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 ABSTRACT 

A novel microfabrication process based on optimized photolithography

combined with pyrolysis-reduction is proposed to fabricate interdigital porous 

carbon/tin quantum dots (C/Sn QDs) microelectrodes. C/Sn QDs active 

microelectrodes are also employed as current collectors of a micro-supercapacitor

(MSC). A uniform dispersion of Sn QDs (diameter of ~3 nm) in the carbon 

matrix is achieved using our facile and controllable microfabrication process.

The as-fabricated C/Sn QDs MSC obtained by carbonization at 900 °C exhibits 

a higher areal specific capacitance (5.79 mF·cm−2) than that of the pyrolyzed carbon-

based MSC (1.67 mF·cm−2) and desirable cycling stability (93.3% capacitance 

retention after 5,000 cyclic voltammetry cycles). This novel microfabrication 

process is fully compatible with micromachining technologies, showing great 

potential for large-scale fine micropatterning of carbon-based composites for 

applications in micro/nano devices. 

 
 

1 Introduction 

As electric power is widely employed in various 

systems, the development of highly efficient energy 

storage systems is becoming a critical issue [1]. 

Supercapacitors (SCs) have drawn a great attention 

being an essential energy storage device, exhibiting  

a high power density, high cycling stability, and 

rapid charging–discharging ability as compared with 

traditional batteries [2–4]. SCs exhibit advantages to 

partly replace traditional batteries in some applications, 

and substantial efforts have been made to obtain 

high-performance SCs by optimizing of their structure, 

electrode materials, and fabrication technologies [5–7]. 

Furthermore, due to their high tolerance for instant 

large electric current and energy discharge, SCs are 

useful in pulse and transient high power electric 

supply [2]. A micro-supercapacitor (MSC) is a kind of 

SCs that is used as an energy storage component   

in microdevices/systems and is highly important   
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in modern portable electronic products [6, 8]. As a 

charging storage component at the electrode–electrolyte 

interface, MSC can achieve areal capacitance of 

5–20 F·cm−2 [3]. The specific areal capacitance of 

MSCs is highly dependent on the active electrode 

materials. Carbonaceous materials, such as pyrolyzed 

carbon, carbon fibers, carbon nanotubes and graphene 

are the commonly used electrode materials in MSCs 

[3, 9]. Among carbonaceous materials, pyrolyzed 

carbon-based microelectrodes show a great potential 

for applications in MSCs since the carbon micro-

electromechanical system (C-MEMS) enables their 

fully controllable and compatible integration into 

microdevices/systems [10–12]. In addition, pyrolyzed 

carbon exhibits unique advantages, such as chemical 

inertness, high thermal stability, relatively high specific 

surface area (SSA), high electrical conductivity and 

abundance, which attracts growing attention [13–16]. 

Chen et al. fabricated an ultra-thin, flexible MSC 

based on photolithography technique, which is highly 

compatible to enable co-integration with other electronic 

components [17]. Besides, C-MEMS is a unique 

platform based on micro/nano technologies including 

design, microfabrication and construction of various 

carbon micro/nano structures [12]. The high-yield 

microfabrication processes proposed for C-MEMS have 

been applied to the microstructuring of photoresist- 

derived carbon, which exhibits outstanding advantages, 

such as the precise control of the microstructures and 

high repeatability [18]. Photoresist-derived carbon has 

been investigated for applications in high-performance 

microdevices/systems, such as 3-dimensional (3D) 

microbatteries and on-chip MSCs [18–26]. Moreover, 

various geometries of carbon microelectrodes, even 

complicated 3D pyrolyzed carbon microelectrodes, 

can be fabricated by photolithography and a subsequent 

pyrolysis process, demonstrating their wide applications 

in MSCs [10, 11, 27–29]. 

High-performance MSCs based on pyrolyzed carbon 

microelectrodes have been investigated and optimized 

[19, 30]. The performance of pyrolyzed carbon mainly 

depends on the precursor, carbonization temperature 

and atmosphere. However, there are some limitations 

in enhancing its performance by optimizing these 

parameters. Therefore, the formation of composites 

of pyrolyzed carbon with other materials exhibiting 

unique structures and high performance is an 

important and feasible strategy to achieve excellent 

performance [31–36]. However, the microfabrication 

process, especially the microstructuring of pyrolyzed 

carbon-based composites is challenging and important 

for realizing the wide applications of pyrolyzed carbon 

in micro/nano devices.  

