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Abstract: Here we report the soft-template-assisted electrochemical 

deposition of mesoporous semiconductors (CdSe and CdTe). The 

resulting mesoporous films are stoichiometrically equivalent and 

contain mesopores homogeneously distributed over the entire surface. 

To demonstrate the versatility of the method, two block copolymers 

with different molecular weights are used, yielding films with pores of 

either 9 or 18 nm diameter. As a proof of concept, the mesoporous 

CdSe film based photodetectors show a high sensitivity of 204 mW-1 

cm2 at 680 nm wavelength, which is at least two orders of magnitude 

more sensitive than the bulk counterpart. This work pioneers a new 

synthesis route for nanostructured semiconductors with optical band 

gaps active in the visible spectrum. 

Introduction 

Engineering the architecture of nanomaterials, namely 

nanoarchitectonics, has been a hot spot of research with the aim 

to understand and elaborate strategies towards designing and 

functionalizing semiconductors at the supra-atomic/molecular 

level. The last decade has seen remarkable advancement and 

rapid growth in broad varieties of nanoarchitectured platforms, 

including quantum dots,[1-2] nanowires,[3-4] nanotubes,[5] and 

nanorods.[6-7] A great deal of fundamental researches has been 

successfully transitioned into commercial products such as solar 

cells and light emitting diodes that employ quantum dots.[8-9] In 

these practical applications, group II-VI semiconductors, such as 

CdX, ZnX, PbX, etc. (X = chalcogenide), have demonstrated the 

best performance due to their optical properties and stability. At 

the nanoscale, controlling the morphological aspects, such as the 

particle size, can have a direct impact on the electronic or optical 

properties.[10-11] For example, the narrow emission band of room- 

or low-temperature quantum dot-laser, now commonly used in 

optical commutation devices or various medical applications, can 

be tuned directly through their size.[12] Such quantum dots-lasers 

have been already commercialized using III-V semiconductors. 

Core-shell nanoarchitecture comprising II-VI semiconductors also 

shows distinctive optical properties, such as the conversion of 

visible light into infrared, which can be applied to photovoltaic or 

photoconductive devices.[13] Heterostructured CdSe/CdS 

nanoparticles were shown to be more efficient than CdSe for the 

photocatalytic generation of hydrogen.[14] Recently, carbon nitride 

also has attracted a great interest due to its outstanding optical 

performance, such as photoluminescence (PL) and 

electrochemiluminescence.[15-16] Especially, its nanosheets 

distinctively enhance PL performance.[17] Thus, several types of 

recently developed nanoarchitectures have demonstrated 

superior performance in a wide range of applications. Among 

numerous types of nanoarchitectures, mesoporous 

semiconductors have emerged as a new class of materials that 

can enable light reflection/scattering inside the nanoporous 

structures, thus attracting a great deal of interest for optical 

sensors and solar cells. In addition, II-VI semiconducting 

mesopores can be down-scaled below the electron mean free 

path, leading to interesting physical phenomena such as quantum 

confinement and surface scattering.[18-19] These features 

expectedly open-up the pathway to understand and to engineer 

optoelectronic systems with unexplored capabilities. 

Mesoporous materials with different compositions can be 

prepared through self-assembly process, providing a versatile 

platform for a wide range of applications, including solar cells with 

large-interface p-n junctions,[20-21] photoelectrochemical cells,[22-23] 

and biosensors.[24] Until now, semiconducting CdX (X=Te, Se, S, 
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etc.) nanoparticles have been successfully embedded in 

mesoporous matrix to benefit from a maximum surface area.[25] 

Quantum dots of II-VI semiconductors, such as CdTe and CdSe, 

have been prepared by an electrochemical method,[26] and those 

composite films with other materials, i.e. mesoporous silica,[27] 

enable to produce quantum dot arrays. However, a CdX 

mesoporous structure with regular and monodisperse porosity 

have rarely been reported. Although there have been reports of 

CdX reverse opal structure fabricated by infiltrating the 

semiconducting nanocrystals inside the cavities between 

sacrificial colloidal crystals,[28] reducing the pore size to the 

mesoscale enables drastically high surface area. In addition, the 

several steps involved in the hard-templating approach, including 

preparation of the template, precursor filling, and template 

removal, makes the procedure tedious and inflexible. While soft-

templates made of lyotropic liquid crystal (LLC) seem an 

appropriate option to consider,[29-30] their high viscosity forbid their 

use at larger scales, and pore sizes are limited to less than 10 nm, 

due to the small molecular weights.  

