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1. Introduction
Hydrogen-doped In2O3 (In2O3:H) is a 
very promising candidate for transparent 
conductive oxides (TCOs) as used in, 
for example, optoelectronic devices, due 
to a relatively high electron mobility of  
>130 cm2 V–1 s−1[1] and a suitable carrier den-
sity in the 1020 cm−3 range. It has been suc-
cessfully implemented in optoelectronic 
devices, such as (multijunction) solar cells 
or light-emitting devices, as transparent 
contact. Together with the employed 
metal electrodes, it is supposed to pro-
vide an Ohmic contact ideally resulting in 
(almost) lossless current transport. How-
ever, a high contact resistance is observed 
for the Ag/In2O3:H layer stack after per-
forming a post-annealing treatment (usu-
ally at around 200 °C required to cure 
the screen-printed silver paste generally 
used to form the front grid of respective 
solar cells).[2] The metal/In2O3:H interface  
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(e.g., Ag,[3] Pt,[4] and Pb[4]/In2O3) can behave as a Schottky 
contact if not designed carefully, which may have a consider-
able impact on the macroscopic behavior of the final device. 
For In2O3, it is generally assumed that the electron accumu-
lation layer that is formed at the surface prevents the forma-
tion of rectifying Schottky contacts.[4a] However, high resistivity 
Schottky-type metal/In2O3 contacts have been reported. In addi-
tion, for the Ag/In2O3:H layer stack, Barraud et  al.[2] suggest 
that the high contact resistance may be related to the forma-
tion of an insulating interfacial layer (i.e., Ag2O) rather than 
the formation of a Schottky-type contact. Whereas, Xu et  al.[5] 
report an improved contact resistance at the indium-zinc-oxide 
(IZO) homojunction interface by introducing Ag nanoparticles. 
At this point, a better understanding of how the Ag/In2O3:H  
interface forms and what role the potential post-annealing 
induced (out)diffusion of hydrogen from the In2O3:H plays[6] 
is crucial for the In2O3:H material system to mature as a cred-
ible TCO alternative. In this work, we study the Ag/In2O3:H 
interface formation and how it is impacted by post-annealing. 
Hard X-ray photoelectron spectroscopy (HAXPES) was 
employed to investigate the chemical structure of the (deeply 
buried) Ag/In2O3:H interface and—to mimic the heat input 
during subsequent process steps in device preparation—how 
it changes upon in-situ annealing from room temperature to 
300 °C. These measurements were complemented by scan-
ning (SEM) and transmission electron microscopy (TEM) 
measurements of the annealed Ag/In2O3:H sample. Further-
more—to directly be able to relate the findings to the electrical 
properties—the contact resistance of an Ag/In2O3:H stack was 
determined.

We find a distinct impact of the post-annealing temperature 
on the structure of the Ag/In2O3:H interface. While changes 
in sample topography seem to prevail at low post-annealing 
temperatures <160 °C, the formation of AgO bonds is the 
main effect in the intermediate temperature regime between  
160 and 215 °C, and In diffusion becomes dominant in the 
high-temperature regime >215 °C. Notably, high-temperature 
post-annealing treatments at 300 °C lead to a significantly 
improved contact resistance, contrary to the reported effects 
when using lower-temperature post-annealing.[2,4]

2. Results and Discussion

The HAXPES survey spectrum of the as-deposited thin  
Ag/In2O3:H sample (see Figure S4, Supporting Information) 
indicates that Ag-related photoelectron and Auger lines domi-
nate the spectrum, as well as In and O-related signals are sig-
nificantly attenuated (as expected). In addition, a C 1s signal can 
be observed, which is attributed to carbon present in a surface 
contamination layer and/or incorporated into the metal film. In 
addition, we find the presence of aluminum (Al 1s), which we 
ascribe to contamination from the Al2O3 crucible used in the 
electron beam evaporator (see discussion in conjunction with 
Figure S4, Supporting Information, for more details).
Figure 1 shows the Ag 3d spectra of an Ag/In2O3:H sample 

in-situ monitored during annealing from room temperature to 
300 °C in ultra-high vacuum (UHV) conditions. In the main 
panel (Figure  1b), the temperature evolution of the Ag 3d3/2 
and Ag 3d5/2 spin-orbit doublet can be clearly observed. While 

