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High mobility hydrogenated indium oxide is investigated as a transparent contact for thin film

Cu(In,Ga)Se2 (CIGS) solar cells. Hydrogen doping of In2O3 thin films is achieved by injection of

H2O water vapor or H2 gas during the sputter process. As-deposited amorphous In2O3:H films ex-

hibit a high electron mobility of �50 cm2/Vs at room temperature. A bulk hydrogen concentration

of �4 at. % was measured for both optimized H2O and H2-processed films, although the H2O-

derived film exhibits a doping gradient as detected by elastic recoil detection analysis. Amorphous

IOH films are implemented as front contacts in CIGS based solar cells, and their performance is

compared with the reference ZnO:Al electrodes. The most significant feature of IOH containing

devices is an enhanced open circuit voltage (VOC) of �20mV regardless of the doping approach,

whereas the short circuit current and fill factor remain the same for the H2O case or slightly

decrease for H2. The overall power conversion efficiency is improved from 15.7% to 16.2% by sub-

stituting ZnO:Al with IOH (H2O) as front contacts. Finally, stability tests of non-encapsulated solar

cells in dry air at 80 �C and constant illumination for 500 h demonstrate a higher stability for IOH-

containing devices.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921445]

I. INTRODUCTION

Among all polycrystalline thin film photovoltaic (PV)

technologies, Chalcopyrite Cu(In,Ga)Se2 (CIGS) based solar

cells show currently the highest power conversion efficiency

of 21.7%.1 As transparent front contacts in CIGS solar cells,

aluminum doped zinc oxide (AZO)2–5 is generally used,

which is heavily doped in order to achieve the necessary con-

ductance exhibiting an electron mobility below 30 cm2/Vs.

Optical losses in state-of-the-art AZO contacts are still re-

sponsible for about 3% of the theoretical current limit,6 and

the resulting parasitic free carrier absorption in the infrared

(IR) region is even more severe in large-area modules, where

thicker transparent conductive oxide (TCO) layers are

required. Additionally, an elaborated encapsulation for solar

modules is required to withstand damp-heat tests due to the

relatively low corrosion stability of AZO.7

TCOs as front electrodes with matched work function

and increased transparency are needed to further enhance the

performance of CIGS solar cells. Numerous TCOs have been

investigated including ZnO1�xSx:Al,
8 Zn1�xMgxO:Al,

9

ZnO:B,10 indium tin oxide (ITO),11 and also high mobility

TCOs such as In2O3:Mo and In2O3:Ti.
10 Regarding the pho-

tovoltaic performance stability, amorphous InZnO imple-

mented in CIGS solar cells exhibits an excellent

performance under damp heat condition.12,13 The amorphous

structure of metal oxides has already enabled new possibil-

ities for device fabrication due to their particular features—

shock resistance,14 high aspect ratio for etching and thus

easy patterning,15 uniform film coverage,16 low deposition

temperature,17 surface smoothness, and thermal stability.18

Combining high mobility and amorphous film growth,

Koida et al. developed hydrogenated In2O3 (IOH) by adding

small amounts of water vapor during the sputter pro-

cess.17,19,20 The effective doping of hydrogen as shallow

donors in indium oxide was investigated in detail by density

functional theory.21–23 Owing to its excellent properties,

IOH has been implemented in several solar cell technologies

including microcrystalline Si,24,25 silicon hetero-junc-

tion,25,26 and tandem micromorph thin-film silicon solar

cells.27 Scherg-Kurmes et al. tested IOH as the front contact

in CIGS solar cells which yielded an increased short circuit

current (JSC), but their devices suffered from unexpected

losses in open circuit voltage (VOC) and fill factor (FF).28

Here, we present a systematic investigation of amorphous

In2O3:H (a-IOH) layers deposited with two different

approaches and demonstrate that a comparable photovoltaic

performance can be obtained for IOH and AZO based devi-

ces. Importantly, IOH devices exhibit a higher VOC and pho-

tovoltaic performance stability in heat exposure.

II. EXPERIMENTAL DETAILS

Hydrogenated indium oxide (In2O3:H) layers are grown

in a high vacuum sputtering system (AJA Intl.) by RF sput-

tering of ceramic In2O3 (99.99%) targets in a mixed Ar/O2

atmosphere without intentional heating. The system was

equipped with mass flow controllers (MFCs) for multiple gas

injection and 5.08 cm (2 in.) planar targets mounted on
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magnetrons in an unbalanced configuration. The applied

sputter power density was 3.0W/cm2. The substrate was

located off-axis from the target normal, reducing the impact

of high energetic ions. The total deposition pressure was

0.6 Pa measured by a capacitance manometer. Hydrogen

doping was achieved by injecting deionized water vapor

through a needle valve or H2 gas via a mass flow controller.

