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ABSTRACT

This article describes a silicon quantum dot (Si)@8lar cell with absorption enhancement due
to quantum-confinement in the front-side emittegioa, which helps in the improvement of the
short-circuit current density. The Si QD solar geltheoretically mimicked using an equivalent
circuit to account the possible recombination lesseder low concentration illumination. The
electrical output is estimated using proposed #tgzal model by considering the fundamental
properties of intrinsic Si reported in the liten@uAn increase of ~7.5% in generated current
density is observed due to extra absorption ofdewi radiation through Si QD, which is in
accordance with the experimental findings. The grarance of Si QD/c-Si solar cell has been
studied with respect to low concentration illumioat wherein with increasing CR from 1 sun to
5 suns, the short circuit current density incredses 29.4 to 147.2 mA/cfrand the open circuit
voltage increases from 0.565 to 0.609 V. This stobwides a theoretical framework for design

optimization of a future Si QD solar cells to ack@detter performance of the device.

KEYWORDS: Quantum heterostructursjlicon quantum dot solar cell, quantum efficiency,

low concentration illumination



1. INTRODUCTION

Silicon (Si) is the most abundant, nontoxic mateoia the earth surface, which is leading the
photovoltaic (PV) market since the beginning of Bhétechnology [1]. In past few decades, the
Si wafer thickness has decreased from @g®0to the current 18(m and the decreasing trend is
continuing with recent attempts towards 18, i.e. 1/10 of the current thickness [2, 3]. For
reducing the thickness, kerf-less wafering appreadh] are currently being commercialized by
various industries, e.g. Direct Gas to Wafer (Gii&blar [5]), Direct Wafer (1366 Technologies
[6]) and NexWafe [7]. However, the reduced wafeickhess presents a major challenge to
maintain a high efficiency due to significant dexge in the light absorption at the longer
wavelengths, especially when the wafer thicknessdsiced to below 50m [8]. With reduction

in thickness, an increase in light absorption isirdéle to maintain a high short-circuit current
density of the solar cell [9]. The decreased lighsorption has been attempted through various
light trapping schemes including nanotexturing [1@] and plasmonics [2, 12]. A review of
light trapping schemes is presented by Glunz [@Biich includes classical approaches such as
pyramids and internal reflection layers and regeettplored concepts including plasmonics
nanostructures and diffractive optics. With decdregthickness of Si wafer, the importance of a-
Si:H/c-Si heterojunction solar cells is increasidige to their high efficiency potential, low
temperature coefficient, and low production cogt][Recently, a-Si/c-Si heterostructure based
solar cells have been attempted theoretically wittovative ideas of inserting quantum wells
(QW) [15] as well as experimentally by various sd?/ researchers [16-21]. The use of QW
falls under the third generation solar PV techn@sgwhich have been extensively explored to
overcome the material limitations of Si wafer-bassmlar cell technology and efficiency

limitations of thin film solar cell technologies wrder to have affordable PV technology [22,



23]. Further, there have been extensive fundamemdlapplied investigations in the area of
third generation solar cells, which are designednmprove the efficiency of solar cells by
adopting novel ways such as use of QW or quantus (@@D) for enhanced absorption of solar
spectrum [24-36]. Towards the development of QDarsdaells, the composite materials
consisting of Si nanocrystals embedded in a dietectatrix have attracted considerable interest
[37-43]. Moreover, the extent of quantum confinetidat is observed in Si nanoparticles of a
few nanometers is very prominent to engineer thdenz bandgap [43, 44-45]. Silicon
nanocrystals of very small size {7 nm in diameter) behave as quantum dots (QDs}altize
three-dimensional quantum confinement of carrie4$-47]. These reasons indicate the
suitability of Si to explore the third generatiohjectives as active material of solar cells. It is
important to note that there are various approatbesse QDs for improving the spectral
absorption, which result in enhanced electricapoutin one of the approaches, Loper et al. [48,
49] have used Si QDs in the absorber region ohpsolar cells in order to obtain a higher
voltage. The investigations carried out in thiscstfocus on achieving a higher efficiency Si
solar cell using a different approach wherein SisQDe used for quantum-confinement in the
front-side emitter region to improve the short-gitccurrent density as reported in Ref. [46].
This article reports for the first time a semi-atigkl theoretical model to explore the effect of
QD layer on the electrical performance of a Si saall which includes the role of
recombination mechanisms. Further, enhanced spatisarption because of the presence of Si
QD layer is reported and design parameters areisisd. The effect of inserting QD layer on
the electrical performance parameters of QD sa@ly such as short-circuit current densityd,
open-circuit voltage (¥c), maximum output power (Ry) and the conversion efficiency)(is

reported.