Figure 1.  a) Hard X-ray photoelectron spectra of the Ag 3d region of the Ag/In2O3:H sample at different annealing temperatures recorded in-situ with 
an excitation energy of 2 keV. b) Corresponding color-coded intensity map of Ag 3d spectra as a function of post-annealing temperature. c) Evolution of 
the Ag 3d line intensity in the shown range during in-situ annealing. The spectra in panel (a) are normalized to uniform peak and background heights, 
and the data in panel (b) are normalized to the background at 366.5 eV. The total intensity depicted in panel (c) is derived from the normalized data 
shown in panel (b). The horizontal dashed red lines in panels (b) and (c) are guides to the eye and indicate temperatures of 160 and 215 °C.
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Figure  1c shows that a decrease in Ag signal already starts at 
an annealing temperature of ∼75 °C, a sharp drop in intensity 
occurs between 160 and 215 °C. To better illustrate the spec-
tral lineshape changes, exemplarily Ag 3d spectra of the Ag/
In2O3:H sample at room temperature, 160, 215, and 300 °C are 
plotted normalized to uniform peak and background heights in 
Figure 1a. This allows to clearly observe the asymmetric broad-
ening toward higher binding energies (up to around 369 eV for 
the 3d5/2 line, see Figure 1a) that manifests in an increase of the 
full width at half maximum (FWHM) (more obvious for the full 
width at one-eighth maximum [FWEM], see also Figure 3a) of 
the Ag 3d line upon annealing. The position and spectral shape 
of the Ag 3d line at room temperature and 160 °C are consistent 
with metallic Ag,[7] indicating that Ag is mainly present in a 
metallic state at the start of the annealing experiment. Above 
160 °C, and concurrent with the overall decrease in Ag 3d peak 
intensity (see Figure 1c), the noticeable asymmetric peak broad-
ening indicates a change in the chemical environment of Ag, 
for example, the formation of new species, interdiffusion, or 
changing surface-to-volume ratios (as further discussed below). 
Note that the peak position of the intensity maximum shows no 
appreciable systematic change upon temperature increase.

The evolution of the In 3d spectra during the in-situ 
annealing experiment is present in Figure 2. The general 
trend of the increasing In 3d intensity with rising temperature 
(Figure 2b,c) is mainly in agreement with the decreasing Ag 3d 
signal (see Figure  1b,c), at least until 215 °C. The Ag 3d line 
intensity drops significantly between 160 and 215 °C, which 
relates to the strong In 3d line intensity increase in the same 
temperature regime. However, for temperatures >215 °C, an 

even steeper In 3d line intensity increase is observed, while the 
(already reduced) Ag 3d intensity does not change significantly 
(see Figure  1c). The direct comparison of the In 3d spectra of 
the bare In2O3:H with the Ag/In2O3:H sample at room temper-
ature (Figure 2a) reveals a small shift (≈0.10 eV) toward higher 
binding energies; upon sample annealing, the In 3d binding 
energy shifts back toward that of the In 3d position of the bare 
In2O3:H sample. Furthermore, all of the In 3d core-level peaks 
display a strong asymmetry (Figure 2a), as has been previously 
reported in the spectra of other post-transition metal oxides[8] 
and often attributed to final-state effects during the photoelec-
tron process.[9] While with Ag deposition, a small broadening in 
the spectral shape of the In 3d line is observed for Ag/In2O3:H 
compared to that of the bare In2O3:H, some continuous nar-
rowing of the In 3d core level line occurs upon annealing (see 
also Figure 3a).

