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Abstract: Recently, many kinds of Si nanostructures have been extensively investigated, in which, 

Si quantum dot (Si QD) is one of the potential candidates for all-Si tandem solar cells. Because the 

optical bandgap of Si QDs can be tunable via size controlling, it can match the solar spectrum in a 

wide range and consequently improve the spectral response. In this work, Si QDs/SiC multilayers 

with controllable dot sizes were fabricated and characterized. The Raman spectra and transmission 

electron microscopy (TEM) observation revealed the formation of size-controllable Si QDs. The 

absorption measurement showed that the bandgap of Si QDs was red shifted to the long wavelength 

range with the dot size increasing, which agrees well with the quantum confinement effect. 

Moreover, heterojunction solar cells containing different sized-Si QDs/SiC multilayers were 

proposed and investigated. The solar cells exhibited strong size-dependent photovoltaic properties 

and the best cell had the power conversion efficiency (PCE) of 7.27%. Furthermore, the external 

quantum efficiency (EQE) measurement demonstrated the Si QDs contribution of light absorption 

and response in ultraviolet-visible range, which provides a promising way to realize better spectral 

match by applying different sized-Si QDs in the future photovoltaic devices. 
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Introduction 

Methods 

The a-Si:H/SiC MLs were fabricated on quartz and p-Si substrates in PECVD system by 

alternatively repeating the a-Si deposition and the a-SiC deposition processes. The radio frequency 

power was 30 W and the substrate temperature was kept at 250°C during the deposition process. 

The a-Si:H sublayer was deposited by using pure silane (SiH4), while the a-SiC sublayer was 

deposited by using a gas mixture of SiH4 and methane (CH4) with the gas ratio R (R = [CH4]/ [SiH4]) 

of 10. The thickness of a-Si:H sublayer varied from 2 nm to 8 nm by changing the deposition time, 

and the thickness of a-SiC sublayer was kept at 2 nm. For better comparison, the total thickness of 

a-Si:H layers was kept the same, so the periodicity was 12, 6 and 3 for the samples with a-Si:H 

sublayer thickness of 2 nm, 4 nm and 8 nm, respectively. The post-treatment performed in N2 

atmosphere includes two steps, which is dehydrogenation at 450°C for 1 h and subsequently 

annealing at 900°C for 1 h. The structural change of the Si/SiC MLs before and after annealing was 

evaluated by Raman spectroscopy (Jobin Yvon Horiba HR800 spectrometer). The formation of Si 

QDs was determined by TEM observation using Technai G2 operated at 200 KV. The optical 

absorption of the Si/SiC MLs was measured at room temperature by Shimadzu UV-3600 

spectrophotometer. 

In order to investigate the size-dependent photovoltaic properties of present samples, we 

fabricated Si QDs/SiC MLs including different sized-Si QDs on p-type and heavily doped p-type 

(p+-type) Si wafers, followed by phosphorus-doped amorphous Si layer deposition on the 

multilayers to get p-i-n (or p+-i-n) heterojunction structures. The Si wafers were additionally dipped 

in 2% HF solution for 10 s to remove the native surface oxide before the fabrication process. Finally, 

Al electrode was evaporated on the surface and rear side of Si wafers and solar cell devices were 

achieved. The illuminated current density-voltage (J-V) characteristics of the solar cells containing 

different sized-Si QDs/SiC MLs were measured under an AM1.5 (100 mW/cm2) illumination by 

using a Keithley 610C electrometer. The external quantum efficiency (EQE) spectra were collected 

by the QEX-10 spectral response measurement system in the wavelength range of 300 nm -1200 

nm. 

 

Results and Discussion 



3.1. Structural Characterizations of Si QDs/SiC MLs 

Figs. 1a-c are the cross-sectional TEM image of as-deposited a-Si (2nm)/a-SiC (2nm) MLs, a-Si 

(4nm)/a-SiC (2nm) MLs and a-Si (8nm)/a-SiC (2nm) MLs. The layered structures and smooth 

interfaces of Si/SiC MLs can be clearly identified. The thickness of a-SiC sublayers is 1.9 nm and 

the thickness of a-Si sublayers is 2.1 nm, 4.2 nm and 8.2 nm, respectively, which is very close to 

the pre-designed value estimated from the deposition rule. Fig. 2 shows the Raman spectra of 900°C 

annealed Si/SiC MLs samples. An intense and sharp peak appears in the Raman spectrum around 

520 cm-1 for all the samples, which indicates that the nano-crystallized Si has been formed in the a-

Si sublayer. With the thickness of the a-Si sublayer increasing, the Raman peak shifted gradually 

towards 520 cm-1, which demonstrates that the size of Si QDs is enlarged with increasing the a-Si 

sublayer thickness. We fitted the Raman spectrum via the Gaussian deconvolution by two 

components, which is located at 480 cm-1 (corresponding to the TO mode of amorphous Si) and 520 

cm-1 (corresponding to the TO mode of nano-crystallized Si). The crystallinity ratio (Xc) is figured 

out as 36.8%, 49.5% and 52.8% by integrated Gaussian peaks of 520 cm-1 and 480 cm-1 [24]. 

