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Standard Cu-poor Cu(In,Ga)Se2 solar cell absorbers are usually prepared under high Se excess

since the electronic properties of the absorbers are better if prepared under high Se pressure.

However, in CuInSe2, grown under Cu-excess, it was found that solar cell properties improve with

lowering the Se pressure, mostly because of reduced tunnel contribution to the recombination path.

Lower Se pressure during Cu-rich growth leads to increased (112) texture of the absorber films, to

better optical film quality, as seen by increased excitonic luminescence and to lower net doping

levels, which explains the reduced tunnelling effect. These findings show an opposite trend from

the one observed in Cu-poor Cu(In,Ga)Se2. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4900839]

Cu(In,Ga)Se2 solar cells are based on Cu-poor absorb-

ers, because they have been found to result in better solar

cells than absorbers grown under Cu-excess. However, when

considering all basic semiconductor properties, like defect

density, recombination activity, or carrier mobility, material

grown under Cu-excess shows the more favourable features

than Cu-poor material.1 According to the phase diagrams of

CuInSe2
2 and CuGaSe2,3 chalcopyrite material exists in a

large composition range under Cu-deficit, however, under

Cu-excess, the material enters a two-phase region with stoi-

chiometric chalcopyrite and Cu2Se. The copper selenide can

be easily etched in cyanide solution, leaving stoichiometric

chalcopyrite behind.4 The term “Cu-rich CuInSe2” here

refers to CuInSe2 grown under Cu-excess. In spite of the

more favourable semiconductor properties of Cu-rich

Cu(In,Ga)Se2, solar cells based on Cu-poor absorbers outper-

form those based on Cu-rich absorbers, in terms of open cir-

cuit voltage as well as short circuit current. The loss in open

circuit voltage can be traced back to increased interface

recombination for solar cells based on Cu-rich absorbers.5 A

recent luminescence study showed that the loss is in fact

related to the absorber-CdS interface.6 By supplying Cu-rich

absorbers with a Cu-poor surface by an In-Se surface treat-

ment, the open circuit voltage of solar cells based on Cu-rich

absorbers can be recovered.7,8 Although Cu-rich CuInSe2 so-

lar cells with high short circuit currents, close to 40 mA/cm2,

have been observed occasionally,7,9 most of the time the cur-

rent is lower than for comparable Cu-poor cells.10 This ob-

servation is unexpected for an absorber with better transport

properties. In fact, we do find longer collection lengths, i.e.,

better transport properties, in Cu-rich absorbers but the

observed high doping level leads to strong tunnel enhanced

recombination which reduces the overall collection probabil-

ity.10 Recently, we could show that the control of Se pressure

during absorber growth has significant influence on the solar

cell properties: particularly, with reduced Se pressure, the

open circuit voltage of untreated Cu-rich CuInSe2 solar cells

increases and the diode quality factor decreases, indicating a

less significant role of tunnel enhancement in the

recombination process.11 The influence of Se pressure during

growth of Cu-poor Cu(In,Ga)Se2 absorbers has been studied

before.12–14 The general finding in these studies was that

higher Se pressure improves solar cells. This is also the rea-

son why all our previous studies with Cu-rich CuInSe2 were

performed with absorbers grown under high Se pressure.

In this work, we concentrate on pure CuInSe2 without

Ga alloying. We study the influence of Se pressure during

absorber preparation on the structural and electronic proper-

ties of the grown films.

The absorber films were grown at a substrate tempera-

ture of 590 �C by a 1-stage co-evaporation process onto Mo-

coated soda-lime glass in an MBE (molecular beam epitaxy)

system. Two series of Cu-rich absorbers were grown: one at

a high fixed ratio of Cu/In fluxes, one with a lower one, still

keeping excess Cu. Within each series, the Se supply was

varied to study the influence of the Se environment. The Cu/

In flux ratios as determined from the quartz micro balance

were Cu/In¼ 1.56 for the low Cu/In series and 1.75 for the

high Cu/In series. Within each series, only the flux of Se was

varied by changing the valve opening of the valved cracker

Se source. The pressure ratio as measured by the beam flux

monitor was varied between Se/metal¼ 6 and 12. The tem-

perature of the cracker was kept constant at 600 �C; so no

cracking of Se species takes place and the ratio of partial

pressures of the various Se species is not changed between

the different deposition processes. Also, the bulk temperature

of the valved source was not changed within each series.

