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A transfer matrix model of a luminescent down-shifter (LDS) layer, consisting of silicon nanocrystals
(Si-NCs) embedded in a silicon oxide matrix, on a silicon solar cells is presented. To enhance the
efficiency of the silicon solar cell, we propose using a SiO,/Si-NCs double layer stack, as an anti-
reflection-coating (ARC) and as a LDS material. The optical characteristics of this stack have been
simulated and optimized as a front surface coating. The cell performances have been simulated by
means of a two-dimensional device simulator and compared with the performances of a reference
silicon solar cell. We found a 6% relative enhancement of the energy conversion efficiency with
respect to the reference cell. We demonstrate that this enhancement results from the lower reflectance
and from the down-shifter effect of the Si-NCs activated coating stack. © 2012 American Institute of

Physics. [doi:10.1063/1.3679140]

. INTRODUCTION

A novel photovoltaic concept aims at achieving high effi-
ciency solar cells by developing active layers which modify
the energy of incoming photons to maximize the collection of
the generated carriers.'> One possibility is to implement nano-
meter sized structures in solar cells>® where high energy pho-
tons are absorbed and low energy photons are emitted. This
effect, named luminescence down shifter (LDS) effect, modi-
fies the sunlight spectrum which reaches the solar cell. In con-
ventional silicon solar cells, the internal quantum efficiency
(IQE) shows a drop in the high energy range (280—450nm).
The LDS effect reduces this loss by shifting high energy pho-
tons to lower energy photons for which IQE has its maximum
value. Hence, an increase of the energy conversion efficiency
is obtained by exploiting the sunlight spectrum below 450 nm
(see Fig. 1(a)). Modeling studies on the LDS effect based on
CdSe nanocrystals and fluorescent dyes have shown that the
energy conversion efficiency may increase by about 10%.”®
Experimental work has shown a 6% relative increase in con-
version efficiency for coating a multi-crystalline silicon solar
cell with fluorescent coloring agent.” These promising results
motivate the present study.

Potential LDS materials must have the following
properties:>*

* a wide absorption band in the region in which the cell IQE
is low;

* a narrow emission band coinciding with the maximum
value of IQE; and

 a Stokes shift between absorption and emission in order to
reduce re-absorption losses.

YElectronic mail: sgrignuoli@science.unitn.it.
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Silicon nanocrystals (Si-NCs) dispersed in a silicon ox-
ide matrix are good candidates as a LDS material. They ex-
hibit a wide absorption band below 450 nm, near infrared
photoluminescence that originates from band-to-band recom-
bination of quantum confined excitons,'”!" transparency
over a wide range of wavelengths (Fig. 1(b)), and good
photo-stability. Moreover, their emission wavelength can be
easily tailored by a size change.'”'? A further advantage is
that Si-NCs can be used both as a surface passivation layer'”
and as an ARC.? In the following, we refer to the Si-NCs
rich SiO; layer with the acronym SRO (silicon rich oxide).

The aim of this work is to model LDS effect and to
optimize a silicon solar cell coated on the surface by a
Si0O,/SRO double layer stack. The model is based on the
transfer matrix method in combination with a phenomeno-
logical approach describing the photoluminescence behavior
of Si-NCs. We consider two different cells: a high perform-
ance laboratory and a standard performance commercial so-
lar cell (Table I for details).

Il. SIMULATION METHOD

We used a two step approach based on two different but
interconnected simulations:

(1) an optical simulation to compute the spectral modifica-
tion of the sunlight caused by the surface coating and

(2) a two-dimensional electrical simulation to evaluate the
solar cell performances.

The optical simulations are used to calculate the optimal
thicknesses of the SiO,/SRO double layer stack. The optimal
values are obtained by minimizing the reflection while maxi-
mizing the LDS effect, i.e., maximizing the photon flux

© 2012 American Institute of Physics
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FIG. 1. (Color online) (a) AM1.5G solar spectrum, simulated IQE of a lab-
oratory, and a commercial solar cell. (b) Stokes shift between absorption and
emission spectra of a Si-NCs layer. Data are taken from Ref. 18.

which arrives on the underlying silicon due to the Si-NCs
absorption and emission. The photon flux is then used as a
modified solar spectrum for evaluating the solar cell per-
formances with the electrical simulation.