2. THEORETICAL MODEL USING EQUIVALENT CIRCUIT
The Si quantum dot solar cell is modeled as a RAdtjon device, which can be fabricated by
depositing phosphorus-doped Si QDs in a ,Si@atrix (N-layer) on p-type crystalline Si
substrates (c-Si) [46] as shown in Fig. 1 with esponding band-diagram shown in Fig. 2. The
incident solar radiation is directly converted irgkectricity due to photovoltaic action of P-N
junction and produces a non-linear current-voltagaracteristic response. The non-linearity
mainly arises due to the recombination of photoegated carriers through different mechanisms
of photo-generated carrier loss, which have besordeed by different researchers [50-51].
In a solar cell, the energy loss mechanisms reladeghoto-generated carriers include, (1)
thermalization loss: photo-generated carriers miowsn initial excited states to the respective
band edges, (2) spatial relaxation: the photo-geadrcarriers are swept along the band edges to
the contacts, (3) radiative recombination of el@ethole pair, (4) Shockley-Read-Hall, Auger,
and surface recombination, (5) series and shuigtagses. A two-diode model is proposed as an
equivalent circuit for Si QD solar cell as it helipsexplaining the mentioned loss mechanisms
(Fig. 3) [52].
Diode 1 describes the rectifying behavior of aso&dl, which conducts the current arising from
the diffusion of minority carriers in the quasi @l regions of the solar cell. Diode 2 describes
the recombination losses, which includes defectded charge recombination losses in the
depletion region. The terminal equation for therent-voltage characteristics of the QD solar
cell using equivalent circuit shown in Fig. 3 isgn by [51-54]:

I=1Ipy —Ipy —Ip; = (V + IRg)/Rgy (1)
Assuming superposition principlé:f; = Isc, where,lpy represents the photo-generated current

density and,. represents the short-circuit current) [55], thetpkhgenerated current densipy,



is equal to g®’, where q represents the electron charge @ndepresents the photon flux
absorbed by the QD layer and base materials goeéesed as [56-57] by replacing width of the

confining layer, L by f,pV/A with the assumption that the reflection from tbe surface is
zero:

Ipy = q® X CR = CR x [, qFW)[1 — exp(—ag()IW — Nopgp W) fopV/A)] di )

where, CR represents the concentration rdii@,) represents the incident photon flux per
nanometer from Air Mass 1.5 Global (1000 ¥nAM1.5G) solar spectrum [58hg(A) and
aqp (A) represent the absorption coefficient of base ret@r-Si) and QD material respectively,
W represents the width of absorbing c-Si mateiigj, represent the number of QD layers
(described in the next sectiorf),, represents the number density of the QDs embendtwe
dielectric layer, V represents the volume of a cuPD, and A represents area of the solar cell.
The absorption coefficient of the base materiabilcis referred from Green and Keevers [59].

The calculation of QD absorption coefficieag (1) is described in detail in the next section.

The diode current density under forward bias caaxpeessed in terms of the voltag§s2]:

Ip1 =1; {exp (q(:k;;l;S)) N 1} (3)
Ip, =1, {exp (q(r;/;_:;s)) — 1} (4)

where Ip; and I, represent the current densities of diode 1 and 2nd m represent the
corresponding ideality factors andahd | represent the dark saturation currents of reaifynd

recombination diode respectivelyg kepresents Boltzmann’s constant, T representsibso
temperature, g represents electron chargeepresents the series resistance aggdr&resents

the shunt resistance.