The Cu/In ratios of the deposited films were analysed by

energy dissipative X-ray spectroscopy (EDX) measurements

before the etching step. It is observed that the Cu/In ratio in

the film depends on the Se flux during growth, with higher

Cu/In ratios for Se-poorer environments, although the Cu

and In fluxes during growth were kept constant throughout

each series.11 This dependence was observed for several se-

ries independent of the actual ratio of the Cu and In fluxes

during growth. We suggest that under low Se overpressure,

the lack of Se reduces the growth of the stoichiometric

CuInSe2 absorber (which needs 2 atoms of Se per Cu atom)
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compared to the growth of the Cu2Se secondary phase

(which needs only 0.5 Se atoms per Cu atom). For solar

cells, the films were etched by KCN to remove the secondary

Cu2Se phase, before deposition of the CdS buffer by

chemical-bath deposition. Afterwards, they were finished

with a ZnO-window layer and Ni-Al grid front contacts.

The texture of the films was analysed by X-ray diffrac-

tion (XRD) in theta-2 theta powder diffraction configuration

in a commercial set-up. Photoluminescence was measured in

a home built set-up at about 10 K in a He flow cryostat.

Excitation was by an Ar ion laser. The optics is confocal,

and the luminescence light is analysed by a grating mono-

chromator and detected by an InGaAs diode line. Solar cells

are analysed by current-voltage measurements in the dark

and under illumination by a cold-mirror halogen lamp, the

intensity of which is adjusted with the help of a Si reference

cell. Voltage is applied and current measured by a source-

measure unit. Capacitance-voltage measurements (CV) of

finished solar cells are performed in the dark in a home-built

system equipped with a cold-finger He cryostat and a com-

mercial LCR bridge. CV measurements are performed at

room temperature at 100 kHz. To prevent overload of the

setup due to high currents, the samples were cut into smaller

pieces with areas of approximately 0.2 cm2. Evaluation is

carried out through linear extrapolation of Mott-Schottky

plots yielding the doping density and built-in voltage.15 We

limit the analysis to small forward bias to avoid the capaci-

tance contribution of deep defects which is visible in the

measurements as reduction of the slope at zero and negative

voltages. Additionally, measurements with a phase angle

smaller than 20� are not taken into account since they are

determined by resistive effects rather than capacitive ones.16

The previously observed trend11 of improved solar cell

efficiency of Cu-rich CuInSe2 cells has been observed for

both series, as summarised in Table I. For both series, the ef-

ficiency increases with lower Se pressure during growth,

mostly because of increased open circuit voltage (VOC) and

fill factor (FF). The effect on JSC is much weaker. This ob-

servation is due to the fact that for these solar cells, already

the short circuit currents for absorbers grown under high Se

pressure were higher than previously observed and compara-

ble to values observed in Cu-poor absorbers.10 It has been a

general observation that under high Se pressure, the short cir-

cuit current has been sometimes high7,9 and sometimes

low.10 We discuss this discrepancy below. Cells grown under

lower Se pressures have always shown good currents in the

range shown in Table I. Diode parameters were obtained

from a 1-diode fit to the IV curve measured in the dark, using

the fit programme IVfit, available from ECN, Petten, The

Netherlands.17 There is a slight trend of increasing shunt re-

sistance (RSh) and decreasing series resistance (RS) contrib-

uting to the increased FF with decreasing Se pressure. The

FF is also increased because of the decreasing diode factor

A. This, together with the significantly decreased saturation

current J0, hints that the tunnelling assisted recombination

plays a less important role with reduced Se pressure.

The dependence of the film texture on Se pressure has

been analysed before, however using grazing incidence

XRD,11 which cannot give reliable information on the tex-

ture. Here, we investigate the texture by comparing peak

ratios measured in theta-2 theta configuration with the peak

ratios of a powder reference (PDF reference 00-040-1487).

These diffractograms and the peak ratios are depicted in

Fig. 1. It is clearly seen that the absorbers grown under high

Se flux have a more random orientation while the other two

exhibit a clear (112) preferred orientation. This is confirmed

by the inset: it shows the ratio of the (204) and (312) to (112)

peak intensity as function of the Se flux and compares to the

powder reference. These ratios are both much lower for the

absorber grown under low and mid Se supply than the ones

of the reference with random orientation. On the other hand,

the absorber grown under high Se supply shows peak ratios

very close to the ones for random orientation. We can, in

fact, conclude that the crystal orientation of the bulk of Cu-

rich CIS films is affected by the Se activity during growths,

leading to stronger (112) orientation with lower Se flux. It

was already observed for Cu-poor Cu(In,Ga)Se2 absorbers13

that the texture is influenced by the Se supply during the

growth; however, in the contrary to the case of Cu-rich

absorbers, randomly oriented films were obtained for the

lower Se flux ratio.