A. Optical simulation

We used a transfer matrix approach to simulate the opti-
cal properties of the double stack layer.'"*"'® The reflectance,
transmittance, and absorbance of multilayered thin dielectric
films are calculated by the optical admittance, ), which is
defined by
C
B

V==, )]

TABLE I. Main parameters of the laboratory (Lab. cell) and of the commer-
cial (Com. cell) solar cell.

Parameters Lab. cell Com. cell
Substrate FZ p-type Si CZ p-type Si
(1 Ohm cm) (1 Ohm cm)
Cell thickness (yum) 300 300
Finger pitch (um) 400 2500
Finger width (um) 10 150
Front surface recombination 10* 45x10°
velocity (cm/s)
Sheet resistance (€/sq.) 120 50

J. Appl. Phys. 111, 034303 (2012)

where B and C are the normalized electric and magnetic fields
at the front surface and are calculated by using the formula

Bl  Jv4[ cosd, isind,/n, 1
e =l el e

P cos 9, Mo

The suffix m denotes the substrate or emergent medium
while J, = 2n(n, + ik,)d, cos 0,/ is the optical effective
thickness of the rth layer. n, and £, are the real and the imagi-
nary part of the refractive index, respectively, d, is the thick-
ness, and 0, is the angle with which the photons enter the rth
layer. The various angles 0, can be expressed as a function
of the initial incidence angle using the generalized Snell’s
law."” 1, is the optical admittance of the rth layer and it is
the only parameter that depends on the polarization as

" = Yo(ny + ik,) cos 0y, 3)
n™ = Yo(n, + ik,)/ cos 0,, )

where )y = +/¢/1ly is the optical admittance of free
space.'* & and i indicate the vacuum permittivity and per-
meability, respectively. TE and TM stand for transverse elec-
tric and transverse magnetic polarized light. Equation (2)
defines the characteristic matrix of a general structure and
permits calculating its optical properties. The reflectance (R),
transmittance (7), and absorbance (A) are given by

RZ(;yoBC)(nOBC)7 5)
noyB+C/)\nyB+C
(no B+C)(19 B+C)
4 .
4= dmRe(BC —n,) T (7
(no B+C)(ng B+C)

where 1y and 7, are the optical admittance of the incident
material and of the substrate, respectively.'* These equations
take into account the multiple-reflections and the multiple-
transmissions that occur at the interfaces of a general multi-
layer stack.'*'® We applied this formalism to a double-layer
structure composed of a SiO, and of a SRO layer on a silicon
substrate. Using the thicknesses and the refractive index
N(A) = n(4) + ik(1) of air, SiO,, SRO, and silicon as input,
we calculated the reflection in air, the absorption in the
active layer, and the transmission into the silicon substrate at
normal and oblique incidence. The dielectric function and,
hence, the refractive index, of the SRO layer were measured
with variable-angle ellipsometry.'® The refractive indices of
the other materials were taken from the database of the thin
film modeling software Scout®.!?

The quantity which has to be maximized is the short cir-
cuit current (/y.) of the coated silicon solar cell. I, is calcu-
lated by the spectral responsivity (SR) and by the spectral
irradiance of AM1.5 G standard sunlight (©),292! as follows:

A‘H’
Iy = Jf @) SR()S(AA, ®)
Jin
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where A represents the area of the device while the SR is
defined as

="ZIQE(A)Ty(2), ©)

where ¢ is the charge, / the Plank constant, ¢ the velocity of
light in vacuum, EQE is the external quantum efficiency,
IQE denotes the internal quantum efficiency and Ty(4)
expresses the transmission coefficient of the double layer
stack. In presence of the LDS layer, the photon flux arriving
at the silicon is modified by Si-NCs absorption and emission
(Fig. 1(b)). Therefore, Eq. (9) has to be modified to take the
Si-NCs emission into account as

A
SR(J) = ;]Tc [T(2) + Tpe(2)]. (10)

The first term
T(2) = Ty (AIQE(%), (11)

describes the part of the normal incidence radiation (n.i.) that
is not absorbed by the active material. This fraction of light
is transmitted directly into the silicon substrate and generates
photocurrent. The second term

Tp(2) = CEx(2) x J ’ @rﬁ" dILOT™ (25 $)IQE(Y),

S
o T Ji,

(12)
expresses the Si-NCs emission. In more details,

» C& is the luminescence conversion efficiency. It represents
the fraction of absorbed light that is emitted from Si-NCs.
We can evaluate it by using the formula

