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Modulated photocurrent experiments have been widely used to study defects in semiconductors.

Previous studies have found a number of defects in CuInSe2, which is used as an absorber in solar

cells. We apply a method of analysis, which has previously not been used for Cu(In,Ga)Se2

semiconductors and which allows the determination of defect concentrations in addition to defect

energies. We found that at least one of the previously discovered defects shows a metastable

behaviour, increasing in concentration, and can be related to the efficiency loss in corresponding

solar cells. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871666]

Solar cells based on Cu(In,Ga)Se2 (CIGS) have reached

efficiencies of 20.8% on rigid substrates1 and 20.4% on flexi-

ble substrates.2 The doping in these semiconductors is due to

native defects, but native defects are also responsible for

recombination and trapping effects, as well as various meta-

stable effects observed in these solar cells.3 Modulated pho-

tocurrent (MPC) measurements4–6 have been used to study

trapping defects in a number of different semiconductors.7–12

In this contribution, we concentrate on defects in the low

band gap ternary CuInSe2, to avoid effects of alloy disorder

and Ga gradient. Previous MPC studies on CuInSe2 have

identified a number of defects, which also correlate with

defects observed in capacitance methods.12 A particular deep

defect has been labelled PC2. It was found in epitaxial and in

polycrystalline samples and was identified as a hole trap

based on Deep Level Transient Spectroscopy (DLTS). Here,

we show the results of MPC measurements on Cu-poor poly-

crystalline CuInSe2 films, which are also used as absorbers

in solar cells. In contrast to the previous studies, we use an

analysis method, which allows to extract defect concentra-

tions in addition to defect energies.5 We can show that for

the samples considered here the analysis method used in the

previous study and the one used here lead to equivalent

results.13 The analysis method used here5 enables us to see

that in some absorbers the PC2 defect increases in concentra-

tion with time at slightly elevated temperature. These

absorbers also lead to solar cells which decrease in efficiency

when stored on the shelf at room temperature over a longer

time, indicating the relevance of the hole trap PC2 for solar

cells efficiencies, which becomes only clear by using the

analysis method of Ref. 5.

In this work, all samples have been grown in the same

three stage elemental co-evaporation process as introduced

in Ref. 14. The close similarity in crystal growth of Cu poor

CuInSe2 on soda lime glass (MPC samples) and

Molybdenum coated soda lime glass (cell structures) has

been verified by scanning electron microscopy and energy

dispersive X-ray emission spectroscopy. After deposition all

CuInSe2 thin films were etched 30 s in 5% potassium cyanide

solution (KCN) to remove any oxide phases before contact

deposition.15 For the MPC samples, co-planar gold contacts

were sputtered on top of the CISe samples directly after etch-

ing. For solar cell devices, the etching step was immediately

followed by a chemical bath deposition of a 30–40 nm thin

CdS buffer layer.15 A ZnO window layer was grown by mag-

netron sputtering from undoped and Al-doped ceramic tar-

gets; the top contact was formed by e-beam evaporated

Ni-Al grids. The finished devices showed initial solar cell

efficiencies of more than 10%. In contrast to our best devices

demonstrating a stable efficiency above 13%,16 these 10%

devices showed a decrease in solar cell efficiency by approx-

imately 1% after five months. This decrease in solar cell effi-

ciency goes along with a decrease of the open circuit

voltage, the short circuit current and fill factor, while the

diode ideality factor as well as the saturation current density

J0 increase, see Table I. Diode ideality factors and saturation

current densities have been derived using the I(V)-fit rou-

tine17 for I(V) curves measured under 1000 W/m2 white light

illumination. Since fill factor and short circuit current dem-

onstrate the most important relative changes (see Table I) the

electronic transport is increasingly hampered over time. The

observed decrease in solar cell efficiency driven by an

altered electronic transport pushed us forward to study deep

defects in these p-type CuInSe2 absorbers.