To tackle these challenges, the present study introduces an 

innovative and simple electrochemical approach to synthesize 

mesoporous CdSe and CdTe films in the presence of stable 

polystyrene-b-poly(ethylene oxide) (PS-b-PEO) block copolymer 

micelles (Figure 1). This method provides significant control over 

the pore size (ranging from 5 to 50 nm) and density while ensuring 

excellent uniformity.[31-34] The elimination of complex steps, costly 

materials, and sophisticated CVD processes makes our method 

a ubiquitous approach, suitable for low cost and mass production 

of mesoporous CdX semiconductors. This soft-template method 

has been widely applied to synthesize mesoporous metals and 

metal oxides,[35] but the possible compositions have been limited 

so far. Chalcogenide semiconductors enable to design narrower 

energy bandgap in comparison with metal oxide semiconductors. 

It is indispensable to optimize the chalcogenide nanostructures 

for controlling chemical and physical properties. To demonstrate 

potential applications, we develop optical sensors using the as-

synthesized mesoporous CdSe films. The as-fabricated devices 

exhibit excellent characteristics for optoelectronic applications, 

where the use of the mesoporous architectures can significantly 

enhance the photosensitivity. Our unique but simple 

electrochemical technique can be considered a game-changing 

technology for mesoporous semiconductors-based devices, 

bringing exciting opportunities to both the academic and industrial 

research community. 

Results and Discussion 

Figure 1 shows a schematic illustration of the mesoporous CdX 

films, while the detailed experimental setup can be found in the 

supporting information (Figures S1-3 and Tables S1-2). The 

average size of micelles formed from PS(5,000)-b-PEO(2,000) is 

calculated to be around 12.0 nm with 15 % coefficient of validation, 

according to our transmission electron microscopy (TEM) study 

(Figure S4). The stability and sturdiness of these micelles are 

ideal to template the synthesis of mesoporous materials. From the 

field emission scanning electron microscopy (FE-SEM) analysis, 

the mesoporous films appear smooth and densely populated with 

mesopores (Figures 2a-b, 2d-e). Samples prepared with the 

PS(5,000)-b-PEO(2,000) and PS(10,000)-b-PEO(4,100) are 

decorated with pores of 9.0-9.5 nm and 17.7-18.0 nm, 

respectively, regardless of their chalcogenide composition (Figure 

2g). The pore sizes are dependent on the molecular weight of the 

block copolymer as the pores are created by PS cores. Each 

coefficient of validation is also within the comparable range as 19-

25 %. On the other hand, reference CdX samples deposited 

without block copolymers do not contain any porosity (Figures 2c, 

f). 

 

Figure 1. Schematic illustrating the fabrication and morphologic structure of the 

mesoporous CdX films, along with photographs of the as-deposited (a) CdSe 

and (b) CdTe films, grown on ITO glass. 

Following the thickness evolution investigation, we observe a 

linear dependence on the supplied charge (C) (Figure S5). The 

growth rate of the CdSe and CdTe films are 5.8 × 10-5 cm3 C-1 and 

4.4 × 10-5 cm3 C-1, respectively. Although the ion valance of both 

Te and Se in solution is expected to be 4, the electrodeposition of 

CdSe films is more efficient. This synthesis method can be 

applied to any conductive substrates, i.e. conductive oxides or 

metallic substrates. Figure S6 shows SEM images show that films 

grown on Au substrates have similar mesoporous structures. 

