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Indium oxide based transparent conductive oxides (TCOs) are promising contact layers in solar cells due to
their outstanding electrical and optical properties. However, when applied in Cu(In,Ga)Se, or Si-hetero-junction
solar cells the specific roughness of the material beneath can affect the growth and the properties of the TCO.
We investigated the electrical properties of hydrogen doped and hydrogen-tungsten co-doped indium oxides
grown on rough Cu(In,Ga)Se, samples as well as on textured and planar glass. At sharp ridges and V-shaped
valleys crack-shaped voids form inside the indium oxide films, which limit the effective electron mobility

of the In,05:H and In,0;:H,W thin films. This was found for films deposited by magnetron sputtering and
reactive plasma deposition at several deposition parameters, before as well as after annealing and solid phase
crystallization. This suggests universal behavior that will have a wide impact on solar cell devices.

1. Introduction

In recent years, researchers have shown an increased interest in
high-mobility transparent conductive oxides (TCOs) for use in a wide
range of applications, such as photovoltaics or displays. Due to high
electron mobilities (y,) over 80 ¢cm? V! s! and moderate charge
carrier densities (n,) around 1 - 10%° cm™ resistivities (p) below
1 - 1073 Q cm are achieved. By this the free carrier absorption in
the near infrared is minimized, leading to high transmittance. Pre-
vious studies reported about TCOs with electron mobilities above
80 cm? V! s7! by doping In,0; with H [1,2] and/or metals, such as
W [3,4], Ce [3,5], Zr [6] or Mo [7]. The successful implementation
as front contact was demonstrated for Si-heterojunction [6,8,9] and
Cu(In,Ga)(S,Se), (CIGS) [10,11] solar cells. In these solar cells, the TCO
layers were deposited by physical vapor deposition at low tempera-
tures, followed by postannealing at temperatures less than ~ 200°C. A
phase transition from the amorphous to the polycrystalline state was
confirmed during postannealing and the crystallized films show high
electron mobility.

In general, CIGS photovoltaic devices show a high potential with a
current world record cell efficiency of 23.35% on 1 cm? [12]. However,
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recently Bermudez et al. [13] reviewed the challenges of the cell-to-
module efficiency gap and stated that the main power losses in CIGS
modules with respect to CIGS solar cells are optical and caused by
the front contact, typically ZnO:Al (AZO). Therefore, the application of
highly transparent TCOs as front contact in CIGS modules is promising
to reduce the optical losses and thus the cell-to-module efficiency gap.
This will further push the development and large area applications.
However, at the same time the front contact must achieve a sheet
resistance of around Rg, ~ 10 Q Sq~' for a CIGS module cell width
of ~ 5 mm to avoid an increase of the module series resistance, low
fill factor and efficiency losses. In conventional modules, cells are
typically interconnected in series and show a substrate configuration.
Thus the front contact is deposited onto the specific CIGS layer stack.
These sublayers can influence the growth of the TCO, as shown in our
previous work [14]. We reported that a polycrystalline ZnO layer can
promote crystalline growth of In,O5:H resulting in increased resistivi-
ties. In addition, the electrical properties of the TCO layer were worse
on the CIGS samples than on planar glass samples. CIGS absorbers
are known to show a specific surface topography, which is typically
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described by the root mean square (RMS) roughness [15-18] and can
be influenced by growth conditions and treatments after deposition.
The rough topography of the substrate material can therefore affect the
growth and the properties of the indium oxide layers.

These results are similar to research by Keller et al. [11], which
pointed out increased resistivities of In,O5 thin films on CIGS samples
compared to reference films on planar substrates. However, Koida et al.
presented mini-modules with In,05:H [10] and In,05:H,W [19] front
contacts without losses in the electrical performance of the TCOs.
Moreover, the electrical properties of the In,0;:H-based films were
similar on planar glass and rough CIGS samples, contrary to the results
by Keller et al. [11]. The reported mini-modules exhibited improved
short circuit current densities and overall efficiencies compared to
reference modules with ZnO:Al. The results pointed out that In,05:H-
based TCOs are promising front contacts for the application in large
scale CIGS modules.

To improve the understanding of the impact of the substrate rough-
ness on the indium oxide films, controlled studies are needed. This can
be realized e.g. by the usage of textured glass samples and CIGS samples
fabricated under different conditions. Furthermore, the influence of
the deposition technique on the growth of the indium oxide films
must be investigated. A deeper insight into these effects will help to
develop the application of such TCOs in CIGS devices and improve
the efficiency of CIGS modules in large-area applications or other
devices. Moreover, such studies can help to understand similar effects
in other scientific fields, where a significant dependence of thin films
properties on the substrate morphology are observed. For example,
also in perovskite/CIGS tandem solar cells the CIGS roughness can be
critical [20].

The objective of this study is therefore to determine influences of the
CIGS morphology on the properties of hydrogen doped indium oxide
films and to improve the understanding of the influence of a rough
substrate texture on indium oxide growth in general.

