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In,Os3 is the parent oxide semiconductor for many transparent conducting oxides owing to its comparatively
wide band gap and reasonable conductivity. The ability to fabricate thin films of In,Os utilising simple and
cheap solution-processed methods has made it appealing for applications in displays and solar cells. However,
to optimise and improve the optoelectronic properties of these films and enable scalability, understanding the
fundamentals behind the solution chemistry is essential and often overlooked. Current research highlights the
use of stabilisers to maintain the solution over time and facilitate the formation of strong M—O-M bonds but
rarely delves into the underlying chemistry or discusses the effect of varying the stabiliser concentration. This
paper explores the impact on the quality of In,Os thin films when altering the concentration of monoethano-
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lamine used as a stabiliser. UV-visible and infrared spectroscopy are employed to track changes to the solution
over time to explore the role of the stabiliser. In parallel, thin films prepared from solutions at different time
points were characterised using X-ray photoelectron spectroscopy, atomic force microscopy, and ellipsometry.
Through this approach, changes in the solution can be directly correlated to thin-film characteristics, crucial
for their use in electronic applications.

DOI: 10.1039/d4tc03116d

rsc.li/materials-c

Open Access Article. Published on 22 October 2024. Downloaded on 2/8/2026 12:23:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

1 Introduction

Indium oxide, In,0; thin films have been extensively studied,
given they are a benchmark parent system for transparent
conducting oxides (TCOs) at the heart of optical and electronic
devices. Particular attention has been paid to the effects of
dopants on the optoelectronic properties of these TCOs.'™
However, of equal but often disregarded importance is the
understanding of how the deposition method and film quality
affects their properties. In,Oj; thin films have been deposited by
a variety of methods, including pulsed laser deposition (PLD),
molecular beam epitaxy (MBE), and chemical vapour deposi-
tion (CVD) - all of which are examples of energy-intensive
vacuum deposition processes.>” Solution processes, particu-
larly sol-gel approaches, have become a viable alternative to
these methods as they are simple, low cost, and have the ability
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to coat large surfaces more easily, proving more advantageous
over the often complex setups of the more established deposi-
tion methods.®® Their simple nature is based on the need for
only an indium-based precursor, appropriate solvent, and
stabiliser without the need for a vacuum. The precursor, which
is usually a metal salt or alkoxide, is dissolved in an alcoholic
solvent where a slow hydrolysis process occurs to form metal
hydroxides. Condensation reactions then follow where the
metal hydroxides react with each other, forming a series of
metal-oxygen-metal (M-O-M) bonds."® When the solution is
deposited on a substrate and drying begins, the metal oxides
(MOs) network increases further, but residual groups from the
solvent or stabiliser remain. Upon annealing, the residual
groups are removed, and a stable, porous metal oxide network
is established.'" The formation of a MO thin film relies on two
fundamental sol-gel reactions: (I) hydrolysis and (II) condensa-
tion. For the widely used indium nitrate precursor, eqn (1)
shows how aquo-ions are formed, which then undergo hydro-
lysis per reaction (2):

In(NO3),-3H,0 Solvation, [In(H20)3]3++3(N03)7 (1)
[In(H,0),]* " +H,0 2%, [1n(OH) (H,0),]* +H;0*. (2)

Hydrolysis is the rate-determining step for this process and
can be influenced by the pH and polarity of the M—OR bond. It
is important to control the rate of hydrolysis, e.g. to avoid rapid
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precipitation, which has a detrimental effect on thin film
quality. Therefore, stabilisers in the form of acids or bases
are added. Under basic conditions, the condensation rate is
higher than the hydrolysis rate, resulting in a highly branched
gel.'® This is because, under basic conditions, there are more
-OH ions present rather than aqua-ions, which facilitate con-
densation better."” Alkanolamines such as monoethanolamine
(MEA) or diethanolamine (DEA) are commonly used as stabi-
lisers as they are basic and thought to have a chelating effect,
which slows down the rate of hydrolysis. This hydrolysis reac-
tion continues between indium species, eventually forming
In(OH);, which then undergoes condensation through the
following reaction, facilitated by heat:

2In(OH), 2% In, 03 + 3H,0. 3)

This final annealing stage is essential as residual solvent
and stabiliser groups remain in the M—O-M network and must
be removed. Kumaran et al. confirmed that metal nitrates do
not fully dissociate in solution but will be removed during high-
temperature annealing.'?