The SEM image of the Ag/In2O3:H sample after in-situ 
annealing to 300 °C in Figure S5, Supporting Information, 
shows that the Ag has formed particles on the surface in 
agreement with the observations on IZO by Xu et  al.[5] Par-
ticle formation is unsurprising also in this studied case con-
sidering the related surface and interface energies that govern 
the layer topography: Based on literature data of In2O3 (for 
details see Section S4, Supporting Information), we expect the 
surface energy of In2O3:H[10] to be significantly smaller than 
the average surface energy of Ag[11] and thus an island-type 
(Vollmer–Weber) growth is expected. Hence, for all samples 
including the as-deposited Ag/In2O3:H, the topography might 
be best described by small Ag islands instead of by a closed 
Ag film covering the In2O3:H. This model agrees well with the 

Figure 2.  a) Hard X-ray photoelectron spectra of the In 3d region of room temperature bare In2O3:H and of Ag/In2O3:H at different annealing tem-
peratures measured with an excitation energy of 2 keV. b) Corresponding color-coded intensity map of In 3d spectra as a function of temperature.  
c) Evolution of the In 3d line intensity in the shown range during annealing. The spectra in panel (a) are normalized to uniform peak and background 
heights, and the data in panel (b) are normalized to the background at 442.5 eV. The total intensity depicted in panel (c) is derived from the normal-
ized data shown in panel (b). The horizontal dashed red lines in panels (b) and (c) are guides to the eye and indicate temperatures of 160 and 215 °C.
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HAXPES data (see discussion in conjunction with Figure S4,  
Supporting Information). Note that while island formation 
seems to be problematic for providing good electrical contact, 
Xu et  al.[5] have found an improved contact resistance at the 
IZO homojunction interface by introducing Ag nanoparticles. 
Moreover, in some applications, the formation of point contacts 
of Ag islands might be of advantage/desired (e.g., to addition-
ally improve the transparency of the contact and/or reduce 
interface recombination). Also note that in “real-world” applica-
tions (as in the case of using screen-printed contacts), signifi-
cantly thicker Ag layers are deployed, and it can be expected 
that the initially formed islands coalesce into a closed layer in 
these cases, consistent with the good conductivity measured 
for corresponding as-deposited samples (see Figures S2 and S3 
and Table S2, Supporting Information).

The island-type topography could to some extent explain the 
observed increase of the In 3d (see Figure  2) and decrease of 
the Ag 3d (see Figure  1) line upon annealing, assuming that 
the Ag islands formation is induced/enhanced or there is an 
increased agglomeration of the Ag islands upon heat treat-
ment. Especially in the low-temperature regime below 160 °C 
where they are strongly correlated (although slight relative to 
the changes at a higher temperature) with increases of the In 
3d and decreases of the Ag 3d line intensities, this scenario 
appears to be most likely. However, based on a detailed (semi-
quantified) consideration of the identified layer topography 
(see discussion in conjunction with Figure S5, Supporting 
Information, for details) also annealing-induced interdiffusion 
processes have to be considered, in particular at higher post-

annealing temperatures. This is corroborated by TEM analysis 
of the cross-section of the Ag/In2O3:H sample that had been 
in-situ annealed to 300 °C (see Figure S6, Supporting Infor-
mation), showing that basically In and Ag are homogeneously 
distributed across the complete Ag/In2O3:H layer stack cross-
section (i.e., In is present in the particles initially ascribed to Ag 
and Ag is present across the In2O3:H layer).

The proposed interdiffusion processes can be better under-
stood by more closely analyzing the spectral shape changes 
of the Ag 3d and In 3d lines observed in Figures 1 and 2. The 
Ag 3d line changes with annealing temperature, becoming 
broader at high temperatures, and the changes are visualized 
in Figure 3a, where the Ag 3d5/2 FWEM values of the spectra 
from Figure  1 are shown as a function of annealing tempera-
ture (FWEM is chosen to accentuate the emergence of the 
higher binding energy shoulder, which has a negligible effect 
on the more standard FWHM). The broadening in the Ag 3d5/2 
spectra begins at around 160 °C and continues up to a tempera-
ture of 215 °C—the same temperature regime in which the Ag 
3d intensity drops significantly (see Figure 1). This indicates the 
formation of additional Ag species during annealing and pre-
sumed diffusion into the In2O3:H, as evidenced by the TEM 
analysis (see Figure S6, Supporting Information) discussed 
above.

