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Abstract: The synthesis of highly crystalline mesoporous
materials is key to realizing high-performance chemical
and biological sensors and optoelectronics. However,
minimizing surface oxidation and enhancing the domain
size without affecting the porous nanoarchitecture are
daunting challenges. Herein, we report a hybrid techni-
que that combines bottom-up electrochemical growth
with top-down plasma treatment to produce mesoporous
semiconductors with large crystalline domain sizes and
excellent surface passivation. By passivating unsaturated
bonds without incorporating any chemical or physical
layers, these films show better stability and
enhancement in the optoelectronic properties of meso-
porous copper telluride (CuTe) with different pore
diameters. These results provide exciting opportunities
for the development of long-term, stable, and high-
performance mesoporous semiconductor materials for
future technologies.

Introduction

Engineering nanoarchitectures and nanomorphologies offers
advantageous approaches for multifunctional applications.
The overall properties of these nanomaterials can be
determined by their composition, crystalline phase, degree

of crystallinity, morphology, and dimensions. The rational
and controlled design of mesoporous materials provides an
opportunity to create emergent science in nanospaces. These
materials have played a critical role in the performance of
various applications, such as adsorption, separation, cataly-
sis, and energy storage.[1–4] Soft-templating is a flexible
synthetic method that provides excellent control of the
meso-structures in addition to the dimensions and morphol-
ogies of the mesoporous materials,[5] as compared to hard-
templating[6] and template-free methods.[7] This technique
utilizes amphiphilic molecules, such as block copolymers, as
a template that can subsequently be removed, creating
ordered mesopores with low surface contamination.[8,9]

Some of our groups have pioneered innovative soft-templat-
ing techniques to produce mesoporous metals using block
copolymer micelles as sacrificial templates in aqueous
solutions for better control of the pore diameter.[4,5] None-
theless, mesoporous metals have limited applications in
optoelectronics owing to the absence of optical band
gaps.[9–11] In this regard, optically active materials hold
promise for self-sustainable photon-to-electron conversion
processes to initiate photo-assisted electrochemical reac-
tions. Mesoporous semiconductors such as wide-band gap
metal oxides have emerged as potential candidates for
optoelectronic and energy conversion applications in the
ultraviolet (UV) range.[12–14] Functionalizing semiconductor
materials to cover a broader range of the electromagnetic
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spectrum, including the visible wavelength range, could
potentially create new exciting applications.[15,16]

Issues with previous approaches involve serious limita-
tions in the composition of semiconductors. . Semiconduc-
tors, such as transition metal chalcogenides, can operate
efficiently in the visible spectrum with highly controllable
compositions, unlike metal oxides. The introduction of
mesopores into the bulk of semiconductors through the soft-
template method is a low-energy process, which results in
nanocrystalline domains.[5,17] As domain boundaries can
impede effective charge transport within mesoporous struc-
tures, high crystallinity is desirable. Several postprocessing
techniques have been employed in porous and semiconduc-
tor materials to control defect sites at the lattice level to
improve carrier transport and catalytic properties.[18–20]

Techniques such as wet chemical passivation and physical
layers have been widely employed for surface
passivation.[21,22] However, these methods typically lead to
the formation of high interfacial capacitance, impeding
carrier mobility. Additional post-thermal annealing has been
used to overcome the above issues and minimize interfacial
capacitance, but this approach raises other technical prob-
lems including distortion and collapse of nanoarchitectured
voids.

Plasma, the fourth state of matter, is a promising
medium comprised of different species, including ions and
free radicals, engendered at ambient or low pressure,
including ions and free radicals.[23] Unlike ground-state
atoms, plasma species remain highly reactive and can modify
nanomaterials in an energy-efficient manner. Plasma-en-
abled material processing includes material thinning,[24]

nanostructured band gap tuning,[25] heteroatom doping,[26]

and surface functionalization.[27,28] Such complex reactions
cannot be achieved easily by traditional thermal or solution-
based treatments, making plasma processing an extremely
versatile technique.

Herein, we report a new concept of coupling our soft-
templating growth method with plasma exposure to obtain
highly crystalline mesoporous semiconductors. We inves-
tigated the effect of varying the pore diameter and the
impact of Ar plasma exposure on the mesoporous structure
of copper chalcogenide. This technique proved to be less
invasive and was effective in improving the crystallinity of
the electrochemically deposited thin films. Spectroscopic
analysis was used to examine the effective change in the
photon-matter interactions upon introducing symmetrically
distributed pores with different diameters to control the
tunability of the band gap (Eg). The drastic improvement in
domain sizes with controlled plasma exposure resulted in
significantly enhanced resilience to surface oxidation. Based
on this finding, an innovative approach is proposed to
control the optoelectronic properties and improve the
domain size in mesoporous materials.

