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Abstract

Cu(In,Ga)Se> solar cells are investigated by luminescence measurements. We construct the
current vs. internal voltage characteristics of these devices from the luminescence intensity at
different voltage and light bias conditions. A comparison of these characteristics to electrically
measured current vs. voltage curves unveils an internal resistance loss that is strongly dependent
on voltage bias and illumination. Especially, we find significant residual luminescence for the
device under short circuit conditions. Numerical device simulations reveal that this effect is
caused by a drop of the electron Quasi-Fermi-level within the space charge region of the
absorber material. We use a modified equivalent circuit model to describe the observed
behavior in terms of simple equations. We show that such a voltage dependent series resistance
leads to a violation of a linear network theorem which under standard circumstances provides
a useful method for the determination of the photocurrent collection efficiency. An analysis of
resistive and recombination losses in the devices demonstrates that the internal voltage
dependent series resistance causes an efficiency loss of about 1.3 % (absolute) for a device with
an efficiency 13.4 %. Finally, we show that the observed behavior is general feature of charge
carrier separation in solar cells with finite charge carrier mobility and that the intensity of the
residual sort circuit luminescence provides valuable information on the efficiency of this

process.






I. Introduction

The collection of the photogenerated charge carriers, electrons and holes, at two different
contacts lies in the heart of the photovoltaic action of any solar cell. Perfect carrier collection
implies that every electron hole pair contributes to the short circuit current. This in turn, is only
possible if under short circuit conditions the concentration of excess carriers in the solar cell is
virtually zero because otherwise some of the charge carriers will be lost by radiative
recombination.[1] Thus, in a perfect solar cell as described in the Shockley-Queisser model [2]
we can switch off any luminescence by putting the terminal voltage of an illuminated solar cell
to zero. Inversely, the detection of photoluminescence from a solar cell under short circuit
conditions is directly indicative for a departure from the ideal case and, consequently, for an
efficiency loss. Electro- and photoluminescence analysis [3,4,5,6,7,8,9] of solar cells is based
on the intimate connection between luminescent and photovoltaic materials properties as
expressed by the opto-electronic reciprocity theorem [10] and by the generalized Plank’s
law.[11] In most cases, luminescence experiments are conducted either under voltage bias
(electroluminescence) or by using uncontacted samples, which corresponds to open circuit
conditions (photoluminescence). For crystalline silicon solar cells, photoluminescence under
short circuit conditions was reported by Abbott et al. [12] as well as by Hinken and co-workers
[13] who determined the effective diffusion length in crystalline Si solar cells from the
difference between photoluminescence under open circuit and that under short circuit
conditions. Juhl and Trupke [14] discussed the luminescence generated by ‘voltage independent
charge carriers’ in the context of implied open circuit voltages determined by
photoluminescence measurements. Finally, it was shown that the luminescence of a solar cell
is the superposition of a contribution driven by the external voltage and the luminescence under

short circuit. [15]



The present paper investigates the photoluminescence of industrially produced
Cu(In,Ga)Se> solar cells under variations of the external voltage bias down to short circuit
conditions. Like in the case of crystalline Si solar cells, we find a significant luminescence
intensity under short circuit. However, in the Si solar cells this residual luminescence stems
from diffusion limitations in the very thick quasi-neutral zone of the absorber [12,13,14]
whereas in the present Cu(In,Ga)Se; solar cells the luminescence is a result of an internal series
resistance across the space charge region (SCR) of the device. The investigation of an internal
series resistance goes beyond earlier investigations that were restricted to external series
resistance effects, like the sheet resistance of the emitter of silicon wafer solar cells [16,17,18]
or window layers of thin film solar cells.[19,20,21,22]

The internal series resistance in the Cu(In,Ga)Se> solar cells under investigation turns out
to be strongly dependent on voltage bias. Note that effects from an internal series resistance
have been investigated earlier by experiments on pin-cells solar cells made from
microcrystalline Si [23] and from organic semiconductors [24]. In contrast to these models
based on a pin-type device structure, the present results are explained in terms of the pn-type
junction present in the Cu(In,Ga)Se: solar cell. For an analytical expression describing this
behavior we solve the drift-diffusion equation for minority carriers in the SCR of the cell under
light and/or voltage bias. This solution turns out to be compatible with an equivalent circuit
model for the solar cell recently introduced by Breitenstein [25,26]. Our experimental results
agree well with the theoretical description by the equivalent circuit model as well with more
detailed numerical simulations. We finally discuss the importance of our findings in view of

the general mechanisms of charge carrier collection in solar cells and, especially, with respect



to the network theorem of Wong and Green [27] that is the basis of the photocurrent collection

method for the analysis of resistive and recombination losses in solar cells [28, 29, 30, 31, 32].
II. Theory