In the case of H2O, the O2 flow was optimized for each H2O

dose in order to achieve minimum resistivity, since both

gases, O2 and H2O, affect the IOH stoichiometry. As H2O

makes out the major part of the background gas, the H2O

partial pressure includes the base pressure too. Injection of

H2O vapor through a needle valve directly from a liquid

water reservoir might pose a challenge for industrial applica-

tions since in practice it needs some time until the partial

pressure is stabilized. Therefore, a highly controllable way to

inject hydrogen was achieved by a commercial MFC using

H2 gas. In order to exclude doping from water vapor, which

to some extent is always present, the base pressure for H2

experiments was always below 9.8� 10�6Pa. The presented

O2/H2 partial pressures were calculated from relative gas

flows.

The film thickness was determined by stylus profilome-

try. Hall measurements were performed at room temperature

with an Ecopia HMS 3000 system in the Van der Pauw ge-

ometry. X-ray diffraction (XRD) patterns were recorded in

the Bragg-Brentano configuration using a Bruker D8

Discover diffractometer operating with the CuKa radiation.

Film stoichiometry was determined by Rutherford back-

scattering spectrometry (RBS) performed with a 2MeV 4He

beam and a silicon PIN diode detector under 168�. The col-

lected data were simulated using the RUMP software.29

Hydrogen concentration depth profiles were measured by

elastic recoil detection analysis (ERDA) using a 2MeV 4He

beam with an incidence angle of 15� towards the sample sur-

face and a Si surface barrier detector with absorber foil at a

forward scattering angle of 30�.

Optical transmittance and reflectance were measured

using a Shimadzu UV-3600 spectrophotometer with an inte-

grating sphere. The optical absorptance A was calculated

from the relation A¼ 1-T-R. Optical data of the TCOs are

given for the whole layer/1-mm-glass stack. The morphology

was studied by scanning electron microscopy (SEM) on a

Hitachi microscope with an accelerating voltage of 5.0 keV.

Thin film Cu(In,Ga)Se2 absorbers were deposited on Mo

coated soda lime glass in a 3-stage co-evaporation process.5

The absorbers presented in Sec. III B were fabricated with a

composition of [Cu]/[InþGa]¼ 0.85 and [Ga]/[InþGa]

¼ 0.42, whereas for the stability tests in Sec. III C, a different

batch of absorbers with a composition of [Cu]/[InþGa]

¼ 0.83 and [Ga]/[InþGa]¼ 0.41 was used. For each

absorber, a NaF post-deposition treatment (PDT) was carried

out in-situ.5 CdS buffer layer was grown by chemical bath

deposition and the n-type part of the photovoltaic devices

were completed by sputter-depositing first 70 nm of intrinsic

ZnO (i-ZnO) followed by sputtering for a necessary thick-

ness of IOH and AZO. The reference front electrode was

sputter-deposited in a vacuum chamber with a direct facing

target optimized for highest opto-electrical properties for

AZO grown without intentional heating. Ceramic

ZnO:Al2O3 (98:2wt. %, purity 99.995%) targets with a di-

ameter of 10.16 cm (4 in.) were sputtered in a mixed Ar/O2

atmosphere with a total pressure of 0.15 Pa and a power den-

sity of 2.5W/cm2. The solar cells were finished with a Ni/Al/

Ni grid by electron-beam deposition. For all the presented

experiments, no anti-reflection coatings were applied to the

cells.

The PV parameters of the solar cells were measured

under simulated standard-test conditions (1000W m�2, AM

1.5G illumination, 25 �C) using a sun-simulator from LOT-

Oriel. Current density-voltage (J-V) curves were acquired

with a Keithley 2400 source meter and four-terminal sensing.

The external quantum efficiency (EQE) was determined with

a lock-in amplifier using a probe beam from a chopped white

light source (900W, halogen lamp, 360Hz) passing a dual

grating monochromator. The beam spot covered the area

between the outer metal grid fingers, and, for obtaining the

absolute EQE value, a certified monocrystalline Si solar cell

from Fraunhofer ISE was used as reference.