Results and Discussion

Electrochemical Deposition of Chalcogenide Semiconductors

This study demonstrates our plasma treatment technique for
mesoporous and nonporous copper telluride (CuTe) films.
Our approach can also be applied to a wide range of
mesoporous semiconductors. Pristine CuTe films were
electrochemically prepared in an electrolyte solution con-
taining metal ions with and without polymeric micelles
under a suitable potential to form mesoporous and non-
porous films using a three-electrode electrochemical system
(Figure 1). We controlled the pore diameter of the CuTe
films by varying the molecular weight of the amphiphilic di-
block copolymer (BCP). Self-assembled micelles were made
of BCPs consisting of a hydrophobic polystyrene (PS) head
anchored to a hydrophilic polyethylene oxide (PEO) tail..
To initiate the self-assembly of BCPs into micelles, the
suspension with tetrahydrofuran (THF) was mixed with
deionized water. Subsequently, the hydrophobic PS groups
were transformed into spheres, resulting in the formation of
spherical micelles (Figure 1A). We optically confirmed the
presence of spherical micelles by employing the Tyndall
effect, in which the scattered light was more profound as the
size of the micelles increased along the path of the beam.
The average micelle sizes and their distributions were
observed using transmission electron microscopy (TEM) for
three types of homogeneously self-assembled PS-b-PEO
micelles (Figure S1). At a suitable applied potential, the
metal ions are directed towards the Au electrode, initiating
nucleation and growth by trapping micelles to form a
mesopore architecture through electrochemical deposition
(ECD) (Figures 1B and C; further details are available in
Supporting Information Note 1). Finally, the samples were
rinsed with THF at 45 °C to accelerate the removal of self-
assembled micelles. The mesoporous films were prepared
with BCP-1, BCP-2, and BCP-3, and these samples were
noted as BCP-1 film, BCP-2 film, and BCP-3 film,
respectively. The optimization of the deposition potentials
and stoichiometries was conducted through linear sweep
voltammetry and by controlling the ratios of the metal
precursors (Figures S2 and S3).

Figures 2A–H show the morphology of CuTe films
characterized using field emission scanning electron micro-
scopy (FE-SEM) along with the subsequent atomic compo-
sition determined by energy dispersive X-ray analysis
(EDX) and X-ray photoelectron spectroscopy (XPS). The
nonporous and mesoporous films were relatively flat with
uniformly distributed pores displayed on the mesoporous
films. Further details are discussed based on the ampero-
metric current over time (i–t) during the ECD (Figure S4
and Supporting Information Note 2). To further confirm the
consistency of the flat surface and the conformal pore
distribution, the deposition duration of BCP-3 film (large
pores) was varied to observe its effect on the morphology
(Figure S5). Evidently, the surface roughness and pore
distribution remained consistent with a linear increase in the
film thickness at a growth rate of ca. 0.2 nms� 1. The
distribution of pore size and its corresponding wall thickness
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were extracted from the SEM images shown in Figures 2A–
H. Figure 2I shows the distribution in pore diameter, where
the smallest pore-sized BCP-1 film was found to be 9.4 nm
and gradually increased to 16.2 nm for BCP-2 film and
20.9 nm for BCP-3 film with increasing molecular weight.
The wall thicknesses of these films were measured at 9.2,
14.8 and 19.2 nm for BCP-1, BCP-2, and BCP-3 films,
respectively (Figure 2J).