2. Experimental
2.1. Sample preparation

To investigate the influence of the CIGS roughness on the electrical
properties and the structure of the indium oxide films, five sample sets
were prepared. Each set has a sub-set of samples with detailed condition
variations. Four sets are based on CIGS samples while the fifth is based
on a textured glass substrate. Table 1 gives an overview of the set
configurations and main variations.

The CIGS films were deposited by a 3-stage coevaporation process,
either on bare or Mo-coated soda lime glass (SLG). Mo was deposited
by magnetron sputtering. The CIGS deposition process followed three
recipes, processed at Helmholtz-Zentrum Berlin fiir Materialien und
Energie (HZB) (recipes: HZB-A, HZB-B) or National Institute of Ad-
vanced Industrial Science and Technology (AIST) (recipe: AIST). A
general description of the deposition processes at HZB and AIST can be
found elsewhere [21,22]. Typically “thick” CIGS films were deposited,
resulting in thicknesses of ~ 2.4 pm (HZB) and ~ 1.9 pm (AIST), when
grown on Mo-coated substrates. To grow CIGS samples with different
properties and thus topography the CIGS thickness of the samples from
Set 1 was adjusted by the total process and deposition time. Process
times of ~ 110 min, 71 min and 46 min resulted in CIGS average
thicknesses of 2.29 pm, 1.48 pm and 0.57 pm on Mo-coated glass and
1.49 pm, 1.28 pm and 0.51 pm on bare glass substrates. The variation
in CIGS thickness on Mo-coated and bare glass presumably results due
to different sticking coefficients and therefore different initial growth
and growth speed. The samples are referred to as “thick”, “medium
thick” and “thin”. A post deposition treatment (PDT) with NaF or
NaF/KF was applied partly for the CIGS absorbers used in Set 3. In Set 5
textured glass substrates are used, the texture was generated externally
by etching [23].
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Either CdS, deposited by chemical bath deposition, or Zn(O,S),
deposited by radio frequency (RF) magnetron sputtering were used as
buffer layer. If a highly resistive (HR) layer was applied, either intrinsic
ZnO (i-ZnO) or InGaZnO (In:Ga:Zn of 1:1:1) was used, both deposited
by sputtering. The deposition conditions of the Zn(0,S) films and the
i-ZnO films (in combination with HZB-A CIGS samples and for Set 5)
can be found elsewhere [14].

The different indium oxide layers were deposited dynamically either
by in-line pulsed direct current (DC) magnetron sputtering or in-line
reactive plasma deposition (RPD). For sputtering a planar In,0; target
was used. The deposition gases Ar, Ar-O, mixture and H,O were added
for deposition. The water vapor was introduced through a needle valve
from a water reservoir. For the deposition of sputtered In,0; films
from Set 1 and 5 the following deposition conditions were used (see
also [14]): a target power density of 0.8 W cm~2 at a total pressure
of 0.31 Pa, a duty cycle of 76% with a dynamic deposition rate of
6.5 nm m min~!, the base pressure before and after the introduction
of water vapor was 4.6 - 10~ Pa and 8.5 - 10~* Pa, respectively. The
difference approximately represents the water vapor pressure used for
deposition, which is p(H,0) ~ 8.0 - 10~* Pa. Additionally the p(H,0)
was monitored by a residual gas analyzer to be ~ 6.8 - 104 Pa before
the process. These values are in good agreement. For comparability the
first value will be used in this work. For the deposition of sputtered
In,0; films from Set 3 the following deposition conditions were used:
a target power density of 2.7 W cm~2 at a total pressure of 0.4 Pa, a
duty cycle of 79% with a dynamic deposition rate of 29 nm m min~!,
the base pressure before (after) the introduction of water vapor was
5.3-107° Pa (3.0 - 1073 Pa), thus p(H,0) ~ 2.9 - 103 Pa. The residual
water vapor before the intentional introduction is significantly smaller
and thus negligible.

The RPD-In,05:H and In,0;:H,W films were deposited following
previous work [3]. For the RPD films of Set 3 the water vapor pres-
sure, monitored by quadrupole mass spectrometry (Inficon Transpector
XPR3), before (during) deposition was in the range of 2.9 - 4.9 - 10~ Pa
(2.0 - 2.4 - 10~* Pa), the oxygen and argon flow ratios were set to 44
and 140 ml min~!, respectively. The deposition conditions of the RPD -
In,05:H,W films of Set 4 were varied: (i) on InGaZnO: the p(H,0) was
varied and adjusted by the pumping time after venting the deposition
chamber to realize relatively high (after 1 day) and low (after 3 days)
p(H,0). Before (during) deposition it was 3.7 - 107> Pa (3.6 - 10~ Pa)
and 3.2 - 107> Pa (8.8 - 107> Pa), respectively. For each water vapor
pressure the oxygen flows were varied: 30, 44 and 60 ml min~! with a
fixed dynamic deposition rate of ~ 25 nm m min~!; (ii) on i-ZnO: low
p(H,0) and an oxygen flow of 44 ml min~! with dynamic deposition
rates of ~ 25, 54 and 79 nm m min~!. The thickness of the indium
oxide films in Sets 3 and 4 is around 150 nm, in Sets 1 and 5 around
330 nm.