MPC experiments performed at high temperatures offer

an excellent tool to investigate the evolution of defects lying

deep in the gap of semiconductors. In these experiments, the

p-type CuInSe2 thin film is illuminated by a periodically

modulated light flux F of monochromatic light, which indu-

ces band to band excitation of free carriers

F ¼ Fdc þ Fac sinðx � tÞ; (1)

where the ac amplitude is kept lower than the dc flux, i.e.,

Fac<Fdc. Excited photo carriers drift through the sample

due to an electric field Eel applied between the coplanar

ohmic contacts. While drifting through the sample with

free carrier mobility l, carriers are captured into localized

defect states within the band gap. These trap states have

characteristic capture coefficients cn and cp describing their
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interaction with free electrons (subscript n) and free holes

(subscript p), respectively. The dc flux Fdc defines the con-

centration of free electron ndc and holes pdc under constant

illumination. The sum of capture rates of electrons and

holes, cnndcþ cppdc, demonstrates a limiting recombination

rate for MPC experiments.4 As long as the carrier emission

rate is sufficiently high, e.g., ep(E)> cnndcþ cppdc for holes,

carriers trapped at localized states at energy E are thermally

released back into the bands. Generally, a free carrier is not

trapped only once, but undergoes multiple trapping and

release processes. In consequence of these multiple trap-

ping and release processes, the measured photocurrent I
demonstrates a phase shift u with respect to the excitation

flux F

I ¼ Idc þ Iac sinðx � tþ uÞ: (2)

As long as the modulated photocurrent is dominated by a sin-

gle type of carrier, Oheda and Br€uggemann et al. showed

that this phase shift u results mainly from those traps acting

as multiple trapping centres, whose emission rate ep equals

x.5,6 For simplicity, we limit the following discussion to

holes. According to Shockley-Read-Hall statistics, the emis-

sion rate for holes ep shows an exponential dependence on

the energy E18–20

epðE; TÞ ¼ �p � exp �E� Ev

kbT

� �
: (3)

Here, the attempt-to-escape frequency �p is the temperature

dependent product of the effective density of states in the va-

lence band Nv�T3/2 and the capture coefficient for holes

cp� T1/2. According to Br€uggemann et al., the condition

ep¼x> cnndcþ cppdc enables to deduce a reduced trap state

density Ncp/lp at a well-defined energy Ex from the basic

MPC formula by only measuring the alternating photo cur-

rent Iac at a given temperature T and modulation angular fre-

quency x4–6

cp � NðExÞ
lp

¼ 2

pkbT
A � e � Eel � gac �

sinðuÞ
jIacj

; (4)

epðExÞ ¼ x) Ex ¼ E� Ev ¼ kbT lnð�p=xÞ: (5)

The Boltzmann constant kb and the elementary charge e as

well as the ac generation rate of photo carriers gac and the

geometric conduction cross section A, which is the product

of electrode length and sample thickness, are well known.

Consequently, Eqs. (4) and (5) enable a simple spectroscopy

of the quantity Ncp/lp by measuring couples (u, jIacj) at dif-

ferent excitation angular frequencies x and temperatures T.

Thereby the temperature dependence �p(T)¼ n0�T2 is taken

into account and �p,300 values given in this work relate to

300 K. However, MPC experiments fail to resolve defects

lying in between the quasi Fermi levels, because those trap

states act rather as recombination than multiple trapping

centres.6,18,20

The description above explains the situation where the

trapping effects are dominated by hole traps. If the trapping

is dominated by electron traps, MPC experiments are sensi-

tive to electron traps and we have to consider the free elec-

tron mobility ln as well as the attempt-to-escape frequency

�n and the capture coefficient cn for electrons. In this case,

the probed trap states density Ncn/ln derived according to

Eq. (4) refers to the conduction band edge Ec and E-Ev in Eq.

(5) is replaced by Ec-E. In the more general case, where

holes and electrons contribute both to the modulated photo

current a data analysis according to Eqs. (4) and (5) could

probe electron or hole traps. Longeaud and Kleider showed

that in this general case MPC probes the DoS, which exhibits

the lowest Nc/l value.6

MPC spectra have been recorded using a monochro-

matic light-emitting diode (LED) light source having a

wavelength of 850 nm. This corresponds to a photon energy

of 1.45 eV, which is well above the band gap value of 1.0 eV

reported for CuInSe2.21,22 The dc flux was adjusted to

Fdc¼ 1015 cm�2 s�1 and the amplitude of the alternating flux

was chosen to be 40% of the dc value, i.e., Fac¼Fdc/2.5.