Figure 2K shows the optical absorbance of pristine films,
namely, nonporous (NP) film, followed by mesoporous
BCP-1, BCP-2, and BCP-3 films using spectrophotometry. A
blue shift was clearly observed upon reducing the pore
diameter, which in turn reduced the wall thickness of the
deposited CuTe films. As the micelle size decreased, a large
number of micelles could be accommodated in the bulk of
the thin film during ECD, causing a reduction in the wall
thickness. The presence of micelles during ECD resulted in
the confined growth of crystallites, leading to low crystal-
linity, as further discussed in the grazing incidence X-ray
diffraction (GIXD) section. This potentially results in a
reduction in the average crystalline domain size and
interplanar distance in the CuTe walls.[29] As the wall
thickness decreases, the number of functional sites is
expected to increase, creating higher-energy surface states.
These surfaces (or band tailing states) can be observed at
the optical band edges of the material, and are referred to as
the Urbach energy (EU): a ¼ a0e

ðhn=EUÞ where α is the

absorption coefficient of the material (Figure S6).[30] From
the slopes of the absorption spectra in Figure 2K (i.e., ln(α)/
hν), EU is determined to be 599 meV for the pristine film
and increases significantly with decreasing pore diameters in
mesoporous films (i.e., 713, 842, and 900 meV for BCP-3,
BCP-2, and BCP-1, respectively, Figure 2L and Table S1). A
large EU corresponds to a high level of disorder or an
amorphous nature of the material, further emphasizing the
importance of post-growth treatment to enhance the crystal-
linity of mesoporous semiconductors.

Concept of Post-Synthesis Plasma Irradiation

Pristine CuTe films were exposed to low-power plasma, and
the results were benchmarked against the conventional
thermal annealing method. In the thermal approach, we
annealed NP, BCP-1, BCP-2, and BCP-3 films at 70, 140,
and 210 °C for each set of films in vacuum. The original
mesoporous structures were distorted and finally collapsed
at temperatures of 140 °C and above, as observed by FE-
SEM (Figure S7). A higher annealing temperature resulted
in a high Cu migration rate towards the Au substrate,
leaving a Te-rich layer on the top of the Au surface
(Figure S8). Thermal treatment also requires a relatively
long processing time, typically 60–90 min, which potentially
increases surface oxidation.

Figure 1. Illustration of the process flow for the deposition of mesoporous CuTe thin film. A) Di-block copolymer (BCP) dissolved in tetrahydrofuran
(THF) and self-assembled to form micelles when introduced in deionized water (DIW). B) Electrochemical deposition process for nonporous
(without BCP) and mesoporous BCP-1, BCP-2 and BCP-3 films with varying micelle sizes in the electrolyte solution. C) THF-assisted soft-template
removal to obtain mesoporous films.
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Compared to conventional annealing processes, under
an optimal plasma power, chemically inert ionized gas (e.g.,
Ar) can passivate unsaturated surface dangling bonds with-
out modifying the surface chemistry of materials, leaving the
original nanoarchitectures unaltered under low-power plas-
ma exposure (Figure 3). We applied low-power plasma
(below 70 W) to the pristine NP and mesoporous films using
radio frequency (RF) sourced at 13.56 MHz in a parallel
plate configuration, as shown in Figure 3A. High-energy
ions excited from the plasma are directed towards the
sample, leading to elastic collisions. These elastic collisions
cause the lattice to resonate and rearrange, as confirmed by
the high peak intensities. The energy is then transferred in
the form of momentum accompanying the anionotropy on
the CuTe framework and modifies its surface energy. These
low-surface-energy collisions generate localized heating
through acoustic phonons at the lattice level.[23] This
phenomenon is highly consistent in films with nanoscale wall
thicknesses ranging from 10 to 50 nm, as ripples created in
the atomic lattice due to low-energy collisions can propagate
easily. During this process, the localized states extended to
Eg at different energy levels are reduced by passivating the
unsaturated bonds at the surface level. By varying the
plasma power, the collision intensity can be tuned between

elastic and inelastic collisions, resulting in different plasma-
material interactions (Figure 3C). Here, we varied the
plasma power and exposure time to optimize plasma
parameters. Optimizing the exposure time, we ensured that
Ar ion collision did not affect the nanoarchitecture, as
further discussed in Figures 3B and S9, and mapped the
optimization data by varying the plasma power vs. exposure
time as a function of surface state passivation and domain
size enhancement, for improved photon management. These
results suggest that 180 s of 30 W plasma was the shortest
optimal duration for the treatment of mesoporous CuTe.
The effect of varying the plasma power for a fixed duration
is indicated by red dots along the X-axis and varying the
exposure duration for a fixed power is indicated by blue
dots along the Y-axis on the graph (Figure 3B). The effect
of Ar plasma on the porous structure with different powers
of 10, 30, and 50 W, and the same exposure time of 180 s is
presented in Figure S10. The top-view SEM images in
Figures S10C and S10F confirmed that no significant change
in the mesoporous structure with increasing plasma power,
with a slight change in the surface roughness at 50 W, which
was attributed to an etching effect, as demonstrated in
Figures 3C (iv), S11, S12A, and Table S2. Furthermore, the
substrate temperatures changed between 23 and 35 °C on

