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Metal oxide thin films made from a sol—gel solution process are promising candidates for stable, low
cost, and high performance electronic devices. Reducing the thermal budget required for their crystal-
lization process can relax the fabrication limitation and expand their possible applications. We show that
with the addition of an adequate amount of tetramethylammonium hydroxide (TMAOH) in the precursor
solution, the activation energy of the sol—gel reaction can be reduced by about 50%. Using this strategy,
not only can the required thermal treatment time and temperature of the sol—gel reaction be signifi-
cantly reduced but also the quality of the film can be improved. The enhanced reaction rate can be
ascribed to the presence of hydroxyl anions, which facilitate the formation of the metal hydroxide and
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Introduction

Nowadays, metal oxide thin films play important roles in
modern society, and their potential applications keep expanding,
including photovoltaics, thin film transistors (TFTs), sensors,
transparent electrodes, electrochromics, etc.'™ Many approaches
have been developed to prepare high quality metal oxide thin
films such as pulse laser deposition, atomic layer deposition,
chemical vapor deposition, and radio frequency magnetron
sputtering.”™® However, the need for high vacuum conditions,
special vapor environments, or expensive equipment raises their
production cost and creates obstacles for the process to become
commercially feasible. Therefore, a surge of interest has devel-
oped for processing metal oxide thin films using a low cost
solution approach.

Bearing the advantages ranging from being inexpensive,
environmentally friendly, and large area scalable, solution
processed metal oxide thin films employ sol-gel chemistry
to transform metal-organic precursors into amorphous or
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crystalline metal oxides. Typically, these reactions take place
at an elevated temperature around 300-400 °C with a time span
of tens of minutes. The harsh heat treatment conditions involving
a remarkable amount of thermal budget not only limit the choice
of substrate, but also increase the complexity of the process and
fabrication cost. Understanding and manipulating the chemistry
behind the sol-gel reaction provide opportunities to reduce the
thermal budget. H. Sirringhaus’ group designed and synthesized
a metal alkoxide as the precursor.” With the presence of moisture
during the annealing process, they found that the hydrolysis
reaction for the metal alkoxide can be accelerated, leading to a
reduced annealing temperature. T. Marks’ group developed a
combustion method to realize high performance metal oxide
TFTs processed at low temperature.*®'* Fuels were added into
the precursor solution and ignited during the annealing
process, providing extra heat to facilitate the reaction.'®"?
J. Peng’s group recently demonstrated an oxygen radical
assisted method to reduce the annealing temperature.'* By
combining the appropriate ratio of nitrate and perchlorate,
the release of oxygen radicals can take place at a relatively low
temperature of 250 °C and facilitate the reaction. Besides,
in order to reduce the thermal budget, energy sources other
than heat can be taken into consideration. For example, using
photosensitive precursors, light can be another choice to
effectively provide energy for the sol-gel crystallization
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process and fabricate highly crystalline metal oxide thin films
at low temperature."’

Herein, we report the development of a universal approach
to efficiently form highly crystalline metal oxide thin films at a
temperature reduced by more than 50 °C with an increased
reaction rate (e.g. reducing the time by half). We manipulate the
sol-gel reaction by the addition of organo-ammonium hydro-
xide salts into the precursor solution. We verify that the
presence of hydroxyl anions can induce the efficient formation
of the intermediate compound: metal hydroxide, leading to
both a reduced time and temperature for the fabrication of
crystalline metal oxide thin films. This strategy can be success-
fully applied to metal oxides including NiO, Co;0,4, CuO, TiO,,
and In,0;. In particular, the performance of metal oxide
TFTs and photovoltaics was evaluated and confirmed to be
equivalent or superior to that of the conventional metal oxide
processed at high temperature. The results demonstrate the
potential of our strategy for application to many other metal
oxides and their devices.

Results and discussion

Eqn (1) and (2) show typical chemical reactions involved in the
formation of a metal oxide in the sol-gel process.’® The
organic part bound to the metal precursor is first protonated
and eliminated, followed by the concomitant coordination of
the hydroxyl group to the metal ion and the subsequent
formation of the metal hydroxide. Under further heat treat-
ment, the M-O-M framework is established, affording crystal-
line metal oxide thin films. We noticed that for many kinds of
metal oxides, the first step of the sol-gel process is the
formation of metal hydroxides. Therefore, promoting the
reaction rate or tendency of this process may be a promising
approach to reduce the thermal budget of solution processed
metal oxide thin films. We proposed that, when providing an
extra amount of hydroxyl anions, according to Le Chatelier’s
principle, the system will consume those additional hydroxyl
anions by shifting the equilibrium to the right, thereby
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enhancing the formation rate of metal hydroxide. The
sol-gel NiO thin film system is first studied to examine our
hypothesis.