The film surface was further evaluated by X-ray 

photoelectron spectroscopy (XPS), resolved on Cd 3d, Se 3d, and 

Te 3d (Figure S7). Each peak was identified by XPS referential 

data.[36] The Cd 3d doublet appears at almost the same positions. 

In addition to the expected 3d5/2 chalcogenide peaks in CdSe and 

CdTe, located at 53.9 and 572.0 eV, the species observed at 58.9 

and 575.9 eV can be assigned to surface oxidation, such as SeO2 

and TeO2, respectively. While the oxide contribution appears 

minor for CdSe, it is dominant in the CdTe film. The XRD patterns 

of the CdSe and CdTe films are shown in Figures 3a-b. Previous 

report demonstrated that electrodeposited CdSe film can form a 

hexagonal and/or cubic structure, depending on the applied 

10.1002/anie.202013541

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

3 

 

synthetic condition.[37-38] In our mesoporous CdSe film, the XRD 

patterns can be assigned to a hexagonal/cubic mixture (ICDD 

PDF 00-008-459 and 00-029-0292, respectively). From the 

strongest (002) peak, the crystallite sizes of all the films are 

calculated to be 7.8 to 9.7 nm using the Scherrer equation. The 

CdTe films show a cubic structure (ICDD PDF 00-015-0770), with 

crystallite sizes of 8.7-11.0 nm, calculated from the (111) peak. 

Both EDS and XPS analyses also confirmed a one-to-one 

stoichiometry for each CdX sample (Figure S8). This proves that 

each element is well distributed throughout the pore walls, and 

not segregated in a core-shell configuration. 

 

Figure 2. Top-view FE-SEM images of the CdSe (a-c) and CdTe (d-f) films 

prepared (a,d) with PS(5,000)-b-PEO(2,000), (b,e) with PS(10,000)-b-

PEO(4,100), (c,f) without block copolymers. (g) Pore size distribution calculated 

from each SEM image. 

Our previous study has demonstrated that the addition of these 

solvents, such as tetrahydrofuran (THF), gives significant effects 

on pore size expansion due to micelle swelling.[39] The solvents 

used in this study to dissolve the block copolymers, N,N-

dimethylformamide (DMF), and THF, are expected to have a 

strong influence on the resulting nanostructure. The effect of THF 

content on the morphology was investigated on mesoporous 

CdTe with large pores prepared with PS(10,000)-b-PEO(4,100) 

(Figure S9). Below a certain threshold, micelles have a higher 

probability to merge or agglomerate, yielding a disordered 

morphology along with the presence of spherical particles on the 

surface. It is indicated that an appropriate amount of THF plays a 

role to produce flat film surface in the micrometer scale. On the 

other hand, with excessive THF, larger defects and/or island start 

to appear due to a more diluted micellar solution. Only under 

optimal conditions can the deposition produce uniformly sized 

mesopores. 

 

Figure 3. XRD patterns from the (a) CdSe and (b) CdTe films (with small and 

large pores as well as non-porous reference). HR-TEM images with lattice 

fringes (c,e) and HAADF-STEM images (d,f) of the CdSe (c,d) and CdTe films 

(e,f). 

The high-angle annular dark-field imaging (HAADF-STEM) 

images show that both mesoporous CdSe and CdTe films 

prepared with PS(5,000)-b-PEO(2,000) are decorated with 9 nm 

pores (Figures 3d,f), while the walls are made of grains of similar 

size. On the high-resolution transmission electron microscopy 

(HR-TEM) images, the lattice distances of the CdSe film can 

either be assigned to the (002) and (110) planes of hexagonal or 

the (111) and (220) planes of cubic structure (Figure 3c). The 

fringes measured for the CdTe film can be assigned to the (111) 

plane of a cubic structure (Figure 3e). These results are in good 

agreement with the XRD data. The EDS mapping in Figure S10 

confirms that each element is homogeneously dispersed in the 

structure in a one-to-one stoichiometry. 

