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ABSTRACT 

This article describes a silicon quantum dot (Si QD) solar cell with absorption enhancement due 

to quantum-confinement in the front-side emitter region, which helps in the improvement of the 

short-circuit current density. The Si QD solar cell is theoretically mimicked using an equivalent 

circuit to account the possible recombination losses under low concentration illumination. The 

electrical output is estimated using proposed theoretical model by considering the fundamental 

properties of intrinsic Si reported in the literature. An increase of ~7.5% in generated current 

density is observed due to extra absorption of incident radiation through Si QD, which is in 

accordance with the experimental findings. The performance of Si QD/c-Si solar cell has been 

studied with respect to low concentration illumination, wherein with increasing CR from 1 sun to 

5 suns, the short circuit current density increases from 29.4 to 147.2 mA/cm2 and the open circuit 

voltage increases from 0.565 to 0.609 V. This study provides a theoretical framework for design 

optimization of a future Si QD solar cells to achieve better performance of the device. 

 

KEYWORDS: Quantum heterostructure, silicon quantum dot solar cell, quantum efficiency, 

low concentration illumination 
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1. INTRODUCTION 

Silicon (Si) is the most abundant, nontoxic material on the earth surface, which is leading the 

photovoltaic (PV) market since the beginning of the PV technology [1]. In past few decades, the 

Si wafer thickness has decreased from 400 µm to the current 180 µm and the decreasing trend is 

continuing with recent attempts towards 18 µm, i.e. 1/10 of the current thickness [2, 3]. For 

reducing the thickness, kerf-less wafering approaches [4] are currently being commercialized by 

various industries, e.g. Direct Gas to Wafer (CrystalSolar [5]), Direct Wafer (1366Technologies 

[6]) and NexWafe [7]. However, the reduced wafer thickness presents a major challenge to 

maintain a high efficiency due to significant decrease in the light absorption at the longer 

wavelengths, especially when the wafer thickness is reduced to below 50 µm [8]. With reduction 

in thickness, an increase in light absorption is desirable to maintain a high short-circuit current 

density of the solar cell [9]. The decreased light absorption has been attempted through various 

light trapping schemes including nanotexturing [10, 11] and plasmonics [2, 12]. A review of 

light trapping schemes is presented by Glunz [13], which includes classical approaches such as 

pyramids and internal reflection layers and recently explored concepts including plasmonics 

nanostructures and diffractive optics. With decreasing thickness of Si wafer, the importance of a-

Si:H/c-Si heterojunction solar cells is increasing due to their high efficiency potential, low 

temperature coefficient, and low production cost [14]. Recently, a-Si/c-Si heterostructure based 

solar cells have been attempted theoretically with innovative ideas of inserting quantum wells 

(QW) [15] as well as experimentally by various solar PV researchers [16-21]. The use of QW 

falls under the third generation solar PV technologies, which have been extensively explored to 

overcome the material limitations of Si wafer-based solar cell technology and efficiency 

limitations of thin film solar cell technologies in order to have affordable PV technology [22, 
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23]. Further, there have been extensive fundamental and applied investigations in the area of 

third generation solar cells, which are designed to improve the efficiency of solar cells by 

adopting novel ways such as use of QW or quantum dots (QD) for enhanced absorption of solar 

spectrum [24-36]. Towards the development of QD solar cells, the composite materials 

consisting of Si nanocrystals embedded in a dielectric matrix have attracted considerable interest 

[37-43]. Moreover, the extent of quantum confinement that is observed in Si nanoparticles of a 

few nanometers is very prominent to engineer the material bandgap [43, 44-45]. Silicon 

nanocrystals of very small size (<∼7 nm in diameter) behave as quantum dots (QDs) due to the 

three-dimensional quantum confinement of carriers [46-47]. These reasons indicate the 

suitability of Si to explore the third generation objectives as active material of solar cells. It is 

important to note that there are various approaches to use QDs for improving the spectral 

absorption, which result in enhanced electrical output. In one of the approaches, Löper et al. [48, 

49] have used Si QDs in the absorber region of p-i-n solar cells in order to obtain a higher 

voltage. The investigations carried out in this article focus on achieving a higher efficiency Si 

solar cell using a different approach wherein Si QDs are used for quantum-confinement in the 

front-side emitter region to improve the short-circuit current density as reported in Ref. [46]. 