Among pyrolyzed carbon-based composites, carbon/ 

tin (C/Sn) composite is considered as one of the most 

promising electrode materials for lithium ion batteries 

and SCs owing to its high electrical conductivity, 

chemical stability and relatively high mechanical 

strength [37–43]. Pyrolyzed carbon with both a high 

electrical conductivity and a high SSA is difficult to 

obtain, which are the most important parameters   

to limit the improvement in SC performance [44].  

Sn possesses a higher electrical conductivity (~9.09 × 

106 S·m−1 at room temperature) as compared with that 

of pyrolyzed carbon. Pyrolyzed C/Sn composite exhibits 

improved electrical conductivity as compared with 

pyrolyzed carbon, which is promising for solving the 

issues, such as the slow electrochemical kinetics and 

sluggish transport rate for obtaining higher efficient 

transport of electrons. This compositing approach 

provides a larger specific surface that forms stable 

electric double layers during charging storage owing 

to the chemical stability of C/Sn quantum dots (QDs). 

Ren et al. reported that pyrolyzed C/Sn composite 

microspheres exhibit a higher mechanical stability as 

compared with pyrolyzed carbon [45]. In addition, 

by optimizing the microstructure of C/Sn, its electro-

chemical performance could be enhanced due to  

the improved SSA, presence of more active sites,  

and higher electrical conductivity of the electrode 

materials [38, 39, 41, 46]. QDs have been utilized to 

improve the performance of composites owing to 

their mitigation of volume expansion, controlled solid 

liquid interface, wetting adhesion, catalysis, adsorption 

and electron transfer properties [46, 47]. Sn QDs 

embedded in pyrolyzed carbon allow easy penetration 

of electrolytes, thereby reducing the internal resistance, 

which is particularly advantageous for high energy/ 

power density applications [46]. QDs with a higher 

SSA as compared with other nanostructures are highly 

promising for compositing with electrodes since   

the electrons transport pathway can be increased 
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significantly. Therefore, microstructuring of C/Sn is 

an effective and important approach for obtaining 

carbon-based MSCs to realize high performance [48].  

In this research, a novel microfabrication process 

combining controlled chemical synthesis with 

optimized photolithography and pyrolysis-reduction 

is investigated for fabricating pyrolyzed porous 

C/Sn QD microelectrode based MSC (C/Sn-MSC). In 

this microfabrication process, as-synthesized SnO2 

microspheres were mixed with a photoresist to obtain 

a uniform photoresist/SnO2 composite. Then, micro-

patterning of the composite on Si/SiO2 substrate was 

conducted by optimized photolithography, development, 

and rinse processes. The photoresist was converted to 

pyrolyzed carbon by pyrolysis performed at a high 

temperature under inert atmospheric conditions, and 

SnO2 was simultaneously reduced to Sn QDs during 

the pyrolysis process. The as-fabricated MSC exhibits 

a high specific capacitance (5.79 mF·cm−2 at a scan 

rate of 5 mV·s−1) and desirable cycling stability (93.3% 

capacitance retention after 5,000 cyclic voltammetry 

cycles). The microstructuring of C/Sn QDs achieved by 

the novel photolithography and pyrolysis-reduction 

process shows great potential for applications of carbon- 

based composites, especially for the integration of high- 

performance micro/nano structures into microdevices, 

due to its unique advantages for realizing highly stable 

and multifunctional micropatterned structures. 

2 Experimental 

C/Sn-MSC was fabricated using the microfabrication 

process described as follows. SnO2 microspheres were 

synthesized using a hydrothermal method employing 

SnCl4·5H2O as the precursor [49–51]. The photoresist/ 

SnO2 composite was obtained by mixing SnO2 micro-

spheres and PR1-9000A photoresist (Futurrex, Inc., 

Co., Ltd.) through ultrasonic agitation and stirring. 