A. Quasi-Fermi levels in the space charge region
Figure 1 shows the band diagram of a ZnO/CdS/Cu(In,Ga)Se; heterojunction solar cell
under illumination and at external short circuit. It is clearly visible that a considerable split

between the electron Quasi-Fermilevel (QFL) Ep, and the hole QFL Ej, exists in the SCR as

well as in the neutral region of the device. Therefore, also the concentrations 7 of electrons

and the concentration p of holes deviate considerably from their equilibrium values n, and
Do » respectively. In the bulk of the device up to half way through the SCR, we have E, >0
and for the second half of the SCR and beyond E,, <0. In the following we derive an analytical

solution for the minority carrier (electron) QFL through the SCR under light and/or voltage
bias.

The electron current density J, in the SCR is assumed to be constant. The electron
current density is defined by the concentration of electrons and the gradient of the electron QFL

according to [33]
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where u,, denotes the electron mobility, N the effective density of states in the conduction

band, E the energy of the conduction band, and k7" the thermal energy. With constant J,

and a given dependence of the conduction band energy on the spatial coordinate z , Eq. (1) is

a differential equation for £, . Let us assume that the zero of the coordinate system (for energy



E and coordinate z) is at the edge of the SCR such that in the depletion approximation the energy

of the conduction band follows
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With this approximation we find that the solution of Eq. (1) is given by
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Fig. 1: Band diagram of a graded CdS/Cu(In,Ga)Se; heterojunction solar cell under external short
circuit and under illumination from the right hand side, as calculated numerically (SCAPS). The
significant split of the quasi-Fermi-levels Er, and Er, of electrons and holes in the Cu(In,Ga)Se»
absorber is clearly visible. The Cu(In,Ga)Se; absorber has a significant Ga-grading towards the back

contact (left) leading to a gradient in the conduction band energy E..



Resolving Eq. (3) for the electron current density and for the boundary conditions at z=0 and

z=w yields

Jy = M, NckT exp{ — lj{?(O)} Tx al kT (exp{—EF" (0)} - exp{—EF" () }J (4)
7
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where w denotes the width of the SCR. With Eq. (4) the current through the SCR is determined

by the values of the electron QFL at the two edges of the SCR. As shown in Fig. 2, we use the

equilibrium Fermi energy Ep to define the external voltage via quxtzEFn(W)—Eg.

Accordingly, we replace the electron QFL Ef, (0) by an internal voltage ¢V, = Er,(0)— Eg .

With this Eq. (4) becomes
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Because of gV},; = aw® , the argument of the error function (erf) in Eq. (5) may be expressed via

the built-in potential V;,;, i.e. wva/kT =qV,;/ kT . Likewise, we may use the Debye length

Ly =(ekT/¢* N )V'? = (kT /2a)"'? [33] to write
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using the equilibrium conductivity 0'2 for electrons in the neutral region. If we have

Vi >~2kT/q or w>~3Lp the error function approaches unity and Eq. (6) simplifies to
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with a prefactor Jp in the second line that is independent of the internal and external voltage.

(7)

Note that Eq. (7) corresponds to Eq. (2) derived by Breitenstein in Ref. [26] by a more
phenomenological approach. We emphasize that Eq. (7) connects the two basic functionalities

of a semiconductor junction in a solar cell: (i) the building of an external electrostatic potential