Although the effects of different indium precursors and
solvents have been studied, the role of the stabiliser is less
explored.”®™ The stability of the solution has been followed by
observing the formation of precipitates, with the idea that the
more precipitates form, the more unstable the solution is. Xu
et al. noted that with the use of diethanolamine (DEA) pre-
cipitation occurred as a result of increased pH which drives the
hydrolysis of In*" to form In(OH);, however, DEA simulta-
neously chelates with In*" which inhibits rapid hydrolysis and
promotes condensation.’® Qiu et al. demonstrated how the
addition of MEA facilitates the formation of more M-O-M
bonds, determined via X-ray photoelectron spectroscopy (XPS)
measurements, concluding that it is essential to incorporate
MEA for high-performance thin film transistors (TFTs)."” More-
over, DEA and MEA have been studied comparatively by Winer
et al. who highlighted how the choice of stabiliser can affect the
condensation and crystallisation of the metal oxide film. As
DEA contains an additional hydroxyl group, the chelating effect
between the metal ions and hydroxyl groups is stronger than in
MEA, causing an increase in the temperature needed to decom-
pose organic residues and crystallise the film."®

Optimising the sol-gel solution is a critical step in success-
fully forming high-quality In,O; thin films and has a direct
impact on their optoelectronic properties. For example, increas-
ing indium precursor concentration has been shown to result
in denser films that have lower mobility."® This study goes
beyond the current literature to examine how the amount of a
widely used stabiliser, MEA, affects the solution across a 48-
hour time period, during which significant changes occur. It
establishes the long-term stability of the solution, which is
essential for industrial applications and improving sustainabil-
ity. Furthermore, the effect of stabiliser to precursor ratio is
investigated to achieve improved methods for depositing films
of In,O; and better application properties in devices. Under-
standing the stability of the solution extends its usage, thus
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minimising waste, conserving materials and proving advanta-
geous for industry scale-up. UV-vis and infrared (IR) spectro-
scopy are used to monitor the changes in the amount of
precipitate and chemical changes occurring in the solution.
Additionally, films are deposited across the same time period,
and XPS provides an understanding of the changing film
chemistry before annealing and depending on solution make-
up. Resulting annealed films are further studied using atomic
force microscopy (AFM), ellipsometry, and XPS to establish
effects on the final In,O; film properties relevant for electronic
device applications.

2 Methods

2.1 Sol-gel solution preparation

A 0.1 M sol-gel solution of In,O3; was prepared by dissolving
indium nitrate hydrate, In(NOj3)3-3H,0 (99.9%, Sigma-Aldrich,
CAS: 207398-97-8) in 2-methoxyethanol (>99.3%, Sigma-
Aldrich, CAS: 109-86-4) in a 25 mL beaker at room temperature
(20 °C). Monoethanolamine (MEA, >99%, Sigma-Aldrich, CAS:
141-43-5) was added to the solution using an Eppendorf pipette,
with the molar ratio of MEA: In being varied from 0:1 to 1:1.
The solution was subsequently allowed to stir at 600 rpm for
one hour. In between depositions, the beaker was covered with
parafilm.

2.2 Film deposition

Substrates were cut from silicon wafers with native oxide into
approximately 10 x 10 mm?® square pieces using a diamond-
tipped pen. They were then rinsed with deionised (DI) water,
followed by propan-2-ol and dried with nitrogen gas. Finally, a
Novascan PSD UV/ozone lamp was used to treat the substrates
for 30 min. A Nadtech ND-DC 11/1 300 dip coater was used to
produce thin films. The 25 mL beaker of the prepared In,03
sol-gel solution was placed in the sample chamber where the
cleaned substrate was held above by stainless steel cross-
over tweezers. The substrates were immersed at a speed of
50 mm min " and held for 20 s. They were then withdrawn at a
speed of 5 mm min " and allowed to dry in air. Samples were
deposited at varying times relative to the completion of stirring
and dipped only once to ensure consistency over deposition
timing. One set of thin films, referred to as ‘Annealed’, were
deposited 4 hours after stirring, then transferred to an alumina
boat upon completion of dip-coating, and inserted into an Elite
standard horizontal single zone tube furnace controlled by a
Eurotherm type 3216cc digital PID controller where they were
heated to 400 °C at a heating rate of 5° min~" for two hours in
air. They were then allowed to cool to room temperature with-
out active cooling.