According to the phonon confinement model [25], the average size of Si QDs is estimated to be 3.0 

nm, 4.8 nm and 10.5 nm, respectively. Figs. 1d-f are the cross-sectional TEM images of the 900°C 

annealed multilayered samples, which exhibits the formed Si QDs after annealing. The size of Si 

QDs is observed to be 2.5 nm, 5.0 nm and 8.9 nm, which is in good agreement with the Raman 

evaluation. By the Raman and TEM characterization, it is found that the Si QDs size can be well 

constrained by the Si QDs/SiC MLs during the deposition and high temperature annealing process, 

which suggests that the Si QDs size can be precisely controlled by varying the thickness of a-Si 

sublayers in our fabrication method. 



 

Figure 1 Cross-sectional TEM images of as-deposited (a) a-Si (2nm)/a-SiC(2nm) MLs; (b) a-Si (4nm)/a-SiC(2nm) 

MLs; (c) a-Si (8nm)/a-SiC(2nm) MLs. The TEM images of annealed (d) Si QDs (2nm)/ SiC(2nm) MLs; (e) Si 

QDs (4nm)/ SiC(2nm) MLs; (f) Si QDs (8nm)/ SiC(2nm) MLs. 

 

Figure 2 Raman spectra of 900°C annealed Si QDs/SiC MLs. 

 

3.2. Optical properties of Si QDs/SiC MLs 

In order to study the optical properties of the different sized-Si QDs/SiC MLs, we measured the 

transmission and reflection of those samples. The optical absorption coefficient α in the spectral 



range of 300 nm-800 nm is deduced and shown in Fig. 3. In our previous work, the absorption of Si 

QDs/SiC MLs was almost unchanged by changing the thickness of SiC layers, which indicates that 

the Si QDs play the dominant role in optical absorption [26]. As shown in Fig. 3, the optical 

absorption edge is shifted to the long wavelength region by increasing the Si QDs size. The red 

shifting behavior of the Si QDs optical absorption was already observed and discussed in Si 

QDs/SiO2 MLs, Si QDs/SiNx MLs and Si QDs/SiC MLs in our previous work [27-29], and it was 

demonstrated to result from the quantum confinement effect [30]. The optical bandgap (Egopt) can 

be extracted from Tauc’s function. The deduced Egopt of Si QDs/SiC MLs is 2.0 eV, 1.5 eV and 1.2 

eV, respectively, as the dot size is 2.5 nm, 5.0 nm and 8.9 nm. As we discussed before, we developed 

a modified effective mass approximation (EMA) model to estimate the optical band gap of Si 

QDs/SiC MLs instead of an infinite barrier model by considering the Coulomb effect and the 

correlation energy terms [31]. Based on this model, the calculated Egopt results are consistent with 

the experimental results. It is worth noting that for Si QDs with 2.5 nm and 5.0 nm, the Egopt is about 

2.0 eV and 1.5 eV, which is the theoretically expected bandgap of the top-cell and middle-cell 

materials in a 3-juction tandem cell [6]. Moreover, since it is demonstrated that the optical bandgap 

can be tunable by changing the size of Si QDs due to the quantum confinement effect, the Si 

QDs/SiC multilayered structure is a good choice for future multi-junction tandem solar cell devices 

requiring bandgap controllable materials. 

 

Figure 3 Optical absorption coefficient spectra of Si QDs/SiC MLs. 

 



3.3. Size-dependent photovoltaic properties of solar cells containing Si QDs/SiC MLs 

To study the electronic properties of the solar cell samples, we measured the dark current-voltage 

(I-V) relationship and illuminated J-V characteristics. The dark I-V characteristics of different sized-

Si QDs/SiC MLs based devices are shown in Fig. 4. The rectification ratio at ±1V is above 102 for 

all the samples, which indicates the well-formed p-i-n structures in our case. The I-V characteristics 

can be divided by 3 parts. When V<0.4 V (region 1), the I-V relationship is linearly dependent on 

the shunt resistor (Rsh). When 0.4 V<V<0.6 V (region 2), the current increases exponentially with 

the forward voltage, which presents the diode behavior. When V>0.6 V (region 3), the I-V 

characteristics deviated from the ideal diode behavior, which should be attributed to the space-

charge-limited current [32]. In region 2, the I-V curves can be fitted by using a standard diode 

relationship I∝exp(qV/nkT) The fitted ideality factor n is 2~3 for all the Si QDs/SiC MLs based 

devices, which indicates that the carrier tunneling is the dominant current transport mechanism. For 

the Si QDs/SiC stack model, the carrier tunneling probability (Te) is given as Equation 1 [5, 33] 