M(OR), + OH™ -2 M(OR),_,(OH) + OR~ (1)

2M(OR)__,(OH) -2 2M,0(OR),,_, + H,0 )

NiO is a potential candidate for p-type transparent semi-
conductors, and the protocol of the sol-gel NiO thin film
synthesis is currently well-established.’” ™ Generally, a precursor
of nickel, such as nickel acetate, is dissolved in alcohol and
stabilized by the coordinating agent ethanolamine. For compar-
ison, we added tetramethylammonium hydroxide (TMAOH) into
the NiO precursor solution. We chose TMAOH because of its
strong basicity and its ability to provide the hydroxyl anion
effectively. In addition, the cation of the organo ammonium
can be easily decomposed and removed by heat, remaining as a
subtle influence on the final metal oxide thin films. The molar
ratios of TMAOH to the nickel precursor were varied from 0 to
0.5, 1.0, and 1.5, and the precursor solutions were named as
NiO-T-0, NiO-T-0.5, NiO-T-1.0, and NiO-T-1.5, respectively. Other
than NiO-T-1.5, a greenish, homogeneous phase can be obtained
for all the precursor solutions. For NiO-T-1.5, the color of the
solution was blue, and some undissolved white precipitant was
formed. According to ligand field theory, the color of a transition
metal ion can be significantly affected by the coordination ligand.
Consequently, this indicates a different coordinating condition of
the nickel ion when there is 1.5 equivalent of TMAOH.

We fabricated NiO thin films from these precursor solutions
by spin-coating. The annealing temperature was set to 250 °C.
An obvious change of color from transparent to light grey can
be observed after the establishment of the ordered NiO frame-
work. Therefore, judging the change of color can give us a brief
idea of reaction rate. A video of annealing NiO thin films with
different amounts of TMAOH in the precursor solution was
recorded (see ESIT). For the pristine NiO sol-gel solution,
NiO-T-0, it took around 12 min to get a greyish film, as it did
for NiO-T-0.5. Interestingly, when the concentration of TMAOH
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Fig. 1 Conductivity evolution of nickel oxide thin film prepared from sol—gel process. The annealing temperature was set at (a) 250, (b) 275, or

(c) 300 °C.
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increased, the color change occurred at a much shorter time,
6 min, for the prepared thin film.

Other than the appearance, the conductivity of the NiO thin
film can also serve as an indicator to check the formation of
crystalline NiO.>* We examined the conductivity of NiO thin
film by 4-point probe measurement. Fig. 1(a) illustrates the
conductivity of NiO thin films from four different precursor
solutions at various annealing times. For both NiO-T-0
(grey line) and NiO-T-0.5 (red line), the conductivity did not
reach the order of 10™* S ecm™" until 16 min. In contrast, after
adding 1.0 (green line) and 1.5 (blue line) equivalent of TMAOH
into the precursor solution, it only took around 8 min for the
conductivity to achieve the order of 10™* S cm™'. The thin
film made from NiO-T-1.5 shows a lower conductivity than
NiO-T-1.0. This may be attributed to incomplete decomposition
of the tetramethylammmonium cation, which deteriorates the
overall conductivity. Considering the effectiveness and stability
of the precursor solution, we chose a precursor solution con-
taining an equal molar amount of nickel precursor and TMAOH
(NiO-T-1.0) for further study.

Similar experiments were carried out at annealing tempera-
tures of 275 and 300 °C. The conductivities of the isothermal
samples are summarized in Fig. 1(b) and (c). After the addition
of the appropriate amount of TMAOH in the precursor solution,
the time required to obtain high conductivity nickel oxide thin
film can be reduced by half. One should notice that excellent
conductivity can be achieved from TMAOH-assisted NiO thin
films after annealing. This could be ascribed to the better film
morphology. A more compact and continuous thin film was
obtained owing to the presence of organic cation tetramethyl-
ammonium as the film-forming agent. The surface roughness
(arithmetical mean deviation) of the NiO thin film was lowered
from 0.622 to 0.304 nm with the addition of TMAOH (as shown
in Fig. S1, ESIt). Therefore, our strategy of adding TMAOH
into the NiO precursor solution can both enhance the sol-gel
reaction rate and increase the quality of film morphology.