The open-circuit voltage () and fill factor (FF) of a Si QD solar cell undew concentration
illumination is expressed by [60] under ideal caiotis, i.e. R—0 and Ry—o with an

assumption that (= I;) is dominant around thegd¢ [61]:

_ kB_T IpgxCR
Voc(CR) = =-In (—10 +1) (5)
1 __ Wt Voc(CR)  IpuRs
FF(CR) = 1 - 5 I~ Voo ©6)

where, § represents the dark saturation current density §68 v, represents thermal voltage
(ksT/qg). The maximum power output of LCPV module ikted to thds: andVoc by [60]:

Puax = FFx Voex Isc (7)
The efficiency of the solar cell in relation withet Rax is given by [60]:

N = Pmax/(A X Pip) (8)
A is the area of solar cell ang, B the incident solar radiation (AM1.5G, 1000 ’)m
The characteristic parameters of the solar cell,a.series resistance and the shunt resistance are
dependent on the semiconductor fabrication proeesk can be calculated by the slope of
current-voltage characteristic curve neasc\Vand kc respectively. Based on the theoretical

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

3. OPTICAL ABSORPTION CALCULATION

For the optical absorption calculations, it is assed that, the QD is cubic in shape (as per
available literature [63]) and distributed in a Si@atrix in a regularly spaced array as shown in
Fig. 1. The cubic dot dimensions are defined ,ad |, and L; and the separation between dots is
S, S, and S in the coordinate directions x, y and z respebtivehe QD layer is defined as a

dielectric layer with embedded QDs with the thickhealculated as,l+ S. Figure 4 shows the



notations used for the calculation of the densitgtates (DOS) and the absorption coefficient
due to the quantum confinement of the charge carmiethe discrete energy levels.
The effective energy band gap of QD is represebyeil; which is created by embedding the Si
QD with an energy band gapgi=within the dielectric material (Sgpwith an energy band gap
of Esio,. The conduction band offset is representedABs and the valence band offset is
represented adE,. The values of the dp, Esic,, AE;, AE, and the corresponding effective
masses of electrons and holes required for thellegilons are listed in Table 1.
The energy levels of the Si QD conduction band wépect to the valence band edge of the
dielectric material are represented froptdE,, where the number of the levels is dependent on
the size of the QD. The calculated values of entrggls are listed in Table 2 for the Si QD size
(LxxLyxL,) of 5x5x5 nni.
The energy levels and DOS are evaluated usingwollp equations to calculate the absorption
coefficient of QD embedded within Si@natrix. The DOS is calculated using following etjpia
[65]:

prt =% 8(E — Ey) )
where, p2¢ represents the DOS of QD, whéreepresents the Dirac delta function, E represents
energy of incident photon arij represents the energy difference“b(ii= 1, 2, ..., n) electron
and ground hole energy states in a QD. The Dir#ta ienction is modelled using a Lorentzian

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

S(E-E)=-—2 (10)

7 (02—(E—E;)?)
where,c is a parameter with the same dimensions as theramgt of the delta function, which
gives the width of the Lorentzian. In reference][@3g. 12 presents the order of DOS a$?10

m3eV? for Si QD, which is calculated for one energy roamd, whereas using Eq. (9) and Eq.



(10), the DOS can be estimated for all the minilsapidthe QD with respect to the energy levels
listed in Table 2.

The energy eigen value; i found by searching for the root in [66]:

2mp.(AE.—E;j) _ m*’ée 2myy Ej tan 2myy Ej (ﬁ) (11)
h2 miy.\  hZ hz \2

The effective energy band gapsiEs calculated by adding the energy band gap @Siwith

electron and hole energy of confined energy switesQD using Eq. (11). The energy band gap
of Si QDs with particle size ¢).in the range of 4-9 nm embedded in Hi€s in the range of
1.18-1.47 eV [67], which has been verified by reécgndy [37]. The DOS is calculated to be of
an order of 1€ m3eV* as plotted in Fig. 5, which matches well with treler of the data
reported in the literature [63]. The wavelengthFig. 5 corresponds to QD conduction band
energy levels with reference to ground energy lefe¢he holes with an uncertainty &6 nm.
Further, the absorption coefficient of embedded Qmicture is calculated on the basis of
interband optical transitions with following assuiops: (1) the band structure of the QD is
completely filled with electrons in the valence and empty in the conduction band, (2) the
band structure does not incorporate the defeasstat

The energy dependent interband absorption coeiti@é the QD structurey(E) is calculated
using following expression [66], where the densitytates of a quantum well is replaced by that

of a QD:
s 2
a(E) = Clé.Pey| p2d (12)
where, C = mq?h/n.cg,miE; where e represents electron chargerepresents the refractive

index of Si, c represents the speed of light inuuac, £, represents the electrical permittivity of

. = 2 : .
electron in vacuum, grepresents electron rest mass, @nﬂcv| represents the optical matrix



element of Si [68]. The values of these parameaiegslisted in Table 3 for the calculation of
energy dependent absorption coefficient.