During the whole measurement, the sample was kept in a

cryostat under vacuum conditions (p< 10�5 mTorr).

Furthermore, the contacts were verified to be ohmic up to

electric fields of Eel¼ 250 V/cm. Phase shift / and modulus

of the photocurrent jIacj have been measured from 390 K to

430 K varying the excitation frequency f¼x/2p from 12 Hz

to 40 kHz in such a way that fiþ1¼ fi� 1.5. The measurement

results were analysed according to Eqs. (4) and (5). The

MPC technique reveals a bell-shaped defect at 390 K

TABLE I. Measured and simulated cell parameters. SCAPS simulations are based on a doping density NA¼ 1� 1016 cm�3 including one additional Gaussian

acceptor located 0.26 eV above the valence band edge Ev of maximal density N, width 0.1 eV, and �p,300¼ 5� 106 s�1.

Measurements SCAPS simulations

Cell A; [Cell B] E¼ 0.26 eV

Initial state 5 months later

N¼ 2� 1018 eV�1 cm�3

(N¼ 3.5� 1017 cm�3)

N¼ 4� 1018 eV�1 cm�3

(N¼ 7� 1017 cm�3)

Efficiency (%) 11.2; [10.3] 9.5; [9.2] 11.03 9.37

Voc (mV) 451; [448] 444; [445] 496.3 495.4

Jsc (mA/cm2) 36.9; [37.5] 35.3; [36.2] 37.9 34.7

FF (%) 71; [71] 65; [67] 58.7 54.6

Diode ideality factor 1.54; [1.68] 1.67; [1.73] 1.69 1.80

Saturation current density

J0� 10�4 (mA/cm2)

under illumination

4.4; [9.7] 10.8; [15.2] 3.24 5.55
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(Fig. 1(a)). While keeping the sample at temperatures

between 390 and 430 K for several hours, the defect distribu-

tion increases and finally stabilizes at Nc/l¼ 2� 106 cm�2

V eV�1, see Fig. 1(a). In this stabilized state, MPC curves

were measured from 430 K to 390 K in 5 K steps. These

MPC curves overlap nicely adjusting the attempt-to-escape

frequency at 300 K to �300¼ 5� 106 s�1. This choice of the

attempt-to-escape frequency scales the maximum position of

the measured defect distribution at 260 meV from the band

edge, see Fig. 1(b).

At this point it should be mentioned that comparable

low values for the attempt-to-escape frequency such as

�300¼ 5� 106s�1 corresponding to n0¼ 55 K�2 s�1

(¼ �300/(300 K)2) have been found in previous studies on

CuInSe2 for various defects, like the N2/E4 or the PC2 lev-

els.12 However, a N2/E4 level scaling E¼ 0.26 eV above the

valence band edge is expected to have much higher emission

rates, i.e., n0¼ 105–106 K2 s�1.10–12,23 As a consequence of

defect relaxation, a certain defect arrangement may demon-

strate varying trap depths E and emission parameters n0.

Indeed, the N2/E4 level is reported to obey the empirical

Meyer-Neldel rule,11,12 which correlates trap depth DE
(¼Ec-E or E-Ev) and emission parameter n0

24,25

n0ðE; TÞ ¼ n00 � exp � DE

Echar

� �
: (6)

A given defect arrangement is expected to have a constant

characteristic energy Echar and parameter n00. In a

Meyer-Neldel plot of ln(n0) versus DE, defects of the same

origin line up in the same Meyer-Neldel line.11,12,24,25 The

defect identified in this work does not follow the

Meyer-Neldel line attributed to the N2/E4 level, but it

follows the Meyer-Neldel line of the PC2 level that has been

identified as a hole trap in CuInSe2 by DLTS.12

However, from MPC measurements alone we cannot

decide if the defect shown in Fig. 1 is a hole trap referring to

the valence band edge Ev or an electron trap referring to the

conduction band edge Ec, because in typical p-type semicon-

ductors such as CuInSe2, the photo current is generally domi-

nated by electrons. To clarify the nature of the defect density

probed by modulated photo currents, we simulated our MPC

experiment by introducing a well defined density of states.