V.. as aresult of the photo-generated non-equilibrium chemical potential of the charge carriers
(expressed by the internal voltage Vi) and (ii) the loss of free energy during the collection of
these free carriers. Furthermore, the current density J,, cannot be expressed as a function of the

difference between V,,, and V. Rather J, depends on a reference energy for both potentials,

the equilibrium Fermi-level. One possibility to handle this issue within an equivalent circuit
model is to define a resistance that is dependent on one of the two voltages (see Fig. 2b) as

proposed by Breitenstein [25,26].
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Fig. 2: (a) Definitions underlying the calculation of the electron quasi-Fermi-level Er, through the
space charge region (SCR) of a pn-junction with width w and with a parabolic shape of the
conduction band energy Ec. The internal voltage Vi is defined as the difference

qVini = Er,(0)— E% between the electron quasi-Fermi-level Ef, (0) at the edge of the SCR
(z=0). The external voltage is defined via gV,; = Er, (W) — Eg . (b) The internal series

resistance of the SCR resulting from the shape of Ery(z) depends on the internal voltage V,; as

described by a modified equivalent circuit model [25,26].

B. Internal series resistance and residual short circuit luminescence

The equivalent circuit shown in Fig. 2b contains a voltage dependent series resistance

Rp(Viyt) in addition to the usual current source for the photo-generated current density J; and
the recombination diode with the diode ideality factor 7;; and a saturation current density Jj,.
By setting the collected current density J,, equal to the internal recombination current density

we obtain
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An analytical treatment of Eq. (8) is possible if the ideality factor on the right hand side is 7;;

= 1. Then, resolving Eq. (8) for the internal voltage yields the dependency of the internal on the

external voltage yields

T
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Equation (9) predicts for V,,, = 0 a residual short-circuit value for the internal voltage
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Substituting Vine in Eq (8) by Eq. (9) yields for the current voltage (JV) curve of the entire

4V
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i.e., the J(V,,,) curve is a compressed version of the J(V,;) curve. This implies that the short

equivalent circuit

(an

circuit current density Jg- is reduced with respect to the photogenerated current density J;
by a factor Jg/(Jy+Jp). Note that with J; >>J, the present Egs. (9) and (11) correspond to
Egs. (9) and (10) in Ref. [25].

The internal series resistance Rp can be finally expressed either as a function of the

internal voltage or the external voltage via

10
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We note that the dependence of the internal series resistance on the internal voltage Vi, as

derived here for a pn-junction is different from the results obtained earlier for pin-junctions

[23,24] which reads
Ry =Ry exp[%?nq . (13)

In the following we will compare our experimental results with both approaches, i.e. the here

derived model in Eq (12) and the pin-model in Eq (13).

III. Experimental Results and Discussion

A. Experimental set-up and numerical simulation method
For our experiments, we use industrially prepared ZnO/CdS/Cu(In,Ga)Se; solar cells prepared
by co-evaporation [34]. The cells of size 1.6x0.4 cm? are positioned on 10 x 10 cm? large
substrate which was cut from industrially produced modules. The cells were mounted into a
luminescence imaging set-up as described in Refs. [31,32] that allows the homogeneous
irradiation of the sample with a 808 nm laser. The laser intensity is adjusted such that the short

circuit current density of the sample closely matches its short circuit current density under AM

1.5 G conditions (at AM 1.5 G: J'"® = 29.2 mA/cm?; at PL Setup: J-” = 30.98mA/cm>).

In Table 1 we summarize the solar cell properties as measured under various conditions. Within
the setup current-voltage (IV) characteristics are measured in the dark and under illumination

while simultaneously taking luminescence images. The only correction applied to the images
11



was a subtraction of a background image where the applied voltage to the sample was zero and

the illumination was turned off.

Table 1: Solar cell parameters under various conditions. In the table the solar cell parameters under
AM.15 G spectrum, 808 nm monochromatic laser light and 808 nm laser light corrected to the AM1.5
G short circuit current density. Note that the efficiency under 808 nm (*) is computed assuming an

incoming power of a 1000 W/m?, such that the value can be compared to the AM1.5 G spectrum value.

Jse [mA/cm?] Voe [V] FF [%] n [%]
AM15G 29.2 0.713 65 13.5
808 nm 31.0 0.710 64 14.0"
808 nm corrected 29.2 0.710 64 13.4

For the numerical simulations we use the numerical device simulator SCAPS [35] which
is especially suited to describe solar cells based on Cu(In,Ga)Se>. The set of material parameters
entering in our simulations is based on that used in Refs. [36,37]. We adapted this parameter
set to our actual device (e.g. by including a heavy Ga-grading) and to fit our experimental
results. These modifications are documented in the supplementary information to the present
paper.