Si/SiO2 substrates with a 300 nm thick SiO2 layer were 

cleaned using a typical Radio Corporation of America 

(RCA) cleaning process. After micropatterning the 

photoresist/SnO2 by photolithography, development 

and rinse, the C/Sn-MSC was fabricated employing 

pyrolysis-reduction of a micropatterned photoresist/ 

SnO2 composite at a high temperature (700 and 900 °C) 

under N2 atmosphere. 

For performing the hydrothermal synthesis of SnO2 

microspheres, SnCl4·5H2O (3.5 g) was added into 

deionized (DI) water (70 mL) and stirred for 10 min 

to obtain a homogeneous solution. NaOH (2.3 g) was 

then added to the mixture to adjust the pH of the 

solution to ~12, followed by stirring the solution   

for 60 min. The solution was then transferred into a 

Teflon vessel (100 mL) with a stainless steel shell, and 

the temperature was maintained at 180 °C for 24 h. 

DI water and ethanol were used to clean the samples 

several times by centrifugation. After baking the 

sample at 80 °C for 12 h and grinding with an agate 

mortar, SnO2 microspheres were obtained. 

The photoresist/SnO2 (2.0 wt.% SnO2) composite 

was obtained by mixing SnO2 microspheres with    

a PR1-9000A photoresist by continuous stirring   

and ultrasonication carried out for 3 h in order to 

uniformly disperse the SnO2 microspheres to the 

photoresist. The sample was then kept in a vacuum 

chamber for 1 h to remove air bubbles trapped in the 

composite. The microfabrication process employed  

is shown in Fig. 1. Si/SiO2 substrates were cleaned 

using a typical RCA cleaning process followed by 

performing dehydration baking at 145 °C for 30 min. 

Spin-coating of the photoresist or photoresist/SnO2 

composite was carried out using a spinner via two-step 

spin-coating to form a uniform film. For obtaining 

photoresist/SnO2 film, spin-coating was initially con-

ducted at 1,000 revolution per minute (rpm) for 10 s 

and then at 4,000 rpm for 40 s, followed by pre-baking 

the sample at 100 °C for 15 min. Interdigital micro-

patterns were then obtained by photolithography using 

a mask aligner. The photoresist/SnO2 was exposed  

to a mercury lamp with a dose of 950 mJ·cm−2. The  

 

Figure 1 Microfabrication process of C/Sn-MSC. 
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development was performed with the RD6 developer 

(Futurrex, Inc. Co. Ltd.) for 60 s, followed by rinsing 

2 times with DI water. After post-baking at 115 °C for 

15 min, the samples were pyrolyzed in a tube furnace 

under N2 atmosphere. The pyrolysis process was 

performed in two steps with a continuous N2 flow in 

which the samples were initially heated at a rate of 

3 °C·min−1 from room temperature to 300 °C and held 

at 300 °C for 30 min. The temperature was then raised 

to the desired value (700 and 900 °C) at a rate of 

5 °C·min−1 followed by keeping the sample at the 

desired temperature for 60 min. During this pyrolysis 

process, the photoresist was carbonized to form porous 

carbon and the SnO2 microspheres were simultaneously 

reduced to Sn QDs by pyrolyzed carbon. The 

samples were eventually cooled down naturally to 

room temperature in N2 flow, and the C/Sn-MSC was 

successfully fabricated. As shown in Figs. 2(a) and 

2(b), the fine micropatterns of the photoresist and 

photoresist/SnO2 (2 wt.% SnO2) are well preserved 

after pyrolysis. 

The electrochemical behaviors of the as-fabricated 

MSCs were characterized using an Autolab PGSTAT 

302N with H2SO4-PVA as the electrolyte and applying 

a two-electrode system. The cyclic voltammograms 

(CV) curves were obtained at scan rates of 5, 10, 50, 

and 100 mV·s−1 with a voltage window of 0–0.8 V. 

