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1. INTRODUCTION

The main problem in photovoltaic industry con�
sists in the necessity of reducing the cost of electrical
energy produced by solar cells (SCs). In order to attain
this goal, it is necessary to simultaneously solve two
contradictory problems.

On the one hand, it is necessary to increase the effi�
ciency of SCs; in particular, European Photovoltaic
Industry Association (EPIA) predicted an increase in
the efficiency of SCs made of single�crystalline (mul�
ticrystalline) silicon from 16.5 (14.5) to 20% (18%) by
2020. On the other hand, it is necessary to reduce the
cost of SCs. At present the cost of starting silicon
wafers amounts to more than half of the price of a sil�
icon solar module [2]; therefore, there is a tendency to
transition to thinner layers of multicrystalline silicon
(the EPIA plans to reduce the thickness of silicon SCs
to 100 μm by 2020) obtained from inexpensive and,
correspondingly, lower�quality raw materials, in par�
ticular, metallurgical�grade silicon with a high�level
purification [3]. This material features a short diffu�
sion length of nonequilibrium charge carriers, which
brings about a decrease in the efficiency of SCs fabri�
cated using traditional structures and technologies. It
is due to this that interest has been recently aroused in
the development of new SC structures and technolo�
gies that could ensure a high efficiency of SCs based on
low�quality silicon.

In order to overcome the problems caused by a
short diffusion length, an SC structure with a pene�
trating emitter [4] in the shape of parallel deep vertical

grooves was suggested more than 30 years ago.
Progress in this line of research markedly intensified
after theoretical calculations [5], which showed that a
penetrating emitter has an advantage over a planar one
(the calculation was carried out for a radial p–n junc�
tion). Experimentally the penetrating emitter was
formed, in particular, by chemical etching of deep
pores (porous silicon) [6] and also by forming an array
of various three�dimensional (3D) structures, i.e., pil�
lar, wire [7], and whiskers [8], using different methods:
laser [9] and chemical [10] etching, a vapor–liquid–
solid (VLS) procedure [11, 12], and reactive ion etch�
ing [12, 13].

However, formation of a penetrating emitter brings
about an increase in the area of the p–n junction and,
correspondingly, an increase in recombination cur�
rents (proportional to the area): at the area itself, in the
emitter, and in the space�charge region (SCR). As a
result, even at high short�circuit currents Jsc, low
open�circuit voltages Uoc are obtained, for example,
Uoc = 544 mV at Jsc = 37 mA/cm2 [10] and a mere
Uoc = 507 mV at Jsc = 39.2 mA/cm2 [9]. Special study
[12] showed that the value of Uoc decreases by 61 mV
when the area is increased tenfold. Therefore, if the
negative effect of an increase in the area of a p–n junc�
tion is taken into account, two�dimensional (2D)
structures (grooves, walls) [14, 15] can be found to be
preferable compared to 3D ones (pores, pillars).

Texturing of the SC surface is a necessary techno�
logical operation in fabrication of present�day and
next�generation SC structures [16–18]. Texturing is
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bound to provide an increase in the absorption coeffi�
cient for light (A) due to a decrease in the coefficients
of reflection (R) and transmission (T). The latter is
decreased by efficient redirection of incident radia�
tion, predominantly along the SC surface. This effect
ensures an increase in the length of the optical path
and a smaller distance between the region of genera�
tion of electron–hole pairs and the emitter, thus
increasing the long�wavelength sensitivity [19, 20],
which also makes it possible to reduce the require�
ments imposed on the quality of initial crystalline sili�
con. Finally, an increase in the angle of entering of
radiation into the SC bulk is conducive to total inter�
nal reflection of light from the rear surface and, thus,
gives rise to the effect known as “capture of light.”

