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Modulated Photocurrent experiments provide a powerful tool to characterize localized defect states

within the band gap of semiconductors. However, in recent years, different data analysis methods

have been established. The method proposed by Herberholz et al. identify defect positions and

attempt-to-escape frequencies considering the phase shift between excitation flux and measured

photo current only. In contrast, Br€uggemann et al. propose to use phase shift and amplitude of the

modulated photo current to resolve an energy dependent density of trap states. This work compares

both analysing procedures. We demonstrate that for simple and dominant defects, such as acceptor

or donor like monovalent traps, both methods give equivalent results. However, the Herberholz

method fails for more complex defect arrangements as exemplified on hydrogenated amorphous

silicon or polycrystalline CuInSe2. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894248]

I. INTRODUCTION

Modulated Photocurrent (MPC) experiments are widely

used to investigate localized defects in the band gap of semi-

conductors.1–10 This method has been successfully applied to

a wide-range of materials, which includes, in particular, pho-

tovoltaic compounds such as hydrogenated amorphous

silicon (a-Si:H),1 CdTe,2,10 or Cu(In1-x,Gax)Se2,3–5 but also

chalcogenide glasses with applications in data storage tech-

nologies.6 MPC experiments extract information from the

photo response induced by a modulated monochromatic light

source giving rise to band to band excitation of photo car-

riers.3,7–10 Hence, cost-effectiveness combined with a simple

set up is the great advantage of the MPC technique over

other technologies available to analyse defects in semicon-

ducting thin films. Indispensable is the deposition of those

thin films on electrically insulating substrates such as glass

or sapphire. Furthermore, MPC measurements require

ohmic, parallel, and coplanar electrodes, which are generally

deposited on top of the thin film under study. In these experi-

ments, a modulated light flux F illuminates the sample sur-

face, where ideally (Fac�Fdc),

F ¼ Fdc þ Fac sinðx � tÞ: (1)

Absorbed photons induce band to band excitation of free car-

riers. An electric field n applied in between the electrodes

induces carrier drift through the semiconducting thin film.

During drift with free carrier mobility l, carriers occupy

extended states beyond the band edges Ev or Ec. However, if

free carriers traverse the capture cross section of defects,

they are captured into those states characterized by a local-

ized wave function w. While occupying a localized trap

state, carriers do not contribute to electronic conduction as

long as carrier direct transitions between localized states can

be neglected. Generally this is the case, except at very low

temperatures. For defect energies where the emission rate is

larger than the recombination rate, trapped carriers are ther-

mally released back beyond the corresponding band edge.

Thus, free carriers experience multiple trapping and release

processes as illustrated for free holes in Fig. 1(a). In conse-

quence of these multiple trapping and release processes, the

measured photocurrent I presents a phase shift / with the ex-

citation flux F,

I ¼ Idc þ Iac sinðx � tþ /Þ: (2)

To reveal information on localized defect states within the

band gap, the photo current I is measured for several excita-

tion angular frequencies x and temperatures T. However,

different methods have been established to study defects by

the analysis of modulated photo currents I(T,x).
The first approach was proposed by Oheda in 198110 but

required a recursive procedure to extract the density of states

distribution from the data. Br€uggemann et al.8 have

improved the data treatment, suppressing both some flaws

and the recursive treatment of the Oheda procedure, and pro-

posed a simple method to extract the DOS distribution taking

account of both the modulus and the phase shift of the alter-

nating current. The validity of this treatment was theoreti-

cally studied by Longeaud, and Kleider9 taking account of

the contribution of both types of carrier to the alternating

current. Since then, this procedure was successfully used by

the a-Si:H community. However, slightly later, Herberholz

et al.3 suggested an even simpler method taking only the

phase shift of the alternating current into account and this

procedure was essentially applied to CuInS2 thin films. This

paper compares the data treatments proposed by

Br€uggemann et al. and by Herberholtz et al. by applying

them to different types of thin films.
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II. DATA ANALYSING PROCEDURES OF MODULATED
PHOTOCURRENT EXPERIMENTS