In situ grazing-incidence wide-angle X-ray scattering
(GIWAXS) characterization was conducted to investigate the
crystallization of NiO thin films during the annealing process.
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Fig. 2 compares the time-evolution of diffraction peaks for
NiO-T-0 and NiO-T-1.0 when the sol-gel reaction took place at
250 °C. The NiO film adopts the rock salt structure, with
diffraction peaks at 37.3° and 43.4° representing (111) and
(200), respectively. We assumed the saturation of crystallization
was reached when the change of diffraction peak intensity was
less than 5%. For the pristine NiO sol-gel thin film, the
diffraction peak intensity reached 50% of its saturation value
at around 8 min and reached complete saturation at around
32 min. After the addition of TMAOH, the crystallization
process seemed to progress much faster. At the initial stage,
there were already diffraction peaks indicating the formation of
a crystalline NiO structure. The intensity of the diffraction peak
quickly reached 50% of its saturation value around 1 min, then
fully saturated around 12 min. The diffraction pattern of the
TMAOH-assisted NiO thin films exhibited a similar structure to
the pristine one. This suggests that the tetramethylammonium
cation with highly volatile features can be removed easily. Even
in the presence of an equal molar amount of TMAOH as nickel
acetate in the NiO-T-1.0 formulation, the crystalline structure
was not disturbed by the organic cation. Additionally, these
results indicate that the formation of metal hydroxide in the
sol-gel process is a rate determining step. Once the transforma-
tion of the organic metal precursor into the metal hydroxide
occurred, the crystalline metal oxide with a highly ordered
structure can be constructed immediately.

We hypothesized that the presence of the hydroxyl anion is
critical to the efficient formation of crystalline NiO thin films.
Our speculation was verified by a comparable reaction using
KOH instead of TMAOH. This time, an equal molar amount of
KOH was added into the sol-gel NiO solution and similar
experiments were carried out. We noticed that NiO thin films
prepared with KOH also turned grey faster than the pristine
one, i.e., a shorter time of 6 min rather than the typical time of
12 min at 250 °C. We also measured the conductivity evolution
of samples prepared using KOH (Fig. S2, ESIt). However, we
would not suggest using KOH as a replacement of TMAOH
to increase the sol-gel reaction rate and prepare metal oxide
thin films. According to the in situ GIWAXS measurement, the

Max

S

&
S

&

5 10 15 20 5

Time (min)

T r T

10 15 20

Time (min)

Fig. 2 In situ GIWAXS of nickel oxide films prepared by sol-gel process w/o (left) or w/TMAOH (right) annealed at 250 °C.
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diffraction peak representing crystalline NiO can be observed at
the initial stage, and it reached its saturation value within a
short period as well (Fig. S3, ESIt). Nevertheless, different from
the TMAOH-assisted sample, the unlikely removal of the potassium
cation would ultimately change the material composition and
crystalline structure of the as-prepared thin films. This can be
asserted by noting the appearance of additional diffraction peaks at
18.9°, 24.7°, and 28.0°.

We also carried out a similar experiment using ammonium
hydroxide as a replacement for TMAOH. The result showed
that the reaction rate cannot be accelerated by the addition of
ammonium hydroxide (Fig. S2, ESIT). One might expect that the
same effect could be achieved by adding ammonium hydroxide
into the precursor solution. Nevertheless, ammonium hydro-
xide is formed when ammonia reacts with water molecules in
aqueous solution. Ammonia was evaporated off in no time after
the thin film deposited from the precursor solution, leading
to the disappearance of the respective hydroxyl anion. As a
consequence, adding ammonium hydroxide cannot provide the
hydroxyl anion during the reaction of the sol-gel process. Based
on our investigation, we believe that compounds with a cation
that can be readily decomposed upon thermal treatment and
an anion providing hydroxide to react with the metal ion
can effectively accelerate the crystallization process of NiO
thin films.