Besides the crystal orientation, we see also clear

changes in the electronic structure as demonstrated by the

low temperature PL spectra in Fig. 2. A total of five peaks is

detected. Intensity dependent measurements were used to

identify the character of the peaks.18 Based on a slight blue

shift with increasing excitation intensity and on an exponent

of the intensity-excitation power law smaller than 1, the two

TABLE I. IV data of two different Cu-rich series with changing Se flux dur-

ing growth.

Sample g/ VOC/ JSC/ F.F./ J0/ RSh/ RS/

Series Se-flux % mV mAcm�2 % mAcm�2 Qcm2 Qcm2 A

High Cu/In High 6.1 342 38.6 49.7 1.56E-04 225 0.62 2.5

Mid 7.0 337 40.0 48.3 1.71E-04 172 0.58 2.5

Low 7.7 382 38.6 52.9 7.38E-05 274 0.46 2.3

Low Cu/In High 5.8 345 35.0 49.7 1.68E-04 150 0.55 2.5

Mid 6.2 358 36.9 48.4 7.51E-05 145 0.41 2.3

Low 7.6 380 37.3 52.6 3.89E-05 191 0.41 2.2

FIG. 1. X-ray diffractograms for unetched CIS absorbers grown under dif-

ferent Se supply. Inset: Comparison of the (204) and (312) to (112) peak

intensity ratios for CuInSe2 films, grown under different Se activities, as

well as the powder reference.

172104-2 Depr�edurand et al. Appl. Phys. Lett. 105, 172104 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  158.64.77.38

On: Mon, 03 Nov 2014 15:08:20



peaks lowest in energy at 0.94 (DA3) and 0.97 eV (DA2) are

identified as the well-known donor acceptor pair transitions

DA3 and DA2.1,18,19 The slight energy shifts between the

DA peaks of the different samples can be attributed to some-

what different excitation intensities. The other peaks at

1.003 (EX3), 1.020 (EX2), and around 1.04 eV (EX1) do not

shift in energy with excitation power and show an exponent

very close to 1 or larger than 1 and are therefore identified as

excitons. The EX3 peaks are in some spectra clearly double

peaks.

The first observation is an increase of the excitonic in-

tensity, which is an indication of improved crystal quality.

The high energy shoulder of the EX1 peak at 1.043 eV is

likely the free exciton, while all others are bound excitons. A

large number of free and bound exciton emissions has been

observed in high quality CuInSe2 single crystals before.20–22

The exciton at 1.041 eV (found between 1.0414 eV (Ref. 20)

and 1.0417 eV (Ref. 21)) is identified with the free exciton

of the lowest bandgap (A gap), in agreement with our identi-

fication of the high energy shoulder of EX1 with the free

exciton. The fact that our free exciton is slightly higher in

energy than the single crystal one is likely due to strain in

these polycrystalline films. The excitonic binding energy of

this exciton has been determined to be 8.5 meV based on the

observation of excited states,21 which makes the low temper-

ature A band gap 1.051 eV in our films. The bound excitons

observed in single crystals are discussed in detail in Ref. 22

The main EX1 peak is close in energy to the previously

observed M1 and M2 excitons22 and is not resolved in our

measurement. It is observed in our films independent of the

Se pressure, but shows a slight trend of increasing relative to

the DA transitions with lower Se pressure. The bound exci-

tons have very low binding energies with respect to the free

exciton and have been discussed as bound to an isoelectronic

defect.22 The EX2 exciton has been observed before as the

M6 exciton and appears completely independent of the Se

pressure as a weak excitonic emission. EX3 appears to be

the previously observed M7. EX3 increases strongly with

decreasing Se pressure. This observation also explains why

we usually have not observed this transition in the past, since

our standard process for thin film growth has always been

under high Se pressure.

We use Hayne’s rule18,23,24 to estimate the binding

energy of the defect to which the exciton is bound. Hayne’s

rule is based on the hydrogen model for shallow defects and

excitons and links the binding energy of a bound exciton to

the binding energy of the defect. The proportionality factor

depends on the ratio of the effective masses of electrons and

holes and has been calculated for singly charged25 and neu-

tral26 defects. Based on various literature values,27–30 we use

0.12 for the ratio of effective masses of electrons and holes

in CuInSe2. Table II gives an overview of the potential

defect binding energies for the two more strongly bound

excitons. Exciton binding energies are calculated with

respect to the band gap energy of 1.051 eV. These defect

energies are only indications of possible energies, since other

options like multiply charged defects are not taken into

account.