ZnO:Al films applied in Set 2 were deposited by magnetron sputter-
ing and have a thickness of ~ 865 nm. The TCO films of Sets 1 and 2
are intended to achieve sheet resistances of about 10 Q Sq~! on planar
substrates. For Sets 1, 2, 5 Zn(O,S)-, Zn(0,S)/i-ZnO-, or i-ZnO coated
planar glass references were used for a more accurate comparison. The
reference samples for Sets 3 and 4 are blank planar glass substrates.

Selected samples were annealed. Samples from Sets 1 and 5 were
annealed in vacuum at ~ 180°C for 60 min. Samples that are coated
with In, 05:H,W (Set 4, ¢(0,) = 60 ml min~!) were annealed in nitrogen
atmosphere at p = 7 - 10* Pa at varied temperatures (150 °C - 250 °C).
The dwell time of each annealing cycle was 30 min.

For the sake of simplicity, the sample stack below the TCO layer is
referred to as substrate or CIGS / textured glass sample from now on.

2.2. Characterization
The morphology of the surfaces was evaluated by topographic im-

ages (20 x 20 pm?) measured by atomic force microscopy (AFM) using
a XE-70 SPM with a silicon tip (PPP-NCHR) in dynamic mode (Sets 1, 5:
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Table 1
Variation of the specimen architecture within specific sample sets.
Set Glass Mo CIGS Buffer HR-layer TCO Deposition
Recipe Thickness
1 Planar With, HZB-A? Thin, Zn(0,S) i-ZnO, In,05:H Sputtering
without medium, none
thick
2 Planar With, HZB-A? Thick Zn(0,S) i-ZnO ZnO:Al Sputtering
without
HZB-B® In,05:H Sputtering
3 Planar With AISTS ’ Thick Cds i-ZnO In,0;:H RPD
In,0,:H,W RPD
4 Planar With HZB-B? Thick Cds InGaZnO, In,0;:H,W RPD
i-ZnO
5 Textured Without Without - Zn(0,S) i-ZnO, In,0;:H Sputtering
none
aWithout PDT.
bWith and without NaF - PDT.
‘With and without NaF,KF - PDT.
before In,05:H deposition; Sets 2, 3: before HR-layer deposition). The + 1203 et 3, HZB-B; wihout POT
. . . . @ v Mo —— In,04H - sputtering
images were analyzed with the software Gwyddion (www.gwyddion. 4500 - @ gicse — In,0;H-RPD
net). The thickness of the indium oxide films was measured by spectral 4000 R — InOs(HW) - RPD
ellipsometry (J.A. Woolam, M-2000) in case of the RPD films or by = @ kv i Gl S
profilometry (DektakXT by Bruker) in case of the sputtered films. The 3500 — withi}£n0: In;O<H - Sputtenng
charge carrier density and electron mobility of the TCO films were 3000
determined by Hall Effect measurements in van der Pauw configuration
(Toyo, ResiTest8300 or ECOPIA HMS-3000). In case of the annealed g 2300
In,05:H,W samples of Set 4 the Hall Effect measurements were per- 2000
formed after each annealing cycle. The sheet resistance/resistivity was p—
measured in van der Pauw configuration and/or by 4 point probe (RM3-
AR by Jandel). Scanning transmission electron microscopy (STEM) 1000 - B
investigations were performed using a JEOL JEM-ARM 200CF electron 500
microscope equipped with a cold FEG, a CEOS DCOR probe corrector, ; I
I . 1
a Gatan GIF Quantum ERS electron energy-loss spectrometer (EELS), 0 2I0 3|o 4l0 5I0 elo
and a 100 mm? JEOL Centurio EDX detector. The sample was prepared 20/°

by focused ion beam (FIB). Additionally the structure was evaluated
by scanning electron microscopy (SEM) using a LEO Gemini 1530 with
an acceleration voltage of 5 kV. The crystallinity of the indium oxide
films was investigated by X-ray diffraction (XRD) in grazing incidence
configuration with an angle of incidence of 2° on a Bruker D8.

3. Results
3.1. TCO properties

First, the as-grown crystalline structure of the In,05:H-based films
is analyzed by XRD measurements on representative samples. For the
characterization of sputtered In,O5:H films the following samples are
used: (i) Set 1 without Mo on “thick” CIGS with and without i-ZnO and
(ii) Set 3 with HZB-B-CIGS. The characterization of the RPD-In,0;:H
and RPD-In,05:H,W films from Set 3 is also conducted on HZB-CIGS
samples. The corresponding X-ray diffraction patterns are shown in
Fig. 1.