To unravel the fast formation of the NiO thin film with
the assistance of TMAOH, we performed a kinetic study by
examining the thin film crystallinity evolution at different
temperatures. During the sol-gel reaction under the isothermal
condition, the crystallinity versus time can be described by the
Johnson-Mehl-Avrami (JMA) equation.

x(t) =1 — exp[— (k)] (3)
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where x is the crystallinity, & is the rate constant, ¢ is annealing
time, and n is the growth exponent. The sol-gel reaction was
undertaken at 300, 275, and 250 °C, considering crystallization
would reach completion within a reasonable time span. The
crystallinity was estimated by the (111) diffraction peaks
integrated over all azimuthal angles from GIWAXS measure-
ment (Fig. S4 and S5, ESIf). The rate constant was first
determined by fitting experimental data through the JMA
equation (Fig. S6, ESIT). The reaction rate here indicates the
overall behavior of the formation of metal hydroxide (eqn (1))
and the establishment of the metal oxide framework (eqn (2)).
The derived rate constant increases with annealing temperature.
We notice that the thin film prepared by NiO-T-1.0 annealed at
250 °C shows a comparable rate constant with the thin film
prepared by NiO-T-0 annealed at 300 °C. This can be explained
by the rapid increase of (111) diffraction signals in all NiO-T-1.0
thin films. Again, the result supports our speculation that the
rate determining step in this reaction is the formation of the
metal hydroxide (eqn (1)).

After that, we calculated the activation energy from the rate
constant at different temperatures using the Arrhenius equa-
tion. For NiO-T-0, the activation energy of the sol-gel reaction is
around 107 kJ mol™" (Fig. S7, ESI). With the assistance
of TMAOH, the activation energy of the sol-gel reaction from
NiO-T-1.0 drops significantly to around 59 k] mol~". The activa-
tion energy we infer here includes the reaction of the organo-
metal precursor with the hydroxyl anion to form the metal
hydroxide and subsequent condensation of the metal hydroxide
into metal oxide. The dramatic reduction of activation energy is a
consequence of the existing hydroxyl anion from TMAOH, which
alleviates the need for breaking the C-O bond from ethanol or
another compound that provides the hydroxyl anion in a typical
sol-gel reaction.
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Fig. 3 In situ GIWAXS of sol-gel (a) Co304 and (b) CuO. The top ones are thin films prepared without TMAOH, the bottom ones are thin films with
TMAOH. (c) Raman spectra of TiO, films prepared by sol gel process. The left part consists of samples prepared without TMAOH, the right part consists of
samples prepared with TMAOH. The annealing temperatures from bottom to top are 300, 350, 400, 450, and 500 °C, respectively.
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Encouraged by the success of the TMAOH strategy in the
NiO system, we applied this approach to other kinds of sol-gel
metal oxides such as Co;0, and CuO. The fact that both
crystalline Co;0,4 and CuO appear as greyish or black thin films
allows us to roughly estimate the crystallization rate by color.
The results showed that, with the addition of TMAOH, the time
for color change to take place can be shortened for Co;0,4 and
CuO by half (see ESIY). This fact can be further quantified with
the in situ GIWAXS study. In Fig. 3(a), the diffraction peak at
36.8° is contributed from Co3;0,(311), which can be used to
determine the crystallinity of the Coz;0, thin film. For pristine
Co;0, without TMAOH, the saturation of crystallinity was
reached around 2 min at an annealing temperature of 250 °C,
while this process can be reduced to less than 1 min in the
presence of TMAOH. For CuO, the situation was more complex
due to there being two kinds of stable oxide, Cu,O and CuO.
Under thermal annealing at 250 °C, the pristine precursor led
to Cu,O at the beginning, and gradually transformed to CuO
with prolonged annealing time, as shown in Fig. 3(b). It should
be noted that under this annealing condition, a large amount of
Cu was produced, as indicated by the diffraction peak at 43.5°.
On the other hand, when TMAOH was added into the precursor
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solution and then reacted, pure CuO can be formed almost
at the beginning of the annealing process without any trace
of metal Cu.