The used DoS consists of a donor located 0.26 eV below the

conduction band edge (N¼ 3� 1017cm�3 eV�1, ln¼ 20 cm2

V�1 s�1, cn¼ 4� 10�8 cm�3 s�1 equivalent to �n,300¼ 2

� 1011 s�1) as well as two acceptors. In accordance with

photoluminescence measurements,3 one acceptor is intro-

duced 0.1 eV above the valence band edge (N¼ 3

� 1017cm�3 eV�1, cp¼ 4� 10�8 cm�3 s�1 equivalent to

�p,300¼ 2� 1011 s�1). Furthermore, we introduced a second

acceptor 0.26 eV above the valence band edge (N¼ 2

� 1018cm�3 eV�1, lp¼ 20 cm2 V�1 s�1, cp¼ 1� 10�12

cm�3 s�1 equivalent to �p,300¼ 5� 106 s�1). Even though

photoluminescence experiments reveal the presence of two

further acceptors energetically located 40 meV and 60 meV

above Ev those shallow defects are not taken into account in

our simulation since they are completely compensated.3,26

Figure 2(a) shows the simulation result, which reproduces

nicely the experimental MPC spectrum presented in Fig. 1.

Evidently, the simulated MPC data reflect the second

acceptor and not the donor, because the simulated MPC

curves superimpose choosing the attempt-to-escape fre-

quency �p,300¼ 5� 106 s�1. The reason for this is clear: the

acceptor at E-Ev¼ 0.26 eV has a lower Nc/l value than the

donor at Ec-E¼ 0.26 eV in the chosen DoS. In addition,

FIG. 1. High temperature MPC reveals a deep defect distribution, which is found to increase in four successive measurements (a). Finally, the defect stabilized

after holding the sample for a few hours above 390 K at a maximum value of Ncp/lp¼ 2� 106 cm�2 V eV�1. MPC curves describing this stabilized state are

shown in (b) and superimpose with an attempt-to-escape frequency of vp,300¼ 5� 106 s�1, which scales the defect 260 meV from the band edge.

FIG. 2. Simulated MPC (a) and admit-

tance data compared to measured ca-

pacitance values (b). Both simulations

are performed based on the DoS shown

in the inset in (a).
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various attempts with alternate defect DoS did not result in

the measured MPC spectrum. The simulated MPC curves

never overlapped.

To provide more experimental evidence for the hole trap

nature of the defect centered at 260 meV, we performed ad-

mittance spectroscopy on the fabricated cell structures.