Figure 3b shows the curve fit results of the Ag 3d5/2 spectra 
for the room temperature and the 300 °C Ag/In2O3:H sample, 
in agreement with (exclusively) metallic Ag being present in the 
sample before annealing and a significant Ag oxidation taking 
place upon post-annealing to 300 °C. The complex lineshape of 

Figure 3.  a) Full width at one-eighth maximum (FWEM) of Ag 3d5/2 and In 3d5/2 spectra as a function of annealing temperature. b) Example fits of 
the Ag 3d5/2 spectra of the room temperature and 300 °C Ag/In2O3:H sample following the approach suggested in ref. [12]. c) Evolution of the relative 
contributions of metallic Ag (Ag0) (blue line), Ag2O (orange line), and AgO (magenta line) to the Ag 3d5/2 line with annealing temperature in com-
parison to the relative height of the Fermi-edge (cyan line) as derived from the in situ HAXPES measurements (hν = 2 keV, see Figure S9, Supporting 
Information). The HAXPES-derived Fermi-edge heights are shown as a function of the mean annealing temperature with the respective x-axis error bars 
indicating the temperature ranges in which respective spectra have been added up to improve statistics (see Supporting Information for more details).
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the Ag 3d spectra of Ag oxide contributions requires that mul-
tiple peaks be used to represent the spectrum of AgO. The fit 
procedure was derived in accordance with ref. [12], a detailed 
description of the procedure is provided in Supporting Infor-
mation and Figures S7 and S8, Supporting Information. An 
asymmetric Doniach–Sunjic profile[13] is used for fitting the 
metallic Ag (Ag0) contribution, and symmetric Voigt profiles 
are employed to represent the Ag oxides (Ag2O and AgO). The 
spectrum of the room temperature Ag/In2O3:H sample shows 
a single peak attributed to Ag0, while the 300 °C-annealed  
Ag/In2O3:H spectrum is composed of a mixture of Ag0 and 
(Ag2O + AgO). Because of the change in the overall amount 
of Ag, it is important to closely examine the applied fit model 
and spectra to determine whether the absolute quantity of oxi-
dized Ag truly increases with temperature, or if the clear rela-
tive increase in oxide concentration is due only to a disappear-
ance of the metallic Ag. Several fit models are described and 
present in Figures S7 and S8, Supporting Information, and they 
strongly indicate that the quantity of oxidized Ag does in fact 
increase upon annealing in absolute terms.

Figure  3c shows the fit-derived intensities (for details see 
Figure S8, Supporting Information) of the Ag0, Ag2O, and AgO 
contributions to the Ag 3d line for the Ag/In2O3:H sample as a 
function of annealing temperature. The drop in overall inten-
sity around 160 °C, described above, is mainly caused by the 
reduced intensity of the Ag0 signal. This is in agreement—
within the experimental uncertainty—with the evolution of 
the Fermi-edge (EF) height used as a fit-model-independent 
approach to quantify the fraction of Ag which remains in a 
metallic state (see Figure S9, Supporting Information, for 
details) and thus confirms the validity of the employed fit 
model discussed above and in Supporting Information (see Fig-
ures S7 and S8, Supporting Information). While the addition of 
a small Ag2O component is required to obtain reasonable fits 
in some spectra measured at temperatures below 100 °C, sig-
nificant contributions of Ag2O and AgO appear in the spectra 
measured at temperatures above 160 °C. Both oxide contri-
butions increase up to an annealing temperature of around  
215 °C and level off at higher temperatures. This is consistent 
with the lineshape broadening in the Ag 3d spectra occurring 
at the same temperature (≈160 °C) and leveling off at ≈215 °C.