The charge carrier confinement in a QD quantizes tnergies in to a series of minibands,
giving a distribution of DOS as shown in the Fig. A similar distribution of absorption
coefficient is observed with the maximum absorptiaiue of ~7x10 cm*. Further, the size
distribution of Si QDs can affect the absorptiomda&our in the near-gap region as reported by
Lee et al. [69], which shows blue-shift of absasptidue to quantum confinement in smaller
QDs. However, in the same article Lee et al. [@plorted the possibility of red-shifting because
of strong absorption from the larger QDs with seraéinergy gaps. In another article, Mirabella
et al. [70] have reported that the density of Sh8nds is likely to affect the joint density of
states and thus enhances the photon absorptioalpliopand provided a clear evidence of an

enhanced light absorption in quantum confined Si QD

4. RESULTSAND DISCUSSION
The c-Si has an indirect band gap, which favors-naginative recombination in the material,
which must be considered for the performance evaluaThe current-voltage characteristics
calculation is done to determine the effect of @®er in a Si QD solar cell by including the
effect of radiative and non-radiative recombinati@m the basis of available literature [25], the
dark saturation currents of rectifying and recomabion diodes can be expressed as:

I; < I[,(1 + 1z B) (13)

I, X rypa (14)
where, § represents the dark saturation current densit}; f&lis radiative enhancement ratio

which represents the fractional increase in thensit region radiative recombination due to the



presence of the Q¥ is the ratio of the current required to feed radearecombination in the
intrinsic region at equilibrium to the usual revedrift current resulting from minority carrier
extraction,ryr is the non-radiative enhancement ratio which represthe fractional increase in
the intrinsic region non-radiative recombinatioreda the presence of the QD, n and m represent
diode ideality factors for radiative and non-ragi@trecombination respectively (for an ideal
case n = 1 and m = 2) represents the ratio of current required to feed-radiative
recombination in the intrinsic region at equilibripand® is the net flux of incident photons
absorbed by the Si QD and base material. The dependoff, rg, « andrns on the intrinsic

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

B o« Bn?/I, (15)
&  fop |Y5¥Bosexp g — 1] (16)
a « An; (17)
T~vr X fob [VAVDOSeXp(mib];T - 1)] (18)

where, B represents radiative recombination cdefiic[72], n represents intrinsic carrier
concentration [73]f,p represents the fraction of the N-layer volume aepltl by QDs, yp
represents the ratio of recombination coefficiebt Qaterial to barrier materiak, s represents
the DOS enhancement fact&E represents the energy difference between the bapd of
barrier material (o) and QD material (&), As represents non-radiative recombination
coefficient which is equal to the reciprocal of nadiative carrier lifetime 1), and y,
represents the ratio of non-radiative carrier ilifet of barrier material to the QD material. The
values of parameters required to explore the degrer@lof these terms on the intrinsic properties
of the material are listed in Table 4. The radmi@nd nonradtive mechanisms of energy transfer

from the QDs to the underlying Si have been studl®d other researchers using

10



photoluminescence decay method [75]. In the SigQ@r cells, nonradiative energy transfer is
accompanied with radiative transfer. Existing htere reports that the nonradiative energy
transfer is inversely proportional to the distarnéeQD from the underlying Si surface (given
asx 1/(distance)*) [75]. The ratio of radiative to nonradiative redoination rate is related to
the quantum yield (QY) by following relationshipg[7 QY = =/(rr + nr), Which remains ~0.3
for the studied system [75]. The rate of non ragdéa¢nergy transfer to the underlying Si remains
~1.6 times faster than the rate of radiative enérgysfer [75]. The values aof bnd | are listed

in Table 5 for generating the I-V characteristics.

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

wavelength X) using following expression [77]:

_ Ipg(d)
QE() = 2 (19

The quantum efficiency depends on the optical grigs and layer thicknesses of the solar cell,
which is included in the calculation of the photngrated current.