The capacitance of the MSC was calculated by the 

following equation 

( )d

2

I V V
C

s V





                 (1) 

where ( )dI V V  is the square of the charge–discharge 

curves by differentiation, s is the scan rate, and ΔV is 

the voltage range. The specific areal and volumetric 

capacitances of MSC can be calculated from Eqs. (2) 

and (3), respectively 

A

C
C

A
                   (2) 

V

C
C

V
                   (3) 

where A and V are the area and volume of the 

microelectrodes, respectively, and the detailed size of 

the interdigital microelectrodes is shown in Fig. S1 in 

 

Figure 2 Optical images of (a) carbon and (b) C/Sn (2 wt.% SnO2) obtained after pyrolysis process. (c) Raman spectra of carbon and 
C/Sn microelectrodes obtained by pyrolysis at different temperatures. (d) XRD pattern of C/Sn obtained by pyrolysis-reduction at 900 °C. 
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the Electronic Supplementary Material (ESM). The 

capacitance of MSC is calculated by employing CV 

measurements at scan rates of 5–100 mV·s−1. 

X-ray diffraction (XRD) patterns of the as-synthesized 

samples were recorded using an X-ray diffractometer 

(Bruker D8 Discover), and the morphologies of the 

samples were characterized using scanning electron 

microscopy (SEM, JEOL JSM-7100F). Transmission 

electron microscopy (TEM) and high-resolution TEM 

(HRTEM) images were recorded with a JEM-2100F 

microscope. Raman spectra were obtained using a 

Renishaw Raman microscope (Renishaw RM-1000). 

3 Results and discussion 

Figure S2 (in the ESM) shows the typical field- 

emission SEM (FESEM) images of the synthesized 

SnO2 microspheres. The SnO2 microspheres exhibit  

a uniform diameter of ~1.5 m. XRD characterization  

is employed for the phase analysis of the SnO2 

microspheres (Fig. S3 in the ESM). The diffraction 

peaks matched well with the standard values (JCPDS 

Card No. 01-088-0287) (a = b = 0.4737 nm, c = 0.3186 nm), 

demonstrating the high crystallinity of the tetragonal 

SnO2 microspheres. 

Figures 2(a) and 2(b) show the optical microscope 

images of carbon and C/Sn QD (2 wt.% SnO2) 

microelectrodes obtained by pyrolysis at 900 °C, res-

pectively. The structures of the fabricated interdigital 

microelectrodes are well preserved, and fine 

micropatterns with no cracks are obtained, indicating 

that the microfabrication process is highly suitable 

for the microstructuring of this kind of carbon-based 

composites. Raman spectra of the photoresist-derived 

carbon and C/Sn microelectrodes obtained by pyrolysis 

at different temperatures are shown in Fig. 2(c). 

Disorder-induced band (D-band) and graphitic band 

(G-band) are observed. The D-band observed at 

~1,300 cm−1 indicates the graphite microcrystallinity 

due to enhanced double resonance. The peak at 

~1,600 cm−1 corresponds to G-band, which is ascribed 

to the bond stretching of sp2 carbon atoms present in 

the olefinic chains or the aromatic rings [10]. The 

ratio of IG to ID indicates the degree of graphitization 

of carbon. For the photoresist-derived carbon obtained 

by pyrolysis at 700 °C, an (IG/ID)700 value of 0.93 is 

achieved, while at 900 °C, an (IG/ID)900 value of 1.10  

is obtained, indicating that the graphitization degree 

increases as the pyrolysis temperature increases. 

Furthermore, for the sample pyrolyzed at 900 °C, 

(IG/ID)C/Sn = 1.20 > (IG/ID)carbon = 1.10. Thus, the graphitiza-

tion of C/Sn is higher than that of pyrolyzed carbon. 

The HRTEM image of the C/Sn microelectrodes reveals 

a lattice spacing of ~3.3 Å corresponding to the (002) 

crystal plane of graphite near the interface of Sn QDs 

(Fig. S4 in the ESM). Thus, the graphitization degree 

of pyrolyzed carbon could be enhanced by com-

positing with Sn, which is attributed to the catalytic 

effect of Sn QDs. 

As shown in Fig. 2(d), the XRD pattern of C/Sn 

exhibits a broad maxima (wide peak) at around 15°, 

demonstrating the existence of amorphous phase   

in the sample. According to a previous study, the 

amorphous phase should correspond to amorphous 

carbon [52]. As shown in the XRD pattern, the 

existence of Sn is confirmed since the obtained sharp 

peaks match well with those of tetragonal Sn (JCPDS 

Card No. 00-001-0926), which is formed in the 

pyrolysis-reduction process. 