A. The Herberholz method

Herberholz et al. proposed that for constant temperature,

the excitation frequency xmax indicating the maximum of the

phase shift between excitation flux F and photo current I cor-

responds directly to the emission rate e of the probed trap

located at energy E with respect to the corresponding band

edge, i.e., e(E)¼xmax.
3 According to Shockley-Read-Hall

statistics, the emission rate e depends exponentially on trap

depth E as well as on inverse temperature 1/T11,12

e ¼ � � exp � E

kbT

� �
¼ c0T2 � exp � E

kbT

� �
; (3)

where kb denotes the Boltzmann constant. Thereby, the

attempt-to-escape frequency �¼ c0�T2 is the product of the

effective density of states of the band involved multiplied

with the capture coefficient c characterizing the probed car-

rier trap. This results in �p¼Nvcp for trapped holes and

�n¼Nccn for trapped electrons. The temperature dependence

of c, which is proportional to the thermal velocity vth�T1/2,

and of Nv,c� T3/2, results in a parabolic temperature depend-

ence of the attempt-to-escape frequency �, where the

pre-exponential factor c0 comprises all the temperature

independent parameters that determine Nv,c and c. Hence, the

condition e(E,T)¼xmax leads to

xmax ¼ c0T2 � exp � E

kbT

� �
: (4)

According to Eq. (4), the phase shift maximum defined

by d/(x, T¼ const.) = dxjx¼xmax¼ 0 shifts to a higher fre-

quency value if the measurement /(x) is repeated at a higher

temperature T. Consequently, an Arrhenius plot of xmax/T
2

versus 1/T reveals the defect position E as well as the pre-

factor c0 determining the attempt-to-escape frequency � of

the probed trap. Clearly, a data analysis according to

Herberholz requires only the measurement of the phase

shift /.

B. The Br€uggemann method

In contrast to the method proposed by Herberholz et al.,
the data analysing procedure suggested by Br€uggemann

et al. uses both phase shift / and amplitude of the alternating

photo current Iac.
8 The measurement of such data pairs

(/, Iac) for different temperatures enables to determine a

density of trap states N at a well defined energy Ex,

c � N Exð Þ
l

¼ 2

pkbT
A � e � n � gac �

sin /ð Þ
jIacj

: (5)

The energy Ex is determined under the approximation

that only traps acting as multiple trapping centres whose

emission rate equals the modulation frequency x contrib-

ute to a non-zero phase shift, i.e., e(E,T)¼x> recombi-
nation rate

epðExÞ ¼ x) Ex ¼ E� Ev ¼ kbTlnð�p=xÞ: (6)

In this approach, a sharp peaked weighting function is

approximated by a delta function to solve the rate equations

for multiple trapping transport depicted in Figure 1(a), which

finally results in the analytic formula given by Eq. (5).8–10

The right hand side of Eq. (5) includes only well known

quantities such as the elementary charge e, the conduction

cross section A defined by the sample geometry as well as

the ac generation rate of photo carriers gac determined by

absorption coefficient and sample thickness. Therefore, the

reduced defect state density Nc/l is accessible directly from

experiment. The combination of Eqs. (5) and (6) enables

determination of a density Nc/l by measuring simply cou-

ples (/, Iac) at different excitation frequencies x and temper-

atures T as exemplified in Fig. 1(b) for hole traps. In a real

FIG. 1. Modulated Photocurrent experiments exploit information on trap states within the band gap by analyzing the photo response induced by a periodically

modulated excitation flux F¼FdcþFacsin(xt) giving rise to band to band excitation of photo carriers. Due to multiple trapping and release processes

illustrated in (a), photo current I and excitation flux F demonstrate a phase shift /, which is analyzed according to different methods proposed by Herberholz

et al. [Eq. (4)] or Br€uggemann et al. [Eqs. (5) and (6)]. In contrast to the Herberholz method, the Br€uggemann method enables a defect spectroscopy visualized

in (b).
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set-up, the modulation angular frequencies of the exciting

flux F are limited to a given x-range [x1, x2]. For a given

temperature T1, the density of trap states nearest to the band

edge is probed modulating the excitation flux with the high-

est angular frequency x2. Trap states lying deeper into the

gap can be probed by lowering the excitation frequency from

x2 down to x1, see Eq. (6). To probe defect levels lying

even deeper into the gap, the MPC measurement is repeated

at a higher temperature T2>T1. To probe the density of

states accurately, the temperature steps have to be chosen

sufficiently small so that the same density of trap states is

probed at different pairs of (/, Iac). Pairs describing the

same defect are thus expected to result in superimposing

MPC spectra, where a MPC spectrum is taken at constant

temperature and several excitation angular frequencies x.