 𝑇𝑒 = 16𝑒𝑥𝑝 (−𝑑√8𝑚∗ℏ2 Δ𝐸) (1) 

where d is the barrier width, m* is the effective mass of electrons or holes, ΔE is the barrier height 

between Si QDs and SiC. As discussed above, with the dot size decreasing, the bandgap of Si QDs 

is broadened correspondingly, leading to a lower tunneling barrier height ΔE in Equation 1. Since 

the barrier width d keeps the same for all the Si QDs/SiC multilayered structures, Te will increase 

monotonically when the Si QDs size decreases, which means more electrons and holes can tunnel 

through the SiC barrier and then be collected by the electrodes. As a result, the dark current 

increases when Si QDs size decreases, which is shown in Fig. 4. 



 

Figure 4 Dark current-voltage curves of solar cells containing different sized-Si QDs/SiC MLs. 

 

Fig. 5 shows the AM1.5 illuminated J-V curves of solar cells containing different sized-Si 

QDs/SiC MLs. The cell area is about 0.8 cm2. The device parameters including Voc, Jsc, fill factor 

(FF) and PCE are summarized in Table. 1. Since the device performance of solar cells strongly 

depends on the photo-generated carrier tunneling and collection efficiency, the solar cell containing 

2 nm sized-Si QDs shows the highest Jsc. However, in our experimental design, to keep the active 

layer thickness of the cells with smaller sizes of QDs means to increase the periodicity of MLs. The 

Si QDs (2 nm)/SiC MLs has the largest periodicity of 12. The corresponding cell exhibits the lowest 

Voc due to the strong recombination in the interface states introduced by increasing the layer number. 

In addition, the contact resistance of the solar cell is increased with the number of SiC sublayers 

increasing, which will lead to the reduction of FF. Consequently, the PCE of solar cell containing 2 

nm sized-Si QDs is only 4.59%. In our case, all the impacts mentioned above are taken into 

consideration and optimized. When the thickness of Si QDs sublayer is 4 nm, the solar cell shows 

the best performance with PCE of 7.27 %. 



 

Figure 5 AM1.5 illuminated current density-voltage curves of solar cells containing different sized-Si QDs/SiC 

MLs. 

 

Table 1 The device parameters of solar cells containing different sized-Si QDs/SiC MLs. 

 Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 

Si QDs(2nm)/SiC(2nm) MLs 425 25.02 43.2 4.59 

Si QDs(4nm)/SiC(2nm) MLs 530 24.66 55.6 7.27 

Si QDs(8nm)/SiC(2nm) MLs 532 21.75 55.8 6.45 

 

Fig. 6 is the EQE of solar cells containing different sized-Si QDs/SiC MLs. The spectral response 

wavelength is red shifted to the long wavelength region with enlarging the Si QDs size. For example, 

at the short wavelength around 500 nm, the EQE decreases about 20% with enlarging the size of Si 

QDs from 2 nm to 8 nm. The main reason is the spectral mismatch and poorer response in the short 

wavelength region for the larger Si QDs. 



 

Figure 6 External quantum efficiency of solar cells containing different sized-Si QDs/SiC MLs. 

 

However, as we discussed before, most of the incident light in this type of solar cell devices is 

absorbed in the c-Si substrates, which is revealed in the EQE results [34]. In order to exclude the 

absorption of c-Si substrates and further investigate the Si QDs contribution of spectral response, 

we used heavily doped p type (p+) Si substrates instead of general Si substrates to get solar cell 

structures. It is known that heavily doped semiconductors always act as “death layers” in solar cells, 

because they do not contribute to photo-generated carriers, due to the short minority-carrier lifetime 

and high recombination rate [35]. Fig. 7 shows the EQE of p+-i-n device structures containing 

different sized-Si QDs/SiC MLs. The EQE is very low at the near infrared region (NIR) from 800 

nm to 1200 nm. This is because long wavelength light absorbed in the heavily doped substrates 

cannot generate photocurrent. Meanwhile, three peaks of EQE spectra located at 460 nm, 500 nm 

and 530 nm, were observed for the devices with the Si QDs size of 2 nm, 4 nm and 8 nm, respectively. 