CE = r rad ,
1—‘nr + 1—‘md
where I',,; and TI',, are the radiative and non-radiative
decay rates of the excitons in Si-NCs.”> We assumed a
conservative value of CE = 10%;'®

* o(4) is the optical absorption of the active material calcu-
lated by Eq. (7). It depends strongly on the geometry of the
active material and on the size of Si-NCs (Fig. 1(b));

* L(/)) is the experimental PL line-shape which is assumed
to be a gaussian function

e(;“/_/lpmk)z/zo-z

oV2n

where Apeqx = 799 nm is the PL peak wavelength while
¢ =58 nm is the PL linewidth (Fig. 1(b)).

 Ti"(4; ¢) describes the contribution to the transmitted
light due to the isotropic and unpolarized photons emitted
by Si-NCs

T;linp()v% d’) = [ﬁTETsTiE()~§ 4’) + ﬁTMTgM()G ¢)], (13)

L) =
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FIG. 2. (Color online) Cross section of a n*-p-p™ silicon solar cell with a
Si0,/SRO double layer stack coating (not in scale).

where TTE(2; ¢) and TIM(J; ¢) are the transmissions for a
TE and TM polarization modes calculated using Egs. (3),
(4), and (6).'+71° Pre and By, express the fraction of TE or
TM polarized photons. We assumed unpolarized light, i.e.,

:BTE = ﬁTM =0.5.
B. Electrical simulation

In order to evaluate the energy conversion efficiency
enhancement due to the LDS effect, we performed two-
dimensional numerical simulations of a cell under illumination
by the modified solar spectrum. We used the siLvaco software
tools.”*** Since the enhancement depends on the cell IQE, we
considered two cells that have markedly different properties.

The first cell is a high efficiency laboratory cell realized
on floating zone (FZ) p-type silicon substrate 300 um thick
and with 1Q cm resistivity. The cell cross section is shown in
Fig. 2. The phosphorous doping profile of the emitter and the
boron back-surface-field (BSF) are optimized to minimize the
surface recombination velocity.”” 10 um wide lines are opened
in the passivating layer using photolithography and the metal
fingers are deposited by sputtering. The second cell is a typical
commercial silicon solar cell realized on Czochralski (CZ)
p-type silicon. The metal grid is deposited by screen printing
with a typical width of 150 um. The phosphorous doping pro-
file used here is standard for commercial solar cells.”® The
main characteristics of the cells are listed in Table I. Figure 1
shows the calculated IQE. The two cells have very different
IQE, in particular for wavelength lower than 500 nm.

We calculated the I-V characteristics of these illumi-
nated cells using the spectra modified by the active coating
layer.

lll. RESULTS AND DISCUSSION
A. Optimization of the double layer stack

The optimization of the SiO,/SRO stack was carried out
by finding the layer thicknesses that maximize the short cir-
cuit current of the solar cell. We used the simulated IQE of
both the laboratory and commercial solar cell (see Fig. 1(a))
and Eqgs. (8) and (10) to calculate J,. for different thickness
values of SiO, and SRO. The thickness range investigated
was 0 to 300nm and O to 700nm for SiO, and SRO,
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FIG. 3. (Color online) Short circuit current density as a function of the SiO,
and SRO thickness of the laboratory (a) and commercial cell (b).

respectively. Figures 3(a) and 3(b) show the short circuit cur-
rent density (J,.) of both the laboratory and commercial solar
cell as a function of the SRO thickness calculated using a
CE =10% in Eq. (12). The color lines refer to different
thickness values of the SiO, layer.

The dependence of J;. on the SRO and SiO, thicknesses
is ruled by the double layer stack transmittance, the emission
of the Si-NCs, and the IQE of the solar cell (Egs. (8) and
(10)). For thin SRO layer, maxima are observed in J., see
Fig. 3. For a given SiO, thickness value, a different SRO
value maximizes J;. (Fig. 4(a)). In fact, interference effects,
which depend both on the refractive index and thickness of
each layer, account for the oscillatory behavior of Jg.. Differ-
ent thickness combinations produce different phases between
the wave reflected from the double layer stack top surface

J. Appl. Phys. 111, 034303 (2012)

TABLE II. Optimized thickness values of the laboratory and commercial
solar cell for a C&€ = 10%.