However, MPC curves scaled according to Eq. (6) superim-

pose for the correct choice for the attempt-to-escape fre-

quency �, only. Hereby, the temperature dependence of � is

taken into account. However, publications employing the

Br€uggemann method generally indicate the attempt-to-

escape frequency at 300 K instead of the temperature inde-

pendent parameter c0 defined in Eq. (3). Furthermore, the dc

flux Fdc should be kept as low as possible to ensure a low

recombination rate as depicted in Fig. 1(b). Indeed, MPC

experiments fail to resolve defects lying deeper than the

quasi Fermi level, because those trap states act rather as

recombination centres driving the phase shift towards zero.

In the case where e(E, T)¼x< recombination rate¼ cnndc

þ cppdc, the analysis of corresponding data pairs (/, jIacj) via

Eqs. (5) and (6) leads to erroneous results, and, additionally

the density of trap states is underestimated.9

III. DATA ANALYSING PROCEDURES APPLIED TO
DIFFERENT MATERIALS

In the last 20 years, modulated photocurrents have been

analyzed according to the methods proposed by Herberholz

and Br€uggemann to gain information on defect states within

the band gap of various semiconductors. However, both meth-

ods are rarely used in combination,3–5 and a detailed compari-

son to clarify under which conditions both data analyzing

procedures lead to equivalent results is still missing in the lit-

erature. To fill this gap, this work applies both methods to

amorphous GeTe (a-GeTe), hydrogenated amorphous silicon

(a-Si:H) and CuInSe2 grown either under copper excess (Cu-

rich CuInSe2) or Cu deficient conditions (Cu-poor CuInSe2).

A. Amorphous GeTe (a-GeTe)

MPC data recorded on p-type a-GeTe are shown in

Figure 2. Detailed information on measurement conditions

can be found in Ref. 6. For each temperature, the phase shift

/ with the excitation light as well as the modulus of the

FIG. 2. Phase shifts / and amplitudes Iac of modulated photocurrents measured on a-GeTe for different excitation frequencies f and temperatures T. From

230 K to 250 K the phase shift shows a clear maximum at fmax¼xmax/2p, which shifts with temperature (a). The corresponding Arrhenius plot as proposed by

Herberholz, indicates a hole trap 0.19 eV above the valence band edge Ev with c0¼ 2129 K�2 s�1 equivalent to �300¼ 2129� 3002 s�1¼ 1.9� 108 s�1 (c). The

DOS obtained according to Br€uggemann reveals a valence band tail probed in the range 100 K to 210 K and a defect in the range 220 K to 260 K. This defect

known as L1 scales 0.20 eV above the valence band edge Ev with an attempt-to-escape frequency �300¼ 2.5� 108 s�1 (d). In this case, both methods give

equivalent results, because Iac varies only slightly with excitation frequency (b).
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alternating photo current jIacj have been measured for excita-

tion frequencies f¼x/2p varied from 12 Hz to 40 kHz in

such a way that that fiþ1¼ fi � 1.5, see Figs. 2(a) and 2(b).

In the temperature range from 230 K to 250 K, the phase shift

/(x,T¼ const.) shows a clear maximum at fmax¼xmax/2p,

which shifts to higher values with increasing temperature,

see Fig. 2(a). The corresponding Arrhenius plot analysed

according to Herberholz [Eq. (4)] is shown in Fig. 2(c). The

slope of an exponential fit to the data indicates a hole trap

located 0.19 eV above the valence band edge Ev. The inter-

cept with the ordinate axis equals the pre-exponential factor

c0¼ 2129 K�2s�1, which results in an attempt-to-escape fre-

quency of �300¼ 2129� 3002 s�1¼ 1.9� 108 s�1 at 300 K.

The analysis of phase shift / and amplitude of the alternat-

ing photo current jIacj according to the Br€uggemann method

using Eqs. (5) and (6) is shown in Fig. 2(d). MPC curves

taken from 220 K to 260 K (small grey symbols) superim-

pose perfectly for a choice of the attempt-to-escape fre-

quency of �300¼ (2.5� 108 6 1.0� 108)s�1, revealing a

bell-shaped distribution known as L1 defect with its maxi-

mum position at (0.20 6 0.02) eV above the valence band

edge Ev. Consequently, we have shown that both the meth-

ods give consistent results for the detection of the shallow L1

defect within error. Recent studies have identified L1 to be a

monovalent donor defect.13 Probing over this defect results

in large variations in phase shift /, whereas the amplitude of

the alternating photo current Iac remains rather unaffected. In

consequence of an almost constant Iac, the maximal phase

shift /max between photo current I and excitation flux F at

circular frequency xmax relates directly to the maximum

position of the defect, whose energetic position is defined by

e¼xmax, see Eqs. (5) and (6). Hence, the Herberholz method

can be identified as an approximation of the more complex

Br€uggemann method in this special case. Furthermore, the

data analysis according to Br€uggemann holds the big advant-

age that also defect distributions lacking a clear defect maxi-

mum such as band tails can be unveiled. In a-GeTe, the

valence band tail is probed from 100 K to 210 K. In

Fig. 2(d), valence band tail states (large coloured symbols)