It shows that the spectral response is red shifted to the long wavelength region by increasing the Si 

QDs size, which can be attributed to the reducing bandgap of Si QDs owing to the quantum 

confinement effect. Based on EQE results, the Jsc contributed from cell spectral response in different 

wavelength range can be calculated according to Equation 2 𝐽𝑠𝑐 = ∫ 𝐹(𝜆) ∙ 𝐸𝑄𝐸(𝜆)𝐸(𝜆)𝜆2𝜆1 𝑑𝜆 (2) 

where 𝐹(𝜆) and 𝐸(𝜆) is the flux of incident light and photon energy at the wavelength of 𝜆. The 



integrated current density of the devices with the Si QDs size of 2 nm, 4 nm and 8 nm is 9.19 

mA/cm2, 8.65 mA/cm2 and 7.32 mA/cm2, respectively, which can be attributed to the spectral 

response of Si QDs. Our present work systematically studies and demonstrates the size-dependent 

photovoltaic properties of solar cell devices containing different sized-Si QDs/SiC MLs, which 

provides a potential application of the Si QDs/SiC MLs in the future all-Si tandem solar cells. 

 

Figure 7 External quantum efficiency of p+-i-n device structures containing different sized-Si QDs/SiC MLs. 

 

Conclusions 

In this work, we fabricated Si QDs/SiC stacked structures by annealing a-Si:H/SiC MLs at 900°C. 

The thickness of a-Si:H was designed to be 2 nm, 4 nm and 8 nm and thickness of amorphous SiC 

layer was kept at 2nm. Raman spectra and TEM observation revealed that the Si QDs can be formed 

after annealing and the crystallinity was about 36.8 %, 49.5 % and 52.8 %, respectively. The Si QDs 

with diameters of 2.5 nm, 5.0 nm and 8.9 nm were successfully obtained, which means the size of 

Si QDs can be well controlled. We studied the optical properties of the Si QDs/SiC MLs and found 

that the optical absorption edge was red shifted to the long wavelength region by increasing the Si 

QDs size, which could be attributed to the quantum confinement effect. Moreover, we fabricated 

the different sized-Si QDs/SiC MLs together with phosphorus-doped a-Si films on p-Si substrates 

to get heterojunction solar cell devices. It was found that the photovoltaic performances showed 

strong dependence on Si QD sizes, and the best photovoltaic parameters were Voc of 530 mV, Jsc of 

24.66 mA/cm2, and PCE of 7.27% from solar cell containing Si QDs (4 nm)/SiC (2 nm) MLs. 



Furthermore, the EQE measurement of p+-i-n structures, which excluded the absorption of c-Si 

substrates, clearly demonstrated the contribution of Si QDs in the spectral response in ultraviolet-

visible light region. The spectral response in short wavelength range was enhanced with decreasing 

the Si QDs size from 8 nm to 2 nm, which reveals the size-dependent photovoltaic properties of 

solar cells containing Si QDs/SiC MLs. Our experiment results infer that the different sized-Si 

QDs/SiC MLs can be used as a potential candidate to get better spectral match for advanced 

optoelectronic devices. 
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Figure 1 Cross-sectional TEM images of as-deposited (a) a-Si (2nm)/a-SiC(2nm) MLs; (b) a-Si (4nm)/a-SiC(2nm) 

MLs; (c) a-Si (8nm)/a-SiC(2nm) MLs. The TEM images of annealed (d) Si QDs (2nm)/ SiC(2nm) MLs; (e) Si QDs 

(4nm)/ SiC(2nm) MLs; (f) Si QDs (8nm)/ SiC(2nm) MLs. 

  

Figure 2 Raman spectra of 900°C annealed Si QDs/SiC MLs. 

 

Figure 3 Optical absorption coefficient spectra of Si QDs/SiC MLs. 

 

Figure 4 Dark current-voltage curves of solar cells containing different sized-Si QDs/SiC MLs. 

 

Figure 5 AM1.5 illuminated current density-voltage curves of solar cells containing different sized-Si QDs/SiC MLs. 

 

Figure 6 External quantum efficiency of solar cells containing different sized-Si QDs/SiC MLs. 

 

Figure 7 External quantum efficiency of p+-i-n device structures containing different sized-Si QDs/SiC MLs. 

 

Table 1 The device parameters of solar cells containing different sized-Si QDs/SiC MLs. 
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MLs; (c) a-Si (8nm)/a-SiC(2nm) MLs. The TEM images of annealed (d) Si QDs (2nm)/ SiC(2nm) MLs; (e)
Si QDs (4nm)/ SiC(2nm) MLs; (f) Si QDs (8nm)/ SiC(2nm) MLs.



Figure 2

Raman spectra of 900°C annealed Si QDs/SiC MLs.



Figure 3

Optical absorption coe�cient spectra of Si QDs/SiC MLs.



Figure 4

Dark current-voltage curves of solar cells containing different sized-Si QDs/SiC MLs.



Figure 5

AM1.5 illuminated current density-voltage curves of solar cells containing different sized-Si QDs/SiC
MLs.



Figure 6

External quantum e�ciency of solar cells containing different sized-Si QDs/SiC MLs.



Figure 7

External quantum e�ciency of p+-i-n device structures containing different sized-Si QDs/SiC MLs.