2.3 Collection of precipitates

For all solutions except those without stabiliser, some precipi-
tates formed, which settled to the bottom of the beaker. These
were separated by 10 min centrifugation with a Sigma 2-16KL
centrifuge at 5000 rpm. The liquid was decanted, and the

This journal is © The Royal Society of Chemistry 2025
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resulting white gel was extracted. The gel was dried in a
desiccator for up to 72 h until completely dry and in
powder form.

2.4 Characterisation

The sol-gel solutions were analysed by UV-vis spectroscopy
using a Shimadzu 2700i UV-vis spectrophotometer with a
double monochromator system. The light sources were a tung-
sten lamp (350-800 nm), which switched to a deuterium
lamp (200-350 nm) at approximately 350 nm. Solutions were
measured in Fisherbrand Polystyrene Macro Cuvettes with
2-methoxyethanol as the reference. Measurements were col-
lected over a range of 230 to 600 nm with a step size of 2 nm.
Complementary Fourier transform infrared (FTIR) spectra were
recorded on the solutions on an attenuated total reflectance
(ATR) spectrometer by Shimadzu between 4000-450 cm ™.

Thin films of In,O; were characterised by XPS using a
laboratory-based Thermo Scientific K-Alpha spectrometer equipped
with a monochromated Al Ko source (hv = 1486.7 eV) and a 180°
double focusing hemispherical analyser. All spectra were collected
with a flood gun at 100 pA to reduce excessive charging and with
the maximum X-ray spot size of 400 pm to optimise the efficiency
of collecting high-resolution spectra. 20 and 200 eV pass energies
were used for the collection of core level and survey spectra,
respectively. Data processing of the spectra was performed using
the Thermo Avantage v5.9925 software package. A Semilab SE-2000
spectroscopic ellipsometer with a xenon lamp as a light source and
adjustable arms and stage was used to obtain film thicknesses. The
analyser arm contains a rotating compensator and both UV-vis and
NIR detectors. Data were collected across three angles (60°, 70°, and
75°) between 0.8 and 4.4 eV photon energy. SEA software was used
to fit the data with the Sellmeier and Lorentz dispersion laws. The
dispersion law parameters were kept constant across all samples.
Thin-film grazing incidence X-ray diffraction (GI-XRD) was carried
out using a Panalytical Empyrean diffractometer with a monochro-
mated Cu Ka source (Ko and Koy, 4 = 1.540598 and 1.544426 A,
respectively) operated at 40 kV with 40 mA emission current.
Grazing incidence measurements were taken with the incident
beam angle (w) set at 0.5°, and a 26 range of 20-80° was measured
with a step size of 0.1° at 4 s per step.

Finally, AFM data were collected by an Agilent 5500 AFM in AC
AFM mode with a scan speed of 0.5 lines per s. Silicon AFM probes
(NuNano Ltd, 18 N m™~" spring constant) were used. The WSxM 5.0
software was used to process images and calculate root mean square
(RMS) values in nm. The RMS values were determined based on an
average of three images of different sample areas per sample.”

3 Results and discussion

Four ratios of stabiliser to indium were selected (1:1, 0.50:1,
0.25:1 and 0:1), and the transmittance of each solution was
followed by UV-vis spectroscopy at time intervals of 0, 2, 24, and
48 h after stirring in air. At time 0 h, the solutions containing the
stabiliser show minimum transmittance across the UV-vis range,
which then gradually increases up until 24 h, as shown in Fig. 1.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 UV-vis transmittance (left) and photographs of the corresponding
solutions (right) for four MEA stabiliser:In ratios including 1:1, 0.50:1,
0.25:1, and 0: 1. The photos on the right show the ageing solutions (left to
right: from lowest to highest ratio) across the 48 h time period.