For the RPD-films no peak could be associated with the reflexes of
the In,0; reference pattern. Thus, the films are completely amorphous.
The patterns of the sputtered In,O;:H films from Set 3 and from
Set 1 without i-ZnO show a small peak at 20 ~ 30.4°. Thus, it is
concluded that the films are mainly amorphous with some crystalline
nuclei. In contrast, the sputtered In,O5:H film from Set 1 grown on
i-ZnO shows a higher peak intensity and is therefore concluded to be
partly amorphous with an increased crystalline fraction, as reported in
our previous work [14]. There we showed that a polycrystalline ZnO
sublayer can promote the crystalline growth of sputtered In,05:H films.
At higher water partial pressures this effect can be minimized, as seen
here for the sputtered In,05:H film from Set 3, which was deposited

Fig. 1. XRD patterns of as-grown In,0;:H-based films deposited by sputtering or RPD
on different samples. The patterns are shifted vertically for improved clarity. Reference
pattern of In,0; is taken from PDF 00-006-0416.

at higher p(H,0) compared to the films from Set 1. The structures
of the sputtered In,0;:H films from Set 1 are also representative for
the In,0;:H films from Set 5 since the same direct sublayers were
used and the In,0;:H films were deposited in the same sputtering run.
Similar results are observed on planar samples. Note that although
the monitored p(H,0) before the sputtering processes is higher than
before the RPD processes, the sputtered films show a higher crystalline
fraction.

For the sake of simplicity for these samples we will distinguish
between three structures of the as-grown indium oxide-based films in
further evaluations showing increased crystalline fractions: completely
amorphous, mainly amorphous and partly amorphous.

The water vapor supplied for the deposition of the RPD layers in
Set 4 generally leads to amorphous layers, as for the samples of Set 3,
whereas the higher water partial pressure leads to a greater suppression
of crystallite formation [3].

In the following we will present the electrical properties of first
the AZO-coated samples of Set 2, second the RPD-In,0;:H,W-coated
samples from Set 4 and third the samples from Sets 1, 3 and 5.

The p of the AZO thin films is 726 pQ cm on the planar reference
and 695 pQ cm to 707 pQ cm on the CIGS samples. The n, and p,
are around 3.6 - 102° cm™3 to 3.7 - 10%° ¢cm™3 and 23.1 cm? V! 57!
to 24.9 cm? V-! s71. The electrical properties are thus very similar
regardless of the used substrate.
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For the samples of Set 4 we varied the deposition conditions of RPD-
In,05:H,W thin films grown on planar SLG and rough CIGS samples.
The measured n,, y, and p are shown in Fig. 2. Films grown on SLG at
high p(H,0) typically exhibit higher n,, but lower 4, than films grown
at low p(H,0) at a fixed oxygen flow. The increase of the oxygen flow
during deposition results in a decreased n,, i.e. from 4.2 - 1020 cm~3 to
2.2 - 1020 cm~2 and from 4.6 - 10%° cm™ to 2.9 - 10%° cm~3 for low
and high p(H,0), respectively, and in an improved p, for all reference
films on SLG, namely from 37 cm? V-1 s7! to 50 cm? V-1 s~ and
from 30 cm? V-1 s71 to 42 cm?® V-1 s7! for low and high p(H,0),
respectively. No clear influence due to the dynamic deposition rate is
observed. The n, of films deposited on CIGS samples was similar to
films deposited on planar glass in all cases. However, the y, of all films
grown on CIGS is limited and does not exceed 30 cm? V-1 s~1. Films
grown at high p(H,0) show again lower p, than films grown at low
p(H,0), similar to the reference films. No improvement is observed
with increased dynamic deposition rate. The low p, of films grown on
CIGS leads to higher p than in the planar reference films.

Films which were deposited at 4(O,) = 60 ml min~! and a dynamic
deposition rate of ~ 25 nm m min~! were annealed to trigger solid
phase crystallization, resulting in general in a decreased n, and in-
creased y,. However, also after annealing the films grown on rough
CIGS samples showed poorer electrical properties than reference films
on planar substrates. Figure S1 illustrates the change of the electrical
properties of the In,05:H,W thin films after several annealing cycles.

On the planar reference samples the n,, u, and p of the as-grown in-
dium oxide thin films of Sets 1, 3 and 5 are in the range of
3.6-102 cm=3t0 4.7 -10%° cm=3,27.7 cm? V-1 571 t0 43.5cm? V-1 57!
and 374 pQ cm to 606 pQ cm. The influence of an increased crys-
talline growth of In,05:H and the co-doping with W on the electrical
properties of films on planar substrates is discussed elsewhere [3,14].
Compared to the planar reference samples, the indium oxide films
grown on CIGS samples show slightly lower n,, decreased yu, and thus
increased p, actually by factors of 1.10 to 4.33. These values were
confirmed by two methods, as shown in Figure S2. Besides, the p of
films grown on textured glass samples increased by factors of 1.05 to
1.19. As will be shown in Section 3.3 one key aspects of these wide

Oxygen flow / ml min”
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variations are the different types of samples and their topography,
which therefore will be investigated in more detail to explain its
influence on the electrical properties of the indium oxide films.