Energy-dispersive X-ray spectrometry (EDS) mapping 

analysis results of the microelectrodes are shown in 

Figs. 3(a)–3(d), confirming the homogeneous distribution 

of Sn in the C/Sn microelectrodes. The inexistence of 

O in C/Sn microelectrodes demonstrates the complete 

reduction of SnO2 to Sn. The SEM image of the C/Sn 

microelectrodes obtained using photoresist/SnO2 

(2 wt.% SnO2) as the starting material is shown in 

Fig. 3(e). After pyrolysis, the shape and dimension of 

the fine micropatterns are unchanged without forming 

any cracks, indicating that the microfabrication process 

can be used for obtaining fine microelectrodes with a 

high stability and uniformity.  

In addition, the microelectrodes are well preserved 

on the Si/SiO2 substrate because of the high adhesion 

between the microelectrode and substrate, which is 

in agreement with previous studies [10, 11]. As shown 

in Fig. 3(e), Sn nanoparticles (diameter of ~15 nm) are 

observed on the surface of the C/Sn microelectrode. A 

TEM image of the C/Sn QD microelectrode is shown 

in Fig. 3(f), in which Sn QDs with diameter of ~3 nm 

are uniformly dispersed in pyrolyzed carbon. Further-

more, the HRTEM image (Fig. 3(g)) demonstrates an 
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interplanar spacing of ~2.9 Å corresponding to (200) 

crystal planes of Sn that can be indexed to the XRD 

peak of 30.7° (JCPDS Card No. 00-001-0926).  

To investigate the mechanism of Sn QDs (Fig. 4(a)) 

and Sn nanoparticles formation further, thermo-

gravimetric (TG) analysis and differential scanning 

calorimetry (DSC) measurements were conducted 

(Fig. 4(b)). As shown in Fig. 4(a), pyrolyzed carbon  

is obtained by carbonization and SnO2 is reduced to 

Sn with an increase in temperature in the pyrolysis- 

reduction process under N2 atmosphere [46]. Sn 

transforms to gaseous Sn in the pores of the carbon 

matrix, so there is no obvious DSC peak in the inset 

of Fig. 4(b), resulting from comparatively distinct 

carbonization. 

Sn transforms to gaseous Sn due to the volatile 

process occurring at high temperature, which has 

been reported in a previous study [53]. Sn QDs    

are obtained from gaseous Sn with a decrease in 

temperature, which is associated with the exothermic 

DSC peak at ~800.08 °C (Fig. 4(b)). In addition, Sn 

nanoparticles are formed at the surface of electrode 

 

Figure 3 (a)–(d) EDS elemental mapping of Sn, C, and O. (e) SEM image of the C/Sn QD microelectrode. (f)–(g) TEM and HRTEM 
images of C/Sn QDs. 

Figure 4 (a) Schematic of the Sn QD formation process. (b) TG-DSC curves of photoresist/SnO2 (2 wt.% SnO2) recorded with a
decrease in temperature. Inset shows data for an increase in temperature. 
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as respectively more gaseous Sn is present over the 

surface of microelectrode. After this process, pores 

with a diameter of ~1.5 m are formed in pyrolyzed 

carbon, which matches well with the size of SnO2 

microspheres (Fig. S5 in the ESM), and smaller pores 

connecting the bigger pores are also formed.  

The electrochemical performance of C/Sn-MSC was 

investigated using a 1 M PVA/H2SO4 gel electrolyte 

employing CV and electrochemical impedance spectro-

scopy (EIS). As shown in Fig. 5, the specific capacitance 

of C/Sn-MSC is higher as compared with that of the 

pyrolyzed carbon-based MSC (C-MSC) fabricated by 

a similar process. The interfaces between carbon and 

Sn QDs contribute towards improving the SSA and 

electrical conductivity of microelectrodes as compared 

with carbon microelectrodes. 