This article reports for the first time a semi-analytical theoretical model to explore the effect of 

QD layer on the electrical performance of a Si solar cell which includes the role of 

recombination mechanisms. Further, enhanced spectral absorption because of the presence of Si 

QD layer is reported and design parameters are discussed. The effect of inserting QD layer on 

the electrical performance parameters of QD solar cell, such as short-circuit current density (JSC), 

open-circuit voltage (VOC), maximum output power (Pmax) and the conversion efficiency (η) is 

reported.  
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2. THEORETICAL MODEL USING EQUIVALENT CIRCUIT 

The Si quantum dot solar cell is modeled as a P-N junction device, which can be fabricated by 

depositing phosphorus-doped Si QDs in a SiO2 matrix (N-layer) on p-type crystalline Si 

substrates (c-Si) [46] as shown in Fig. 1 with corresponding band-diagram shown in Fig. 2. The 

incident solar radiation is directly converted into electricity due to photovoltaic action of P-N 

junction and produces a non-linear current-voltage characteristic response. The non-linearity 

mainly arises due to the recombination of photo-generated carriers through different mechanisms 

of photo-generated carrier loss, which have been described by different researchers [50-51].  

In a solar cell, the energy loss mechanisms related to photo-generated carriers include, (1) 

thermalization loss: photo-generated carriers move from initial excited states to the respective 

band edges, (2) spatial relaxation: the photo-generated carriers are swept along the band edges to 

the contacts, (3) radiative recombination of electron-hole pair, (4) Shockley-Read-Hall, Auger, 

and surface recombination, (5) series and shunt resistances. A two-diode model is proposed as an 

equivalent circuit for Si QD solar cell as it helps in explaining the mentioned loss mechanisms 

(Fig. 3) [52]. 

Diode 1 describes the rectifying behavior of a solar cell, which conducts the current arising from 

the diffusion of minority carriers in the quasi neutral regions of the solar cell. Diode 2 describes 

the recombination losses, which includes defect-induced charge recombination losses in the 

depletion region. The terminal equation for the current-voltage characteristics of the QD solar 

cell using equivalent circuit shown in Fig. 3 is given by [51-54]: 

 � = ��� − ��� − ��	 − 
� + �R�� R��⁄       (1) 

Assuming superposition principle (��� = ���, where, ��� represents the photo-generated current 

density and ���  represents the short-circuit current) [55], the photo-generated current density ��� 
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is equal to ‘�Φ’, where q represents the electron charge and Φ represents the photon flux 

absorbed by the QD  layer and base materials and expressed as [56-57] by replacing width of the 

confining layer, Lz by ���V/A with the assumption that the reflection from the top surface is 

zero: 

��� = �Φ × CR = CR × � qF
λ�!1 − exp	'−α)
λ�W − N,-α,-
λ����V/A./012 dλ (2) 

where, CR represents the concentration ratio, F
λ� represents the incident photon flux per 

nanometer from Air Mass 1.5 Global (1000 Wm-2, AM1.5G) solar spectrum [58], α)
λ� and 

α,-
λ� represent the absorption coefficient of base material (c-Si) and QD material respectively, 

W represents the width of absorbing c-Si material, N,- represent the number of  QD layers 

(described in the next section), ��� represents the number density of the QDs embedded in the 

dielectric layer, V represents the volume of a cubic QD, and A represents area of the solar cell. 

The absorption coefficient of the base material (c-Si) is referred from Green and Keevers [59]. 

The calculation of QD absorption coefficient, α,-
λ� is described in detail in the next section.  