Koida et  al.[6] report on thermal desorption spectroscopy 
(TDS) measurements of different In2O3:H samples that had 
been solid-phase crystallized at different temperatures, and 
their findings provide some necessary context for the above 
observations. For In2O3:H that had undergone crystalliza-
tion treatment at temperatures ≤160 °C, significant amounts 
of physisorbed and hydrogen-bonded water desorb at 70 and  
135 °C, respectively (note that H2O is used in the deposition 
process to provide the hydrogen doping of the In2O3, see Exper-
imental Section below). If In2O3:H is crystallized at tempera-
tures above 160 °C, most of the water desorbs above 170 °C as it 
must first “prediffuse” to the surface.[6] Prior to Ag deposition, 
the In2O3:H in the current experiment had been annealed at 
200 °C as part of the solid-phase crystallization process, hence 
the chemical changes at lower temperatures are limited to 
the modification of topography (i.e., agglomeration of Ag). In 
Figure 3c, we see a small increase in Ag oxide concentration at  
lower temperatures (<100 °C); the larger, steeper increase in Ag 

oxide contribution occurs at the higher temperature threshold 
(160 °C). This oxidation might be related to further water des-
orption (and thus is in agreement with the TDS measurements) 
considering that oxidation of Ag can occur according to 2Ag + 
2H2O → 2AgOH + H2 and a) 2AgOH → Ag2O + H2O and/or b) 
2AgOH → 2AgO + H2. Based on the enthalpies of formation, 
both reactions are predicted to be thermodynamically favorable, 
with Ag2O (ΔHf_Ag2O = −31.1 kJ mol−1)[14] being slightly more 
favorable to form than AgO (ΔHf_AgO = −24.3 kJ mol−1),[14] in 
agreement with the derived Ag2O and AgO contributions to the 
Ag 3d5/2 line in Figure 3c.

The FWEM of the In 3d5/2 spectra from Figure 2 is shown as 
a function of annealing temperature in Figure 3a. The change 
is significantly less pronounced than the corresponding 
change in Ag 3d5/2; nevertheless, a gradual decrease occurs 
above 215 °C, that is, the temperature for which a steep In 3d 
intensity increase is observed (see Figure  2). The change is 
likely due either to further dehydration of (potentially still pre-
sent) indium hydroxide occurring upon vacuum annealing[6] 
or to In-related diffusion processes (as evidenced by the TEM 
images in Figure S6, Supporting Information) taking place in 
the high post-annealing temperature regime. In that context, it 
should be considered that asymmetric lineshapes may not nec-
essarily indicate chemical shifts due to the presence of multiple 
species (as in the case of the Ag 3d line). Final-state screening 
effects, for example, have been proposed as the cause of asym-
metric lineshapes observed in XPS core-level data of highly 
conductive metal oxides, such as Sn-doped In2O3,[8f ] Sb-doped 
SnO2,[8a,b] and NaxWO3,[8e] and so it is possible that the asym-
metric peak shape of the In 3d line (and its annealing-induced 
change) could also be interpreted in this framework. This final-
state screening model would then suggest that the decreasing 
In 3d FWEM for annealing temperatures >215 °C indicates a 
decreasing electron density (see discussion in conjunction with 
Figure S10, Supporting Information, for more details), which 
may be accounted for by the formation of In vacancies in the 
In2O3:H layer due to the (out)diffusion of In into Ag. In vacan-
cies can act as compensation centers in In2O3, leading to n-type 
carrier (i.e., electron) reduction.[15] In this temperature regime, 
a certain amount of Ag may also diffuse into the In2O3:H layer 
(as corroborated by the TEM images in Supporting Informa-
tion and the continued slight decrease of the Ag 3d line in this  
temperature regime—see Figure  1). Once Ag atoms are incor-
porated into the In2O3:H layer, they can be stabilized in an 
interstitial site (more favorable) or a position substitutional to 
In. In both cases, the Ag impurities mainly adopt a +1 oxida-
tion state and the lineshape of the corresponding Ag 3d spec-
trum would be expected to be similar to that of Ag2O (i.e., a 
single symmetric peak rather than the asymmetric peak of Ag0 
or the complex structure of AgO). The resulting acceptor-like 
Ag+ derived states in In2O3:H would, similar to the In vacan-
cies, also lead to a reduction of the net concentration of n-type 
charge carriers, which, according to the screening model, 
would also contribute to the narrowing of the In 3d line. Both 
the formation of In vacancies and the presence of Ag+ states 
(induced by high temperature-promoted diffusion processes) 
then also explain the shift of the In 3d line to lower binding 
energies upon annealing in this post-annealing temperature 
regime (see Figure 2a).