are shown using an attempt-to-escape frequency of

�300¼ 1� 1012 s�1. For this choice of the attempt-to-escape,

frequency �300 MPC curves attributed to valence band tail

states overlap for high excitation frequencies x only. Data

points recorded at low excitation frequencies x depart signif-

icantly from the common envelope. This departure of the

common envelope at low excitation frequency x disappears

if the temperature dependence of the band gap of a-GeTe is

taken into account to define the MPC energy scale, except

for those MPC curves recorded at very low temperature

T� 120 K, where hopping should be expected to contribute

significantly to electronic conduction. Furthermore, the

strong temperature dependence of the band gap leads to an

underestimated value for the attempt to escape frequency

�300 for the shallow L1 states detected in amorphous GeTe.

Taking the temperature dependent band gap into account,

these shallow L1 defects scale with a much higher value for

the attempt-to-escape frequency �300¼¼1� 1010s�1,

whereas the energetic position with respect to the valence

band edge remains unaffected. For more detailed information

on the influence of a temperature dependent band gap on the

MPC energy scale, see Ref. 14.

B. Hydrogenated amorphous silicon

Figure 3 presents MPC data measured on intrinsic,

though slightly n-type, a-Si:H film having a band-gap of

1.8 eV. More information on sample preparation and mea-

surement conditions is given in Ref. 1. In the temperature

range from 300 K to 390 K, the phase shift /(f) demonstrates

a clear maximum at fmax, as for a-GeTe when probing over

the donor-like L1 defect. Thereby, the frequency indicating

the maximum phase shift fmax increases with increasing tem-

perature, see Fig. 3(a). However, in contrast to a-GeTe, the

amplitude of the modulated photo current Iac varies very

strongly in a-Si:H, compare Figs. 2(b) and 3(b). An analysis

of the change in xmax¼ 2pfmax with increasing temperature

in the fashion of an Arrhenius plot as proposed by Herberholz

is shown in Fig. 3(c). Slope and intercept with the ordinate

axis of an exponential fit to the data suggest the presence of a

trap located 70 meV below the conduction band Ec character-

ized by a pre-exponential factor c0¼ 0.76 K�2s�1. The

density of states derived according to Br€uggemann is shown

in Fig. 3(d) for an attempt-to-escape frequency of

�300¼ 1� 1012 s�1 to define the MPC energy scale defined

by Eq. (6). For this choice of the attempt-to-escape, fre-

quency �300 corresponding to c0¼ 1.1� 107 K�2s�1, all

MPC curves superimpose at high excitation frequency, form-

ing a common envelope. However, data points taken at low

excitation frequency depart significantly from this common

envelope. This departure reduces drastically if the tempera-

ture dependence of the band gap is taken into account

pro-rata.14 Clearly, states nearer than 0.1 eV to the band edge

are not accessible by MPC measurements—even for tempera-

tures as low as 120 K. In fact, for temperatures varied from

300 to 390 K, trap states deep into the gap are probed at ener-

gies far larger than 0.07 eV. Furthermore, the corresponding

pre-exponential factor c0¼ 0.76 K�2s�1 is very low indicat-

ing a capture cross section of the order 10�23 cm2, only.

Therefore, we conclude that the signature probed by the

Herberholz method does not originate from a real defect

distribution located at 70 meV. This artefact arises if the

Herberholz method is applied in materials having a complex

defect distribution within their forbidden energy band gap,

such as a-Si:H, because Iac then varies strongly with excita-

tion frequency x. Simulations of the MPC experiment reveal

that the measured MPC spectra shown in Fig. 3(d) can be

reproduced by a density of states consisting of a conduction

and valence band tail, a broad Gaussian acceptor centred

0.4 eV below the conduction band edge Ec and a defect-pool

located at mid-gap.1 A defect-pool can arise from local defect

arrangements that exists in a neutral, positively or negatively

charged state, such as the dangling bond defect which is

known to play an important role in a-Si:H.15 Hence, in the

temperature range from 300 K to 390 K, no simple monova-

lent trap is probed. The interplay of the complex density of

states including a defect-pool results in the measured maxi-

mal phase shift /max, which does not reflect any position of

defects involved. In consequence, a data analysis according

103710-4 Luckas, Longeaud, and Siebentritt J. Appl. Phys. 116, 103710 (2014)
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to Herberholz gives a wrong data interpretation for defects