Most possible defect energies for the EX2 exciton are

rather low in energy and it is unlikely that they would not

show up in donor-acceptor or free-to-bound transitions.18,19

The neutral acceptor is within the energy range of the previ-

ously observed N2/E431,32 defect. Since EX2 is independent

of the Se pressure, this rather omnipresent defect could be

the one, to which EX2 is bound. If EX3 was bound to a

charged defect it would have to be a defect also low in bind-

ing energy (see Table II). It is therefore unlikely, that these

shallow defects are responsible to the appearance of EX3,

since they are not observed as donor-acceptor or free-to-

bound transitions. The 32 meV acceptor is of course close

the 40 meV acceptor that is seen as the DA1 transition, but

this transition is not observed in the PL spectra measured in

these Cu-rich films. EX3 could be bound to a rather deep

neutral donor or acceptor, which could be correlated to the

Se vacancy or a complex containing the Se vacancy, since

this transition intensity increases strongly with decreasing Se

pressure. The increase cannot be solely attributed to an

improvement in crystal quality, since this exciton increases

more than the other ones, implying that the density of the

defect it is bound to increases.

If the density of defects changes, the net doping is likely

to change. This was tested by applying CV measurements.

Fig. 3 shows the results for the high Cu/In series. The same

trend was observed in several series: lower Se pressure leads

TABLE II. Possible defect binding energies for EX2 and EX3, all energies in eV. Grey shading indicates defects that are unlikely.

Defect binding energies

Exciton energy Exciton binding energy If neutral donor If neutral acceptor If singly charged donor If singly charged acceptor

EX2 1.02 0.031 0.072 0.204 0.030 0.021

EX3 1.003 0.048 0.127 0.359 0.046 0.032

FIG. 2. Low temperature PL spectra of the high Cu/In series, together with

an additional spectrum at low Se from an additional high Cu/In series. The

spectra are normalised to the DA2 peak.
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to lower net doping. A likely explanation is an increase in

the density of Se vacancies, which have been identified as

donors, if forming a double vacancy with a missing Cu, at

least in equilibrium.33 Se-Cu double vacancies have been

experimentally verified in Cu-rich and Cu-poor CuInSe2

films.34 However, it was also shown that the formation of

InCu antisite donors becomes more likely under Se-poor con-

ditions.35 Thus, the reduced doping level and the increase in

defects, to which the EX3 exciton is bound, which is

observed for lower Se pressure, could be attributed either to

an increased density of Se vacancies or of InCu anitsites or of

both. The reduction in net doping is the main reason of the

improved solar cell behaviour. Too high doping can lead to a

reduction in VOC (even without tunnelling), since the surface

inversion of the absorber is lost if the absorber doping is too

high, as we have shown previously.8 Thus, the reduced net

doping level leads to the observed increase in VOC and FF.

The decreased doping increases the inversion of the surface

and reduces the tunnelling probability, thus reducing the

interface or near interface recombination. Both effects con-

tribute to the observed reduction in diode factor. The current

in the solar cells does not show a clear trend with Se pres-

sure. Previously, we have attributed the often observed lower

currents in Cu-rich cells to be due to the too high doping

level.10 However, also in cells prepared under high Se pres-

sure, we have occasionally observed high currents.7,9 We

assume that this is due to the fact that the doping level under

high Se pressure is close to the limit where tunnelling

becomes dominant and reduces the current collection in the

space charge region.10 Since we cannot control it exactly,

the doping level is sometimes above and sometimes below

the limit, leading to low and high currents, respectively.

With the reduced doping level under low Se pressure, the

current is reliably high.

In summary, we have shown that—in contrast to Cu-

poor Cu(In,Ga)Se2
12–14—Cu-rich CuInSe2 solar cells are

improved when grown under low Se overpressure. This is

mostly due to a reduced doping level, which leads to an

increased inversion of the absorber surface as well as to

reduced tunnelling probability, both resulting in higher

VOC and FF. The JSC of cells grown under low Se pressure

is reliably high and comparable to values obtained in Cu-

poor devices. Low Se pressure leads also to a change in

film orientation, favouring (112) texture, and to improved

crystal quality as seen by higher excitonic PL emissions.