B. Luminescence results

Figure 3a-d shows a series of luminescence pictures of a Cu(In,Ga)Se: solar cell and

illumination and at different external voltages. The signal of these pictures is then integrated

over the entire cell area to yield a single value for the luminescence per picture. From this signal

S, the internal voltage V,, is determined with

kT
Vint =7log(sem)+vof;q- (14)
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We eliminate the unknown offset voltage Vg (which is the same for all pictures) by scaling

the value at open circuit in a way that V,, . =V, oc [38]. Herewith, we obtain the absolute

1 &

values for Vi, under all external bias conditions as depicted by the V; (V) curve in Fig.4.

Xt

Since the current through the device is externally measured for each bias point we are able to

deduce a current vs. internal voltage J(V;,;) curve of the device as shown in Fig. 3e.

Figure 3e shows the JV-characteristics measured in the dark and under illumination

(Ja™=31.0 mAcm™). Also shown are both current vs. internal voltage J(V;,,) curves. With
respect to the externally measured curves, the dark J(V;, ) curve is shifted towards higher

voltages and the illuminated J(V;,,) towards lower voltages. From the difference V,, —V;, at

a given current density J the total series resistance as determined from the experiment is
calculated via

Vi =V,
Rsz extJ mt' (15)

Figure 5 displays the dependence of the series resistance Rg for the dark and the illuminated

case on the external (5a) and on the internal voltage (5b).

C. Comparison to model and device simulations
In the following, we will compare our experimental results to the model outlined in

section II where we use a numerical solution of Eq. (8) for the case of non-ideal recombination
(m;y #1). In a next step we perform numerical device simulations using SCAPS with the

parameter set given in the supplementary information. The aim of the fitting procedure was to

reproduce simultaneously the V, (V.,,) curves (Fig. 4), the R (V) (Fig. 5a), the R (V) (Fig.

5b), as well as the external J(V_,,) and internal current vs. voltage J(V;,) curves, as shown in

Fig. 6.
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Fig. 3: (a)-(d) Experimentally determined internal voltage maps at various external voltages
calculated from luminescence images under illumination. It is visible that even at low external
voltages, still a significant amount of luminescence is seen which shows a large internal voltage.
The sample looks homogenous which allows the use of the average across the sample. (¢) //V and
J/Vine characteristics which are determined simultaneously by taking luminescence images during
the J/V sweep once in the dark and once under illumination. The internal voltages are larger than
the external voltages when the current is negative and vice versa. Especially at short circuit under

illumination the internal voltage is much larger than the external voltage.

Note that in the case J; >>Jp >>J,, the residual short circuit internal voltage given in

Eq. (10) reduces to

SC
I/;nt

kT (
—log| —
q J
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This approximation is valid also for the non-ideal recombination situation (#;; #1) as shown

in the supplementary information. With Eq. (16), Jp is essentially fixed by the experimental

value of VHSf for the semi-analytical approach using Eq. (8). We use Jp = 2.5x10° mAcm™

to reproduce an asymptotic value Vlff =~ 604 mV as shown in Fig. 4. A good simultaneous fit

of the illuminated and dark JV characteristics (as shown in Fig. 6) requires an ideality factor

n,; =1.3. The saturation current density J, is adjusted to yield the experimental open circuit

voltage V¢ = 710 mV with a photo-generated current density J; = 32.5 mAcm™. Note that

the measured short circuit current is reduced by

1

J ny
AJSC=JL_JSCzJO(J_L] : (17)
B

The approximate value is obtained from Eq. (11) for J; >>Jpz >>J,,. In the supplementary
information we show that Eq (17) is also a good approximation for #;; # 1. Finally an external
series resistance R,, = 3.5 Qcm? is added such that the total series resistance adds up to

R,=R,+R

ext

where R denotes the experimental value from Eq. (15) and R, the theoretical

value from Eq. (12). Note that this relatively high value of the external series resistance R, is

on the one hand due to the relatively low conductivity of the ZnO window layer in industrial

solar cells and on the other hand to the experimental contacting scheme used in this work.