and is not equivalent to the method proposed by

Br€uggemann. The strong variation in the amplitude of the

alternating photo current Iac implies that the information on

the probed density of states is governed by the quotient of

sin(/)/jIacj and not by the phase shift / alone, as it has been

the case for the monovalent L1 defect in a-GeTe. Hence, the

Herberholz method can no longer be considered as an approx-

imation for the more complex Br€uggemann method and a

data interpretation according to Herberholz leads to erroneous

data interpretation.

C. CuInSe2 grown under Cu excess (Cu-rich CuInSe2)

MPC data obtained on p-type polycrystalline CuInSe2

grown under Cu excess16 are shown in Fig. 4. The phase shift

/ shows a clear maximum at fmax¼xmax/2p which increases

steadily from 200 K to 300 K, see Fig. 4(a). The correspond-

ing Arrhenius plot suggested by Herberholz indicates a trap

0.19 eV above the valence band edge Ev having a parameter

c0¼ 4098 K�2s�1, which corresponds to an attempt-to-

escape frequency at 300 K of �300¼ 4098� 3002 s�1

¼ 3.7� 108 s�1. A data analysis according to Br€uggemann

method results in a very similar attempt-to-escape frequency

of �300¼ 2.5� 108 s�1, for which MPC curves overlap

nicely in the high frequency regime, see Fig. 4(d). Even

though both data analyzing procedures give equivalent

values for the attempt-to-escape frequency �300, MPC curves

derived by the Br€uggemann procedure for temperature in the

range 200 K–300 K do not reveal a bell-shaped defect distri-

bution as it was the case for the shallow L1 defect in a-GeTe.

Indeed, the MPC spectra of Cu-rich CuInSe2 measured from

200 K to 300 K resemble strongly those of a-Si:H recorded

from 300 K to 450 K, where, for the latter, MPC is known to

be strongly influenced by the presence of a defect pool- a

candidate could be the Se vacancy.17 As in a-Si:H, the ampli-

tude of the alternating photo current jIacj varies strongly

upon frequency, see Fig. 4(b). Consequently, the information

on the probed density of states N is enclosed in the quotient

N� sin(/)/jIacj. Thus, the Herberholz method cannot be seen

as an approximation of the Br€uggemann method, and a data

interpretation based on Arrhenius plots fails to describe

localized defect states correctly. Furthermore, the pro-

nounced persistent photoconductivity observed in this

specimen may influence the data analysis according to

Br€uggemann.

D. CuInSe2 grown under Cu deficiency
(Cu-poor CuInSe2)

Modulated Photocurrent Experiments performed in the

high temperature limit enable deep defect distributions to be

revealed, see Fig. 1(b). Figure 5 presents MPC data for tem-

peratures varied from 390 K to 430 K recorded on p-type pol-

ycrystalline CuInSe2 grown under Cu deficient conditions

FIG. 3. Phase shifts / and amplitudes Iac of modulated photocurrents measured on a-Si:H. The phase shift exhibits clear maxima for temperatures varied from

300 K to 390 K (a). The analysis of maximum phase shifts as proposed by Herberholz indicates an electron trap 70 meV below the conduction band Ec having

a pre-exponential factor c0¼ 0.76 K�2s�1 (c). The DOS obtained according to Br€uggemann is shown in (d). Clearly, states below 0.1 eV are not accessible by

MPC measurements even for temperatures as low as 120 K. In this case, a data analysis according to Herberholz fails, because the Iac varies strongly with exci-

tation frequency (b).
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using a three stage elemental co-evaporation process.18 The

frequency dependence of phase shift / and amplitude Iac of

the modulated photo current I is shown in Figs. 5(a) and

5(b), respectively. The density of states derived from Eqs.