The diode current density under forward bias can be expressed in terms of the voltage V [52]: 

 ��� = �4 5exp 67
89:;<�=>?@ A − 1B        (3) 

 ��	 = �C 5exp 67
89:;<�D>?@ A − 1B        (4) 

where ��� and ��	 represent the current densities of diode 1 and 2, n and m represent the 

corresponding ideality factors and Ii and Ir represent the dark saturation currents of rectifying and 

recombination diode respectively, kB represents Boltzmann’s constant, T represents absolute 

temperature, q represents electron charge, RS represents the series resistance and RSH represents 

the shunt resistance.  
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The open-circuit voltage (VOC) and fill factor (FF) of a Si QD solar cell under low concentration 

illumination is expressed by [60] under ideal conditions, i.e. RS→0 and RSH→∞ with an 

assumption that Ii (≈ IG) is dominant around the VOC [61]:  

 VHI
CR� = >?@7 ln 6:LM×I;
:N + 1A       (5) 

 FF
CR� = 	1 − OP8QR
I;� ln 8QR
I;�OP − :LM;<8QR
I;�      (6)	
where, I0 represents the dark saturation current density [62] and vT represents thermal voltage 

(kBT/q). The maximum power output of LCPV module is related to the ISC and VOC by [60]: 

 PMAX  = FF × VOC× ISC        (7) 

The efficiency of the solar cell in relation with the PMAX  is given by [60]: 

 η = PWXY/
A × PZ=�         (8) 

A is the area of solar cell and Pin is the incident solar radiation (AM1.5G, 1000 Wm-2). 

The characteristic parameters of the solar cell, i.e. a series resistance and the shunt resistance are 

dependent on the semiconductor fabrication process and can be calculated by the slope of 

current-voltage characteristic curve near VOC and ISC respectively. Based on the theoretical 

model described above, the QD Si solar cell is simulated using MATLAB/Simulink. 

 

3. OPTICAL ABSORPTION CALCULATION 

For the optical absorption calculations, it is assumed that, the QD is cubic in shape (as per 

available literature [63]) and distributed in a SiO2 matrix in a regularly spaced array as shown in 

Fig. 1. The cubic dot dimensions are defined as Lx, Ly, and Lz and the separation between dots is 

Sx, Sy, and Sz in the coordinate directions x, y and z respectively. The QD layer is defined as a 

dielectric layer with embedded QDs with the thickness calculated as Lz + Sz.  Figure 4 shows the 
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notations used for the calculation of the density of states (DOS) and the absorption coefficient 

due to the quantum confinement of the charge carriers in the discrete energy levels.  

The effective energy band gap of QD is represented by Eeff, which is created by embedding the Si 

QD with an energy band gap, EQD within the dielectric material (SiO2) with an energy band gap 

of ESiO2. The conduction band offset is represented as ∆Ec and the valence band offset is 

represented as ∆Ev. The values of the EQD, ESiO2, ∆Ec, ∆Ev and the corresponding effective 

masses of electrons and holes required for the calculations are listed in Table 1.  

The energy levels of the Si QD conduction band with respect to the valence band edge of the 

dielectric material are represented from E1 to En, where the number of the levels is dependent on 

the size of the QD. The calculated values of energy levels are listed in Table 2 for the Si QD size 

(Lx×Ly×Lz) of 5×5×5 nm3.  

The energy levels and DOS are evaluated using following equations to calculate the absorption 

coefficient of QD embedded within SiO2 matrix. The DOS is calculated using following equation 

[65]: 

 [CG\ = ∑ δ
_ − _4�4          (9) 

where,  [CG\ represents the DOS of QD, where δ represents the Dirac delta function, E represents 

energy of incident photon and _4 represents the energy difference of ith (i = 1, 2, …, n) electron 

and ground hole energy states in a QD. The Dirac delta function is modelled using a Lorentzian 

of finite width given by [65] to calculate the DOS: 

 δ
E − EZ� = �
a

b

bcd
edef�c�        (10) 

where, σ is a parameter with the same dimensions as the argument of the delta function, which 

gives the width of the Lorentzian. In reference [63], Fig. 12 presents the order of DOS as 1028   

m-3eV-1 for Si QD, which is calculated for one energy miniband, whereas using Eq. (9) and Eq. 
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(10), the DOS can be estimated for all the minibands of the QD with respect to the energy levels 

listed in Table 2.  

The energy eigen value, Ei is found by searching for the root in [66]: 

 g	D?h∗ 
∆ekdef�ℏc = D?h∗D2h∗ g	D2h∗ efℏc tan og	D2h∗ efℏc 6pq	 Ar     (11) 

The effective energy band gap, Eeff is calculated by adding the energy band gap of Si QD with 

electron and hole energy of confined energy states of a QD using Eq. (11). The energy band gap 

of Si QDs with particle size (Lz) in the range of 4-9 nm embedded in SiO2 lies in the range of 

1.18-1.47 eV [67], which has been verified by recent study [37]. The DOS is calculated to be of 

an order of 1028 m-3eV-1 as plotted in Fig. 5, which matches well with the order of the data 

reported in the literature [63]. The wavelength in Fig. 5 corresponds to QD conduction band 

energy levels with reference to ground energy level of the holes with an uncertainty of ±5 nm. 