At 48 h, there is a slight drop in transmittance due to the
formed precipitates settling at the bottom of the solution, as is
clearly visible in the images on the right in Fig. 1. The nature of
the precipitates is discussed later. Additionally, Fig. S1 in the
ESIt displays the changes in precipitates from the original
beakers. Xu et al. observed comparable behaviour upon the
addition of an ethanolamine stabiliser."® Between 24 h and
48 h, the solution settles, and there is very little further change.
Therefore, data was not collected beyond 24 h for other
techniques. The solution with no stabiliser does not form
visible precipitates, resulting in a higher overall transmittance.
The minimum in transmittance at approximately 280 nm is
attributed to absorption from nitrate ions originating from the
precursor.’® Fig. S2 in the ESIf shows the nitrate absorption in
more detail, exhibiting increased absorption between 0 and 2 h,
later confirmed by XPS. In the initial two hours, there is more
solvation of precursor, which is then hydrolysed, thus reducing
the presence of nitrates. Furthermore, there is a shift to lower
wavelengths for the solution without stabiliser, which can be
explained by nitrate groups that do not associate entirely,
which Kumaran et al. also observed."?

IR data in Fig. 2 follow the changes in the solution of each
stabiliser ratio between 0 and 24 hours. Contributions from the
reference solvent measurements have been subtracted from the
overall spectra to aid interpretation of key changes, e.g. in the In
species. It would be expected that a gradual increase in In-O
environments (between 410-500 cm™ ') is observed as the nitrate
is hydrolysed over time.** Although it is difficult to distinguish
between In-O and In-OH environments, it can be inferred through
the increase in the O-H environments (at 1650 and 3235 cm ")
over time that In(OH); is being formed.** The solution with no
stabiliser has the biggest increase in O-H, suggesting faster hydro-
lysis of the nitrate species without stabiliser and that in all other
samples In may be coordinated with the stabiliser instead.

The N-O environments at 1298 and 1516 cm ™' show a small
decrease over time as they are being hydrolysed. This is
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Fig. 2 Stacked infrared spectra in the 500-4000 cm™ region for all four
solution ratios from 0-24 hours after subtraction of a solvent reference
spectrum.

consistent with the decrease of nitrate observed in the UV-vis.
Additionally, there is a noticeable decrease in C-H environ-
ments (816-986 and 2968 cm™ ') over time. Fig. S3 (ESI{) shows
the stabiliser is undetectable by IR, given its low concentra-
tions, and no signal from amine groups is visible in the IR
spectra. The C-H groups observed originate from the solvent.
The associated wavenumbers and assignments of the main
peaks are summarised in Table S1 in the ESI.f Whilst a solvent
reference has been subtracted from the spectra, the peaks
visible here somewhat shift in wave number due to interaction
with the precursor and stabiliser. Over time, the C-H signals
decrease significantly as they begin to overlap more strongly
with the solvent reference, indicating that the sol-gel solution
is becoming more and more dominated by the solvent as the
formation of precipitates progresses and settles.>* An enlarged
view of the C-H feature can be found in Fig. S4 in the ESL{ IR
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data were also collected for the precipitates extracted from the
solutions after 24 hours, which are shown in Fig. S5 in the ESL,
exhibiting signals commensurate with the presence of a mix-
ture of In-OH environments and nitrate species.

To further explore the nature of the precipitates forming and
to follow the chemical changes occurring in the solution, the
formed precipitates and thin films of each solution deposited
at time intervals of 0, 2 and 24 hours were measured using XPS.
The XPS spectra for the precipitates, shown in Fig. S6 in the
ESL,T indicate a mixture of hydroxide and oxide environments,
with some nitrate present, in agreement with the IR results.
From the survey spectra of the thin films deposited from each
of the four ratios after 24 hours, found in Fig. S7 in the ESL, all
expected elements, In, O, N and C, were detected. In addition,
trace levels of Cl and Mg, which are attributed to impurities
deposited on the surface during sample preparation, were
present. Fig. 3 shows selected core level spectra collected from
films deposited from each of the four ratios after 24 hours, as
these show the most distinct variations. The complete core
state dataset, including all ratios and times, is shown in Fig. S8
in the ESL¥