Another metal oxide, TiO,, was tested to investigate the
scope of the TMAOH strategy. Although showing attractive
potential in various applications such as photovoltaics, photo-
catalysts, sensors, etc.,>'>* the main challenge for TiO, is the
requirement of a high annealing temperature. Typically, 500 °C
is used to obtain highly crystalline anatase TiO, thin films.
Therefore, we fabricated TiO, thin films with different anneal-
ing temperatures from 300 to 500 °C and examined whether the
TMAOH strategy can reduce the annealing temperature.
Fig. 3(c) shows the Raman spectra of a TiO, thin film on
Au/Si fabricated at different annealing temperatures. For the
pristine solution, the signals representing the anatase phase of
TiO, can only be detected when the annealing temperature
reaches 500 °C. Significantly, the addition of TMAOH can
successfully lower the required temperature. The appearance
of the anatase phase of TiO, can be clearly observed in the
Raman spectrum at an annealing temperature as low as 400 °C.

We took a further step to fabricate metal oxide electronic
devices using the TMAOH strategy. This time, another metal
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Fig. 4 XPS spectra of O 1s from In,Os3 thin film. The fabrication conditions were (a) 300 °C w/o TMAOH, (b) 300 °C w/TMAOH, (c) 250 °C w/o TMAOH,
or (d) 250 °C w/ TMAOH. Transfer characteristics of In,Oz TFT. Black lines were devices made w/oTMAOH, red lines were devices made w/TMAOH. The
fabrication conditions were (e) 300 °C for 30 min, (f) 250 °C for 60 min, (g) 225 °C for 120 min, and (h) 200 °C for 120 min.
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oxide, In,0;, was tested. Solution processed In,O; is widely
studied and used as the channel material for TFTs.>* >’ Thin
films made from both pristine and TMAOH-assisted precursor
solutions were annealed at different temperatures. Fig. 4(a)-(d)
and Table S1 (ESIt) summarize the results of X-ray photo-
electron spectroscopy (XPS) characterization of the as-prepared
thin films. The XPS technique can distinguish elements having
different chemical environments or oxidation states. In terms of
oxygen, signals coming from lattice oxygen, vacancy oxygen, and
surface hydroxyl oxygen can be unambiguously determined.
When the annealing temperature was set at 300 °C, the ratios
of lattice oxide to vacancy oxide seem to show little difference
between samples prepared from the pristine solution or the
TMAOH-assisted solution. However, when the annealing tem-
perature decreased, say at 250 °C, the effect of TMAOH became
pronounced, forming a greater amount of lattice oxide than that
of the pristine one. In addition to XPS analysis, the GIWAXS
measurement (Fig. S8, ESIt) also provides consistent results. The
(222) and (400) diffraction peaks of cubic phase In,O; can only
be detected for a sample fabricated at 300 °C from the pristine
solution, while noticeable diffraction peaks can be observed even
for a sample fabricated at 225 °C from the precursor solution
containing TMAOH.

Bottom gate top contact In,O; TFTs were made, with Si as
the bottom gate, SiO, as the dielectric, and thermally deposited
Al as the top contact. The transfer characteristics of In,O3; TFTs
are shown in Fig. 4(e)-(h). The annealing temperature of In,03
was varied from 200 to 300 °C. It was found that, at every

(a) 5
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annealing temperature, devices made from the TMAOH-assisted
solution always outperform the devices made from the pristine
solution, which can be explained by the XPS and GIWAXS
characterization that rapid and efficient formation of crystalline
In,0; can be achieved from the TMAOH-assisted solution.
Furthermore, when the annealing temperature was decreased
to 200 °C, pristine In,0; exhibited no further transistor behavior.
In comparison, the device made from the TMAOH added
solution can still be turned on at a gate voltage of 40 V.

In order to demonstrate the efficient formation of crystalline
metal oxide thin films without sacrificing electronic or inter-
facial integrity, organic-inorganic hybrid perovskite (OIHP)
photovoltaics based on NiO as the hole transport layer were
fabricated.”®*® The morphology of solution processed OIHP
thin films is sensitive to the substrate, and the interfaces
between OIHP and the charge carrier transport layer are
responsible for the efficient carrier extraction process.*’™>
Both conditions are required to obtain high performance OIHP
devices. Therefore, we expected that fabricating OIHP photo-
voltaics based on TMAOH-assisted NiO thin films would be a
convincing approach to verify the bulk and interface properties
of the as-made thin films.