Adv. Mater. Interfaces 2023, 10, 2202347

 21967350, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202202347 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [20/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2202347  (6 of 8)

www.advmatinterfaces.de

It has been speculated that the high contact resistance 
observed for the Ag/In2O3:H interface after performing a post-
annealing treatment may be related to the formation of an 
insulating interfacial layer (i.e., Ag2O).[2] We do find evidence 
for the formation of silver oxide(s) in the Ag 3d spectra; how-
ever, TEM analysis (see Figure S6, Supporting Information) 
does not indicate the formation of an interfacial AgOx layer for 
the Ag/In2O3:H sample annealed to 300 °C. We find a rather 
homogeneous distribution of In throughout the complete  
Ag/In2O3:H layer stack and consequently also Ag diffusion into 
the In2O3:H after annealing. The comparison to the previous 
findings is not exact; the discrepancy may be due to the higher 
annealing temperature (300 °C) and longer annealing times 
(rather hours than minutes) we used for our study. Usually, the 
post-annealing treatment to cure the screen-printed Ag paste 
(which also typically includes a suspension matrix/solvent that 
could provide an additional oxygen source under annealing, 
depending on its composition) is performed for a few minutes 
at 200 °C, a temperature we find to be in the “critical” tempera-
ture regime between 160 and 215 °C, where we find the biggest 
change with respect to intensity and width of the Ag 3d line 
(see Figure  1). Thus, already small temperature fluctuations 
will have a significant impact on the chemical interface struc-
ture. Furthermore, if the related processes of Ag diffusion and 
AgOx formation are in any way kinetically limited, the duration 
of the post-annealing treatment could also be critically decisive 
for the resulting interface structure. Also, the steepest intensity 
change of the In 3d line is observed for temperatures >215 °C 
(see Figure 2). Hence, one might speculate that at this temper-
ature, the unfavorable scenario of having an insulating AgOx 
(or In2O3 heavily compensated by diffused Ag) interface layer 
resulting in a deterioration of the contact resistance is con-
verted into the beneficial scenario of having a homogeneous In 
distribution in the whole Ag/In2O3:H stack and Ag diffusion 
into the In2O3:H, resulting in improved contact resistance (as 
depicted in Figure 4). As a matter of fact, if a post-annealing 
temperature of 300 °C is used, we find an improved contact 
resistance: 3–6 × 10−5 Ω cm2 (compared to 1–1.5 × 10−3 Ω cm2 
for the as-deposited Ag/In2O3:H contact, see Figures S2 and S3  
and Table S2, Supporting Information, for details). How-
ever, further dedicated studies are required to confirm this 
hypothesis.

3. Conclusion

The chemical structure of the Ag/In2O3:H and how it changes 
upon annealing to 300 °C has been in-situ monitored by 
HAXPES in combination with ex-situ electron microscopy 
analyses. Upon annealing, the Ag 3d line intensity signifi-
cantly decreases in intensity and broadens while the In 3d 
line intensity increases and narrows. SEM images reveal the 
formation of an island-type (Vollmer–Weber) Ag topography 
on the In2O3:H after post-annealing to 300 °C. In conjunction 
with the temperature-dependent variation of the HAXPES line 
intensities, an annealing-promoted agglomeration of Ag was 
suggested to take place in the low-temperature regime. Con-
sidering how the HAXPES line intensities evolve in the high-
temperature regime in combination with TEM images taken 
after high-temperature annealing, however, indicate a signifi-
cant intermixing of Ag and In across the Ag/In2O3:H inter-
face. Detailed line shape analyses reveal that the broadening of 
the Ag 3d spectra with annealing is attributed to Ag oxidation 
(i.e., the formation of Ag2O and AgO) becoming significant for 
annealing temperatures of 160 °C and higher. The significant 
increase of the In 3d line intensity and its narrowing upon 
annealing using temperatures >215 °C, is attributed to the pro-
motion of the (inter)diffusion processes, resulting in a reduc-
tion of the doping level in In2O3:H.