An exciton bound to a deep defect shows a particularly

high increase and is speculated to be related to the Se

vacancy.

This work has been supported by the Luxembourgish

Fonds National de la Recherche which is gratefully

acknowledged.

1S. Siebentritt, L. G€utay, D. Regesch, Y. Aida, and V. Depr�edurand, Sol.

Energy Mater. Sol. Cells 119, 18 (2013).
2T. G€odecke, T. Haalboom, and F. Ernst, Z. Metallkd. 91(8), 622–634

(2000).
3J. C. Mikkelsen, Jr., J. Electron. Mater. 10(3), 541–558 (1981).
4Y. Hashimoto, N. Kohara, T. Negami, M. Nishitani, and T. Wada, Jpn. J.

Appl. Phys., Part 1 35(9A), 4760–4764 (1996).
5M. Turcu, O. Pakma, and U. Rau, Appl. Phys. Lett. 80(14), 2598–2600

(2002).
6D. Regesch, L. G€utay, J. K. Larsen, V. Depr�edurand, D. Tanaka, Y. Aida,

and S. Siebentritt, Appl. Phys. Lett. 101, 112108 (2012).
7V. Depr�edurand, Y. Aida, J. Larsen, A. Majerus, and S. Siebentritt, in 37th

IEEE Photovoltaic Specialist Conference (IEEE, Seattle, 2011), pp.

337–342.
8Y. Aida, V. Depr�edurand, J. K. Larsen, H. Arai, D. Tanaka, M. Kurihara,

and S. Siebentritt, “Cu-rich CuInSe2 solar cells with a Cu-poor surface,”

Prog. Photovoltaics (published online).
9Y. Aida, V. Depr�edurand, J. K. Larsen, H. Arai, T. Eisenbarth, M.

Kurihara, A. Majerus, N. Fevre, and S. Siebentritt, in 26th European
Photovoltaic Solar Energy Conference (Hamburg, 2011), pp.

2855–2859.
10V. Depr�edurand, D. Tanaka, Y. Aida, M. Carlberg, N. Fevre, and S.

Siebentritt, J. Appl. Phys. 115, 044503 (2014).
11V. Depr�edurand, T. Bertram, and S. Siebentritt, Physica B 439, 101–104

(2014).
12G. Hanna, J. Mattheis, V. Laptev, Y. Yamamoto, U. Rau, and H. W.

Schock, Thin Solid Films 431–432, 31–36 (2003).
13M. A. Contreras, I. Repins, W. K. Metzger, M. J. Romero, and D. Abou-

Ras, Phys. Status Solidi a 206(5), 1042–1048 (2009).
14Q. Cao, O. Gunawan, M. Copel, K. B. Reuter, S. J. Chey, V. R. Deline,

and D. B. Mitzi, Adv. Energy Mater. 1(5), 845–853 (2011).
15P. Blood and J. W. Orton, The Electrical Characterization of

Semiconductors: Majority Carriers and Electron States (Academic Press,

London, San Diego, 1992).
16J. H. Scofield, Sol. Energy Mater. Sol. Cells 37, 217–233 (1995).
17A. R. Burgers, J. A. Eikelboom, A. Schonecker, and W. C. Sinke, in 25th

IEEE Photovoltaic Specialists Conference (IEEE, 1996), pp. 569–572.
18S. Siebentritt, in Wide Gap Chalcopyrites, edited by S. Siebentritt and U.

Rau (Springer, Berlin, Heidelberg, New York, 2006), pp. 113–156.
19S. Siebentritt, N. Rega, A. Zajogin, and M. C. Lux-Steiner, in Conference

on Photo-responsive Materials, edited by A. W. R. Leitch and R. Botha

[Phys. Status Solidi C 1(9), 2304–2310 (2004)].
20A. V. Mudryi, I. V. Bodnar, I. A. Victorov, V. F. Gremenok, M. V.

Yakushev, R. D. Tomlinson, A. E. Hill, and R. D. Pilkington, Appl. Phys.