Further, the absorption coefficient of embedded QD structure is calculated on the basis of 

interband optical transitions with following assumptions: (1) the band structure of the QD is 

completely filled with electrons in the valence band and empty in the conduction band, (2) the 

band structure does not incorporate the defect states.  

The energy dependent interband absorption coefficient of the QD structure, α(E) is calculated 

using following expression [66], where the density of states of a quantum well is replaced by that 

of a QD:   

 α
E� = Cteu. PwwxI8t	ρzG{         (12) 

where, C = πq	ℏ/nzcεGmG	E; where e represents electron charge, nr represents the refractive 

index of Si, c represents the speed of light in vacuum, εG represents the electrical permittivity of 

electron in vacuum, m0 represents electron rest mass, and teu. PwwxI8t	 represents the optical matrix 
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element of Si [68]. The values of these parameters are listed in Table 3 for the calculation of 

energy dependent absorption coefficient. 

The charge carrier confinement in a QD quantizes their energies in to a series of minibands, 

giving a distribution of DOS as shown in the Fig. 5. A similar distribution of absorption 

coefficient is observed with the maximum absorption value of ~7×105 cm-1. Further, the size 

distribution of Si QDs can affect the absorption behaviour in the near-gap region as reported by 

Lee et al. [69], which shows blue-shift of absorption due to quantum confinement in smaller 

QDs. However, in the same article Lee et al. [69] reported the possibility of red-shifting because 

of strong absorption from the larger QDs with smaller energy gaps. In another article, Mirabella 

et al. [70] have reported that the density of Si-Si bonds is likely to affect the joint density of 

states and thus enhances the photon absorption probability and provided a clear evidence of an 

enhanced light absorption in quantum confined Si QD.  

 

4. RESULTS AND DISCUSSION  

The c-Si has an indirect band gap, which favors non-radiative recombination in the material, 

which must be considered for the performance evaluation. The current-voltage characteristics 

calculation is done to determine the effect of QD layer in a Si QD solar cell by including the 

effect of radiative and non-radiative recombination. On the basis of available literature [25], the 

dark saturation currents of rectifying and recombination diodes can be expressed as:  

 �4 ∝ �G
1 + ����         (13) 

 �C ∝ ����          (14) 

where, I0 represents the dark saturation current density [71], rR is radiative enhancement ratio 

which represents the fractional increase in the intrinsic region radiative recombination due to the 
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presence of the QD, β is the ratio of the current required to feed radiative recombination in the 

intrinsic region at equilibrium to the usual reverse drift current resulting from minority carrier 

extraction, rNR is the non-radiative enhancement ratio which represents the fractional increase in 

the intrinsic region non-radiative recombination due to the presence of the QD, n and m represent 

diode ideality factors for radiative and non-radiative recombination respectively (for an ideal 

case n = 1 and m = 2), α represents the ratio of current required to feed non-radiative 

recombination in the intrinsic region at equilibrium, and Φ is the net flux of incident photons 

absorbed by the Si QD and base material. The dependence of β, rR, � and rNR on the intrinsic 

parameters of the solar cell material can be written as [25]: 

 �	 ∝ 	��4	 �G⁄           (15) 

 �� ∝ ��� �������	 exp	
 ��
���� − 1��       (16) 

 � ∝ ��4          (17) 