(5) and (6) as proposed by Br€uggemann reveals a bell-

shaped defect in this temperature range. In the classic MPC

energy scale defined by Eq. (6) MPC curves describing this

defect overlap with an attempt-to-escape frequency of

�¼ 5� 106 s�1, which scales its maximum position

260 meV above the valence band edge Ev, see Fig. 5(d).19

For temperature between 390 K and 430 K, the phase shift /
demonstrates a clear maximum at a frequency fmax which

shifts to higher values with increasing temperature. The cor-

responding Arrhenius plot xmax/T
2 versus 1/T suggested by

Herberholz indicates a hole trap 0.28 eV above the valence

band edge characterized by an pre-exponential factor

c0¼ 12 K�2s�1 which is equivalent to �300¼ 12� 3002

s�1¼ 1.1� 106 s�1, see Fig. 5(c). Both methods, Herberholz

and Br€uggemann, give consistent results in this case, because

the amplitude of the modulated photo current jIacj does not

change drastically with varied excitation frequency, see Fig.

5(b). Consequently, the information on the probed monova-

lent trap state density is mainly enclosed in the phase shift /
qualifying the Herberholz method to be a valid approxima-

tion of the data analysing procedure proposed by

Br€uggemann. However, in polycrystalline CuInSe2, the band

gap changes only slightly with temperature. Consequently,

the low value for the attempt-to-escape frequency of the

order �300¼ 1.1� 106 s�1 seems to be a real characteristic

fingerprint in these photovoltaic alloys. The corresponding

low capture cross section is most probably driving the pro-

nounced persistent photoconductivity observed for many

chalcopyrites as well as for the Cu rich sample presented in

this work.

IV. CONCLUSION

This work has carefully investigated the data analysis of

Modulated Photocurrent Experiments by two different meth-

ods proposed by Br€uggemann and Herberholz, respectively.

The Br€uggemann procedure requires phase shift and ampli-

tude of the alternating photocurrent induced by a modulated

light flux, whereas the Herberholtz method is based on the

variation of the frequency indicating the maximal phase shift

with temperature. From the Br€uggemann method, one can

deduce the density of states distribution, the energy position

of its maximum, if any, and the attempt-to escape frequency

of the probed defect. From the Herberholtz method, one may

derive the energy position of the maximum of the defect

level and its attempt-to escape frequency. We have demon-

strated that both methods give consistent results for monova-

lent traps (same maximum and attempt-to-escape

FIG. 4. Phase shifts / and amplitudes Iac of modulated photocurrents measured on polycrystalline CuInSe2 grown under Cu excess. Clear maxima in phase

shift / are observed from 200 K to 300 K. The analysis of maximal phase shifts as proposed by Herberholz indicates a hole trap characterized by

c0¼ 4098 K�2s�1 equivalent to �300¼ 3.7� 108 s�1 located 0.19 eV away from the band edge Ev (c). The same data analyzed according to Br€uggemann is

shown in (d). Clearly, no bell-shaped defect is observed, even though the MPC energy scale has been defined using a very similar value for the attempt-to-

escape frequency �300¼ 2.5� 108 s�1. As for a-Si:H, both methods are not equivalent since the amplitude jIacj varies strongly with excitation frequency (b).
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frequency), such as the donor-like L1 defect in a-GeTe or the

deep defect distribution detected in Cu poor CuInSe2 for

measurement temperatures above 390 K. In the case of such

monovalent traps, the Herberholz method can be identified

to be an approximation of the more complex Br€uggemann

method, because the amplitude of the modulated photo cur-

rent jIacj changes only slightly with varied excitation fre-

quency. In the case of more complex defect arrangements,

such as defect-pools or more complex distributions of mono-

valent defect states, both methods are no longer equivalent

and an analysis of the maximal phase shift /max according to

Herberholz fails to describe defects properly, because jIacj
varies strongly with excitation frequency as exemplified on

a-Si:H or Cu-rich CuInSe2. Consequently, a measurement of

the amplitude Iac is indispensable to investigate localized

defects in the band gap of semiconductors.
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FIG. 5. Phase shifts / and amplitudes Iac of modulated photocurrents measured on polycrystalline CuInSe2 grown under Cu deficiency. From 390 K to 430 K

measured phase shifts show clear maxima, whose analysis according to Herberholz indicates a hole trap 0.28 eV above the valence band edge with a pre-

exponential factor of c0¼ 12 K�2s�1 which corresponds to a an attempt-to-escape frequency of �¼ 1.1� 106 s�1. The density of states derived by the combi-

nation of Eqs. (5) and (6) as proposed by Br€uggemann reveals a bell-shaped defect with its maximum position at 260 meV above the valence band edge Ev scal-

ing with an attempt-to-escape frequency �300¼ 5� 106 s�1 (d). Due to low variation in Iac(f) as illustrated in (b) both methods results in equivalent data

interpretations.
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