Stability tests of heat-light soaking (HLS) for 500 h

were performed at 80 �C and 500 mbar of dry air. White

light-emitting diodes were used as the illumination source,

and the intensity was adjusted such that the JSC measured in-

situ was the same as determined with the sun-simulator

under simulated standard-test conditions. Relative changes

of the PV parameters were recorded in-situ.

III. RESULTS AND DISCUSSION

A. Hydrogen doping of In2O3

Electrical properties of In2O3 thin films doped by the

injection of H2O vapor are depicted in Fig. 1(a). Already a

small amount of water vapor of 1.3� 10�5Pa, which is only

provided by the background gas, is sufficient to dope In2O3

with H to an electron density >1020cm�3. The doping den-

sity stays in the range of 3.6–5.2� 1020cm�3 for H2O vapor

pressure between 7� 10�5 and 10�3Pa. The electron mobil-

ity decreases from �50 to 28 cm2/Vs in this range causing

the resistivity to increase again for too large H2O vapor pres-

sures. The high mobility values are equal to those previously

reported hydrogenated In2O3 of 50 cm2/Vs at a carrier den-

sity of 3–4� 1020cm�3.17,26

Fig. 1(b) shows the successful hydrogen doping of

In2O3 by injection of H2 gas. The ratio of oxygen to the total

flow was kept constant at 1.0%. For H2 partial pressures

larger than 1.4 mPa, the achieved doping concentration is al-

ready in the low 1020cm�3 region. An electron mobility of

55 cm2/Vs is observed for H2 doped samples, as high as for

IOH films doped via H2O vapor. For both doping methods,

the electron mobility decreases for higher H2O/H2 partial

pressures and depends roughly linear on the inverse carrier

density suggesting ionized impurity scattering as the main

limiting factor for electron transport.30 Koida et al. found

that the optical mobility of IOH thin films determined from

spectroscopic ellipsometry is almost equal to the mobility

measured by Hall indicating that these scattering events

occur within the amorphous matrix.19
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Indium oxide grows poly-crystalline even when sputter-

deposited without intentional heating.17 The injection of

H2O vapor or H2 yields, in both cases, the amorphous struc-

ture (Fig. 2). Koida and Kondo suggested that the formation

of In–OH bonds prevents the consecutive network of

In–O–In bonds.17 This explanation would also be consistent

in the case of H2 gas doping, where OH fragments can easily

form in the plasma or after adsorption on the growing film

surface. In contrast, the as-deposited reference AZO films

are crystalline at room temperature, exhibiting a columnar

growth with a preferential orientation along the c-axis.

ERDA measurements were performed for depth profil-

ing of the hydrogen content (Fig. 3). A peculiarity of ERDA

is that a constant bulk dopant concentration results in a

decreasing signal with increasing probe depth, due to the

change of energy and energy loss of the He projectiles and H

recoils. In order to represent this dependence, a standard

material (mica) with a constant 9.5 at. % hydrogen content

has been added to the depth-profile for comparison. The film

surface is visible in the spectra as the signal onset at the

recoil energy of 0.85MeV. IOH films doped by H2O vapor

exhibit a nonconstant hydrogen incorporation with a maxi-

mum concentration in the first half of the deposition. The H

gradient is present even though the opening of the needle

valve was constant. The origin of the gradient is unclear; one

cannot exclude that water is outgassing from chamber walls,

sputter chimneys, and other holders due to heating by the

plasma. The total H content was estimated by integrating the

ERDA signal and scaling with the 9.5 at. % standard. The

total bulk concentrations were found to be 4.1 and 4.4 at. %

H for H2O and H2, respectively.

The optical performance of the TCOs is normally com-

pared in terms of their optical absorptance (Fig. 4). The opti-

cal absorbance and electrical properties of the TCOs are

fundamentally interlinked, and therefore, Hall data of these

samples are given in Table I to highlight their optical-

electronic correlation. The ultraviolet (UV) cut-off of AZO

thin films occurs at a shorter wavelength than for both IOH

samples due to a wider band gap and a slightly higher carrier

density as a result of the Burstein-Moss shift. Comparing

two different doping methods, the optical band gap is lower

for indium oxide films doped with H2. This is in agreement

with the lower carrier density in the thicker IOH (H2) layer

(Table I), although the lower optical bandgap can also be

induced by a different degree of the lattice disorder in the

amorphous material. We have chosen TCOs with equal sheet

resistance and therefore different thickness in view of their

FIG. 1. Electrical properties, determined from Hall measurements, of In2O3

with injection of (a) H2O vapor and (b) H2 during the sputter-deposition.

Solid lines are for guiding the eye only.