Lett. 77, 2542–2544 (2000).
21M. V. Yakushev, F. Luckert, C. Faugeras, A. V. Karotki, A. V. Mudryi,

and R. W. Martin, Appl. Phys. Lett. 97(15), 152110 (2010).
22F. Luckert, M. V. Yakushev, C. Faugeras, A. V. Karotki, A. V. Mudryi,

and R. W. Martin, J. Appl. Phys. 111(9), 093507 (2012).
23J. R. Haynes, Phys. Rev. Lett. 4(7), 361–363 (1960).
24A. Bauknecht, S. Siebentritt, J. Albert, Y. Tomm, and M.-C. Lux-Steiner,

Jpn. J. Appl. Phys. 39(Suppl. 39–1), 322–325 (2000).
25H. Atzm€uller, F. Fr€oschl, and U. Schr€oder, Phys. Rev. B 19(6), 3118–3129

(1979).
26R. R. Sharma and S. Rodriguez, Phys. Rev. 153(3), 823–827 (1967).
27H. Weinert, H. Neumann, H.-J. H€obler, G. K€uhn, and N. van Nam, Phys.

Status Solidi B 81, K59–61 (1977).
28E. Arushanov, L. Essaleh, J. Galibert, J. Leotin, and S. Askenazy, Physica B

184, 229–231 (1993).
29H. Neumann, H. Sobotta, W. Kissinger, V. Riede, and G. K€uhn, Phys.

Status Solidi B 108, 483–487 (1981).

FIG. 3. Mott-Schottky plots of the high Cu/In series show a decrease in dop-

ing density with smaller Se fluxes for Cu-rich absorbers.

172104-4 Depr�edurand et al. Appl. Phys. Lett. 105, 172104 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  158.64.77.38

On: Mon, 03 Nov 2014 15:08:20

http://dx.doi.org/10.1016/j.solmat.2013.04.014
http://dx.doi.org/10.1016/j.solmat.2013.04.014
http://dx.doi.org/10.1007/BF02654590
http://dx.doi.org/10.1143/JJAP.35.4760
http://dx.doi.org/10.1143/JJAP.35.4760
http://dx.doi.org/10.1063/1.1467621
http://dx.doi.org/10.1063/1.4752165
http://dx.doi.org/10.1002/pip.2493
http://dx.doi.org/10.1063/1.4862181
http://dx.doi.org/10.1016/j.physb.2013.10.055
http://dx.doi.org/10.1016/S0040-6090(03)00242-6
http://dx.doi.org/10.1002/pssa.200881243
http://dx.doi.org/10.1002/aenm.201100344
http://dx.doi.org/10.1016/0927-0248(95)00016-X
http://dx.doi.org/10.1063/1.1308525
http://dx.doi.org/10.1063/1.1308525
http://dx.doi.org/10.1063/1.3502603
http://dx.doi.org/10.1063/1.4709448
http://dx.doi.org/10.1103/PhysRevLett.4.361
http://dx.doi.org/10.7567/JJAPS.39S1.322
http://dx.doi.org/10.1103/PhysRevB.19.3118
http://dx.doi.org/10.1103/PhysRev.153.823
http://dx.doi.org/10.1002/pssb.2220810161
http://dx.doi.org/10.1002/pssb.2220810161
http://dx.doi.org/10.1016/0921-4526(93)90355-A
http://dx.doi.org/10.1002/pssb.2221080224
http://dx.doi.org/10.1002/pssb.2221080224


30K. K. Chattopadhyay, I. Sanyal, S. Chaudhuri, and A. K. Pal, Vacuum 42,

915–918 (1991).
31R. Herberholz, M. Igalson, and H. W. Schock, J. Appl. Phys. 83(1),

318–325 (1998).
32A. Krysztopa, M. Igalson, L. G€utay, J. K. Larsen, and Y. Aida, Thin Solid

Films 535, 366–370 (2013).

33S. Lany and A. Zunger, J. Appl. Phys. 100, 113725 (2006).
34E. Korhonen, K. Kuitunen, F. Tuomisto, A. Urbaniak, M. Igalson, J.

Larsen, L. Guetay, S. Siebentritt, and Y. Tomm, Phys. Rev. B 86(6),

064102 (2012).
35C. Persson, S. Lany, Y.-J. Zhao, and A. Zunger, Phys. Rev. B 72, 035211

(2005).

172104-5 Depr�edurand et al. Appl. Phys. Lett. 105, 172104 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  158.64.77.38

On: Mon, 03 Nov 2014 15:08:20

http://dx.doi.org/10.1016/0042-207X(91)90558-Z
http://dx.doi.org/10.1063/1.366686
http://dx.doi.org/10.1016/j.tsf.2012.12.084
http://dx.doi.org/10.1016/j.tsf.2012.12.084
http://dx.doi.org/10.1063/1.2388256
http://dx.doi.org/10.1103/PhysRevB.86.064102
http://dx.doi.org/10.1103/PhysRevB.72.035211