4.1. Quantum efficiency

The quantum efficiency of a Si QD solar cell hasrbenodelled to find the generated photo-
generated current density. The room temperaturapesprobability for photoexcited charge
carriers in QD is assumed to be unity [78]. Usimg knowledge of the optical and charge carrier
transport properties of the Si material as listegrevious sections, the photogenerated current
density and corresponding quantum efficiency iswdated with respect to the wavelength of
incident photons as shown in Fig. 6(A) and 6(Bpessively. The lower curve in Fig. 6(A) and
6(B) represents the photogenerated current deasilyquantum efficiency respectively of the
base solar cell made of c-Si material. The valusurhber of QD layer equal to zero means the

absorbing region of the device is entirely the a¥faiterial having a band gap of 1.1 eV, which

11



corresponds to the wavelength >1100 nm. The integraf the lower curve (b = 0) with
respect to the wavelength (Fig. 6(A)) yields thetplgenerated current density of 27.44 mAfcm
(with device thickness W equal to 1#) for a baseline c-Si solar cell without QD for ideal
case of unit collection efficiency of generated rgeacarriers without any recombination loss.
For the ideal case, Fig. 6(B) shows 100% conversfdncident photons in to the electron-hole
(e-h) pair in the wavelength range of 350-1100 imder similar conditions, the addition of 25
QD layers on top of the c-Si solar cell wiffy, equal to ~4x18 cm? in each layer leading to the
effect of quantum confinement, the quantum efficieaurve shows spikes of e-h pair generation
corresponding to the mini-bands of energy confimethree dimensions. The order of calculated
fop (on the basis off,, = L, X A/V) is in agreement with the experimental number ithgmd

QD in Si solar cell as reported in literature [49;80]. The extended area under the curve due to
presence of QD adds up more e-h pair in the phetemted current density of the solar cell.
The integration of this curve @8 = 25) with respect to the wavelength yields a &igh
photogenerated current density of ~29.5 mA/cwhich is significantly higher compared to the
baseline current density. An increase of over 7iB%enerated current density is registered due
to extra absorption of incident radiation througb,Qvhich is in qualitative agreement with
experimental findings [75, 81]. Even though Parlalef81] show that the 3 nm QD gives best
performance, but an improvement is expected wigtneév nm QD as compared to the baseline.
Here in this article, the improvement in currennsigy is calculated as ~7.5% with 5 nm QD,
whereas an improvement in the current density 8% 1s presented by Dutta et al. [75] with 2
nm QD (note that Park et al. [81] have not studledm QDs). This comparison of theory and
experiment indicates that the 3 nm QD may be sapéoi 5 nm QD, which is experimentally

observed by Cho et al. [46].

12



4.2. Current-voltage characteristics

The quantum dot solar cells based on Si QD arebtapa outperform the bulk devices based on
c-Si material due to the quantum properties, sigttre quantized energy eigen states, added
density of states and corresponding absorptionficaaft covering lower energy range of
incident spectrum which improves the light absanpiin the heterostructure for conversion in to
e-h pair. In order to understand the working of ®@@ar cells, the mechanisms behind the
performance need to be analyzed in terms of cukreltage characteristics. To this end, based
on the presented theoretical framework in sectiaih@ current density-voltage characteristics is
simulated for a Si QD/c-Si cell with respect to thenber of QD layers on top of the c-Si wafer.
A simplified semi-analytical approach for Si ba€@@/ solar cells is used here to describe Si QD
solar cell behaviour, which depends on the complecesses between localized and extended
states, such as carrier capture and escape intrandyjuantum confined energy levels [82]. In
Fig. 7, the dc increases from 27.4 mAchto 29.4 mAcrt with addition of QD layers, db
equal to 25 (the number of layers is decided fraierence [42]). This increase in current
density is attributed to the increased absorptionSio QD and correspondingly improved
guantum efficiency in the range of 690-1010 nm (F&). The spectral properties of
photogenerated charge carriers within quantum nedfienergy levels have been recently
studied by Aeberhard [83].