Figure 2. Scanning electron microscopy (SEM) and spectrophotometry. Surface morphologies of A,E) NP, followed by B,F) BCP-1 film, C,G) BCP-2
film, and D,H) BCP-3 film along with atomic percentages of copper in orange and telluride in blue examined by energy-dispersive X-ray analysis
(EDX) and X-ray photoelectron spectroscopy (XPS) for respective samples (scale bar: 250 nm). I) Pore diameter and J) wall thickness distribution.
K) Normalized absorbance along with L) band gap (Eg) and Urbach energy (EU) for varying pore diameters. The electrolytes containing micelles
were prepared by mixing 0.35 mL of 80 mM Cu precursor solution and 0.65 mL of 80 mM Te precursor solution. The applied potential was � 0.2 V
(vs. Ag/AgCl).

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202114729 (4 of 11) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



average, depending on the plasma power and exposure time
during the Ar plasma treatment. These temperatures were
measured by thermocouples sandwiched between the sample
and the stage to prevent direct exposure to plasma. Because
the temperatures measured in this process were similar to
the ambient temperature and very low compared to the
annealing temperature, the thermal effect of the low-power
plasma treatment was negligible (Figure S12B).

Spectroscopic Analysis of the Plasma-Treated Films

To understand the crystallography of the material, we
performed GIXD measurements in the out-of-plane config-
uration on films with a thickness of a few nanometers.
Figures 4A and B show the GIXD patterns of the NP and
mesoporous films before and after plasma treatment at
30 W for 180 s. Compared with the NP film, the GIXD
patterns acquired from the pristine mesoporous films
showed low-intensity widened peaks corresponding to
polycrystalline frameworks (Figure 4A). As shown in Fig-
ure 2K, such broad peaks imply non-uniform strains
between the micelle and the walls of CuTe on crystallization

as a reinforcing mechanism.[31,32] From Figures 2I and S1D,
an approximately 25% reduction in the actual micelle size
upon the growth of CuTe domains results in the formation
of multiple crystalline domains around the micelles.

In contrast, plasma treatment significantly improved the
domain size (Figure 4B), contributing to several distinguish-
able GIXD peaks with high intensity (Supporting Informa-
tion Note 3). There was no significant change even under
prolonged exposure to Ar plasma at 10 W (Supporting
Information Note 4). Increasing the plasma power to 30 W
led to a steady expansion of the crystal domains, but further
improvement of the domain sizes was not observed after
180 s (Figure S13 and Table S3). Table S4 summarizes the d-
spacing values extracted after treatment (Figure 4B) with
the corresponding crystallinity (note: the d-spacing values
for pristine films are not listed because it is difficult to
extract accurate values due to very broad peaks.). Evidently,
the d-spacing values changed slightly under the optimized
plasma conditions, maintaining high consistency even when
the pore diameters were varied. Regardless of the pore size,
the d-spacings of each orientation exhibited a very slight
change (Figure S14A). Furthermore, they did not change
significantly depending on the plasma processing time in

Figure 3. Plasma processing and optimization. Illustration representing A) the plasma processing chamber followed by B) process mapping from
optimization and C) effect on CuTe film with change in exposure time and change in plasma power.
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BCP-3, which had the largest pores (Figure S14B). This
phenomenon elucidated the effectiveness of optimal plasma
exposure in improving the crystallinity of mesoporous
materials by rearranging lattice atoms.

The optical absorption spectra of the films after thermal
and plasma treatments showed no significant changes in
CuTe films (Figure S15). The pristine films showed a
relatively larger Eg than that of the treated films. However,
a noticeable effect on the EU was confirmed after the
thermal and plasma treatments. Especially after plasma
treatment, the EU reduced with an abrupt improvement in

crystallinity on increasing the exposure duration, and the d-
spacing value also slightly reduced (30 W). Upon further
exposure (above 240 s), the EU increased along with a slight
increase in d-spacing due to the etching of the plasma
treatment (Figure S14C). According to this result, it can be
confirmed that plasma treatment can control the EU and
significantly improve crystallinity with minimal changes in d-
spacing. Further, changes in the work function and band
edges (Figure S16) were extracted using ultraviolet photo-
electron spectroscopy (UPS). Figure S17 shows the energy-
band diagram of CuTe obtained from the energy levels. The