This study is the first example of mesoporous CdSe and 

CdTe semiconducting films fabricated through an electrochemical 

soft-templating approach. Such a mesoporous architecture offers 

several superior properties over non-porous films, including high 

surface area, which is suitable for various applications such as 

electrochemical sensing, drug delivery, and optoelectronic 

devices. As proof of concepts for potential applications, we 

assembled highly sensitive photodetectors using the as-
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synthesized mesoporous CdSe film as photo-absorber. All the 

synthesized CdSe films have 1.71-1.72 eV band gap energy 

calculated by Tauc plot on UV-visible absorption spectroscopy 

(Figure S11), as could be expected from hexagonal and cubic 

CdSe.[40-41] The illustration in Figure 4a presents the successive 

steps necessary to fabricate the sensor, consisting of a 300 nm-

thick aluminum layer deposited on top of the CdSe film (Figure 

S12). A standard lithography process was then applied to shape 

the micro-electrodes, followed by the wet-etching of the aluminum 

(using H3PO4 + HNO3 + CH3COOH). It should be noted that CdSe 

reacts with HNO3.[42] Hence, the ITO/CdSe Schottky junction can 

be well-confined under the Al electrode area with a cross sectional 

area of 200 µm in diameter (Figure S13). The device was then 

mounted onto a PCB board for wire-bonding (Figure 4b), and 

optical illumination with a wavelength of λ=680 nm was applied to 

investigate the light-response of the as-fabricated sensors (Figure 

S14).  

 

Figure 4. Demonstration of optical sensors using mesoporous CdSe films. (a) 

Fabrication process; (b) Photograph of the fabricated device; (c) I-V response 

of the mesoporous CdSe samples (small pores); (d) The change in the current 

of the mesoporous samples under variation of illumination intensity (top), and 

constant intensity of 0.1 mW cm-2 (bottom). 

For a comprehensive comparison of the optical properties of the 

CdSe film-based devices, we also developed photodetectors from 

non-porous CdSe film. Figure S15 shows the I-V response of the 

CdSe films without pores (150 nm in thickness) under light 

intensities varying from 0 to 0.15 mW cm-2, and a relatively small 

photocurrent was detected. The photo-to-dark current ratio 

(PDCR) is found to be 0.059 at a light intensity of 0.05 mW cm-2, 

yielding an optical sensitivity (S) of 1.18 mW -1 cm2 (details on 

calculations can be found in the supplementary information). It is 

also worth noting that the I-V curve of the sensors exhibits a back-

to-back diode behavior due to the Schottky barriers between 

ITO/CdSe (0.77 eV) as well as between CdSe/Al (0.5 eV).[42] 

Figure 4c presents the response of the photodetectors 

fabricated with the mesoporous CdSe film (ca. 9 nm in pore size 

and 150 nm in film thickness). Evidently, a much more significant 

change in the current is observed when the sensors are subjected 

to illumination. The PDCR of the mesoporous CdSe structures-

based sensors is found to be 10 at 0.05 mW cm-2, corresponding 

to a sensitivity of S = 204 mW -1 cm2. This result indicates that 

mesoporous architecture obviously enhances the sensitivity of the 

optical sensors and achieves quite competitive performance 

among reported chalcogenide films (Table S3). This excellent 

sensitivity combined with the simple fabrication process are 

promising aspects to promote electrochemically synthesized CdX 

towards high performance optoelectronics (Table S3).  

We hypothesized that the remarkable improvements in the 

light-sensitivity of the optical sensors was attributed to (i) the low 

dark current and (ii) the efficiency of light trapping in the 

mesoporous CdSe structure. As evidenced by Figure 4c, the dark 

current of the mesoporous CdSe device is much lower than that 

of the non-porous samples. The mesoporous architecture 

consists of numerous electrical semiconducting junctions as 

observed in TEM data of the CdSe pores (Figure S16), which are 

typically longer than the nonporous films, as illustrated in Figure 

S17a.[43] In addition, the size of grains and pores with ca. 9 nm is 

smaller than the mean free path of electrons of n-type CdSe (~20 

nm),[44] and can contribute to increase the resistivity under dark 

conditions.[18-19] These phenomena would result in a smaller dark 

current, which in turn leads to a higher PDCR (i.e., reversely 

proportional to Idark). Moreover, the nano-junctions formed in the 

mesoporous structure can be directly exposed to the light as light 

can penetrate and scatter through the nanopore networks (Figure 

S17b). This phenomenon could play an important role in the 

enhancement of the quantum efficiency of the sensors.[45] 