With these assumptions, we can reproduce the overall behavior of the R (V) and
Ri(V.,) curves in Fig. 5,the V,  (V.,,) curve shown in Fig. 4, as well as the external and internal
current vs. voltage curves in Fig. 6. For completeness, we have also included the simpler
dependency of the internal series resistance R;,; on the internal voltage Vi, according to Refs.

[23,24] as expressed by Eq. (13) and will refer to this approach to as the pin-model, in contrast

to the pn-model as given by Breitenstein [25,26] and derived in section II.
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Fig. 4: Internal voltages V;,; as determined from luminescence images via Eq. (14) as a
function of the externally applied voltage V,,; (open symbols). The full red line
corresponds to numerical simulations via SCAPS using the parameter set given in the
supplementary information. The black line is obtained from the pn-model described in sect.
Il using Jz =2.5x10° mAcm?, J, =2.45%10® mAcm™, J; =32.5 mAcm™, niq = 1.3 and
Rext =3.5 Qcm?. The blue line represents the pin-model [Eq. (13)] with Ro =6.9% 107 Qcm?
and Rext =3.26 Qcm?. The voltage ranges (i)-(iv) represent (i) a saturation at a constant
value of the experimental V,, values at Vi = lﬁtc towards lower voltages

[0<V,,, <0.2V], (ii) a slight leveling-off in the range 0.2V <V, , <0.5V , (iii) a steep
increase of V;y, for 0.5V <V, ,<0.65V, and (iv) a bending over in the range 0.65V <V,

ext
due to the external series resistance.

Within the SCAPS simulations, the internal voltage V;,; is determined from the product of the

electron and hole densities and calibrated by the external voltage at open circuit conditions, in
analogy to the experiment. For the adaption of parameters within the numerical device

simulations, we have to bear in mind that in Eq. (7), we have the proportionality
Jgco,y/Lp o,/ N, .Thus, alowering of J and the consequent increase of ¥, results

both, from reducing 4, as well as from increasing N 4. Thus, to fit the experimental results,

18



the doping and the electron mobility was manually adjusted to be able to reproduce on the one
hand the dependence of the internal voltage on the external voltage (by lowering the doping
density to Na = 2.1 X 10> cm™3) and, on the other hand, the current vs. external voltage at low
voltages under illumination (by lowering the electron mobility to u, =3 cm?/Vs). In the end the
illumination intensity had to be adjusted slightly to 540 W/m? to fit the short circuit current of
JV-characteristic. The final fit is shown in Fig. 6 together with the experimental results. The
other parameters were kept equal to the one in Table 1 (supplementary information).

The relatively low value for the electron mobility (1, =3 cm?/Vs) is most likely a result
of band gap fluctuations or potential fluctuations [39] in the Cu(In,Ga)Se> absorber. On the one
hand, there is increasing experimental evidence for these fluctuations.[40,41,42] On the other
hand, such fluctuations provide internal barriers for the transport of both types of carriers.[39]
Thus, especially the (effective) minority carrier mobility may considerably fluctuate across the
absorber on length scales that are not resolved by the present luminescence measurements.
Because of the non-linear dependence of our measurements on u, as given by Eq. (17), the

observed behavior could be over-proportionally determined by effective low mobility regions.
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Fig. 5: Series resistance determined from the difference of the internal and external voltage
according to equation (15) plotted as a function of the external (a) and internal (b) voltage.
All models reproduce the characteristic behavior of the series resistance when plotted
against the external voltage, which was seen in the experiment. In the dark an exponentially
increasing series resistance towards low voltages is seen, which changes to become linearly
increasing under illumination. When plotted against the internal voltage the differences
between the models become more significant. The pin-model cannot reproduce the different
behavior seen in the experiment under illumination and in the dark as it only depends
directly on the internal voltage. The SCAPS model reproduces the experimental result
under illumination especially at voltages larger than 0.63 V well, but it fails to show the

singularity seen in the experiment under illumination. This abrupt rise is best reproduced by

the pn-model.