 ��� ∝ ��� �������exp	
 ��
���� − 1��       (18) 

where, B represents radiative recombination coefficient [72], ni represents intrinsic carrier 

concentration [73], ��� represents the fraction of the N-layer volume replaced by QDs,  �� 

represents the ratio of recombination coefficient QD material to barrier material, ���� represents 

the DOS enhancement factor, Δ_ represents the energy difference between the band gaps of 

barrier material (ESiO2) and QD material (EQD), AB represents non-radiative recombination 

coefficient which is equal to the reciprocal of non-radiative carrier lifetime (τB), and �� 

represents the ratio of non-radiative carrier lifetime of barrier material to the QD material. The 

values of parameters required to explore the dependence of these terms on the intrinsic properties 

of the material are listed in Table 4. The radiative and nonradtive mechanisms of energy transfer 

from the QDs to the underlying Si have been studied by other researchers using 
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photoluminescence decay method [75].  In the Si QD solar cells, nonradiative energy transfer is 

accompanied with radiative transfer. Existing literature reports that the nonradiative energy 

transfer is inversely proportional to the distance of QD from the underlying Si surface (given 

as	∝ 1 
����������⁄ ) [75]. The ratio of radiative to nonradiative recombination rate is related to 

the quantum yield (QY) by following relationship [76]: QY = rR/(rR + rNR), which remains ~0.3 

for the studied system [75]. The rate of non radiative energy transfer to the underlying Si remains 

~1.6 times faster than the rate of radiative energy transfer [75]. The values of Ii, and Ir are listed 

in Table 5 for generating the I-V characteristics.  

Further, the quantum efficiency of the Si QD solar cell is calculated with respect to the 

wavelength (λ) using following expression [77]: 

 �_
 � = ¡¢£
¤�
¥¦
¤�           (19) 

 The quantum efficiency depends on the optical properties and layer thicknesses of the solar cell, 

which is included in the calculation of the photo-generated current.  

4.1. Quantum efficiency 

The quantum efficiency of a Si QD solar cell has been modelled to find the generated photo-

generated current density. The room temperature escape probability for photoexcited charge 

carriers in QD is assumed to be unity [78]. Using the knowledge of the optical and charge carrier 

transport properties of the Si material as listed in previous sections, the photogenerated current 

density and corresponding quantum efficiency is calculated with respect to the wavelength of 

incident photons as shown in Fig. 6(A) and 6(B) respectively. The lower curve in Fig. 6(A) and 

6(B) represents the photogenerated current density and quantum efficiency respectively of the 

base solar cell made of c-Si material. The value of number of QD layer equal to zero means the 

absorbing region of the device is entirely the c-Si material having a band gap of 1.1 eV, which 
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corresponds to the wavelength >1100 nm. The integration of the lower curve (NQD = 0) with 

respect to the wavelength (Fig. 6(A)) yields the photogenerated current density of 27.44 mA/cm2 

(with device thickness W equal to 18 µm) for a baseline c-Si solar cell without QD for an ideal 

case of unit collection efficiency of generated charge carriers without any recombination loss. 

For the ideal case, Fig. 6(B) shows 100% conversion of incident photons in to the electron-hole 

(e-h) pair in the wavelength range of 350-1100 nm. Under similar conditions, the addition of 25 

QD layers on top of the c-Si solar cell with ��� equal to ~4×1012 cm-2 in each layer leading to the 

effect of quantum confinement, the quantum efficiency curve shows spikes of e-h pair generation 

corresponding to the mini-bands of energy confined in three dimensions. The order of calculated 

��� (on the basis of  ��� = L¨ × A/V) is in agreement with the experimental number density of 

QD in Si solar cell as reported in literature [43, 79-80]. The extended area under the curve due to 

presence of QD adds up more e-h pair in the photo-generated current density of the solar cell. 

The integration of this curve (NQD = 25) with respect to the wavelength yields a higher 

photogenerated current density of ~29.5 mA/cm2, which is significantly higher compared to the 

baseline current density. An increase of over 7.5% in generated current density is registered due 

to extra absorption of incident radiation through QD, which is in qualitative agreement with 

experimental findings [75, 81]. Even though Park et al. [81] show that the 3 nm QD gives best 

performance, but an improvement is expected with even 5 nm QD as compared to the baseline. 