Figure 7 shows a significant shift gf:ltowards a higher value without any effect arourd.\In

the studied Si QD solar cell,o¢ is dependent on the ratio of generated photocutoetie dark

saturation current as described by Eqg. (5). A ckang/oc may be related to the enhancement in

13



the saturation current, which is determined by a#simechanisms, such as the recombination
current or diffusion current. In both the cases¢decreases with increasing temperature, as
expressed below [84]:

Voc(T) = (E¢/q) — CT (20)
where, g represents the energy band gap, and C represertismperature coefficient which has
a logarithmic dependence on the intrinsic propgroé the solar cell material. Equation (20)
shows that the ¥: depends on thegjEat room temperature, which remains nearly unadtetty
an increase in quantum efficiency at above bandgeggies. It indicates thato¥ may not
change by the addition of Si nanocrystals as amealgtyer (on the host semiconductor, c-Si with
Ey~ 1.1 eV), which is supported by existing literatore Si QD solar cells [75, 85]. Wu et al.
[85] reported that ¥c is quite insensitive to the Si nanocrystal sizeai®i QD solar cell. In
another report, Dutta et al. [75] have not foung ahange in ¥c by addition of Si QDs in a
solar cell. However, the detailed mechanism ofddygendence of ¢ 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 changesumiilation affect theph, Voc and diode
ideality factor, which changes the saturation currf87, 88]. The saturation current, is
dependent on the illumination level (or CR) andatated to thepy and \bc by following

equations:

IpH (21)

I =
Y 2[exp(qVoc/kpnTc)—1]

The value of lis approximated as:

IpH (22)

I =
" 2[exp(qVoc/kpmTc)-1]

14



In this case, the substitution of the values;@nid | from Eq. (21) and Eq. (22) in Eg. (3) and
Eq. (4) respectively, and then the valuesmefdnd b, from Eq. (3) and Eq. (4) in Eq. (1) with
the appropriate approximationsgR> 0, Rsy — « and |— 0 at V— V() results in py-lpy/2-
Ip/2 — 0. That indicates the correctness of the appraxims made for;land |} through Eq.
(21) and Eq. (22) respectively.
The performance parameters{IVoc, FF and efficiency;) of the polycrystalline Si solar cell
are calculated for standard test conditions and wacentration. These parameters are
calculated using the theoretical framework deveioipethis article. The calculated performance
parameters from theoretical model are listed inl§ &b With increasing CR from 1 sun to 5
suns, the short circuit current density increasem29.4 to 147.2 mA/cfn the open circuit
voltage increases from 0.565 V to 0.609 V and tifieiency of a Si QD solar cell decreases
from 10.9% to 7.79%. A plot having simulated cutreoltage curves for various CR values is
shown in Fig. 8. A linear relationship between theput current of Si QD solar cell and CR is
observed. This increasing trend of output curreith \&n increase in illumination is consistent
with the observation of other experimental studloesa Si solar cell [87, 88].
For a solar cell, the upper limit of achievablec\Vis calculated by the difference between
electron and hole Fermi level as given by [89]:

qVoc = Epn — Epp (23)
Considering an ideal case, where the transport amésm does not severely limit the solar cell
performance, Eq. (23) can be used as a startingt goi derive the achievableg¥. The
difference between electron and hole Fermi leveegithe open-circuit voltage €¥), which
increases with increasing illumination level at@nstant temperature as reported in previous

work [89]. A similar increasing trend ofgd¢ with CR is observed through the current-voltage

15



calculations for a Si QD/c-Si heterojunction satall as shown in Fig. 8. Previous studies have
shown that the charge collection is governed byrifi thechanism near the short circuit
condition and diffusion mechanism near open-circeoindition [87]. For a Si QD/c-Si
heterojunction solar cell under short circuit caimhis, the minority charge carrier concentration
on both sides of the junction increases with aiig@nt contribution from the quantized energy
levels have charge confinement in Si QD (Fig. 2 Bigd 4) resulting in the increase of the drift
current, which depends on the number of minorityriees. Whereas under open circuit
conditions, the P-N junction remains under forwhras due to the light-generated carriers on
both sides of the junction, which increases théusién current. The balance between drift and
diffusion current in opposite directions resultszero current from the Si QD solar cell under
open circuit conditions. The current-voltage charastics plotted in Fig. 8 for Si QD/c-Si
heterojunction solar cell shows a shift in the eatii maximum power point (Rx) towards the
lower voltage side with the increase in CR. Thigtsh Pyax at higher illumination level is
mainly attributed to the enhanced recombinatiorcasfiers governed by diffusion transport in
the conduction band under flat-band condition, Wwhibas been investigated for low
concentration illumination in previous work [87].h& data listed in Table 6 indicate the
dependence of and FF of Si QD solar cell on the CR, which shdkat efficiency decreases
with increasing CR. The decrease in efficiency amy attributed to the reduction in FF with
increasing CR. With increasing CR the recombinatidncharge carrier increases, which is
indicated by reduction of shunt resistance in Tdbknd the finding is in accordance with the
reported results [88]. The shunt resistance redunds mainly dependent on the intensity of
illumination and it may be unaffected by the adudlitiof Si QDs. The reduction in shunt