Optical properties of the textured SC surface were
simulated for various topologies and geometric forms
of structures on silicon [21–23]. Sometimes, even
irregularity of texture was taken into account in the
course of simulation by introducing special correcting
randomizing functions [24–26]. However, analysis of
available publications shows that, in the case of a pen�
etrating emitter, optical properties have not been sim�
ulated, since the height of pyramids was assumed to be
fixed and much smaller than the SC thickness in stud�
ies of the effect of the aspect ratio, for example, for
various pyramids (conical, hexagonal, quadratic, and
triangular) [23]. In contrast, in the case of a penetrat�
ing emitter, the depth of the structures is comparable
to the SC thickness and, therefore, the previously
obtained results cannot be used.

The aim of this study was to fill this gap in knowl�
edge; in particular, we studied the optical properties
(reflection, transmission, and absorption) of silicon
SCs with the surface textured with V�shaped grooves
[27] in relation to the aspect ratio of the grooves and
the thickness of the silicon wafer. The choice of such a

form of the structures is caused by the fact that this
form brings about a minimal increase in the area of the
SC surface. Structures of this type are fabricated, for
example, by the method of mechanical texturing with
a system of coaxial abrasive discs or by wire cutting
[28–30].

2. A MODEL FOR CALCULATION OF OPTICAL 
PROPERTIES OF A SILICON SOLAR CELL 

WITH V�SHAPED GROOVES

Reflection, refraction, and absorption of light rays
were simulated according to the scheme represented
in Fig. 1. The upper SC surface exhibits a profile peri�
odic in the y direction and propagating to infinity in
the z direction, which makes the problem of calcula�
tion of optical characteristics two�dimensional. Peri�
odic boundary conditions were used at the AB and DE
boundaries. The function of distribution of incident
rays over angles at the entrance to the region under
consideration was specified by a δ function with the
angle 0° relative to the x axis. The complex refractive
index in the first medium (vacuum) was assumed to be
equal to unity (m1 = n1 – ik1 = 1), while, in the second
medium (silicon), we have m2 = n2 – ik2, where the
absorption index is defined by the formula

(1)

here, κ is the absorption coefficient expressed in nm–1,
n2 is the refractive index, and λ is the wavelength of
light expressed in nanometers. Since n2 � k2 for silicon
in the wavelength range under study, we used a model
of two nonabsorbing media for description of the
interface between two media, while the absorption
coefficient in silicon was used only in description of
losses of radiation within the wafer. All calculations
were carried out in the approximation of linear optics,
since the wavelengths under study were at least
50 times smaller than geometric sizes of the region
involved in calculations.

The aim of optimization was to obtain the maxi�
mum coefficient of absorption of infrared photons in a
silicon wafer with modified surface. Optimization was
carried out over two parameters: over half�width of the
groove w and over its aspect ratio d/w, which was
assumed to be equal to the ratio of the groove depth d
and its half�width w.

All calculated relations for unpolarized light were
taken from the theory of classical optics. In the case of
incidence of the light ray onto the internal boundary of
the wafer, we simulated total internal reflection for
angles larger than θc calculated from the expression

(2)
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Fig. 1. Geometry of the structure to be simulated.



SEMICONDUCTORS  Vol. 45  No. 10  2011

SIMULATION OF OPTICAL PROPERTIES OF SILICON SOLAR CELLS 1359

For the silicon—vacuum interface, the value of
this parameter is θc = 16.27° (16.4°) for the wave�
lengths of 1000 nm (1100 nm).

The total reflection coefficient for the studied
range of wavelengths was calculated as the arithmetic
average of reflection coefficients obtained for N start�
ing positions of the ray uniformly distributed at x = 0
over y in the range 0–ymax:

(3)

3. ALGORITHMS OF CALCULATIONS

For simulation of reflection, refraction, and
absorption of light, we used the method of tracing the
rays. One thousand initial rays started parallel to the x
axis from positions uniformly distributed over the seg�
ment BD. A minimal intensity at which tracking of the
ray trajectory was stopped was specified in the range of
0.001–0.0001 in order to ensure calculation of the
transmission and reflection with an accuracy of four
significant digits.