3.2. Topological analysis of the substrates

The substrate topography of the CIGS samples was varied by the
recipe and the process duration and investigated by AFM. As an ex-
ample Fig. 3 shows topographic images of three specimen before TCO
deposition, each with an indicated profile line from which the shown
height profile and the profile of the local slope are taken. Note that
the slope profile is taken from the corresponding local slope map. The
three specimen are: (a) a “thin” CIGS sample from Set 1 without a Mo-
layer, (b) a “thick” CIGS sample from Set 1 with a Mo-layer and (c)
a textured glass sample from Set 5. The RMS roughness values of the
samples are 40 nm, 118 nm and 175 nm, respectively. Compared to
the rather smooth CIGS sample the rough CIGS sample shows higher
peak-to-valley distances with higher slopes at the edges of the features.
The textured glass sample shows larger features and profile heights.
However, the transitions between the features are rather smooth. To
further describe the topography we introduced additional parameters.
From the local slope map we determined the median local slope (MLS)
of the samples. Using the Watershed method [24] we estimate the
median equivalent square size of the marked features. This value is
used to describe the median feature size (MFS). To minimize the
influence of noise, only marked areas with a threshold over 20 px* are
considered. An example for the analytic routine is shown in Figure S3
in the supplemental information. In Fig. 3 the RMS and MLS values of
the samples are included. Due to the large features appearing on the
textured glass the local slope values show less fluctuation, as especially
the slope changes preferably at the edges of the specific features. Thus,
not only the slope but also its alternating sequence has to be taken into
account for an improved characterization of the surface features. We
therefore calculated the ratio of the median local slope and the median
feature size (MLS/MFS). For the samples shown in Fig. 3 the highest
(lowest) value will thus result for the rather rough CIGS (textured glass)
sample. Table 2 presents the characteristic topographic values RMS,

Deposition rate / nm m min’1
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4 b 44 &
--0-- >
4L 0O - - *‘E'"'"'""":’E 43 3‘5
4 E — 2
1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T
501 1k 450
[
BT 7
o 4o0f 1r 14 g
£ .
S 30f 1k cles 430 <
) [ R Do ~----0 o
201 1k 420
1 1 1 1 1 1
1200 ; ; ; ; ; ; 1200
1000} 4k 41000
£ >
& 800F 1F o 4800 =
= - N -0 o)
. 600F 1F G 4600 S
400 1 C 1 1 - ;‘Bi?il 777777 L Dl 7 400
20 3 40 50 60 70 80 90

Oxygen flow / ml min”"

(a)

Deposition rate / nm m min’1

(b)

Fig. 2. Comparison of the charge carrier density, electron mobility and resistivity of as-grown In,0;:H,W thin films on planar SLG and CIGS samples in dependence of (a) the
deposition conditions water vapor pressure and oxygen flow with a deposition rate of ~ 25 nm m min~!, InGaZnO as the HR-layer and (b) the varied deposition rate at low

p(H,0), ¢(0,) of 44 ml min~! and i-ZnO as the HR-layer.
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Fig. 3. Profile height, local slope and corresponding AFM topography images with profile line of (a) a rather smooth CIGS sample, (b) a rather rough CIGS sample and (c) a
textured glass sample before In,0;:H deposition; the local slope profile was obtained from the corresponding local slope map.

Table 2
Roughness parameter of the varied sample configurations: RMS roughness, MLS, MFS and MLS/MFS.
Set Glass Mo CIGS/PDT RMS MLS MFS MLS/MFS
/nm - /pm? /pm=2
HZB-A: thin 27 0.172 0.166 1.03
With HZB-A: medium 89 0.371 0.170 2.18
HZB-A: thick 118 0.497 0.185 2.69
1 Planar
HZB-A: thin 40 0.261 0.150 1.74
Without HZB-A: medium 55 0.331 0.153 2.17
HZB-A: thick 65 0.385 0.148 2.60
With HZB-A: thick 113 0.495 0.187 2.64
2 Planar
Without HZB-A: thick 59 0.410 0.198 2.07
HZB-B: no PDT 87 0.477 0.165 2.89
3 Planar With HZB-B: NaF 80 0.466 0.163 2.86
AIST: no PDT 38 0.282 0.189 1.49
AIST: NaF, KF 52 0.341 0.183 1.86
5 Textured Without - 175 0.276 1.329 0.21
- Planar - - 0.3 0.004 0.15 0.03

MLS, MFS and MLS/MFS of the substrates from Sets 1, 2, 3, and 5.
The CIGS samples used for Set 4 were not characterized specifically
by AFM, because their topography is most likely similar to the HZB-B
CIGS samples without PDT from Set 3, since the same deposition recipe
was used. The values of a blank planar glass substrate are added for
reference. For all samples no significant effect from the layers between
the TCO and CIGS on the roughness is expected.

The reduction of the CIGS deposition time within Set 1 led to a
reduced CIGS film thickness, RMS roughness and MLS. The drop of
the RMS and MLS values is more pronounced for films deposited on
glass/Mo than on bare glass and correlates typically with the total CIGS
thickness. The MFS of the CIGS samples grown on bare glass is lower
than that of films grown on Mo-coated glass.

The post deposition treatments had no clear influence on the topog-
raphy. While the NaF-treated HZB samples are smoother, the NaF & KF-
treated AIST samples are rougher than the corresponding non-treated
reference sample.

The variations for Set 3 revealed that the “thick” samples prepared
at HZB have higher RMS and MLS values than samples prepared at

AIST, the estimated MFS is slightly smaller. The textured glass sample
of Set 5 has a much higher RMS and MFS values compared to the CIGS
samples. However, the median local slope is as low as in rather smooth
CIGS samples. The RMS roughness of the blank planar glass substrate
is two to three, the MLS two orders of magnitude smaller than of the
remaining samples. For reasons of comparability the same routine of
the MFS determination was applied as for the other samples.