FIG. 2. X-ray defraction patterns of In2O3:H doped via H2O or H2, and ref-

erence In2O3 powder. (Inset) XRD pattern of ZnO:Al displaying the (002)

and (004) plane.

FIG. 3. ERDA measurements showing hydrogen depth profiles of the 9.5 at.

% standard sample (mica), IOH films doped via H2O vapor (0.8% O2 flow,

pp(H2O)¼ 6.75� 10�5Pa), and H2 gas (1.0% O2, and 1.0% H2 flow).

FIG. 4. Optical absorptance A¼ 1-T-R of AZO, and IOH via H2O and H2

including the whole TCO/glass stack. (Inset) Zoom in of absorptance A dis-

playing the absorption edge.
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implementation in solar cells. The absorption of both IOH

samples is almost equal in the visible region and significantly

lower than the reference AZO. The gain in optical perform-

ance of IOH films compared to AZO is more pronounced in

the IR region above 700 nm. From classical Drude theory,

the plasma frequency is given as15

xp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ne2

m�e1e0

s

; (1)

where n is the carrier density, e is the elementary charge, m*

is the effective mass, and e1e0 is the permittivity of the ma-

terial. For AZO, the plasma wavelength kp¼ 2pc/xp occurs

at �1.7 lm, whereas for In2O3:H films, kp is shifted towards

higher wavelengths not covered by the spectrometer. From

Eq. (1) and the carrier density from Table I, the plasma

wavelength of In2O3:H films are expected to be at 2.3 lm

(via H2O) and 2.8 lm (via H2) assuming an effective mass of

0.373�m0 and a permittivity of 4.26�e0,
19 where m0 is the

electron mass and e0 is the vacuum permittivity. The higher

mobility of IOH films allows a lower doping concentration

for equal conductance, and therefore, an enhanced optical

transmission of solar energy is possible particularly in the IR

region.

B. Implementation in CIGS solar cells

Recent world record efficiencies of CIGS solar cells

have all been achieved with AZO front contacts.1–5

Therefore, we compare hydrogenated In2O3 implemented as

front electrode in CIGS devices with AZO as reference.

Table I lists electrical properties of the optimized IOH and

AZO contacts, which were first deposited on flat glass sub-

strates in order to exclude the effect of substrate roughness

and conductivity. The thickness of all three TCOs was

adjusted to yield the same sheet resistance of �12 X/� on

bare glass in order to exclude effects of series resistivity on

the cell fill factor FF and open circuit voltage VOC. It should

be noted that the mobility of the TCO films on the rough

CIGS absorbers is lower than on flat glass. Using four gold

contacts evaporated onto the finished cell (without metal

grid), the mobility of IOH (H2O) was measured to be

�13 cm2/Vs as compared to 47 cm2/Vs for the flat glass.

Cross section and top view SEM pictures of finished

devices with AZO and IOH (via H2O doping) front contacts

are displayed in Fig. 5. The columnar growth of AZO films

in CIGS devices with a rather small diameter is shown in

Figs. 5(a) and 5(c). Uniform coverage seems to be achieved

with IOH films in the cross section view of Fig. 5(b), but the

top view in Fig. 5(d) reveals that voids separate the layer

grains.

Current–voltage data and EQE curves of the best solar

cells are depicted in Fig. 6, whereas PV parameters of nine

cells are depicted in Fig. 7 for all three cases. The first prom-

inent feature of the IOH devices is an enhanced average VOC

of þ18 and þ23mV for H2O and H2 doping, respectively.

The improved VOC was reproduced on many CIGS absorbers

with different metal ratios.

An important factor that could influence the VOC of

CIGS solar cells is the temperature during the various depo-

sition steps. The only variation of the investigated devices is

the sputter-deposition of the TCOs and apart from that step

the same deposition batch was used. No intentional heating

was applied during sputtering for either case, and therefore,

the influence of deposition temperature can safely be dis-

carded. The hole density in the p-type CIGS is also decisive

for the VOC, but should be constant for the same process

batch. Recombination losses are the main limiting factor for

the VOC in CIGS solar cells which are heavily influenced by

defect states. Hydrogenated In2O3 grows in the amorphous

state with very high opto-electrical properties even at room

temperature, and no assisted ion flux is needed. The sputter-

deposition condition of IOH was therefore very mild with no

significant bombardment of ions with energy >100 eV,

which is often the case for sputtering direct facing targets

with high electronegative elements. In contrast, the solar

cells were under direct influence of high energy O� ions

when depositing AZO. Therefore, we propose that the intro-

duction of IOH front contacts reduces the recombination cur-

rent due to an improved i-ZnO/IOH interface and by a

beneficial work function offset.