Fig. 5, and Tables S2, S3 (ESIY) illustrate the I-V character-
ization curves and some key parameters of OIHP photovoltaics
based on NiO thin films. To be an applicable hole transport
layer, criteria of good conductivity and the appropriate energy
level are critical and need to be fulfilled at the same time. In the
literature, the typical annealing condition for NiO thin films is
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Fig. 5 The performance of OIHP photovoltaics based on NiO thin films. (a) Summary and /-V characterization curves of device efficiencies with various
NiO annealing times at 300 °C. (b) Summary and /-V characterization curves of device efficiencies with various NiO annealing temperatures.
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300 °C for 30 min.>** In our experiments, we fixed the anneal-
ing temperature to be 300 °C, and different annealing times were
examined. For the pristine NiO solution, the perovskite device
exhibits no photodiode characteristics nor noticeable efficiency
when the annealing time of the NiO thin film is shorter than
4 min. Thus, a NiO thin film with an annealing time of more
than 4 min is required to function as an appropriate hole
transport layer in a high performance perovskite device. On
the other hand, the TMAOH strategy can greatly increase the
reaction rate of the NiO sol-gel process, and an annealing time of
2 min is enough to obtain high performance perovskite devices.
The results are summarized in Fig. 5(a) and Table S2 (ESI{).
Importantly, the efficiency of the perovskite photovoltaics can be
significantly affected by the interface between perovskite thin
films and carrier transporting layers. The devices based on
TMAOH-assisted NiO thin films exhibited comparable or even
higher efficiencies than the pristine one, suggesting either that
the ammonium cations can be completely removed from the thin
film during thermal treatment or that the remaining ammonium
cations would not deteriorate the perovskite crystalline structure.
This again demonstrates the efficient formation of crystalline NiO
by the TMAOH strategy. Therefore, using this approach, the
thermal budget of the NiO sol-gel process can be significantly
reduced.

Motivated by our results, we further explored the minimum
annealing temperature required to achieve suitable NiO thin
films for perovskite devices. This time, the annealing time was
set to be 15 min, and various annealing temperatures were
tested ranging from 200 to 300 °C. The results are shown in
Fig. 5(b) and Table S3 (ESIT). An annealing temperature higher
than 250 °C is required using pristine NiO thin films. Once the
processing temperature is reduced to 225 °C, there is no
crystalline NiO produced, leading to poor device performance.
Using the TMAOH strategy, we noticed that crystalline NiO can
be produced at a temperature as low as 200 °C in a short period
(15 min), and perovskite devices with an efficiency of 10% can
be obtained. Therefore, we demonstrated that the TMAOH-
assisted strategy can successfully reduce the thermal budget
while producing high quality NiO thin films applicable for
perovskite photovoltaics.

Conclusions

We develop a promising energy saving method to reduce both
the time and temperature required to fabricate highly crystal-
line metal oxide thin films. We provide hydroxyl anions and
manipulate the typical sol-gel reaction by adding TMAOH into
the metal oxide precursor and obtain a homogeneous and
stable solution. Careful investigation reveals that during the
thermal treatment process, the hydroxyl anion released from
TMAOH can accelerate the formation of the metal hydroxide,
leading to an increased overall reaction rate and reduced
activation energy. Because the reaction shows no specific
requirement in the selection of metal ions, this method can
be generalized to many other kinds of metal oxide systems,
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such as NiO, Co;0,, CuO, TiO, and In,0;, as demonstrated in
this study. The performance of electronic devices using the
TMAOH-assisted strategy is also examined. For In,O; TFTs, a
higher turn-on current can be extracted, and the transistor
behavior can be observed at a lower processing temperature.
For NiO based OIHP photovoltaics, a shorter annealing time
and lower annealing temperature can be used to obtain the
crystalline NiO thin film for high efficiency OIHP photovoltaics.
Therefore, this approach is a promising strategy to reduce the
thermal budget for various sol-gel metal oxide thin films and is
applicable to the synthesis of high performance metal oxide
based electronic devices.