In the following, we will discuss the predictions of two models (pn and pin) and the

result of the numerical device simulation in comparison to the experimental result. Figure 4
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demonstrates that the SCAPS simulation (red line) reproduces most details of the experimental
result (open symbols): (i) a saturation of V;; = HSHC towards V_, =0V, (ii) a slight increase of
Vit in the range 0.2V <V_ <0.5), (iii) a steep increase for 0.5V <V, <0.65V, and finally

(iv) a bending over in the range 0.65V <V_ . Three of these four features are also reproduced

-
by the pn-model (black line) only the transition between the low voltage saturation (i) and the
steep increase (ii1) is rather abrupt, essentially leaving out the transition regime (i1). Notably,
the experimental curve in the saturation region (i) is even better reproduced by the analytical
model as compared to the SCAPS simulations. The pin-model accurately reproduces the high
voltage regions (ii1) and (iv) but fails entirely to describe the saturation and finite internal

voltages towards lower external voltages.
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Fig. 6: Experimentally and modeled J/V and J/Vin: characteristics in the dark (top) and under
illumination (bottom). The J/Vin characteristics show larger voltages when the current flow
is negative and lower voltages when the current flow is positive. The different models were
fitted to the experimentally determined J/V characteristic and all models reproduce the
characteristics well. The most significant deviation is seen between the fitted prn-model and
the J/V characteristic determined under illumination. The pn-model does not have the
ability to introduce a significant gradient to the the illuminated J/V characteristic at
voltages below 0.4 V. This is better reproduced with the SCAPS model, where the gradient

can be adjusted by the electron mobility in the bulk, and the pin-model.
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The dependency of the series resistance on the external voltage V., (Fig. 5a) is well
described by all three approaches, the pn- and the pin-model as well as by the numerical
simulations. All approaches yield a significant difference between the series resistance in the

dark and under illumination, where Rg saturates at approximately the value of the external
series resistance R, =3.5 Qcm? for high voltages.

A much steeper increase of Rg in the dark towards lower voltages as compared to the
increase of Rg under illumination is reproduced by all theoretical approaches. However, a more
selective representation of the same data is the dependence of Rg on the internal voltage Vi,

(Fig. 5b). Here, the pin-model because of its direct functional dependence of R;,; on Vi as
given in Eq. (13) fails to reproduce any difference between the dark and the illuminated values.

The pn-model fits the experimental data well except for the range from 0.61V <V, <0.64V

which corresponds to the transition range (ii) in Fig. 4 whereas the singularity of Rg at

Vlﬁtc ~ 604 mV is even better reproduced than by the SCAPS simulations.

Vint ~
C. Photocurrent collection efficiency
A voltage dependent series resistance as given in Egs. (12) or (13) destroys basic relations

that are derived from extrapolating the principle of detailed balance from the near equilibrium.

The network theorem of Wong and Green [27] relates a differential modification dV, of the

junction voltage that results from a modification dV_, of the terminal voltage with the

Xt
differential photocurrent collection efficiency via

dVint — fph =

dv.

ext

dJ
dj .~

(18)

ph

In Eq. (18), the quantity dJ is the modification of the terminal current caused by a modification

dJ ,, of the photocurrent and the derivative defines the photocurrent collection efficiency f” "
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The standard application of the network theorem uses the fact that the local quantity dV (x, y)

is accessible as a function of the cell surface coordinates x,y by electro-modulated
luminescence images. The validity of Eq. (18) then allows to determine the spatially resolved
photocurrent collection efficiency f”(x,y) from luminescence images [28,29,30,31,32].

The equivalent circuit model shown in Fig. 2b is a simple zero-dimensional model such we
can replace J, by the light generated circuit current density/; and the junction voltage by

Vot - As shown in the supplementary information, analysis of a voltage bias dependent series

resistance Rg (Vi) yields

dv, 1

mt _ . (19)
dV,, 1+RgdJ/dVy+JdRg/dV,y
For the photocurrent collection efficiency we find
o dJ 1+J dRg/dVyy, . (20)

dJ, 1+ RgdJ/dViy +J dRg/dViy,
Comparison of Egs. (19) and (20) shows that the network theorem of Wong and Green [27]

only holds with either dRg/dV,,, =0, i.e. in the absence of a bias dependence of R,

corresponding to the idea of a linear network, or at zero current bias. Note that the latter limit
(J — 0) ensures that the theorem is valid close to thermal equilibrium as required by the

principle of detailed balance.