The average JSC exhibits 31mA/cm2 for the AZO and

IOH (H2O) devices and a lower value of 30mA/cm2 for the

IOH (H2) device. This decrease is caused by a lower optical

band gap of the IOH (H2) film (see Fig. 4) yielding a reduced

photon collection of the absorber in the UV region which is

also visible in a lower EQE in Fig. 6(b). Because of the

TABLE I. Sputter parameters and electrical properties of the implemented

TCOs.

ZnO:Al In2O3:H (H2O) In2O3:H (H2)

pp(O2), (Pa) 7.2� 10�5 4.4� 10�3 5.4� 10�3

pp(H2/H2O), (Pa) — 8.9� 10�5 1.4� 10�3

q (X cm) 5.2� 10�4 4.0� 10�4 5.6� 10�4

N (cm�3) 4.4� 1020 3.3� 1020 2.3� 1020

l (cm2 V�1 s�1) 27 47 48

Thickness, d (nm) 460 330 440

FIG. 5. SEM cross section and top view pictures of finished devices with

ZnO:Al ((a) and (c)) and In2O3:H via H2O doping ((b) and (d)) front

contacts.
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absorber band gap of �1.16 eV, the EQE ends at 1.1 lm and

the superior performance of the IOH films in the near infra-

red (NIR) region does not contribute to a higher JSC.

The average fill factor FF of the IOH (H2O) devices is

76%, slightly higher compared to the reference AZO device,

which marks its successful implementation in CIGS solar

cells with a sufficiently low series and high parallel

resistance. In contrast, the IOH (H2) cells suffer from an av-

erage FF loss of 4% in Fig. 6(a). This implies a higher cell

series resistance corresponding to increased charge carrier

scattering either at the i-ZnO/IOH or the IOH/grid interface

as the device structure is otherwise the same. One possibility

is that the reactive gas H2, or radicals thereof, can change the

i-ZnO/IOH creating a high resistive interlayer. Another sce-

nario is a high contact resistance to the metal grid which was

observed by Barraud et al. for H2O doped In2O3.
26

Overall the efficiency g could be improved from 15.7%

to 16.2% by substituting IOH (H2O) for AZO as front con-

tacts mainly due to a higher VOC of �20mV.

C. Stability test under heat-light soaking

As an initial stability test, several CIGS solar cells with

AZO (180 nm, 85 X/�) and IOH (H2O doped, 330/200 nm,

54/73 X/�) front contacts were treated under heat-light

soaking for 540 h at 80 �C and 500 mbar dry air. The effect

of humidity is beyond the scope of this work. The cells were

not encapsulated, and the PV parameters were measured in-

situ each 30min.

The maximum power (PMPP) changes only by þ4% for

the IOH (H2O) devices demonstrating their high potential for

long term stability, whereas the AZO cell degrades by rela-

tive �8% under chosen heat-light conditions Fig. 8(a). In the

following, the origin of the PMPP characteristics is discussed

in terms of the JSC, VOC, and the FF depicted in Figs. 8(b)

and 8(c).

Within the first 50 h, a rather steep increase of the JSC is

observed for all tested samples, which is followed by a con-

stant value for the IOH (54 X/�), and the AZO device while

FIG. 6. (a) Current–voltage J-V and (b) external quantum efficiency EQE

data of the record CIGS cells with AZO, IOH (H2O), and IOH (H2) front

contacts.

FIG. 7. Photovoltaic parameters of

CIGS solar cells with AZO, IOH

(H2O), and IOH (H2) front contacts for

the best cell and an average value for

nine cells. The cell area was 0.3 cm2

for all devices.
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the IOH (73 X/�) cell shows a monotonic increase.

Regarding the different behavior of the IOH (54 X/�) and

IOH (73 X/�) devices after 50 h, we emphasize that the only

parameter that distinguishes them is the sputter time during

the TCO deposition, but the origin remains unclear.

For all samples, the VOC improved slightly within the first

100 h but then stays stable for over 400 h. An increase in VOC

under illumination and forward bias has been measured in

CuInSe2 based solar cells,31,32 which can be caused by meta-

stable defect states33,34 such as VSe-VCu divacancies observed

in CIGS solar cells.35,36 Once the cells are taken out of the

stress chamber, the VOC relaxes approaching initial values as

measured on the solar simulator before the stability test.