CV curves of the C-MSC and C/Sn-MSC recorded 

at scan rates of 5 and 100 mV·s−1  are shown in 

Figs. 5(a) and 5(b), respectively. CV curves with a 

typical rectangular shape are obtained, suggesting 

the electrochemical double layer capacitor (EDLC) 

mechanism of C-MSC and C/Sn-MSC. As described 

above, the current density of C/Sn-MSC is much higher 

than that of C-MSC at different scan rates. C/Sn-MSC 

exhibits an areal specific capacitance of 5.79 mF·cm−2 

at a scan rate of 5 mV·s−1 as calculated from the    

CV curve (the volumetric specific capacitance of 

22.44 F·cm−3), which is about 2.5 times higher than 

that of C-MSC (1.67 mF·cm−2). This is higher than the 

corresponding values reported earlier for nanocarbon- 

based MSCs (as shown in Table S1 in the ESM). 

Figure 5(c) illustrates the dependence of areal 

capacitance on the scan rate in C-MSC and C/Sn-MSC. 

On increasing the scan rate from 5 to 100 mV·s−1, 

C/Sn-MSC exhibits ~4 times higher areal capacitance 

than that of C-MSC, indicating the relatively higher 

rate capability of C/Sn-MSC. 

To understand the reason for the enhanced 

electrochemical performance of C/Sn-MSC, EIS mea-

surements of C-MSC and C/Sn-MSC were performed 

in the frequency range of 0.01–0.1 MHz. The Nyquist 

plot shown in Fig. 5(d) reveals that at high frequencies, 

the additional large semicircle for the C-MSC is 

observed,which is much larger than that of C/Sn-MSC. 

We attribute the high resistance to the poor electrical 

conductivity of pyrolyzed carbon and the higher 

electrical conductivity of C/Sn compared with that of 

carbon. 

Figure 6(a) shows the CV curves of C/Sn-MSC 

recorded at different scan rates (from 5 to 100 mV·s−1), 

 

Figure 5 (a) and (b) CV curves of C-MSC and C/Sn-MSC at different scan rates. (c) Specific capacitance of C-MSC and C/Sn-MSC 
calculated from the CV curves obtained at different scan rates. (d) AC impedance spectra of C-MSC and C/Sn-MSC. 
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indicating a good electrochemical stability and rapid 

response on voltage reversal. The nearly symmetrical 

charge–discharge curves of C/Sn-MSC (Fig. 6(b)) 

obtained at a gradient current density (from 0.05 to 

0.5 mA·cm−2) indicate the high reversibility of the 

as-fabricated MSC. CV curves recorded at different 

voltage windows are shown in Fig. 6(c). The typical 

rectangular shapes of the curves are maintained with 

an increase in the voltage range, demonstrating that 

C/Sn-MSC exhibits excellent electrochemical stability 

even at a high voltage (1.2 V). The areal capacitance 

of C/Sn-MSC calculated from the CV curve at the 

voltage window of 0–1.2 V increases to 7.65 mF·cm−2 

at a scan rate of 5 mV·s−1. In addition, the cycling 

performance of C/Sn-MSC shown in Fig. 6(d) indicates 

a small capacitance loss occurring during the cycling 

process and a remarkable long-term cyclability of 

93.3% capacitance retention achieved after 5,000 CV 

cycles at a scan rate of 0.5 V·s−1, demonstrating the 

excellent cycling performance of C/Sn-MSC. 

4 Conclusions 

A C/Sn QD microelectrode-based MSC is designed 

and fabricated using a novel microfabrication process 

involving photolithography and pyrolysis-reduction. 

In this pyrolysis-reduction process, some of the carbon 

atoms is consumed by SnO2, and SnO2 microspheres 

are reduced to form Sn QDs (diameter: ~3 nm) 

simultaneously. The C/Sn QDs serve both as a current 

collector and electrochemically active electrode in the 

MSC. The electrochemical performance of the C/Sn- 

MSC is significantly improved as compared with that 

of C-MSC. The enhanced performance of the C/Sn-MSC 

is attributed to the high electrical conductivity of Sn 

QDs uniformly dispersed in the microelectrodes and 

improved SSA of microelectrodes. The microstructuring 

of C/Sn QDs using the novel photolithography    

and pyrolysis-reduction process is investigated and 

developed, which exhibits great potential in the 

further development of high-performance MSCs or 

other microdevices/systems based on carbon-based 

composites. 
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