Here in this article, the improvement in current density is calculated as ~7.5% with 5 nm QD, 

whereas an improvement in the current density of ~18% is presented by Dutta et al. [75] with 2 

nm QD (note that Park et al. [81] have not studied 2 nm QDs). This comparison of theory and 

experiment indicates that the 3 nm QD may be superior to 5 nm QD, which is experimentally 

observed by Cho et al. [46].  
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4.2. Current-voltage characteristics 

The quantum dot solar cells based on Si QD are capable to outperform the bulk devices based on 

c-Si material due to the quantum properties, such as, the quantized energy eigen states, added 

density of states and corresponding absorption coefficient covering lower energy range of 

incident spectrum which improves the light absorption in the heterostructure for conversion in to 

e-h pair. In order to understand the working of QD solar cells, the mechanisms behind the 

performance need to be analyzed in terms of current-voltage characteristics. To this end, based 

on the presented theoretical framework in section 2, the current density-voltage characteristics is 

simulated for a Si QD/c-Si cell with respect to the number of QD layers on top of the c-Si wafer. 

A simplified semi-analytical approach for Si based QW solar cells is used here to describe Si QD 

solar cell behaviour, which depends on the complex processes between localized and extended 

states, such as carrier capture and escape into and from quantum confined energy levels [82]. In 

Fig. 7, the JSC increases from 27.4 mAcm-2 to 29.4 mAcm-2
 with addition of QD layers, NQD 

equal to 25 (the number of layers is decided from reference [42]). This increase in current 

density is attributed to the increased absorption of Si QD and correspondingly improved 

quantum efficiency in the range of 690-1010 nm (Fig. 6). The spectral properties of 

photogenerated charge carriers within quantum confined energy levels have been recently 

studied by Aeberhard [83]. 

Figure 7 shows a significant shift of ISC towards a higher value without any effect around VOC. In 

the studied Si QD solar cell, VOC is dependent on the ratio of generated photocurrent to the dark 

saturation current as described by Eq. (5). A change in VOC may be related to the enhancement in 
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the saturation current, which is determined by various mechanisms, such as the recombination 

current or diffusion current. In both the cases, VOC decreases with increasing temperature, as 

expressed below [84]:  

 VHI
T� = 'Eª q⁄ . − CT        (20) 

where, Eg represents the energy band gap, and C represents the temperature coefficient which has 

a logarithmic dependence on the intrinsic properties of the solar cell material. Equation (20) 

shows that the VOC depends on the Eg at room temperature, which remains nearly unaffected by 

an increase in quantum efficiency at above bandgap energies. It indicates that VOC may not 

change by the addition of Si nanocrystals as an active layer (on the host semiconductor, c-Si with 

Eg	≈	1.1 eV), which is supported by existing literature on Si QD solar cells [75, 85]. Wu et al. 

[85] reported that VOC is quite insensitive to the Si nanocrystal size in a Si QD solar cell. In 

another report, Dutta et al. [75] have not found any change in VOC by addition of Si QDs in a 

solar cell. However, the detailed mechanism of the dependence of VOC on the quantum efficiency 

of a QD solar cell is not well understood [86].  

4.3. Effect of illumination 

Previous studies have shown that the changes in illumination affect the IPH, VOC and diode 

ideality factor, which changes the saturation current [87, 88]. The saturation current, is 

dependent on the illumination level (or CR) and is related to the IPH and VOC by following 

equations:  

  �4 = ¡¢£	«¬­®
¥¯°±/����±�d�²      (21)  

The value of Ir is approximated as: 

  �C = ¡¢£	«¬­®
¥¯°±/����±�d�²      (22)  
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In this case, the substitution of the values of Ii and Ir from Eq. (21) and Eq. (22) in Eq. (3) and 

Eq. (4) respectively, and then the values of ID1 and ID2 from Eq. (3) and Eq. (4) in Eq. (1) with 

the appropriate approximations (RS → 0, RSH → ∞ and I → 0 at V → VOC) results in IPH-IPH/2-

IPH/2 → 0. That indicates the correctness of the approximations made for Ii and Ir through Eq. 

(21) and Eq. (22) respectively. 

The performance parameters (ISC, VOC, FF and efficiency η) of the polycrystalline Si solar cell 

are calculated for standard test conditions and low concentration. These parameters are 

calculated using the theoretical framework developed in this article. The calculated performance 

parameters from theoretical model are listed in Table 6. With increasing CR from 1 sun to 5 

suns, the short circuit current density increases from 29.4 to 147.2 mA/cm2, the open circuit 

voltage increases from 0.565 V to 0.609 V and the efficiency of a Si QD solar cell decreases 

from 10.9% to 7.79%. A plot having simulated current-voltage curves for various CR values is 

shown in Fig. 8. A linear relationship between the output current of Si QD solar cell and CR is 

observed. This increasing trend of output current with an increase in illumination is consistent 

with the observation of other experimental studies for a Si solar cell [87, 88]. 

