 20� 20 cm2 area. The maximum possible illumi-

nation intensity is therefore 0.225 W/cm2. The illumination

spectrum plays only a minor role for photocurrent collection

imaging. It influences the illumination intensity dependence

of the operating point of the solar cell, i.e., current and

voltage, but as long as the operating point is the same, the

photocurrent collection images are independent of the illumi-

nating spectrum. The images were taken with a Princeton

Instruments Nirvana640 InGaAs camera (640� 512 pixels)

cooled to �80 �C. A 12.5� 12.5 cm2 c-Si solar cell was

placed on a sample holder with a fixed temperature and elec-

trically connected. Temperature control is necessary, as the

sample must remain at a fixed temperature (25 �C) even if

the illumination changes. Luminescence images were taken

under different illumination and voltage conditions. The

voltage point Vext was varied from 0.45 V to 0.6 V (from

maximum power point to open circuit voltage) in 0.05 V

steps at each illumination intensity. The illumination inten-

sity was varied between 0 and 0.115 W/cm2 in 12 steps. This

corresponds to a highest short circuit current density Jsc of

32 mA/cm2, with Jsc¼ 32.7 mA/cm2 for the solar cell under

simulated AM1.5 illumination. Figure 1 shows a lumines-

cence image taken at 0.6 V under maximum illumination

intensity. From the figure, we clearly see several cracks and

defects in the sample.

To determine fpc;loc using the log-based method9,13 for

each voltage point, we used images taken at 0.01 V above and

below the voltage point of interest and one image with the

external voltage set to zero. The results for the fpc;loc images

calculated at the maximum illumination intensity are shown

in Fig. 2. These images can be used to give a first quantifica-

tion of the influence the defects have on the photocurrent col-

lection. The cracks and high series resistance regions clearly

reduce the ability of the solar cell to collect generated photo-

current. It can also be seen that fpc;loc decreases in general

with the increasing voltage. This decrease results from the

decrease in the differential diode resistance towards higher

voltages compared to the series resistances within the device.9

Following the imaging of fpc;loc, we determine the total

local photocurrent collection efficiency Fpc;loc. This quantity is

calculated by integration of fpc;loc over the different illumina-

tion intensities, as described by Eq. (4). The calculated Fpc;loc

images are shown in Fig. 3. Due to the larger fpc;loc at lower

illumination intensities, Fpc;loc is always larger than fpc;loc for

the same values for external voltage and illumination. At

Vext ¼ 0.45 V (close to the maximum power point), the

defected region [marked by the green frame in Fig. 3(a), area

Ag ¼ 5.3 cm2] has an average Fpc;loc of 0.52. Multiplying area

and average Fpc;loc with the short circuit current density of

32 mA/cm2 yields a photocurrent of 88 mA collected from that

region. In contrast, a region with the same size and form but

without the crack [marked by the red frame in Fig. 3(a)] has a

mean Fpc;loc of 0.74 and therefore yields a collected photocur-

rent of 126 mA. Thus, we lose 38 mA due to the crack. As the

total amount of photocurrent that is collected by the cell at

0.45 V under these illumination conditions is 3.01 A, the

FIG. 1. Luminescence image taken at 0.6 V and an illumination intensity of

0.115 W/cm2 (corresponding to a short circuit current density Jsc¼ 32 mA/cm2).
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amount of collected photocurrent would therefore increase by

roughly 1.3% if the crack would not be present.

Finally, Figure 4 compares the quantities fpc;glob and

Fpc;glob determined from the collection efficiency images with

the values of fpc;glob and Fpc;glob determined from the electrical

measurements in order to quantitatively validate our method.

For the electrical measurements, the current changes dIcoll;glob

resulting from illumination changes at different fixed Vext

are measured and we use fpc;glob ¼ dIcoll;globðVext; IscÞ=dIsc

(depicted as blue symbols in Fig. 4) where dIsc denotes the

short circuit current change. The values for fpc;glob determined

via averaging of the collection efficiency images are shown in

red. The quantities were measured for different voltage points

and at different illumination conditions (given at the x-axis by

the short circuit current density of the device). The meas-

urements were repeated five times and the standard devia-

tion was used to estimate the errors. The errors of the

electrical measurements are larger especially at higher vol-

tages, as the temperature variations of the sample resulting

from the illumination changes play a larger role there. This

effect does not play a role for the imaging results as they

are measured under constant illumination conditions. Since

in both cases small differences of large values are mea-

sured, initially, small relative errors lead to larger relative

errors of fpc. The inset in Fig. 4 shows the resulting Fpc;glob

values for the different external voltages at the maximum

illumination intensity. Again, the results from the electrical

measurements and those calculated from the luminescence

FIG. 2. Differential photocurrent col-

lection efficiency images determined

for the operating points (a) 0.45 V, (b)

0.5 V, (c) 0.55 V, and (d) 0.6 V at an

illumination intensity of 0.115 W/cm2.

FIG. 3. Total photocurrent collection

efficiency images determined for the

operating points (a) 0.45 V, (b) 0.5 V,

(c) 0.55 V, and (d) 0.6 V for an illumi-

nation intensity of 0.115 W/cm2. The

green framed region in (a) was esti-

mated to be influenced by a crack and

analyzed further. It was found by a

comparison with the red framed area in

(a) that the collected photocurrent at

Vext¼ 0.45 V was reduced by approxi-

mately 1.3% due to the reduction of

Fpc,loc in the green framed area.
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images are in good agreement, validating the predictions of

Eqs. (6) and (7).

In summary, we have introduced a luminescence

imaging-based method for the spatially resolved determina-

tion of the photocurrent collection efficiency. The method is

strictly based on a generally valid network theorem.7 The

only additional assumption is that the locally generated pho-

tocurrent Iph is position independent. This assumption is

uncritical because variations of Iph, if any, are usually in the

range of few % and introduce only a similar error in the

results. For the previous differential method,8,10 three lumi-

nescence images are needed for each voltage point to deter-

mine the differential collection efficiency fpc;loc. This method

is suitable for a quick, systematic monitoring of defects in

solar cells. However, as a differential quantity, fpc;loc is of

limited use and, because fpc;loc � Fpc;loc, it overestimates the

consequences of defects. The integral method presented here

needs measurements at several illumination intensities

between zero and the desired operating point (in the present

work, we used 36 images per operating point). However, the

measurement procedure itself can be easily automated and it

is suitable for in-depth analysis of defects as well as for the

verification of grid and contact designs of solar cells.

This work has been supported by the German Ministry

for Economy and Energy within the project “OptiCIGS”

(FKZ 0325724A).
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