As a result of these insights, a high-temperature (300 °C 
instead of the generally used 200 °C) post-annealing treatment 
of the Ag/In2O3:H contact was performed in order to benefit 
from the elemental interdiffusion and avoid the formation of 
an insulating Ag oxide-type interlayer. This indeed led to an 
improvement of the contact resistance contrary to its often-
observed annealing-induced deterioration.

4. Experimental Section
Sample Preparation and Properties: 200-nm thick In2O3:H films were 

prepared on borosilicate glass substrates by direct current (DC) magnetron 
sputtering and the introduction of H2O vapor during the process as a 
hydrogen source. During deposition, the total pressure was about 3 × 
10−3 mbar, with a water vapor partial pressure of 1 × 10−5 mbar. Solid-phase 
crystallization (SPC) of the deposited In2O3:H films was performed by 
annealing at 200 °C for 60  min in a vacuum during which the hydrogen 
content is expected to decrease from ≈4 to 2 at%.[6,16] More details on the 
preparation of In2O3:H films can be found in a previous publication.[2]

The crystal structure, before and after the SPC annealing procedure, 
was checked with grazing-incidence X-ray diffraction (GIXRD) using 
a Bruker ETA diffractometer in the angle-dispersive mode with 
monochromatic Cu Kα radiation (λ  = 1.5405 Å). The comparison with 
the powder reference patterns of In2O3 (see Figure S1, Supporting 
Information, for corresponding diffraction data) confirms an annealing-
induced SPC of the bare (initially amorphous) In2O3:H film.

Hall-effect measurements of these samples were measured using 
an Ecopia HMS-3000 Hall system in the van der Pauw configuration; it 
(Table S1, Supporting Information) reveals a large increase in mobility 
(µ) from 39.9 to 127 cm2 V−1 s−1, a decrease in carrier concentration (ne) 
from 3.86 × 1020 to 1.64 × 1020 cm−3, and a slight decrease in resistivity 
(ρ) from 4.05 × 10−4 to 2.99 × 10−4  Ω cm upon crystallization of the 
In2O3:H film, in agreement with ref. [2].

Prior to the HAXPES experiments, crystallized In2O3:H was introduced 
into the combined analysis and deposition UHV system (base pressure 
<1 × 10−9  mbar) of the Energy Materials In situ Laboratory Berlin 

Figure 4.  Artist view of the observed annealing-induced changes of the 
chemical structure of the Ag/In2O3:H stack and the underlying diffusion 
processes suggested by the present data. The impact on the contact 
resistance (ρc) is also depicted.

Adv. Mater. Interfaces 2023, 10, 2202347
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(EMIL).[17] A gentle surface-cleaning process was performed using a mild, 
low-energy (150 eV) argon ion (Ar+) sputtering of the bare In2O3:H films 
for 30 min. Before and after sputtering, C 1s, O 1s, and In 3d core levels 
were measured with laboratory-based X-ray photoelectron spectroscopy 
(XPS, using a Scienta Omicron Argus CU electron analyzer using Al Kα 
(hν  = 1486.58  eV) excitation energy) to monitor the surface cleaning 
process and ensure that the chemical In2O3:H surface structure was not 
altered by the sputtering process. Note that no subsequent annealing 
step was performed as no significant defect formation was expected to 
be caused by this mild Ar+ sputter treatment. After surface-cleaning, Ag 
films were prepared on In2O3:H by electron beam evaporation (SPECS 
EBE-4) of Ag powder without breaking UHV. Based on pre-experiments 
on In2O3:Sn (not shown), employing a filament current of about  
3.32 A for ≈5  min was sufficient to deposit the desired amount of Ag. 
For the as-prepared Ag/In2O3:H sample, a clear In 3d XPS signal could 
still be detected, indicating that the thickness of the deposited Ag 
film was thinner than the XPS probing depth (i.e., about 7 nm at hν = 
1486.58 eV)[18] and/or does not completely cover the In2O3:H.