Figure 4. Grazing incidence X-ray diffraction (GIXD) and XPS on CuTe films. Out-of-plane GIXD and XPS spectra of CuTe films A,C) before and
B,D) after plasma treatment under optimized conditions (30W, 180s).
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Fermi level of the samples was found to be aligned steadily
at approximately 2 eV above the valence band, ensuring that
the material was n-type even after the treatment. All the
plasma treated mesoporous films maintained the same
energy levels as those of the pristine films, clearly indicating
the stability of the pore architecture.

To examine surface oxidation, the surface chemistry of
the CuTe films was characterized using XPS with core-level
spectra measured for Cu 2p and Te 3d. The peak positions
and indexing are explained in Supporting Information
Note 5. Figure 4C shows the core-level spectra for all
pristine films. Mesopores expose many unsaturated bonds
that are susceptible to ambient gas molecules, mainly oxy-
gen, to form a thin oxide layer within a few hours of
exposure. Upon further probing, it was evident that surface
oxidation increased with a reduction in the pore diameter.
The Cu 2p and Te 3d oxide peaks increased gradually as the
pore size decreased along BCP-3 film (20.9 nm), BCP-2 film
(16.2 nm), and BCP-1 film (9.4 nm). In thermally treated
films, the collapsed pores trapped the surface-level oxides
by chemically absorbing them into the bulk. This phenomen-
on was reflected in the observation of intense oxide peaks
immediately after the thermal treatment. Higher annealing
temperatures resulted in a high degree of surface oxidation
(Figures S18A, S19A, S20A, and Supporting Information
Note 5). These results indicated that post-thermal treatment
was not preferable for eliminating the surface oxides. In
contrast, the plasma technique showed saturation of the
surface bonds, as observed in the diminution of the EU

values, as well as a significant decrease in oxide peaks
(Figure 4D). Exposure to optimal plasma not only passi-
vated the unsaturated bonds, but also eliminated the existing
surface oxides and other contaminants, making the film
surface resilient to oxidation. Further investigation of the
long-term stability of the thermal and plasma treated films is
also discussed (Figures S18–S23, Table S5, and Supporting
Information Note 5).

Figures 5, S24, and S25 show cross-sectional TEM
images of mesoporous CuTe used to evaluate the crystalline
domain sizes and lattice arrangements. The ECD resulted in
small domains (5–20 nm width) with different crystal
orientations (Figures 5A–C). The fast Fourier transform
(FFT) images (inset) supported the changes in domain sizes
and orientations observed in the TEM images. The bright-
field (BF) STEM data showed a clear improvement in the
domain size of the plasma treated samples, irrespective of
the varying pore diameters (Figures 5D–F), which corre-
sponded to the crystallinity values (%) calculated from the
GIXD (Figure S13 and Table S3). Along with the structural
enhancement, we also observed that the domains were
preferentially oriented along the vertical direction from the
substrate, observed along the [010] (Figures 5G and H) or
[001] zone axis (Figure 5I). The plasma sheath interacts
perpendicularly with the sample surface maintained at the
opposite potential by generating parallel plasma. For the
orthorhombic structure of the vulcanite phase, the direction
of carrier transport along the (110) plane is preferential over
the c- axis owing to its larger d-spacing (6.93 Å) (Figure 5J).
This directed the lattice arrangement in the walls to

preferentially orient vertically from the substrate as a
consequence of the shortest charge transport pathway for
plasma ions (see Supporting Information Note 6). The
d-spacing varied slightly owing to non-uniform strains (Fig-
ure S25), and the lattice fringes were coherently extended
across the mesopores. Figure S26 shows the atomic reso-
lution of CuTe along the [010] zone axis, with an overlaid
orthorhombic crystal structure. Nanoscale elemental map-
ping after plasma treatment is further discussed in Support-
ing Information Note 6 using EDX analysis (Figures S27–
S29). Both Cu and Te were uniformly distributed within the
pore walls. Careful observation using the high-angle annular
dark-field (HAADF) mode revealed segregation of several
Te nanoclusters (approximately 2 nm on average) in the
BCP-3 film with large pores (Figure S29), but they were not
observed in the BCP-1 film with small pores (Figures S27,
S28 and S30). Thus, most of the Cu and Te existed within
the pore walls, whereas several Te nanoclusters were formed
along the surface of the pores. Considering the 1 :1
stoichiometry of CuTe, an excess amount of Te was present
in the initial films (Figures 2A-H). Therefore, during plasma
treatment, excess Te was knocked out from the pore walls,
as identified by the Te peaks in the GIXD data (Figure 4B).