resistance is mainly due to slightly different jtiao capacitance behaviour of silicon solar cells
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under low concentration illumination condition dwethe following reasons: (1) an exponential
variation in the number of minority charge carrjeasd (2) occupation of the electronic DOS by
excess minority charge carriers. An increase unrilhation results in an introduction of excess
minority carriers, with an insignificant changetire number of majority carriers in the base Si.
A small change in the number of majority chargeiees leads to a minor downward shift of
hole Fermi level, E, [89]. Whereas the electron carrier density undgrilérium conditions
remains negligible, therefore the electron FermieleE-, changes significantly when excess
carriers are injected or photogenerated at highlamination level, which results in an
exponential increase in the junction capacitanak decrease in the shunt resistance [88]. The
rate of increase of y with respect to CR, dy/d(CR) is found to decrease with increasing
illumination, which may be attributed to the incsean the recombination as indicated by other

researchers [90].

5. CONCLUSIONS

The Si QD solar cell is theoretically mimicked wgian equivalent circuit, which accounts for
the possible recombination losses under low conago illumination. The electrical output is
estimated using proposed theoretical model by densig the fundamental properties of
intrinsic Si reported in the literature. It is ctuded that enhanced spectral absorption is recorded
due to the presence of QD layers on top of the seBir cell. An increase of ~7.5% in generated
short circuit current density is observed due taegbsorption of incident radiation through Si
QD, which is in accordance with the experimentadlings. The performance of Si QD/c-Si solar

cell has been studied with respect to the low cotmagon illumination, wherein with increasing

17



CR from 1 sun to 5 suns, the short circuit curdgnisity increases from 29.4 to 147.2 mAicm

and the open circuit voltage increases from 0.565&09 V.
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Figure 1. Schematic diagram of theoretically modeled siliqprantum dot/crystalline silicon

solar cell.
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Figure 4. Band diagram of a Si QD (Sifdc-Si with SiQ band gap (Ec), Si QD band gap
(Eqp), effective band gap of QD {f, conduction band offseAE:), conduction band energy

levels (& to E,) and valence band offseAE,).
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Table 1: Parameters used for calculating the DOS and absorpbefficient

Parameter Value

Esior 9.0 eV [27]
Eop 1.1eV [27]
AE; 3.2 eV [27]
AE, 2.3 eV [27]
Mo 9.1 x 10 kg
mi, 0.86 m [42]
mi, 0.33 m [64]
Miye 1.08 m [15]
My, 0.57 m [15]
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Table 2: Calculated values of energy levels for the Si Qi2 §LxL,XL,) of 5x5x5 nm in Si0

matrix.
Energy levels Values (eV)

El 0.0125
E2 0.0518
E3 0.1165
E4 0.2071
ES 0.3232
E6 0.465
E7 0.6324
E8 0.8251
E9 1.042
E10 1.2845
E1ll 1.551
E12 1.8405
E13 2.152
E1l4 2.483
E15 2.83

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

Parameter Value

Q 1.6 x10°C

N 3.96

C 3x1G m/s

£ 8.854 x 10” F/m

B 3cv|2 2.068 x 10" (kg m/s¥ [68]
h 1.054 x 10" Js
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Table 4: Parameters used to calculfiter, o and Kr.

Parameter

Value

B

N

AE

1.1 x 16" cnv/s [20]
1.1 x 16° cmi® [21]
7.9 eV [27]

1.2

2.5

10-100 m& [74]
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Table 5: Parameters used in the calculation of currentageltcharacteristics of solar cell

Parameter Value
Voc 0.545V
Rs 2Q

RsH 800Q

l; 3.441 x 10° Acm?

I, 3.203 x 10 Acm*
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Table 6: The parameters extracted from I-V characterigtican area of 1 cfrat 300 K.

CR lsc (MA) Voc (V) FF (%) n (%) Rsy ()  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 electricaf@rmance evaluated.
» Equivalent circuit based I-V model for silicon qixam dot solar cell.

* Quantum efficiency of Si QD/c-Si solar cell modédlle

e Performance evaluation of Si QD/c-Si solar cellemldw concentration.