For a solar cell, the upper limit of achievable VOC is calculated by the difference between 

electron and hole Fermi level as given by [89]:  

 ���� 	= 	_¦� 	− 	_¦³         (23) 

Considering an ideal case, where the transport mechanism does not severely limit the solar cell 

performance, Eq. (23) can be used as a starting point to derive the achievable VOC. The 

difference between electron and hole Fermi level gives the open-circuit voltage (VOC), which 

increases with increasing illumination level at a constant temperature as reported in previous 

work [89]. A similar increasing trend of VOC with CR is observed through the current-voltage 
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calculations for a Si QD/c-Si heterojunction solar cell as shown in Fig. 8. Previous studies have 

shown that the charge collection is governed by a drift mechanism near the short circuit 

condition and diffusion mechanism near open-circuit condition [87]. For a Si QD/c-Si 

heterojunction solar cell under short circuit conditions, the minority charge carrier concentration 

on both sides of the junction increases with a significant contribution from the quantized energy 

levels have charge confinement in Si QD (Fig. 2 and Fig. 4) resulting in the increase of the drift 

current, which depends on the number of minority carriers. Whereas under open circuit 

conditions, the P-N junction remains under forward bias due to the light-generated carriers on 

both sides of the junction, which increases the diffusion current. The balance between drift and 

diffusion current in opposite directions results in zero current from the Si QD solar cell under 

open circuit conditions. The current-voltage characteristics plotted in Fig. 8 for Si QD/c-Si 

heterojunction solar cell shows a shift in the value of maximum power point (PMAX ) towards the 

lower voltage side with the increase in CR. This shift in PMAX  at higher illumination level is 

mainly attributed to the enhanced recombination of carriers governed by diffusion transport in 

the conduction band under flat-band condition, which has been investigated for low 

concentration illumination in previous work [87]. The data listed in Table 6 indicate the 

dependence of η and FF of Si QD solar cell on the CR, which shows that efficiency decreases 

with increasing CR. The decrease in efficiency is mainly attributed to the reduction in FF with 

increasing CR. With increasing CR the recombination of charge carrier increases, which is 

indicated by reduction of shunt resistance in Table 6 and the finding is in accordance with the 

reported results [88]. The shunt resistance reduction is mainly dependent on the intensity of 

illumination and it may be unaffected by the addition of Si QDs. The reduction in shunt 

resistance is mainly due to slightly different junction capacitance behaviour of silicon solar cells 
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under low concentration illumination condition due to the following reasons: (1) an exponential 

variation in the number of minority charge carriers, and (2) occupation of the electronic DOS by 

excess minority charge carriers. An increase in illumination results in an introduction of excess 

minority carriers, with an insignificant change in the number of majority carriers in the base Si. 

A small change in the number of majority charge carriers leads to a minor downward shift of 

hole Fermi level, EFp [89]. Whereas the electron carrier density under equilibrium conditions 

remains negligible, therefore the electron Fermi level, EFn, changes significantly when excess 

carriers are injected or photogenerated at higher illumination level, which results in an 

exponential increase in the junction capacitance and decrease in the shunt resistance [88]. The 

rate of increase of VOC with respect to CR, dVOC/d(CR) is found to decrease with increasing 

illumination, which may be attributed to the increase in the recombination as indicated by other 

researchers [90]. 

 

5. CONCLUSIONS 

The Si QD solar cell is theoretically mimicked using an equivalent circuit, which accounts for 

the possible recombination losses under low concentration illumination. The electrical output is 

estimated using proposed theoretical model by considering the fundamental properties of 

intrinsic Si reported in the literature. It is concluded that enhanced spectral absorption is recorded 

due to the presence of QD layers on top of the c-Si solar cell. An increase of ~7.5% in generated 

short circuit current density is observed due to extra absorption of incident radiation through Si 

QD, which is in accordance with the experimental findings. The performance of Si QD/c-Si solar 

cell has been studied with respect to the low concentration illumination, wherein with increasing 
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CR from 1 sun to 5 suns, the short circuit current density increases from 29.4 to 147.2 mA/cm2 

and the open circuit voltage increases from 0.565 to 0.609 V.  
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Figure 1: Schematic diagram of theoretically modeled silicon quantum dot/crystalline silicon 

solar cell.  