Electrical Properties of the Plasma-Treated Films

The electrical properties at the nanoscale were analyzed
using a conductive atomic force microscopy (C� AFM)
module to probe the effect of passivated surface states and
improved the domain size (Figures 6A–H). The films were
profiled by rastering the mesoporous surface at a constant
amplitude using a conductive probe with a tip diameter of
15 nm. Figures 6A and E illustrate the topographies of BCP-
3 films before and after plasma treatment, showing an
average surface roughness (Rq) of 4.72 and 3.56 nm over a
scanning area of 1 μm×1 μm, respectively. To probe the
effect of the mesopores, the contact potential difference
(CPD) and the corresponding derivative electrical field
difference (EFD) were measured (Figures 6B and F) by
Kelvin probe force microscopy (KPFM) under an applied
bias voltage scanned along the red line that crosses five
pores, as indicated in Figures 6A and E. The deposition
conditions were tuned to obtain a conformal thickness in the
mesoporous films to minimize scattering centers and
improve carrier mobility. The CPD distribution of the
plasma treated film shifted to 250.9 mV higher than that of
the pristine film. The CPD shift was resulted from the
enhancement in the domain size accompanied by an electri-
cally preferred orientation over the substrate. The average
fluctuations in CPD (δCPD) were found to be 37.07 mV for
the pristine film and 6.48 mV for the plasma treated film.
Notably, the pristine film with a wide CPD distribution
(Figure S31A) was attributed to a high density of defects
that could lead to a high probability of carrier trapping and
lower barrier voltages. Based on the one-to-one correspond-
ing pore region indicated by the grey window across CPD
and EFD, we confirmed a change in barrier voltages across
the pore with an average depletion width (DW) of 7.7 nm for
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the pristine film. The treated film showed a wider DW of
12.47 nm, leaving approximately no EFD along the walls of
the film. This indicated that the nanoarchitecture altered the
potential differences across the pore walls, where mesopores
created spatial separation for charge carriers. The spatially
separated carriers created along the mesopores are much
lower, establishing a higher EFD as the pore size reduces,
resulting in large domain boundaries in nanocrystalline
materials.[22,33,34] The mobile carriers accumulated or
trapped, which affected, and created a localized charge
build-up at domain boundaries that acted as carrier trap-
ping/recombination sites. The density of surface states was
reduced upon exposure to plasma, making carrier transport
more ballistic in the nanoscale walls. The rearranged
domains with a lower Rq resulted in a 6-fold reduction in
CPD fluctuations and maintained a higher charge separation
or barrier width, which facilitated effective carrier collection.
To understand the existence of localized states at the surface

and bulk, PeakForce tunneling atomic force microscopy
(PF-TUNA) under different bias conditions was carried out
along with the current profile measured over the same area.
The topographies of the pristine and treated films were
measured at 0 and 1.3 V, as shown in Figure 6. The before-
and after-treated films showed relatively better topography
at zero bias (Figures 6A and E), with no observable TUNA
current profiles. As the applied bias ramped-up to 1.3 V, a
large number of carriers were trapped in the surface and
bulk states, as indicated by the TUNA current profile. The
trapped charges created a local field due to the capacitance
effect, causing the probe to ripple away from the surface,
resulting in a distorted surface topography for the pristine
samples (Figures 6C and D). This effect persisted until the
trapped carriers lost their energy completely, even when the
applied bias was reduced back to 0 V (Figures S31B and
S31C). These phenomena were eliminated upon energeti-
cally passivating the sample through Ar plasma, making

Figure 5. Transmission electron microscopy (TEM) results. Cross-sectional scanning transmission electron microscropy bright-field (STEM-BF)
images of samples before and after plasma treatment: A,D) BCP-1, B,E) BCP-2, and C,F) BCP-3 films with fast Fourier transform (FFT) inset, scale
bar=15 nm. G–I) TEM images of BCP-3 film: G) cross-section, scale bar=50 nm, H) HR-TEM along zone axis [010], scale bar=10 nm, and I) HR-
TEM along zone axis [001], scale bar=5 nm, with corresponding FFT insets. J) Crystal structure of vulcanite phase CuTe along [100].
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carrier transport more effective. This result supported the
observation in Figures 6G and H, showing a symmetrically
distributed TUNA current profile along the framework with
a stable topography (Figures 6D and E).