Figure 7 demonstrates the difference between dV,,,/dV,,, and dJ/d]s.. When determining

experimentally or with the SCAPS model the differential photocurrent collection efficiency via
luminescence images and dV,,;/d Ve a decrease is seen towards lower voltages. This decrease
is not seen when determining dJ/dJs. directly using a small short circuit current change
(illumination change) within the SCAPS Simulations. The decrease seen for dVi,i/dVey: at
low voltages under illumination results from the missing positive term JdRg/dVi,in Eq. (19)

(J and dR/dV;y, and are both negative). Furthermore, it is seen in Fig. 7 that the experimentally
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determined total photocurrent collection efficiency J/J;, which is also well reproduced by the
SCAPS simulations, does not show a decrease of towards lower voltages which emphasizes

that Eq. 18 leads to erroneous results for the present samples.
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Fig. 7: Comparison of the two methods to determine the photocurrent collection efficiency.
The results were found to be different in the experiment as well as the SCAPS simulations,
which is in contrast to the network theorem of Wong and Green (Eq. 18). The photocurrent
collection efficiency determined from the internal voltage is lower than the real
photocurrent collection efficiency determined directly from artificially created photocurrent
changes and decreases towards lower voltages. The difference is explained by a voltage
dependent series resistance, which plays a major role for the analyzed Cu(In,Ga)Se>
samples (Eq. 19 and 20).

D. Loss Analysis
Our numerical simulations and the modeling have explained all measured data, JV-curves
and luminescence, by losses due to external and internal resistive effects. As a proof of concept

we may remove these resistive effects from the simulations by reducing the external series

resistance R,,; to zero and/or by increasing the electron mobility #, to a very high number

(1, = 3x10% cm?(Vs)!), whereas keeping all other parameters constant. Figure 8 visualizes the

resulting JV-curves starting with the measured data and their simulation as already shown in
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Fig. 6. As expected, changing R,,, from 3.5 Qcm? to 0 yields a substantial improvement of the
fill factor leaving V- and Jgo unchanged. On the other hand, the change from x,= 3

em?(Vs)! to 3x10% cm?(Vs)! (keeping R,,, at 3.5 Qcm?), enhances J g from 31.1 mAcm™ to

31.9 mAcm™.

Finally, using both changes at the same time yields a greatly improved JV-characteristics
that in addition fits the experimentally determined (internal) J/V;, -curve. The latter point
highlights the consistency of our approach and proofs that J/V;, -curves determined from

luminescence measurements are suitable to determine loss-free current-voltage curves and to

determine the implied efficiency potential of a solar cell.
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Fig. 8: Experimental J/V and ] /V;,. characteristics in comparison to SCAPS simulations
with varying mobility and series resistance. For the high p SCAPS simulations the electron
mobility was increase from 3 to 3x10% ¢m?/Vs and for the no R, simulations the series
resistance was set to zero. As visible both changes improve the J/V characteristic
significantly by increasing the fill factor. The increase in mobility also improves the short
circuit current. Furthermore, the J/V;,: characteristics is equal to the simulated J/V
characteristics with no series resistance and high mobility. Thus, the experimental [/V;,;

characteristic shows the whole potential of the analyzed solar cell.

In order to evaluate the power losses due to external and internal resistance more closely, we

plot the data from Fig. 8 in the form of power vs. voltage curves by multiplying the currents
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with the respective voltages. Note that the efficiency axis on the right of Fig. 9 is obtained by
scaling the measured output power by the ratio J&-*? / J&M'*=31.0 mAcm™?/29.2 mAcm™ =
1.06 of short circuit current measured during the luminescence measurement in the sun
simulator and that measured in the sun simulator. With this correction, we have an efficiency
of n = 13.4 % (with a fill factor of FF' = 64 %) for the experimental data as well as for the
SCAPS simulations, an efficiency of n, = 14.6 % for the simulated high mobility data, nr =
15.8 % for the case without external Ohmic series resistance, and nur = 17.6 % (FF =76 %)
for high mobility and zero series resistance. Thus, the loss due to the internal series resistance
amounts to An,=1nu—1n = 1.2 % and that of the external series resistance Anr = nr—1 = 2.4 %.
The overall difference Anur = Nur —Mexp = 4.2 % between the standard model and the loss-free
output efficiency contains an additional mixed term of 0.6 % that results from the combined
consequences of external and internal series resistance. Also shown in Fig. 9 is the fact that the
simulated loss-free power curve fits the experimental internal power curve P, =JV,,; (open
squares) as well as the internal power curve obtained from simulations (crosses).