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

30 
 

 

 

 

Figure 2: Schematic representation of N-type Si quantum dots (QD) incorporated SiO2 matrix 

on top of the solar cell. 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

31 
 

 

 

 

Figure 3: Diode equivalent circuit of Si quantum dot solar cell using two-diode model [52]. 
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Figure 4: Band diagram of a Si QD (SiO2)/c-Si with SiO2 band gap (ESiO2), Si QD band gap 

(EQD), effective band gap of QD (Eeff), conduction band offset (∆Ec), conduction band energy 

levels (E1 to En) and valence band offset (∆Ev). 
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Figure 5: Calculated density of states in QD conduction band with respect to the wavelength 

(wavelength corresponds to the QD conduction band energy levels with reference to ground 

energy level of the holes). 
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Figure 6: (A) Photogenerated current density and (B) Quantum efficiency with respect to 

wavelength of incident photon and variation in number of QD layers (NQD). 
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Figure 7: Current-voltage characteristics of a silicon QD/c-Si heterojunction solar cell. 
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Figure 8: Current-voltage characteristics of a Si QD/c-Si heterojunction solar cell under low 

concentration illumination for various CR values. 
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Table 1: Parameters used for calculating the DOS and absorption coefficient 

Parameter Value  

ESiO2 9.0 eV [27] 

EQD 1.1 eV [27] 

∆Ec 3.2 eV [27] 

∆Ev 2.3 eV [27] 

m0 9.1 × 10-31 kg  

m)¬∗  0.86 m0 [42] 

m)´∗  0.33 m0 [64] 

mµ¬∗  1.08 m0 [15] 

mµ´∗  0.57 m0 [15] 
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Table 2: Calculated values of energy levels for the Si QD size (Lx×Ly×Lz) of 5×5×5 nm3 in SiO2 

matrix. 

Energy levels Values (eV) 

E1 0.0125 

E2 0.0518 

E3 0.1165 

E4 0.2071 

E5 0.3232 

E6 0.465 

E7 0.6324 

E8 0.8251 

E9 1.042 

E10 1.2845 

E11 1.551 

E12 1.8405 

E13 2.152 

E14 2.483 

E15 2.83 

E16 3.167 
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Table 3: List of parameters used for the calculation of the absorption coefficient  

Parameter Value 

Q 1.6 × 10-19 C 

nr 3.96 

C 3 × 108 m/s 

εG 8.854 × 10-12 F/m 

teu. PwwxI8t	 2.068 × 10-49 (kg m/s)2 [68] 

ℏ 1.054 × 10-34 Js 
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Table 4: Parameters used to calculate β, rR, α and rNR. 

Parameter Value 

B 1.1 × 1014 cm3/s [20] 

ni 1.1 × 1010 cm-3 [21] 

∆E 7.9 eV [27] 

n  1.2 

m  2.5 

A 10-100 ms-1 [74] 
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Table 5: Parameters used in the calculation of current-voltage characteristics of solar cell 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Value 

VOC 0.545 V 

RS 2 Ω 

RSH 800 Ω 

I i  3.441 × 10-10 Acm-2 

Ir 3.203 × 10-6 Acm-2 
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Table 6: The parameters extracted from I-V characteristics for an area of 1 cm2 at 300 K. 

CR ISC (mA) VOC (V) FF (%) η (%) RSH (Ω) dVOC/d(CR) 

1 29.4 0.565 65.6 10.9 777 - 

2 58.9 0.585 61.0 10.5 763 0.020 

3 88.3 0.601 54.6 9.65 741 0.016 

4 117.8 0.605 48.8 8.70 701 0.004 

5 147.2 0.609 43.4 7.79 606 0.004 
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Highlights: 

• Silicon based quantum dot solar cell’s electrical performance evaluated. 
• Equivalent circuit based I-V model for silicon quantum dot solar cell. 
• Quantum efficiency of Si QD/c-Si solar cell modelled. 
• Performance evaluation of Si QD/c-Si solar cell under low concentration.  