Note that in “real-world” applications, thicker Ag layers were 
deployed. Hence, for the determination of the contact resistance via the 
transmission line method (TLM, see below) two additional Ag/In2O3:H 
samples were prepared. For sample 1 (170 ± 20 nm) and sample 2 (330 
± 30 nm), Ag was deposited on the In2O3:H using the same setup as 
for the thin Ag films. However, in between the deposition of the Ag thin 
films (for the HAXPES and electron microscopy studies) and the thick Ag 
layers (for the contact resistance measurements), the e-beam evaporator 
had to be re-equipped with Ag powder. This is when it was discovered 
that the Al2O3 crucible used to hold the Ag powder was found to be 
damaged, and thus was replaced. The deposition time for the thick Ag 
layers had to be increased to ≈5 h and the sample position was changed 
relative to the evaporator continuously to ensure complete coverage of 
the TLM grid mask. After preparation (and initial characterization of the 
contact resistance), the sample was vacuum annealed at 300 °C for 1 h 
prior to repeated contact resistance determination. During evaporation 
and annealing, the pressure in the preparation chamber was around  
1 × 10−7  mbar. A similarly prepared thick Ag film was used as a 
reference for the complementing material characterization (see details 
below).

Sample Characterization: The chemical structure of the Ag/In2O3:H 
interface and how it changes upon annealing from room temperature 
to 300 °C was in-situ monitored by HAXPES. The measurements were 
conducted at the high kinetic energy photoelectron spectrometer (HiKE) 
endstation[19] located at the BESSY II KMC-1 beamline[20] at Helmholtz-
Zentrum Berlin für Materialien und Energie GmbH (HZB), using an 
excitation energy of 2 keV and a Scienta R4000 electron energy analyzer. 
The pass energy and energy step width for the core level scans were  
200 and 0.1 eV, respectively. All binding energies of the HAXPES spectra 
were calibrated using Au 4f reference spectra of a clean Au foil, setting 
the Au 4f7/2 to 84 eV. The total energy resolution of the core level spectra 
was ≈0.25 eV. For sample mounting and transferring between EMIL and 
HiKE, the samples were sealed, unpacked, and introduced by means of 
an N2-purged glovebox or glovebag. During the annealing from room 
temperature to 300 °C (≈8 h duration), 16 HAXPES measurement cycles 
(of survey and corresponding detail spectra) were performed.

The surface morphology of the bare In2O3:H layer and the Ag/In2O3:H 
sample after being in situ annealed to 300 °C was studied via SEM using 
a HITACHI S-4100 system equipped with a cold field emission gun.

A cross-section of the Ag/In2O3:H sample that had been in-situ 
annealed to 300 °C was additionally studied by TEM and energy 
dispersive X-ray spectroscopy (EDS). Measurements were performed 
at the Bundesanstalt für Materialforschung und -prüfung (BAM), 
Division 6.3 for Structure Analysis using a Thermo Fisher Scientific Talos 
F200S TEM operating at 200  kV. EDS was performed with two silicon 
drift detectors (with an energy resolution of ≈120 eV) and 3D chemical 
characterization with compositional mapping in TEM and scanning TEM 
(STEM) mode including high-angle annular dark-field imaging (HAADF). 
Velox software was used for imaging and evaluation. The cross-section 
of the sample was prepared by face-to-face gluing of two sample 

stripes, careful mechanical polishing of the cross-section, and Ar-ion  
milling.

The sheet resistance of In2O3:H and the contact resistivity of “real-
world” Ag/In2O3:H layer stacks in the as-deposited state and after 
annealing (in vacuum for 1  h at 300 °C, see above) was determined 
by TLM (see Section S2, Supporting Information, for details). The Ag 
pads had a length of 0.1 cm, and a width of 0.8 cm and were deposited 
by electron beam evaporation (see above) through a TLM mask. The 
distance between the pads varied from 0.12 to 0.32 cm.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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