The In 3d spectra shown in Fig. 3(a) show a spin-orbit
splitting (SOS) of 7.6 eV with the In 3ds,, peaks at a binding
energy (BE) of 445.0 eV consistent with In-OH/In-MEA
environments.® Only in the 0:1 ratio is a slight difference in
peak width and position observed, indicating the presence of
small amounts of In,0,.2* These differences between films are
evident in the O 1s spectra (see Fig. 3(b)) and peak fit analysis
was performed to extract the peak positions of individual
chemical states (see Fig. S9 in the ESI{ for a representative
peak fit of the O 1s core level spectrum). The O 1s spectra show
a clear peak at 530.5 eV associated with an In-O metal lattice
oxide environment for the 0:1 and 0.25:1 ratios. In general,
metal oxide peaks are observed at 530 + 0.5 eV. Peaks visible in
the other two samples at 531.2 and 532.1 eV can be assigned to
hydroxyl and SiO, species, respectively,>>?® with the SiO, signal
originating from the substrate. Given that the probing depth of

(@)In3d-24h 5 (b)O 1s-24 h
—0:1 : -0
— 0251 : 2 —3225:1
—os01 g ——0.50:1

<

Norm. Intensity / arb. units

oo e

(c)N1s-24h
~ —0:1
(@] —0.2511
n ——0.50:1
I <~
i T
e 53
: Qe z
= i =
= =2z Z.
i o

> k' A

fessscransareresttantonge

T T T T T T T T T
456 453 450 447 444 441 538 536 534
Binding Energy / eV

Binding Energy / eV

T T T T T T T T T T
532 530 528 411 408 405 402 399 396 393
Binding Energy / eV

Fig. 3 XPS core level spectra, including (a) In 3d, (b) O 1s, and (c) N 1s, for each stabiliser ratio after 24 hours. Spectra are normalised to the respective

areas of the In 3ds,, peak.
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XPS for the O 1s line using the Al Ko excitation energy is
approximately 7 nm (the relativistic inelastic mean free path for
In,0; was calculated using the QUASES-IMFP-TPP2M software
package with the band gap value entered as 2.9 eV),>” the
observation of a Si-O environment indicates that the films
are incredibly thin or discontinuous, which is expected as only
a single coat was applied. The N 1s spectra (see Fig. 3(c)) exhibit
environments associated with the amine group from MEA and
the breakdown of nitrate from the precursor.”® Fig. 4 shows the
overall rel. at% of N increasing with increasing stabiliser
amount relative to In content. The rel. at% of C follows a
similar trend suggesting the C also originates from the MEA.
Overall, with less stabiliser in the solution, there is less oxide
formation after 24 hours. Over time, MEA chelates with In
atoms and reduces the premature formation of any oxide.

In addition to as-deposited, unannealed thin films, an
annealed thin film was prepared for each stabiliser ratio after
4 hours to understand the effects of annealing and the make-up
of the final In,0; films. Fig. S10 in the ESIf compares the
survey spectra of these films with films extracted from the
0.50:1 ratio solution aged from 0 to 24 hours. Again, all
expected elements, In, O, N and C, were detected. Fig. 5 shows
the selected core level spectra from this series, including In 3d,
O 1s and N 1s.

Here, the In 3ds,, peak (see Fig. 5(a)) for the as-deposited
films is at a BE of 445.0 eV consistent with In-OH/In-MEA
environments. There is a distinct change in peak position and
width for the annealed film. The peak moves to a lower BE of
444.1 eV and has an asymmetric shape typical of an In,0; film.®
The asymmetry of the peak is associated with lifetime effects
causing the broadening of the higher BE peak as both an
unscreened and screened final state are possible in In,05.>*
The O 1s spectra (see Fig. 5(b)) confirm the conversion from In-
OH/In-MEA to an oxide during annealing, with the appearance
of a strong peak at 530.0 eV commensurate with lattice oxygen
of In,0;. After 2 h, a slight increase in In-OH/In-MEA environ-
ments is observed (peak at 531.0 eV), reducing greatly after
24 h. This can be explained by the increasing amount of