Indeed, frequency dependent measurements of the capaci-

tance at room temperature reveal a metastable rise in cell ca-

pacitance below 1000 Hz (Fig. 2(b)), which appears after

extended illumination times and varying bias voltage. The

Solar Cell Capacitance Simulator (SCAPS) developed espe-

cially for the study of CIGS and CdTe solar cells has been

employed to model the measured capacitance C(f) profile.27

Therefore, we introduced the same defect state density into

the SCAPS simulation as we used before to simulate MPC

data. For the SCAPS simulation, a very simple device model

without any surface layer or interface defects was used, since

the purpose was to study the effect of the bulk DoS on the

measured capacitance. Therefore, the absolute value of the ca-

pacitance is lower than in the experiment, but the frequency

dependence is nicely reproduced, see Fig. 2(b). The capaci-

tance increase at low frequencies results clearly from the sec-

ond acceptor located 0.26 eV above Ev: the donor defect

would always be above the Fermi level and would therefore

not be detected; the 100 meV acceptor would always be below

the Fermi level at any doping level reasonable in solar cell

absorbers and would therefore appear only as a free carrier

freeze out at higher frequencies. The coherent picture offered

by the combination of different measurement techniques and

simulations leads to the conclusion that the defect density

probed by MPC above 390 K acts as a hole trap with a rather

low attempt-to-escape frequency of �p,300¼ 5� 106 s�1. Such

low values for measured attempt-to-escape frequencies �p,300

could be induced by temperature dependent band gaps.28

The band gap in CuInSe2 is reported to decrease linearly

from 77 K to 300 K with coefficients varying between

1.1� 10�4 eV/K and 3.0� 10�4 eV/K.29 Thereby values

close to 1.1� 10�4 eV/K are observed for single crystals30

and values close to 3.0� 10�4 eV/K for polycrystalline thin

films.31 The decrease in band gap can be considered by add-

ing a correction term c(T)> 0 to the classic MPC energy

scale defined by Eq. (5), i.e., Ex¼ kbT ln (�/x)� c(T).32

Consequently, the neglected correction term can be easily

compensated by assuming a too low value for the attempt-

to-escape frequency �300 when one uses the “classical” MPC

energy scaling given by Eq. (5). In the present study, a sig-

nificantly higher attempt-to-escape frequency of �p,300
cor

¼ 1� 108 s�1 corresponding to n0
cor¼ 1� 103 K�2 s�1 is

obtained if the MPC energy scale is corrected according to

Ex¼ kbT ln (�/x)� 3.0� 10�4 eV/K�T. The band gap cor-

rection does neither affect the measured Ncp/lp maximal

value nor the defect maximum position, which remains at

260 meV in the corrected energy scale. Although this

energy is similar to the one observed for the N2 (�280 meV

reported in Ref. 28), the attempt-to-escape frequency �p,300

as well �p,300
cor are considerably lower than that of the N2

defect determined to �300 (N2)¼ 6.2� 1011 s�1 by admit-

tance spectroscopy.23,28 Therefore, the measured defect is not

the N2 defect in agreement with the conclusion from the

Meyer-Neldel lines.

The defect density of the probed trap can be estimated

from the measured Ncp/lp value if the free hole mobility lp

and the effective density of states in the valence band Nv are

known. The latter defines the capture coefficient for free

holes by cp¼ �p/Nv, where Nv� 1018–1019 cm�3 and

lp(300 K)� 20 cm2(V s)�1 for Cu poor CuInSe2.33 With

�p,300 in the range �p,300¼ 5� 106 s�1 and �p
cor¼ 1� 108

s�1, the trap state density can only be roughly approximated

to lie in a range from 2� 1017 eV�1 cm�3 for the corrected

value to 4� 1019 eV�1 cm�3 for the classical value, corre-

sponding to a total DoS of 1016 cm�3–1018 cm�3.

Trap kinetics, as shown in Fig. 2(a), generally demon-

strate thermally activated defect creation times. The increase

in defect density observed within a few hours at temperatures

above 390 K should also be expected at room-temperature

but on a much longer time scale.34 The measured MPC spec-

trum was measured three months after the initial state of the

fabricated cells, presented in Table I. The simulation tool

SCAPS has been used to model qualitatively the effect of an

increasing deep defect concentration on I(V) curves under

illumination. For these simulations, the doping density was

set to NA¼ 1� 1016 cm�3, whereas the defect concentration

of an additional Gaussian acceptor has been varied, see

Table I. I(V) curves were simulated with more realistic de-

vice structures, including a surface layer with wider band

gap and an interface defect, but, as mentioned, a simplified

DoS, to allow a reasonable description of the experimental

I(V) curves. The cell parameters Voc, Jsc, and thus the cell ef-

ficiency are found to decrease significantly by doubling the

deep acceptor concentration going along with an increase in

diode ideality factor and saturation current density J0.

Consequently, the increase in deep defect concentration

measured by MPC gives a conclusive explanation for the

decrease in jsc as verified by means of simulations and is at

least one of the reasons for the decrease in solar cell effi-

ciency over time.

In conclusion, MPC measurements applied to Cu-poor

CuInSe2 in the temperature range from 390 K to 430 K reveal

a distribution of states located 260 meV above the valence

band edge Ev. The attempt-to-escape frequency of these

states has been estimated to lie in between �p,300

¼ 5� 106 s�1 without correction for the temperature depend-

ence of the band gap and �p,300¼ 1� 108 s�1 with correc-

tion. Since previous MPC measurements12 did not use

corrections for a temperature dependent band gap, the uncor-

rected value should be compared to those measurements and

indicates that we see the PC2 defect of the earlier studies.

However, in our analysis, we determine the defect concentra-

tion, which revealed an increase of the DoS of this defect

state distribution at 0.26 eV over time, if the sample is kept

at 390 K for a few hours. This shows the advantage of using

the Br€uggemann method5 for the analysis of MPC data and

its relevance for the study of metastable defects. The detri-

mental effect of this hole trap on solar cells is demonstrated

by a significant decrease over time of the short circuit current

and the fill factor in solar cells based on absorbers prepared

in the same process as the films studied by MPC.
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