SiO, thickness (nm) SRO thickness (nm)
Laboratory cell 51*+0.5 62*0.5
Commercial cell 48 £0.5 64 +0.5

and the wave reflected from the SRO/Si interface. This thick-
ness dependent effect explains the different thicknesses at
which the short circuit current has a maximum in Fig. 3.
Moreover, Fig. 3 shows that the presence of an active SRO
layer increases J;. with respect to the bare SiO, single layer.
These results prove that a cell coated with a SiO,/SRO dou-
ble layer stack shows a better performance than a cell coated
with a single SRO layer. The maximum J,. obtained with a
single SRO layer (black line) is lower than the one obtained
with the double layer stack. Note also in Fig. 4(b) that the
higher C€ the thicker (thinner) is the SRO (SiO,) thickness.

The optimum stack parameters are summarized in
Table II. The difference between these optimized combina-
tions is due to the different IQE of the laboratory and the
commercial solar cells (see Fig. 1(b)). In fact, the IQE enters
into the thickness optimization of Jy. via Egs. (11) and (12).
It is found that the two thickness combinations differ only by
few nanometers. This means that the double layer stack
works as a good ARC independently of the IQE of the spe-
cific solar cells. On the other hand, the LDS effect is crit-
ically dependent on the IQE which must be considered in the
optimization simulations.

B. Effect of LDS on the energy conversion efficiency

To further investigate the energy conversion efficiency
enhancement, we studied three different implementations of
the cells: (1) the laboratory and the commercial cell with the
optimum layer stack (named ACTIVE cell); (2) the cells with
the optimum layer stack where CE =0 (named PASSIVE
cell); and (3) a reference cell coated with an ARC layer
formed by a 107 nm thick SiO, layer (named REF cell). This
SiO, thickness maximizes Jy.. The PASSIVE cell is used to
single out the role of the Si-NCs emission from the combined
ARC action of the double stack structure. Therefore, these
three different implementations allow demonstrating the per-
formance improvement of the ACTIVE cell with respect to
the others. Note that the three cells have the same IQE.
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< (a) 80 -

g 328 —e-c5=0% - SiO2 53 nm 7

< 1 70

E
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7 FIG. 4. (a) (Color online) J,. of the lab-
1 oratory cell as a function of the SRO
I thickness for two SiO, thicknesses with
and without the LDS effect. (b) Opti-
mized thickness combinations that maxi-
mize the J;. of the laboratory solar cell
as a function of the conversion efficiency
of the Si-NCs.

Thickness SRO (nm)
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FIG. 5. (Color online) Spectral responsivity of the laboratory (a) and com-
mercial (b) solar cells. The inset is a zoom in the short wavelength region.

Figures 5(a) and 5(b) show SR of the various cells. This
parameter allows the detection of the LDS effect. An
increase in the short wavelength range of the SR is expected
for a cell formed by a Si-NCs active layer due to the LDS
effect. The amount of this enhancement depends on the IQE
of the solar cell. In more details, the LDS effect is more effi-
cient in a cell with a low blue-IQE and a high red-IQE
behavior. The ratio between them determines the increase of
the solar cell efficiency due to the LDS effect. An effective
increase of SR is observed for the short wavelengths due to
the LDS effect. The laboratory and commercial cell show a
relative enhancement of 6.5% and 10.6%, respectively. This
enhancement was computed comparing the integral of the
spectral responsivity for the ACTIVE and PASSIVE cells
over the wavelength range 280-450 nm, i.e., where Si-NCs
absorb. The enhancement due to the LDS effect is higher in
the commercial cell with respect to the laboratory cell,
because the commercial solar cell has a lower IQE in the
UV-blue region than the laboratory IQE and a similar IQE in
the red.?’ However, the best parameters of the laboratory cell
produce a higher laboratory SR with respect to the commer-
cial cell (see Table I).

Using the AM1.5G solar spectrum® to illuminate the
solar cell, the electrical parameters of the cell can be simu-
lated. Figure 6 shows the modified solar spectra that reach
the silicon for the REF (green curve), PASSIVE (red curve),
and ACTIVE (blue curve) cells. Interestingly, more light

T T T T
‘E 144 —_ACTIVE
oF 1 — PASSIVE
£ 124 — REF
2
= 1.0+ W
=
8 0.8+
8 + 1
@B 064 -
—
5 1 ]
o 044+
Z 1
B o2+t i
=
£ 1
§ 0.0 L } . } . } : }
400 600 800 1000

Wavelength (nm)

FIG. 6. (Color online) Modified solar spectra for the REF, PASSIVE, and
ACTIVE laboratory cells, respectively.

reaches silicon when the double stack structure is used. In
addition, considering the Si-NCs emission, a further increase
is observed at about 750 nm. This is a direct evidence of the
down-shifter effect in Si-NCs: photons absorbed in the blue
are re-emitted in the red.