24 h Annealed
1

90+ N
= I

Amount / rel.at%
g
1
=

0 0250501 O 025050 1 O 0250.50 1

Ratio of Stabiliser to In

0 0.250.50 1

Fig. 4 Comparison of the relative atomic% of C, N, O and In in as-
deposited and annealed films of each stabiliser ratio across the 24 hours.
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precipitate forming with increasing stabiliser amount, as the
addition of MEA, which is basic, results in a higher pH. This
not only facilitates hydrolysis of the nitrate but also causes
hydroxide and oxide to precipitate out of the solution.?® The
solution with no stabiliser remains clear throughout, as hydro-
xide and oxide do not precipitate at lower pH. As noticed in the
UV-vis experiment, there is an increase in transmittance of the
solution at 24 hours, a consequence of the precipitate settling
to the bottom of the solution. Given that the precipitate is a
mixture of oxide and hydroxide, as mentioned earlier, this
partially explains why a drop in In-OH is observed. However,
understanding the chelating nature of the stabiliser helps to
explain this observation fully. Over time, MEA can chelate with
the In atom and reduce the premature formation of any oxide."®
The N 1s spectra (see Fig. 5(c)) show comparable chemical
environments as the 24 h dataset discussed above. In addition,
minute NO; signals originating from the precursor are visible
between 0 and 2 h as the solution is still undergoing hydrolysis.
The peak labelled with an asterisk at 398.6 eV is thought to be a
reduced N-H group formed due to radiation effects during XPS
measurements from the reduction of N-O environments.”®?°
Hence explaining why no N-H environments were observed in
the IR data. The annealed film shows removal of N, in parallel
with a strong reduction of the carbon content (see Fig. 4),
confirming the successful conversion of the gel network to
metal oxide and the removal of any remaining stabiliser and
solvent.

Regardless of the stabiliser concentration used, all solutions
can form In,0O; films, although with varying quality. Quantify-
ing the ratio of hydroxide to oxide in the thin films is an
important indicator of film quality, as any remaining hydroxide
can diminish final device performance. Table 1 compares the
hydroxide and oxide amounts for each annealed film. The
solution with a 0.50:1 ratio produced the film with the lowest
hydroxide contribution, but due to the complex interactions of
the stabiliser with the sol-gel formation, there is no simple,
overall trend detectable. Qiu et al. concluded similar results of
no discernible trend but agreed that adding MEA improved the
hydroxide-to-oxide ratio, resulting in improved electrical
properties.”” A full quantitative analysis of the hydroxide to
oxide ratios for all samples, including the as-deposited films,
are shown in Table S2 of the ESI.f

This result contributes to the idea that finding a balance
between precursor and MEA addition is crucial, as although
MEA can control the hydrolysis through chelating, too much
can cause the opposite effect due to the increase in pH."® This
is further emphasised by a clear reduction in film thickness
deposited with increasing stabiliser concentration (see Table 1
for thicknesses determined from ellipsometry. The corres-
ponding fits are shown in Fig. S11 in the ESIf). Due to the
ultra-thin nature of the film, the structure and crystallinity of
the film could not be confirmed using XRD. However, a thicker
sample was made using the same solution and ratio of 0.50:1
but with 13 dip cycles, resulting in a diffraction pattern
commensurate with polycrystalline In,O; in the bixbyite struc-
ture (see Fig. S12 in the ESIt).

J. Mater. Chem. C, 2025,13,177-184 | 181


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc03116d

Open Access Article. Published on 22 October 2024. Downloaded on 2/8/2026 12:23:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry C
(a) In 3d- 0.50:1 o (b) O 1s-0.50:1 (c)N 1s-0.50:1
‘GB
—2h P —2h o O —2h
2 |—24n . —24h »n £ ——24h
s Annealed o Annealed Annealed
. o =
g ® o =
@® c v
~ = z
2 -
7 \sos=7.6 eV \ = O
5] : <
= ' 9
= o =
£ )
5] >
b4
*
T : T T : T T T T T T T T T T T I T T T
456 453 450 447 444 441 538 536 534 532 530 528 411 408 405 402 399 396 393

Binding Energy / eV

Binding Energy / eV

Binding Energy / eV

Fig. 5 XPS core level spectra, including (a) In 3d, (b) O 1s, and (c) N 1s, for the stabiliser ratio 0.50 : 1 between 0—24 hours and including the annealed film.

Spectra are normalised to the respective areas of the In 3ds,, peak.