In the case of transmission through an interface
between two media, we generated two rays, except for
the cases of total internal reflection. The reflected ray
was considered as the primary one, while the refracted
ray was always considered as the secondary one. Track�
ing of rays’ trajectories was stopped, first, when the ray
left the region under consideration and, second, when
the intensity of the ray became lower than a specified
minimum. In the case of multiple passage of the ray
through the interface, we formed an array of parame�
ters for secondary rays. After simulation of the trajec�
tory of the first ray was terminated, we simulated the
trajectories of the second, third, etc., rays until the
number of rays in the array reduced to zero; we used
parts of the software packages developed earlier by
Palov et al. [31–33].The simulation was carried out for
two wavelengths of light, 1000 and 1100 nm, for which
the results of calculations are maximally sensitive to
the length of optical path of light in the wafer. The typ�
ical number of rays taken into account for each start�
ing ray with the wavelength 1000 nm and minimal rel�
ative intensity 0.001 was two or three and was nine or
ten for the wavelength of 1100 nm.

4. RESULTS AND DISCUSSION

4.1. Effect of the Thickness of Silicon Wafer 
on Optical Coefficients

Figure 2 illustrates the formation of the reflection R,
transmission T, and absorption A coefficients in rela�
tion to the aspect ratio for three thicknesses of the
wafers: t = 200, 100, and 50 μm. Calculations were
carried out for the half�width of the groove w = 10 μm
and for the light with the wavelength λ = 1000 nm. In
calculations the depth of a groove was varied from zero

Rtot
1
N
��� R yj( ).

j 1=

N

∑=

to wafer’s thickness; in the latter case, the bottom of
the groove reaches the rear side. Therefore, for wafers
with a thickness of 200, 100, and 50 μm, the maximal
aspect ratio equals 20, 10, and 5, respectively.

It can be clearly seen from Fig. 2 that texturing with
penetrating V�shaped grooves makes it possible to sig�
nificantly increase the absorption of light. We note that
a drastic decrease in the transmission coefficient and a
corresponding variation in remaining parameters
occur at the aspect ratio ~0.4.

This effect has a simple physical meaning. A ray of
light, which falls from vacuum on groove’s wall, is
refracted and is incident on the rear surface at some
angle. If this angle is no smaller than arcsin(1/n2),
total internal reflection takes place. The value of the
aspect ratio for a groove (d/w)* at which the angle of
incidence of the ray on the rear surface is equal to the
angle of total internal reflection can be calculated
using the formula

(4)

and amounts to 0.412 (0.417) for λ = 1000 nm
(1100 nm).
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Fig. 2. Dependences of coefficients of absorption A (1,
2, 3), reflection R (1 ', 2 ', 3 '), and transmission T (1 '',
2 '', 3 '') in a silicon wafer on the aspect ratio of V�shaped
grooves with a half�width of 10 μm for the wavelength of
light λ = 1 μm and three thicknesses of the wafer: t =
200 μm (1, 1 ', 1 ''), 100 μm (2, 2 ', 2 ''), and 50 μm (3, 3 ', 3'').
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At a thickness of 200 μm, absorption increases by
1.8 times from 54 to 97% even at the aspect ratio
d/w = 3. Since 97% of light with the wavelength of
1 μm is absorbed in the silicon layer with the thickness
of 530 μm, we find that the effective path length of
light Lopt in the wafer is by 2.65 times larger than
wafer’s thickness. In the range of d/w = 3–10, absorp�
tion is practically constant, while, at d/w > 10 (i.e.,
when the depth of the groove exceeds the half�thick�
ness of the wafer) absorption decreases: it is equal to
87% at d/w = 20, in which case the bottom of the
groove reaches the rear side. The decrease in absorp�
tion occurs due to an increase in reflection, since total
internal reflection is mainly observed at the rear sur�
face, which is physically understandable.