From the acquired results at the nanoscale by C-AFM,
we further investigated the photoelectrochemical responses
of the pristine and plasma treated films under the exper-
imental conditions mentioned in Supporting Information
Note 6. We confirmed the transient behavior of the current
with periodic switching intervals of 20 s under dark and
illuminated conditions (Figures 6I and J). The values were
extracted between 10% and 90% from acquired photo-
electrochemical responses (Figures S32A, S32B, and Ta-
ble S6). The samples exposed to plasma showed a tremen-
dous improvement in the time response compared to the
pristine films. The transient behavior of the plasma-treated
films exhibited an improvement in the response time of
15.38% for NP film and approximately 60.01% for meso-
porous films (Figure 6K). For the recovery time, NP samples
showed only 17.95% improvement, whereas the mesoporous
films showed a significant enhancement of approximately
85.61% compared to their counterparts before treatment
(Figure 6L). The data suggested that after Ar plasma treat-
ment, the mesoporous samples outperformed the NP film

with a 4-fold improvement in transient performance.
Furthermore, in the pristine films, we observed a relatively
small change between the light and dark currents (Figur-
es S32C and S32D). In contrast, the plasma-treated films
showed a steady increase in the current with increasing pore
diameters, among which the mesoporous samples showed an
average of 15% improvement in the dark current and 30%
improvement in the illuminated current compared to the NP
film. This could be attributed to the observed nanoscopic
electrical improvement in the Ar plasma-exposed mesopo-
rous CuTe. The effective changes in the photo-to-dark
current (PDC) ratio and responsivity before and after
plasma treatment were examined (Figures S32E, S32F, and
Supporting Information Note 7). The treated films showed
better responsivity to visible light, with a higher sensitivity
upon increasing the functional area of the film. The
sensitivity increased in the case of long-range ordered
materials and vice versa for short-range ordered materials
(Tables S6 and S7). The key reason for such an
enhancement in the electrical characteristics was that inert
Ar plasma eliminated weakly bonded surface oxides and
passivated unsaturated surface dangling bonds. This signifi-
cantly reduced the surface defects in mesoporous materials
with a relatively large surface area, leading to a better

Figure 6. Atomic force microscopy (AFM) and photoelectrochemical response of samples before and after plasma treatment. Topography at
applied bias voltages of A,E) 0 V and C,G) 1.3 V with D,H) equivalent current profile by PeakForce tunneling atomic force microscopy (PF-TUNA),
scale bar=200 nm. Contact potential difference (CPD) and its derivative, electrical field difference (EFD) observed from a red line of 350 nm
across 5 indicated pores B) before and F) after plasma treatment. Photoelectrochemical response on samples I) before and J) after plasma
treatment, with respective K) response and L) recovery time for CuTe film.
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photoconversion efficiency. Moreover, the rearranged do-
main structure markedly improved carrier transport, en-
abling near-ballistic transport (with minimum scattering
centers) through the nanoscopic walls of the material.

Conclusion

We demonstrated the efficiency of low-power plasma treat-
ment as a novel technique to improve the crystallinity of
mesoporous materials. The plasma technique passivated
surface states and engineered the crystallinity of strained
mesoporous materials without changing the original porous
nanoarchitecture. We have experimentally demonstrated a
remarkable enhancement in crystallinity of approximately
70% to 85% after plasma exposure. The high crystalline
quality obtained through the hybrid process of electro-
chemical deposition and post-growth Ar plasma exposure
led to an 80% increase in optoelectronic properties of the
mesoporous CuTe materials. As a ubiquitous and globally
available microprocessing tool, the implementation of low-
power plasma holds promise for the development of high-
performance nanoarchitectonics with great potential for
scalable manufacturing and minimal structural damage. This
makes low-power plasma a superior postprocessing techni-
que which enables unique material properties that are barely
achievable through conventional methods. The combination
of bottom-up synthesis and top-down treatment presented in
this work provides a new route for a wide variety of porous
material systems to map distinctive possibilities structurally
and electrically to improve the optoelectronic properties for
versatile applications including photocatalysis, optical sen-
sors, and photovoltaic devices.
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