The results show that the morphology of the substrates vary sig-
nificantly. In the following section we will analyze its impact on the
electrical properties of the different TCOs.

3.3. Correlation of the properties of the TCO and the substrates’ topography

3.3.1. Electrical properties

As described above, the electrical properties of TCOs vary due to
different TCO deposition methods and conditions. To compare the
change of the n,, yu, and p of the studied films among each other,
the values on the rough samples are normalized to the corresponding
value on the planar reference sample. Fig. 4 illustrates their change
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in dependence on the (a) RMS roughness and (b) MLS/MFS. Shown
are the samples from Sets 1, 2, 3 and 5 after deposition. The electrical
properties are indexed as effective (eff), because the thickness is not
constant owing to the different slopes. This can have an significant
impact on the Hall Effect measurement results [25]. The measured
values are shown in Figure S4 in the supplemental information, here
also the values of the annealed samples from Set 1 are included.

Compared to the planar references the effective charge carrier den-
sity (n,ep) of indium oxide films grown on CIGS samples is on average
10% lower. No clear influence of the substrate’s morphology is evident.
However, the n, . of the partly amorphous grown sputtered In,0;:H
films seems to decrease with increased roughness. The effective elec-
tron mobility (u,.r¢) of the films drops systematically by up to 60%
with increase in either RMS or MLS/MFS and is the main origin for
the rise of the effective resistivity (p ;). The drop in y, ¢ is more
pronounced for the sputtered films than for films deposited by RPD and
will be discussed later. According to these findings a pronounced loss
in p, . is expected also for films deposited on textured glass samples,
which have the highest RMS value. Surprisingly, almost no losses are
observed.

This effect can be better explained by the relatively small MLS/MFS
value, which is similar to the value of planar glass. This indicates
that not the substrate profile heights and peak-to-valley-values, but the
slope and its alternating sequence are more detrimental for the effective
electron mobility.

From Fig. 4 it becomes evident that the slopes of the , .-loss differ
for the indium oxide film in dependence on their deposition conditions.
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Thus, there must be another effect in addition to the influence of
the substrate topography. The drop in , . is more pronounced with
increase in crystalline fraction of the indium oxide based films after
deposition. The completely amorphous grown RPD films show the shal-
lowest slope, which becomes steeper for the mainly amorphous grown
sputtered films and even more steep for the partly amorphous grown
sputtered films. Among the RPD films the In,0;:H,W films show slightly
higher y, ¢ than the In,O5:H films. However, as the gap between the
corresponding values is very small the difference is regarded as not
meaningful although a beneficial effect of the co-doping with tungsten
cannot be excluded completely.

Consequently, there are two important influencing variables which
result in a degraded electron mobility of hydrogen doped indium oxide
films on rough substrates: (i) the local slope at the surface and its
alternating rate and (ii) the crystalline fraction after deposition.

Contrary to the findings in case of the indium oxide-based TCOs no
influence of the CIGS topography on the electrical properties of ZnO:Al
is observed.

3.3.2. Structural properties

To investigate the limiting effect on the electron mobility and the
structure of the indium oxide films STEM measurements were carried
out on a CIGS sample with RMS = 87 nm and a sputtered as-grown
In,05:H top layer from Set 3. Fig. 5 presents two characteristic regions,
in which crack-shaped voids are indicated by red arrows. In Fig. 5(a)
two voids in the In,05:H layer with a width of ~ 15 nm can be clearly
observed. Fig. 5(b) presents another void with a width of ~ 5 nm, which
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Fig. 4. Change of the effective charge carrier density (n,), effective electron mobility (u, ;) and effective resistivity (p.;) of as-grown In,05:H and In,0;:H,W films in dependence
on the corresponding (a) RMS roughness and (b) MLS/MFS of the different substrates used; the values are normalized to the planar reference samples.
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forms in the In,O5:H layer, close to the ZnO interface. Moreover, it can
be seen that the voids form at triangle-shaped valleys, which can be
considered as a sharp transition in surface morphology. Over a width
of 17 pm more than 10 voids were observed. In general, the majority
of the voids could be aligned with CIGS grain boundaries (GBs). Figure
S5 presents images of the elemental compositions of the region shown
in Fig. 5(a), measured by EELS. Within the area of the voids no indium
or other material is detected, confirming the void structure. The STEM
measurements additionally reveal that the CdS lattice follows the lattice
of CIGS with many twins and defects. Furthermore, some coherent
lattice relationship between ZnO and CdS is observed. In contrast, no
such relationship is found for In,05:H and i-ZnO. Corresponding images
are shown in Figure S6 in the supplemental information.