A further consistency check is given by comparing the measured ratio between the

luminescence ®. under short circuit current and ®,. under open circuit with the ratio
AJi./J, . Here, the difference AJ . =J, —J, denotes the total loss of short circuit current
with respect to the total photogenerated current J, . For the general case, including ideality

factors n, #1, we find

&z(MSCJ”M. (21)

As shown in the supplementary information, Eq. (21) follows from Eq. (11) for the case n, =1
and from the approximate Eqgs. (16) and (17). The luminescence ratio in our experiment is

®,. /D, = 1.7 % whereas in the simulation of our experiment, we have AJ,. = 1.4 mAcm™

26



based on a total photogenerated current J; =32.5 mAcm™ and a measured short circuit current

Jgc = 31.1 mAcm™. With an ideality factor nia = 1.3 we have (AJy./J,)" = (0.043)" =

0.0167 in good agreement with the measured luminescence ratio.
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Fig. 9: Experimental power characteristics determine from the //V and J /V;,; characteristic

in comparison to SCAPS simulations with varying mobility and series resistance. The
power curve determined using the internal voltage is noted as internal power. For the high p
SCAPS simulations the electron mobility was increased from 3 to 3x10* ¢cm?/Vs and for
the no R, simulations the series resistance was set to zero. The increase in the mobility
results in an efficiency increase of absolute 1.2 %, the decrease in the series resistance

results in an increase of absolute 2.4 %, while an improvement of both parameters improves

the efficiency by absolute 4.2 %, which surpasses the sum of the individual improvements.

IV. Conclusions

The present investigations have highlighted the value of combined electrical and
luminescence measurements under light and voltage bias for the determination of internal as
well as external resistive losses in solar cells. For the specific case of Cu(In,Ga)Se: solar cells
we have found a significant residual luminescence under short circuit conditions indicating the
presence of photo-generated electron-hole pairs that are not collected by the junction. This
finding also implies that the internal voltage, defined as the split between the quasi-Fermi-levels
of electrons and holes, significantly differs from the external voltage at the terminals of the

device. We attribute this effect to the presence of an internal series resistance, due to the
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transport of electrons through the space charge region of the Cu(In,Ga)Se: absorber layer. We
have developed a detailed theoretical model for this effect and have used this model,
complemented by numerical simulations, to analyze the incomplete collection of photo-
generated free charge carriers in the Cu(In,Ga)Se; the solar cell and to identify the specific
losses arising as a consequence of the internal and the external series resistance.

From our experiments and our theoretical considerations, we conclude that residual
short circuit luminescence is not only significant for crystalline silicon solar cells with a
thickness of hundreds of pm and a corresponding slow diffusion of charge carriers [12,13,14]
but for any photovoltaic device. This is because the residual luminescence is a direct measure
for the free energy loss that occurs during charge carrier collection within any solar cell.[43]
Since a finite gradient of the electrochemical potential is always necessary for the transport of
charge carriers and because any split of the electrochemical potentials must cause externally
measurable luminescence, this free energy loss should be measurable in any solar cell.

One might further look at the respective role of internal and external resistive losses as
discussed here in terms of the charge carrier separation and contact selectivity of solar cells.
[44] The internal series resistance results from a difference in electrochemical potential
corresponding to a kinetic loss as described in the selectivity/recombination model of Roe and
coworkers.[45] In contrast, the external resistance results from a difference in electrical
potential and hence is a true Ohmic resistance, as used in the contact selectivity concept of
Brendel and Peibst. [46] From the present work, we conclude that both effects are present in
real devices, kinetic (internal) limitations at low or zero external voltages, Ohmic (external)
limitations at higher voltages. Finally, we have shown experimentally and theoretically that
residual short circuit luminescence leads to a violation of a basic network theorem [27] for the
carrier collection in solar cells whereas the superposition of short circuit luminescence and

electroluminescence [15] is still valid.
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In summary, the residual short-circuit luminescence that we describe here theoretically
and experimentally should be a rather general feature of solar cells and the methodology
developed should prove itself useful for a wide variety of other devices.
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