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Optimal geometrical parameters
of porous layer in silicon solar cells

7. Zh. Zhanabaev, K. K. Dikhanbayev and T. Yu. Grevtseva'

National Nanotechnological Laboratory of Open Type,
al-Farabi Avenue, 71, Almaty 050040, Kazakhstan
*e-mail: tatyana.greviseva@kaznu.kz

In the present work we have proved theoretically and experimentally that porous silicon layers with
optimal thickness can be effectively used as anti-reflection coatings in solar cells and panels. In our work
we have taken into account joint mechanisms of generation and recombination of free electrons and holes
in porous silicon films stimulated by photons. Experimentally these films have been grown by method of
electro-chemical etching. Regularities of morphology of surfaces of the films have been investigated by
use of scanning electron microscopy. Results of scanning electron microscopy, measuring of short-circuit
current, open circuit voltage, and values of etching time necessary for growth of the films with required
characteristics have shown that in case value of thickness of the porous layer is approximately equal to
two thirds of electron diffusion length, than efficiency of the solar cell with porous layer increases by
30% in comparison with the corresponding value in the absence of texturing.

Key words: porous silicon, solar cell, efficiency, nanostructure, photovoltaics.

PACS numbers: 84.60.Jt; 68.55.Jk; 85.60.—q; 68.37.Hk.

1 Introduction

Renewable resources are the so called green
energy sources that provide smaller impact to
external environment than conventional energy
sources. Because of this transformation .of solar
energy into electrical energy is an important
scientific and technical problem related to
perspective directions of future energetics.

Solar cells and panels as usual have relatively
small efficiency. Because of this it’s important to
reduce reflectance of photons from surfaces of the
solar cells for maximization a number of photons
absorbed by a semiconductor surface to convert
energy of incident light into electrical energy. So,
since middle of the last century, methods for
separation of electrons and holes in doped
semiconductors, heterostructures, and various
chemical compounds due to photon action of is an
important research problem [1-9].

Among the great variety of methods used for
increasing of solar cells efficiency, we can
distinguish a method of texturing of their surfaces
used for reducing of photon reflection [10-16]. As
usual, for texturing of surfaces of silicon solar cells
can be used acid texturization, reactive ion etching,
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and mechanical texturization [17-19]. Using of
method of electro-chemical etching let us construct
a solar cell as films with porous surfaces, for
example, porous silicon (por-Si) with pore sizes
about 10-10° nm [20, 21]. Porous silicon is a
nanostructured material attracting considerable
attention of scientists because of its unique electrical
and optical properties.

Changes in morphology of the films by texturing
provide an antireflection effect (about 10%), and give a
possibility to increase efficiency of the solar cell in the
same order. Obviously, these data are average.
Resulting photoelectromotive force in the films depends
on combination of many physical and geometric factors
such as mechanisms of electrons and holes generation
and recombination in semiconductors, wavelength of an
effective part of solar radiation spectrum, topological
and metric characteristics of porous layers. It’s natural
to expect existence of optimal sets of parameters
characterizing these factors. We do not know the
purposeful studies in this direction, although many
experimental facts about the role of individual
parameters are known. Universal recommendations for
choosing of an optimal set of parameters can be
obtained as a result of integration of theory and
experiment.
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Aim of the present work is theoretical estimation
of thickness of porous silicon layer located above p-
n-junction necessary for maximal electron
generation due to photons action with taking into
account recombination of electrons and holes, as
well as comparison of theoretical results with
experimental data.

2 Theory and experiment

A doped layer of n-type semiconductor contains
nanosize pores decreasing reflection of photons with
energy hw and wavelength A . Diameter (d), pore

height (x ) defined according to front-face area, and
distance between them (/) have the same order as
A . This leads to realization of antireflection effect.
Thickness of the porous level L must be
approximately equal to diffusion length of current
carriers Lp, i.e. to the distance in which their
concentration decreases significantly (in e times). In
case L > Lp, number of redundant electrons knocked
out by photons is small. In case L > Lp, number of
electrons recombined with holes is big. So, the
problem is in determination of a relative distance
x/Lp describing balance of these two effects. As
usual, diffusion length L) is estimated as

L, =+Dx, (1)

where D is coefficient of diffusion of current
carriers in a certain semiconductor, 7 is their
lifetime. It’s more convenient to estimate Lp via the
Debye radius as

; _Vr_ ’kT‘f -
w, Ne

where V. is thermal velocity of current carriers, w,

is frequency of free oscillations of electrons, N is
concentration of extra charge carriers, e s
elementary electronic charge, ¢ is relative dielectric
permittivity of a medium, 7 (°K) is absolute
temperature.