The structure of as-grown In,O;:H films is further evaluated by
cross-section SEM measurements to compare their structure on differ-
ent film-stacks. In Fig. 6 five SEM images are shown: two samples
from Set 1: (a) glass/CIGS/Zn(0,S)/i-ZnO/In,05:H (RMS = 40 nm)
and (b) glass/Mo/CIGS/Zn(0,S)/i-Zn0/In,05:H (RMS = 118 nm); two
samples from Set 3 (RMS = 87 nm): glass/Mo/HZB-CIGS/CdS/i-ZnO
with (c) sputtered-In,O5:H or (d) RPD-In,05:H; one sample from Set
5 (RMS = 175 nm): (e) textured glass/Zn(0O,S)/i-ZnO/In,05:H. The
In,05:H layer grown on the textured glass sample seems to cover the
whole surface without void formation. In contrast the In,05:H films
grown on CIGS samples seem to be disconnected in some areas. These
areas are indicated by red arrows and are assumed to be voids, as found
by STEM investigation. Their amount and size increase with increased
CIGS RMS roughness and MLS/MFS, respectively, as can be seen from
Fig. 6(a) and (b). The In,0;:H films in Fig. 6(c) and (d) look more
homogeneous, although also here areas in the films can be observed,
which may be voids.

4. Discussion

The results show that the electrical properties of the In,05:H-based
TCOs change tremendously when grown by sputtering or RPD on rough
samples, such as CIGS, instead of planar substrates. The conductivity is
limited by the electron mobility, most likely due to the formation of
voids inside the indium oxide films at high local slopes at the substrate
surface, e.g. above CIGS GBs. STEM measurements of such a sample
confirm the morphology of high local slopes at ridges and V-shaped
valleys at the CIGS surface with the TCO layers following the same
morphology. Moreover, the STEM images clearly show that the voids
begin their formation at the V-shaped valleys of the CIGS surface. These
valleys are located at the boarders of the CIGS GBs. The V-shaped val-
leys on the CIGS surface can be explained by the Zener pinning effect,
which has been reported in other oxide materials [26]. According to
the Zener pinning effect, the GBs attract defects and vacancies during
growth of polycrystalline materials, which in turn favors the growth
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of pores and voids along the GBs. In comparison to the areas in the
grain interior, the growth of GBs is “pinned” and dragged along by the
propagating reaction interface, hence the V-shaped topography forms
always at the end of GBs. This also explains the columnar shape of CIGS
grains and the doming morphology on the CIGS surface. When CdS and
ZnO layers are grown on the surface of CIGS, two effects occur. On the
one hand the doming morphology leads to lower deposition rates of the
sputtered or evaporated materials due to simple geometric shadowing.
On the other hand, since CdS and ZnO growth follows the lattice of
CIGS grains, the same Zener pinning effect happens for CdS and ZnO.
The hydrogen-doped indium oxide layers grown on the CIGS sample
surface show typically an amorphous structure, therefore the shading
effect dominates. All these lead to more and more void collection at
the V-shaped valleys at the TCO layer, where the large voids were
always found. The results demonstrate that a specific amount of sharp
ridges and valleys result in a defined amount of voids in the TCO
layer, which are likely to act as barriers for electrons and prevent
current flow. Moreover, this is confirmed by the fact that the effective
electron mobility does not decrease when the indium oxide films are
deposited on substrates with high RMS roughness but low MLS/MFS
values, i.e. here textured glass samples.

A specific amount of voids limits the effective electron mobility to
a certain value, as observed for In,05:H,W deposited at several condi-
tions on CIGS samples with RMS roughnesses of ~ 87 nm. As shown in
Fig. 2(a) the measured y, was limited at ~ 30 cm? V! s71, although
the electron mobility of the reference films could be improved due to
variations in deposition conditions. As the same type of CIGS samples is
used, we assume that the amount of voids within the In,O;:H,W films
on CIGS is also very similar. However, the quality of the In,05:H,W
material between the voids is assumed to be as good as in the reference
films. The local yu, of these parts is therefore presumably higher than
determined by Hall Effect measurements over a comparatively wide
distance. Due to the combination of voids and material in the lateral
direction, the films are considered to be inhomogeneous and thus the
electrical properties are denoted as effective, as mentioned above.

Previous work from other groups has raised up the hypotheses of
the importance of voids. For instance Keller et al. [11] reported a
higher sheet resistance for sputtered In,0;:H films when grown on
CIGS samples and assumed voids to be the origin. The work of Jager
et al. [27] indicates voids in sputtered In,05:H films on CIGS samples,
too. Our experiments confirm the existence of voids and their negative
effect for the electron mobility.

In addition to the described morphological effect we found that
an increased crystalline fraction of the as-grown hydrogenated indium
oxide films affects the electron mobility of the films and leads to a more
pronounced drop at a defined roughness. The increased crystalline
fraction in combination with a still high amount of amorphous phase
may prevent merging of the material at voids and thus support the

Fig. 5. STEM images (a), (b) of as-grown sputtered In,0;:H films grown on i-ZnO/CdS/CIGS with a RMS value of 87 nm and a MLS/MFS of 2.9 pm~2 after CdS deposition; voids

are clearly visible in the In,0;:H layer (crack-like dark areas indicated by red arrows).
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Fig. 6. SEM images of as-grown In,0;:H films from Set 1: (a) glass/CIGS/Zn(0,S)/i-ZnO/In,05:H (RMS = 40 nm) and (b) glass/Mo/CIGS/Zn(0,S)/i-ZnO/In,0;:H (RMS = 118 nm);
from Set 3 (RMS = 87 nm): glass/Mo/HZB-CIGS/CdS/i-ZnO with (c) sputtered-In,05:H or (d) RPD-In,0;:H; from Set 5 (RMS = 175 nm): (e) textured glass/Zn(0,S)/i-ZnO/In,0;:H;
all images are taken with the same magnification, colored boxes on the left side of each image illustrate the different materials in cross-section; areas in which voids are presumed

are indicated by a red arrow.

ongoing propagation of these features. Note that the width of the voids
is constant along a relatively wide film thickness.