Systematic features are qualitatively identical for
thicknesses of 100 and 50 μm: as the value of d/w is
increased, absorption at t = 100 μm (50 μm) increases
first by 2.2 (2.7) times from 39 (24) to 86% (65%), i.e.,
the effective path length of light is 3 (3.3) times larger
than the wafer thickness. When the bottom of the
groove intersects the middle of the wafer thickness,
absorption decreases and attains 69% (59%) at a max�
imum value of d/w.

4.2. Effect of the Width of a V�Shaped Groove 
on Optical Coefficients

We studied the effect of the half�width of the base
of a V�shaped groove on optical coefficients by mea�
suring their dependence on the aspect ratio for three
values of w: 10, 20, and 30 μm (Fig. 3).

Simulation showed that, at identical aspect ratios,
the calculated coefficients of transmission of light with
λ = 1000 nm remain practically unchanged in the case
wherein the half�width of the base of a groove is varied
in the range from 10 to 30 μm. The highest absorption
is observed at d/w = 3 for all three curves; an increase
in reflection (and, correspondingly, a decrease in
absorption) set in when the bottom of the groove inter�
sects the middle of the wafer. At a maximal value of
d/w equal to 20, 10, and 6.7 (for groove’s half�widths
of 10, 20, and 30 μm, respectively), the optical param�
eters of structures are practically identical.

4.3. Comparison of Optical Coefficients for Wavelengths 
of 1000 and 1100 nm

The refraction coefficient of silicon for the wave�
length 1000 nm equals 3.57, and the absorption coef�
ficient is equal to 64 cm–1; at the same time, for the
wavelength 1100 nm, the coefficients equal 3.54 and
3.5 cm–1, respectively. Only the difference between the
absorption coefficients is essential; it is this difference
that gives rise to different behavior of the reflection
and transmission coefficients calculated for a silicon
wafer with the thickness 200 μm and V�shaped grooves
with half�width 10 μm.

As can be seen from Fig. 4, the coefficients R and T
for λ = 1100 nm significantly exceed the correspond�
ing coefficients for λ = 1000 nm. In addition these
dependences radically differ from each other in rela�
tion to the dependence on the aspect ratio. In the case
of λ = 1000 nm, reflection drastically decreases even at
an aspect ratio equal to 3 and then starts to slowly
increase at d/w > 10, whereas, at λ = 1100 nm, reflec�
tion continues to decrease until the maximum value of
d/w is attained.

The behavior of the curves of absorption of light
also greatly differs. For λ = 1000 nm, absorption
attains a maximum at d/w = 3 and then decreases at
d > t/2, whereas, for λ = 1100 nm, absorption
increases tenfold from 6.6% at d/w = 0 to 67.6% at
d/w = 20 and evidently does not attain a maximum.

4.4. Distribution of Angles of Deflection of Photons 
in the Case of Multiple Reflections

An interesting fact is the observed periodicity of the
R and T coefficients with the period of the aspect ratio
equal approximately to 2. In order to study this phe�
nomenon, we calculated the angular distribution of
photons with the wavelength 1100 nm as a function of
modulus of the angle of deflection from the x axis in
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Fig. 3. Dependences of coefficients of absorption A (1,
2, 3), reflection R (1 ', 2 ', 3 '), and transmission T (1 '',
2 '', 3 '') for a silicon wafer on the aspect ratio of V�shaped
grooves for the wavelength of incident light λ = 1 μm and
three values of the half�width of the groove: w = 10 μm
(1, 1 ', 1 ''), 20 μm (2, 2 ', 2 ''), and 30 μm (3, 3 ', 3 '').
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the plane of grooves’ bottom. The results of calcula�
tions for the aspect ratios equal to unity and 2 are
shown in Fig. 5.

For the aspect ratio equal to unity, the angular dis�
tribution includes only two appreciable peaks: the first
peak corresponds to the angle of refraction of the ray
at the vacuum–silicon interface, and the second peak
is related to reflection of the ray from the vacuum–sil�
icon interface with subsequent refraction at the vac�
uum–silicon interface. In both cases the angle of
deflection exceeds the value of the critical angle (16°)
for total internal reflection at the silicon–vacuum
interface. As a result we have total internal reflection
and, as a consequence, a minimal coefficient of trans�
mission and a maximal coefficient of reflection. It is
worth noting that the width of the peaks in the angular
distribution of photons is determined only by the step
in the grid of calculations over the angles of deflection
of photons; in the case under consideration, this width
was 1°.