Experimental
Chemicals

NiO pristine sol-gel solution was prepared by dissolving nickel
acetate tetrahydrate in ethanol at 60 °C to obtain 1 M (for
conductivity measurement and GIWAXS analysis) or 0.5 M (for
photovoltaic application) green solutions, followed by dropping
an equal molar amount of ethanolamine as stabilizer. Co;0,
pristine sol-gel solution was prepared by dissolving 0.5 M
cobalt acetate in ethanol/water (v/v = 1/1) with equal molar
ethanolamine to obtain a dark purple solution. Copper acetate
was dissolved in ethanol to obtain a 0.5 M dark blue solution
with 1 M ethanolamine as stabilizer. Titanium diisopropoxide
bis(acetylacetonate) was dispersed in ethanol to obtain a 0.5 M
pale yellow solution with 0.5 M ethanolamine as stabilizer.
To prepare the In,O; precursor solution, 1 mmol of indium
acetate was dissolved in 10 mL of 2-methoxyethanol with the
aid of 2 mmol of ethanolamine and 0.4 mL of ammonium
solution (28.0-30.0%).

For the TMAOH-assisted precursor solution, to obtain a
stable and homogeneous solution, the molar concentration of
TMAOH was equal to the metal salt while keeping all the other
formulations unchanged. For example, the NiO precursor solution
for photovoltaic application was prepared by dissolving 0.5 M
nickel acetate tetrahydrate, 0.5 M ethanolamine, and 0.5 M
TMAOH in ethanol.

Metal oxide thin film preparation

For simplicity, in our experiments, all the metal oxide thin
films were prepared by spin-coating the respective metal oxide
precursor solutions on substrates at 4000 rpm for 20 s. Glass, Si
wafer, or Si/Au was selected as the substrate when preparing
samples for 4-point probe measurement, GIWAXS analysis, or
Raman characterization, respectively. A hotplate containing a
feedback control system was used to anneal the sol-gel metal
oxide thin films. The temperature of the hotplate was first
stabilized at the desired condition before placing samples on
the preheated hotplate.

Metal oxide thin film characterization

Four-point probe measurement was conducted on a commercial
probe station (Solar Energy Tech, FPSR100a), data were recorded
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and analyzed by the LabView program. Synchrotron GIWAXS
measurement was performed at the end station BL23A1 of the
National Synchrotron Radiation Research Center (NSRRC),
Taiwan.*> Monochromated X-rays of 10 and 15 keV were used
as the light source. The incident angle was kept at 1°. For in situ
measurement, a custom-built heater was used as a sample stage.
The Raman spectrum (WITec, Alpha300 S) with a 632.8 nm
He-Ne laser was recorded on a high-resolution piezoelectric stage
of a scanning microscope. The XPS data were collected from a PHI
5000 VersaProbe (ULVAC-PHI, Chigasaki, Japan) system with a
microfocused (100 mm, 25 W) Al X-ray beam. During the measure-
ment, the pressure of the main chamber was kept below 10~ Pa
by means of turbomolecular and ion-getter pumps.

In,0; TFT fabrication and characterization

Highly p-doped Si wafer with 300 nm thick thermal oxide was
used as the substrate, which was cleaned by subsequent
sonication in acetone, methanol, and isopropanol, then a
15 min oxygen plasma treatment was used just prior to spin
coating. A thin layer of In,0; was deposited on the Si wafer by
spin coating In,O; precursor solution at 4000 rpm for 20 s. After
thermal treatment, 100 nm thick Al was immediately thermally
deposited as the source and drain through a shadow mask. The
channel length (W) and width (L) are 1000 pum and 100 pum,
respectively. TFT characterization was carried out by a Keysight
B2912A precision source/measure unit.

NiO-based perovskite photovoltaic fabrication and
characterization

The NiO precursor solution was spin-coated on pre-cleaned
FTO at 4000 rpm for 20 s, followed by the designed annealing
process. Typically, it takes 30 min at 300 °C for complete
crystallization. In our work, we also tested a shorter annealing
time and a lower annealing temperature. The OIHP thin film
was spin coated from the precursor solution of methylammonium
iodide (1 M) and lead iodide (1 M) in DMF/DMSO (v/v = 5/2). After
16 s spin coating at 4500 rpm, 300 pL of diethyl ether was dropped
on the OIHP thin film to wash out excess solvent. A compact OIHP
thin film can be obtained after thermal treatment of 1 min at
75 °C and 2 min at 100 °C. The electron transport layer of PCBM
(20 mg mL™" in chlorobenzene) and PEI (0.1 wt% in isopropanol)
were spin-coated at 1000 rpm and 3000 rpm, respectively. Finally,
100 nm of Ag was thermally deposited as the top electrode. The
photovoltaic characterization was performed by using a Keithley
2410 source meter, with the device under AM1.5G illumination
(100 mW ¢cm™?).
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