The repeatability of the mesoporous CdSe-based sensors 

was then investigated by measuring the response of the current 

at a fixed applied voltage of -1.5 V over time (I-t curve in Figure 

4d). The current increases and decreases incrementally and 

synchronically with the light intensity, and the sensor shows a 

consistent current change over several light illumination cycles 

(Figure 4d). It should also be pointed out that there is a time delay 

in the response of the sensors, which has been commonly 

observed among various semiconductor-based 

photodetectors.[46] A typical phenomenon causing the time decay 

is the trapped charges (e.g. surface/interface charges, crystal 

defects) in the semiconductor films. The time decay can be 

minimized by employing a built-in micro heater, to release the 

trapped charges through thermal activations.[47] 

 

Figure 5. Surface SEM images and EDS analysis on mesoporous films of (a) 

CuTe, (b) CdTe, (c) CdSe, and (d) Cu2Se. (e) Tauc-plot on UV-Visible 

spectroscopy and (f) bandgap of CuTe (blue), CdTe (red), CdSe (black), and 

Cu2Se (green). 
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This report aims to explore a new route to fabricate mesoporous 

semiconductors through single-step electrochemical synthesis. 

The homogeneous internal mesopores have been successfully 

well-formed in the synthesized mesoporous CdSe and CdTe films. 

These results show the high potential and availability for 

synthesizing other semiconductors by using this single-step 

method. Thus, four different types of semiconductors (CuTe, 

CdTe, CdSe, and Cu2Se) are prepared, analyzed, and 

investigated to demonstrate the applicability, as shown in Figure 

5. The stoichiometric compositions and the energy bandgap of 

each semiconductor film were analyzed and determined through 

EDS, UV-Vis spectroscopy results, and Tauc plot. Those 

chemical binding energies were further characterized by XPS 

(Figure S18). The Te peaks on CuTe reveals the comparable 

tendency to CdTe film in Figure S7d, and the Cu peaks also show 

Cu (II) signals with its satellite peaks, suggesting the surface has 

been oxidized, same as CdTe and CdSe systems. In contrast, the 

Cu2Se have a little oxidation peak, indicating it has resistivity 

against the surface oxidation. Although the single-step soft 

template methods using block copolymers have generally been 

applied to metals or metal oxides in the synthesis of porous 

materials, it also shows applicability to porous semiconductor 

materials, according to Figure 5. As the porous CdSe 

photodetector indicates, it can expect very high applicability of 

various mesoporous semiconductor materials. Furthermore, the 

energy bandgap can be controlled according to each 

semiconductor combination and composition, which is expected 

to be applicable to semiconductor material applications widely. 

Conclusion 

We have reported a novel route for mesoporous semiconductor 

(CdSe and CdTe) synthesis by employing a simple 

electrochemical process. 3D mesoporous architecture would 

attribute to high sensitivity in optical sensor using 680 nm 

wavelength laser. In addition, the single-step synthesis method 

can be applied to various semiconductors, and the energy band 

gap can be tuned through the composition and combination of 

semiconductor materials. As a result, the suggested synthesis 

method of mesoporous semiconductor films shows a high 

possibility for various applications, as well as visible or near-

infrared sensors. 
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The concept of this work demonstrates a novel route for film synthesis of mesoporous semiconductors and its application. The pore 

size can be controlled by the molecular weight of the block copolymers and the synthesized mesoporous CdSe film exhibits a high 

sensitivity of 204 mW-1 cm2 on 680 nm as a photodetector. This method suggests the facile synthesis process and shows a high 

potential for new optoelectronic applications. 
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