For the aspect ratio equal to 2, a perceptible num�
ber of photons (namely, 28%) have the deflection
angle smaller than the critical one, which was respon�
sible for an increase in T and a decrease in R at d/w = 2.

5. CONCLUSIONS

We simulated the coefficients of reflection, trans�
mission, and absorption of photons with the wave�
lengths of 1000 and 1100 nm for silicon wafers with
thicknesses of 50, 100, and 200 μm and with the front
surface textured with V�shaped penetrating grooves
and with the smooth rear surface. At a fixed value of
the half�width of the base of a groove w (10, 20, or
30 μm), the depth of the groove d was varied in the
range from zero to the maximal possible value equal to
wafer’s thickness, which caused a variation in the
aspect ratio d/w for the groove. We detected important
systematic features in the behavior of the reflection,
transmission, and absorption coefficients during the
above�mentioned variation in the geometry of a sample.

For the wavelength of light λ = 1100 nm, absorp�
tion steadily increases from 6.6 to 67.6% as the aspect
ratio is increased from d/w = 0 to the maximal value
d/w = 20, whereas, for the wavelength λ = 1000 nm,
the dependence A(d/w) passes through a maximum.
As a rule the maximal value of the absorption coeffi�
cient is attained at the aspect ratio d/w = 3 and starts
to decrease in the case wherein the groove’s bottom
intersects the middle of the wafer. This effect could be
expected since, in the case of penetrating grooves, an
increase in their depth brings about a considerable
decrease in the volume of absorbing silicon; this vol�
ume halves at the limit of the largest aspect ratio. It is
worth noting that, in the case in which the aspect ratio
was increased due to a decrease in the width of the base
of the groove at its fixed height, a maximum in the
curves A(d/w) was not observed [23]. Thus, apparently,
it is this cause of a decrease in absorption with an
increase in the aspect ratio, as observed for the wave�
length of light 1000 nm, which represents a distinctive
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property of textured penetrating grooves in compari�
son with conventional surface texturing, in which case
the height of textured structures was much smaller
than the thickness of the silicon wafer.

It is also a useful result that similarly large absorp�
tion of light (97% at a wavelength of 1000 nm) can be
obtained using grooves with different widths (10, 20,
and 30 μm) if the aspect ratio d/w ≈ 3 in this case.

It is evident that a decrease in the thickness of a
wafer brings about a decrease in the absorption of light.
However, the effect of an increase in the length of opti�
cal path of light Lopt in thin wafers is even more pro�
nounced than in thick films. For example, for a wafer
with the thickness t = 200 μm, the ratio Lopt/t amounts
to 2.65, whereas, at t = 100 μm, this quantity increases
to 3 and attains the value of 3.3 at t = 50 μm.

It is found that, at d/w > 1, the curves T(d/w) and
R(d/w) exhibit a pulsed component with a period of
d/w = 2; in this case the reflection and transmission
coefficients are varied in antiphase. Possibly this effect
is related to angular distribution in deflections of pho�
tons in the plane of the grooves’ base; this distribution
is represented by a set of δ functions. Such a form of
these distributions is basically possible in a linear tex�
ture, in which case the plane of propagation of pho�
tons remains unchanged, while the direction of pho�
tons’ propagation varies discretely.

Since A(d/w) features a maximum at λ = 1000 nm
and monotonically increases in the case of λ =
1100 nm, then, in order to optimize the aspect ratio of
grooves with the aim of maximization of absorption in
a silicon solar cell, it is necessary to carry out corre�
sponding calculations in the entire range of spectral
sensitivity of solar cells; this will be the subject of our
next publication.
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