Table 1 Table listing the relative atomic% of In(OH)s and In,Oz from XPS
present for the four annealed films with varying stabiliser amounts, as well
as corresponding thicknesses d obtained by ellipsometry

Stabiliser ratio In(OH); (rel. at%) In,0;3 (rel. at%) d (nm)
0:1 30.1 69.9 5.0
0.25:1 34.0 66.0 4.9
0.50:1 28.8 71.2 4.7
1:1 37.6 62.4 3.7

Following the exploration of the chemical nature of the
deposited films, AFM was used to understand how the stabi-
liser concentration affects their morphology and roughness.
Fig. 6 shows AFM images of the four annealed In,O; films with
calculated RMS roughness values in nm. Overall, increasing the

RMS 0.247 §(b) " ...""RMS 0.386

Fig. 6 AFM images (1 x 1 um?) of the four annealed In,Os films with
varying stabiliser concentrations: (a) 0, (b) 0.25, (c) 0.50 and (d) 1. The
corresponding RMS values in nm are shown in the upper right corner of
each image. All images are shown over the same height range.
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amount of stabiliser increases the film’s roughness and a
change in the morphology is observed. The roughness is more
than three times as high when a 1: 1 ratio is used compared to a
film without stabiliser. Qiu et al. observed similar roughness
values when varying MEA concentrations, however, they found
the film without stabiliser to have the highest roughness."”
Furthermore, the morphology changes from a very flat film to
the formation of distinct circular features on the film surface.
Jiaxiang et al. and Xu et al. also observed improved particle
sphericity with the addition of MEA.'®*' However, at the high-
est stabiliser concentration, there is formation of large gaps.
The excess stabiliser leads to increased hydroxide/oxide
precipitation, which affects the formation of a homogenous
M-O-M framework and, in turn, affects the formation of
homogeneous thin films. An additional risk of higher MEA
addition is that through the increase in chelation of MEA with
In ions, more MEA remains in the thin films, as seen in XPS
through the increase of a C-N environment at high concentra-
tions of stabiliser, resulting in a greater chance of cracking of
the film occurring during thermal annealing.

4 Conclusions

This work investigates the effect of altering the stabiliser
concentration on the deposition of In,0; thin films from sol-
gel by following the characteristics of the ageing solution and
the resulting films. It concludes that without stabiliser, rapid
oxide formation occurs in solution but slows considerably with
the addition of more stabiliser due to chelating effects decreas-
ing the hydrolysis rate. This allows the solution to remain
usable for an extended period of time, which is important for
scaling to continuous film deposition. With increasing stabi-
liser amount, a larger amount of In-OH/In-MEA species pre-
cipitate due to the increase in pH, causing cloudiness in the
solution as quantified through transmittance UV-vis spectro-
scopy. However, precipitates or cloudiness are not necessarily
detrimental to the formation of In,O;, with all solutions

This journal is © The Royal Society of Chemistry 2025
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forming In,0; of acceptable purity. The hydroxide contribution
varies with stabiliser concentration, and the 0.50:1 ratio of
MEA:In resulted in the lowest hydroxide presence. AFM
revealed the strong dependency of roughness and film homo-
geneity on the stabiliser concentration, with films becoming
much rougher when the stabiliser amount increases.

This work clearly demonstrates that the ratio of precursor
and stabiliser has to be chosen carefully, and a balance must be
achieved between the stabiliser controlling hydrolysis and, at
the same time, avoiding rapid precipitate formation. However,
it also shows that it is not essential to produce completely clear
solutions devoid of any precipitation. The 0.50:1 ratio of
MEA:In proved to be optimal overall for the preparation of
In,0; films, but this ratio is often not defined in the literature.
Only one other study found similar results using a 1:1 molar
ratio of stabiliser to In, however, DEA and InCl; were used
instead of the present sol-gel recipe.'® Work by Qiu et al
investigated higher concentrations of MEA but agreed there
was a limitation on improving the film qualities through using
MEA. Almost all other research emphasises the formation of
clear solutions, but there is no investigation of the nature of the
precipitates. Furthermore, there are limited studies under-
standing how the stabiliser concentration affects the long term
stability of the solution. In this work, a deeper understanding
of the long-term stability and stabiliser interaction with the
solution can be applied for future work with alternative pre-
cursors and solvents to optimise the deposition of oxide thin
films and improve device performance.
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