In contrast, the sputtered ZnO:Al thin films, which are known to
grow crystalline [28-31], show no increase in resistivity and no drop
in electron mobility when grown on CIGS samples. We assume that the
crystalline ZnO:Al films, even though some voids might form, coalesce
at very low thicknesses and do thusly not affect the electrical properties.
In fact, Greiner et al. [32] showed that ZnO:Al films grow irregular at
the edges of tranches, but do not affect the electrical properties of the
as-grown ZnO:Al films. However, these structures must be considered
regarding the electrical stability, as shown by damp heat tests [32].

From the literature it is known that the nuclei density is lower in
films grown by RPD than in films grown by magnetron sputtering [3].
Moreover, the energy of the deposited particles is suggested in the
literature as a significant difference between the two techniques. In
RPD it is less than 40 eV during In,0;:Sn deposition. Contrary, in
sputtering methods particles such as backscattered argon and negative
oxygen ions are supposed to have high energies above 100 eV. The
lower energies and higher ionization rates of the depositing particles
are considered to be the origin of the higher quality of the RPD films,
i.e. In,05:Sn [33]. This may be an additional reason for the higher
effective electron mobilities found in the RPD films compared to the
sputtered indium oxide films.

However, because the effective electron mobility of the indium
oxide films is still low after solid phase crystallization, we assume that
the voids do not coalesce at all or not sufficiently during the thermal
treatment. Thus, the effective electron mobility of the indium oxide
films deposited on rough CIGS samples has to be improved already in
the as-grown condition to minimize the deficit. However, this is a topic
of further research.

The most important benefit of In,05:H and In,0;:H,W films af-
ter solid phase crystallization is in general the outstanding trade-off

between optical and electrical properties compared to conventionally
used TCOs such as ZnO:Al. Therefore, these materials are considered
to be a promising front contact in CIGS modules. Typically the TCO
sheet resistance is in the range of 10 Q Sq~!. However, when the
CIGS samples have a rough topography with high RMS and MLS/MFS
values, the sheet resistance of the hydrogenated indium oxide films
will be significantly higher on CIGS than required. Consequently the
module series resistance and fill factor will be affected, limiting the
module efficiencies. Thus, for a successful application of In,05:H-based
TCOs in CIGS modules the topography of the CIGS samples is of high
importance. This might also concern other fields of applications where
rough substrates are used. The required TCO sheet resistance may still
be achieved by the use of smooth CIGS samples and/or the adjustment
of the TCO thickness. However, the latter will lead to an increase in
parasitic absorption and therefore reduce the possible gain in short
circuit current density.

5. Conclusion

Hydrogen doped and hydrogen-tungsten co-doped indium oxide
thin films were deposited on planar and textured glass samples as
well as on CIGS samples with different topographies by sputtering or
reactive plasma deposition. Two important factors are found which
affect the electron mobility of In,O;:H-based films grown on rough
samples: (i) Typically at the surface close to CIGS grain boundaries high
sloped ridges and V-shaped valleys are observed. Such structures cause
crack-shaped void formation inside the In,0;:H-based films, which
act as an electron barrier, prevent current flow and thus limit the
effective electron mobility over a comparatively wide lateral distance.
Considering only CIGS samples, the drop of the effective electron
mobility can be well described by the RMS value. To compare sub-
strates with very different topography types we introduced a new
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parameter, the ratio of the median local slope to the median feature
size (MLS/MFS), determined by AFM. We show that this parameter
can be more suitable to describe the losses. (ii) The effective electron
mobility of In,0;:H-based films grown on CIGS samples drops more
pronounced with increase in crystalline fraction after deposition. But
even the completely amorphous In,0;:H-based films showed poorer
electron mobilities when grown on rough CIGS samples.

The effective electron mobility does not improve by changing the
deposition conditions such as water vapor pressure, oxygen supply or
deposition rate, as shown for In,0;:H,W thin films. Although solid
phase crystallization of the amorphous films improved the electron
mobility in general, it does not lead to sufficient reduction of the
deficit in comparison to the planar reference samples. To overcome this
deficit in the electrical properties of the indium oxide films on rough
CIGS it is therefore necessary to improve the effective electron mobility
of the films already before annealing by avoiding and/or reducing
void formation. This is topic of further research. In total the use of
completely amorphous grown In,0;:H-based films in combination with
a thermal treatment to trigger solid phase crystallization and usage of
smooth samples (low MLS/MFS) is most suitable and promising for the
application in CIGS modules or other devices with rough topographies
to avoid electrical losses and increased series resistance.
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