Figure 7 shows the IV characteristics of the laboratory
(a) and commercial (b) solar cells under AM1.5 G illumina-
tion, respectively. The open circuit voltage and the fill factor
do not change due to the different cells since the electrical
properties of the cells are unaffected by the coating layer.*
Yet, we obtained an overall enhancement in the energy con-
version efficiency from 16.50% to 17.56% between the REF
and ACTIVE laboratory cells and from 14.20% to 15.11%
between the REF and ACTIVE commercial cells due to the
increased short-circuit current density. These values corre-
spond to a relative improvement of 6.44% and 6.36% for the
laboratory and commercial cells. Comparing the ACTIVE
and PASSIVE cells, it is possible to single out the contribu-
tion of the down-shifter effect to these values. We find
1.47% for the laboratory and 1.52% for the commercial cell.

To further investigate the Si-NCs contribution in the
energy conversion efficiency, we changed the fraction of
shifted photons, i.e., CE. A Si-NCs conversion efficiency up
to 60% has been reported in Ref. 22 As shown in Fig. 8, the
relative enhancement due to the down-shifter effect increases
linearly with respect to CE. The energy conversion efficiency
of the laboratory cell increase from about 17% to approxi-
mately 20%.

Previous modeling studies have shown an increase of
approximately 10% in the energy conversion efficiency due
to the LDS effect.”® On top of the fact that these studies
have been done for CdSe nanocrystals and fluorescent dye
coating, there are other important differences to the present
study. In Ref. 7, the energy conversion efficiency is eval-
uated using the integral of the modified solar spectra as the
input power. This method produces a smaller spectral density
than 0.1 W/cmz, the value we used, and therefore, overesti-
mates the energy conversion efficiency. Moreover, 3/4 of
the emitted photons is assumed directed toward the underly-
ing solar cell due to the internal reflection in the down-
shifter layer independently from the wavelengths, whereas in
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FIG. 7. (Color online) IV characteristics of the laboratory (a) and commer-
cial (b) cells. The insets show the enhancement of J. due to the LDS effect.
Ana.p, Anp_g, and Any_g refer to the relative variations in the energy conver-
sion efficiency between the ACTIVE-PASSIVE, PASSIVE-REF, and
ACTIVE-REF cells, respectively. The differences between the laboratory
and commercial solar cells are due to the difference in the optimized
thickness combinations as well as to the different simulation parameters
(see Table. I).

our model, we compute this ratio for each frequency and for
each emission angle. The model presented in Ref. 8 is char-
acterized by a conversion-collection factor evaluated as the
product of the conversion efficiency with a collection proba-
bility factor. This quantity is assumed equal to the integral of
the emissivity. In our model, we avoid these assumptions:
the amount of emitted photons arriving in the substrate is
calculated by the optical software itself (see Eq. (12)). Fur-
thermore, in Refs. 7 and 8, the authors assume a conversion
efficiency of their CdSe nanocrystals and fluorescent dyes of
about 80%. Our results shown a relative enhancement of
~ 12% for a C€ = 80% (see Fig. 8).

IV. CONCLUSION

In this work, we simulated the properties of a SiO,/SRO
double layer stack as a front surface coating to improve the
performances of silicon solar cells. The short circuit current
was used as an optimization gauge to select the best thick-
nesses of the layers. It was found that a two layer stack gives
better ARC than a single layer stack. In addition, even when
high IQE is assumed, a significant down shifter effect is
observed for Si-NCs: 1.47% of relative enhancement in the
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FIG. 8. (Color online) Relative enhancement in the energy conversion effi-
ciency for the laboratory cell due to the down-shifter effect (An,_p) as a
function of the C&, i.e., the fraction of shifted photons. The right axes
expresses the total energy conversion efficiency (1) for the laboratory cell.

energy conversion efficiency for a 10% of shifted high
energy photons. Furthermore, we demonstrated a linear rela-
tion between the down shifter effect and the luminescence
conversion efficiency of the Si-NCs.
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