The degradation of the AZO cell can be solely ascribed

to a continuous loss of the FF. To elucidate the FF loss of

the AZO device, the electron mobility of this cell, including

the metal grid, was determined by Hall measurements in the

Van der Pauw geometry with the probe tips placed directly

onto the TCO. The resulting value of 6 cm2/Vs marks a sig-

nificant reduction compared to as-deposited AZO films on

glass with a mobility of �25 cm2/Vs. Mobility loss of AZO

under damp heat exposure has been observed especially for

thin films <220 nm.37 Greiner et al. investigated the damp

heat stability of AZO films on various substrates with differ-

ent degrees of roughness and traced the mobility loss back to

local perturbations of the AZO growth.38 These so called

extended grain boundaries (eGBs) occur preferentially at

edges and troughs, thus hindering the electronic transport af-

ter damp heat treatments especially for rough substrates. In

our case, the cells were treated only under increased heat ex-

posure, but the evident decrease of mobility and a rough

CIGS surface make the degradation mechanism via eGBs

very plausible. For amorphous TCOs, such eGBs are not

expected. Indeed, an excellent stability of amorphous TCOs,

such as a-InZnO,12 has been shown under damp heat tests.

IV. SUMMARYAND CONCLUSIONS

Two different hydrogen doping methods of indium oxide

based TCOs and their implementation in solar cells have been

investigated. The injection of hydrogen has been achieved by

adding water vapor or hydrogen gas during the sputter process

yielding in both methods a carrier concentration of

>3� 1020cm�3 and caused the film to grow with an amor-

phous structure. The electron mobility of IOH films via H2O

vapor and H2 doping exhibits exceptionally high values of

�50 cm2/Vs for films grown without intentional heating, which

is comparable to the highest reported values.17,26 An excess

amount of H during the sputter-deposition results in a decrease

of the mobility due to ionized impurity scattering. The depend-

ence of hydrogen partial pressure on the doping concentration

is relatively small when the film is doped with H2O vapor in

contrast to H2, where the carrier concentration increases

roughly linear with the H2 partial pressure for films in the

degenerate state. The high mobility and relatively low carrier

concentration of IOH films doped via H2O vapor or H2 give

excellent optical properties with low optical absorption in the

visible region with a plasma frequency >2.3 lm making them

ideal candidates as transparent front contacts in solar cells.

IOH films have been successfully implemented as front

contacts in CIGS solar cells then compared to state-of-art

AZO based devices. Contrary to previous reports,28 no gain

in JSC has been observed for as-deposited IOH front contacts

in CIGS solar cells. Even though the optical absorption of

FIG. 8. In-situ measured PV parame-

ters showing relative changes of maxi-

mum power PMPP, JSC, VOC, and FF

during HLS for >500 h at 80 �C, and

500 mbar dry air. All cells were not

encapsulated with the initial TCO

sheet resistance given in the brackets.
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IOH films is lower in the region >500 nm, the JSC remains

constant compared to AZO in our case, due to a lower optical

band gap in IOH and the absorber band gap of 1.16 eV that

limits the IR spectral response. The high IR optical perform-

ance of as-deposited IOH front contacts seems to be more

suitable for low band gap absorbers such as CuInSe2 and

Cu2ZnSn(S,Se)4, or in multi-junction solar cells.

Most importantly, the open circuit voltage VOC of IOH-

containing CIGS solar cells could be enhanced on average by

�18mV and �23mV for H2O and H2 doping of IOH, respec-

tively, as compared to reference AZO electrodes. The IOH

electrodes are different to AZO not only in their higher elec-

tron mobility but also they are of the amorphous structure, ex-

hibit a higher work function, and are deposited under

conditions with a reduced O� ion bombardment. We suggest

that the lower recombination current yielding the enhanced

VOC is caused by the improved i-ZnO/IOH interface due to

the decreased ion bombardment resulting in a lower defect

density in the i-ZnO layer, in combination with more benefi-

cial band offset at this interface, which is investigated in more

details in Ref. 39. In total, the average power conversion effi-

ciency can be enhanced by absolute 0.5% to 16.2% when

implementing the IOH (via H2O) front contacts. Finally, sta-

bility tests under heat-light soaking exhibit an improved sta-

bility of CIGS cells with the new electrodes, which is

important for eventual implementation in large-scale PV mod-

ules. Our results demonstrate the prospect of the amorphous

IOH for long-term implementation in CIGS solar cells,

although further combined damp heat tests will be needed.
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