=1 for air inside of pores, £¢=11,8 for
silicon. Number of redundant electrons and holes
generated per second in a unit volume of a
semiconductor by a photon with energy 7w can be
expressed as

N = pW [hw, hw> E_, 3)

where W is power of solar radiation in a bulk layer
with sufficient thickness equal to 1/4 of optical

wavelength A= wc/ (27[\/; ) corresponding  to

maximal photon absorption, £, is bandgap of the

semiconductor, £ is quantum efficiency.
Diffusion length is a measurable physical
parameter with size about a micron. So, it’s

necessary to define x, / L, , where x. is optimal

thickness of porous layer.
Number of electrons N in a surface layer

with thickness 4/4 can be defined via Eq. (3). Let
us consider variations of N (x) along the p-n-

Jjunction. Number of electrons generated due to
photon influence is proportional to pores height x :

N,=gpxhiw, 0<p<1, 4

where g is generation factor of electrons along x
direction, p is porosity of the film.

Number of recombined pairs consisting of
electrons and holes is proportional to variations of
p and x:

N,=zp(1- p)x(L,-x), 6)

where z is recombination coefficient.

Joint probability of realizing of two independent
statistical ~ processes ~ of  generation  and
recombination is

P(Ng,Nz):thxz(LD—x). ©)

N2

Maximum condition of P(Ng,Nz) on p and

X can be given as

ap(]g;’N”) =2x,(L,-x,)-x2=0,
2
X, ZELD’ @)
oP(N,.N.)
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==, 8
D. 3 (8)

Optimal thickness of porous level is 2/3 of
diffusion length for electrons at porosity is equal to
p — pa = 2/3.

At more detailed analysis we must take into
account that porosity p depends of length of pores,
i.e. p = p (x). Because of this we can consider Egs.
(8) and (9) as a system of interacting equations.
Dependence p = p (x) can be specified theoretically
via relation between lacunarity (filling of space) 1-p
and fractal dimension of porous level. At
x>>y~z (y,z are lateral sizes of pores) we

have y = D —d > 0.1 (D and d are fractal and

topological dimensions, correspondently).
Dependence p(x) is relatively weak. These

singularities are typical for porous semiconductor
films.

Let us consider a possibility of experimental
observation of the regularity described by Eq. (7).
Measurement of porosity of nanostructured films
and verification of Eq. (8) represent a standing along
experimental problem.

For our experiments we used a p-type
monocrystalline silicon film. Thickness of this film
was 350 micrometers, resistivity was 12 Ohm-cm,
p-n-junction was formed by use of thermo-diffusion
of phosphorus. Thickness of n'-layer was about
700-1500 nm and comparable with electron
diffusion length. Because of this after etching the
film contains pores with sizes smaller than distance
to p-n-junction. Scheme of a solar cell based on
porous silicon is shown in Figure 1.

Ag . por-Si

p-Si

n layer

Al contact

Figure 1 — Scheme of a solar cell based on porous silicon

The silver-aluminum contact was obtained by
deposition of metallic Ag. Porous silicon was
obtained by electrochemical anodizing of surface of
n'-layer at different values of current density and
etching time. Electrochemical anodizing was
fulfilled in electrolyte HF' ethanol in the ratio 1:1 at
anodizing current density 20 mA/cm’.

Increasing of anodizing current density and
etching time lead to increasing of thickness of
porous layer in direction to the plane containing p-n-
junction. In order to find an effective thickness of
silicon porous layer x+ corresponding to maximal
value of short-circuit current of the solar cell we
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used etching of diffusion n-layer of the solar cell
with different time durations.

We obtained images of micro-structure of cross-
section of porous silicon near the p-n-junction. For
this aim we used a scanning tunneling microscope
(SEM). In order to better visualize of porous
structure layers of p-m-junction we used a high
concentration solution /F' and bright illumination
from tungsten lamp of the end face of the sample.

Figure 2(a) demonstrates SEM-image of cross-
section of porous silicon obtained at short time used
for etching of n-layer. Figure 2(b) corresponds to
long-term etching time.
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Figure 2 — SEM-images of cross-section of solar cell with porous silicon film

SEM-images contain areas of p-n-junction, n-
layer (thickness is 1,5 mkm) and porous silicon
layer (thickness is 903,8 nm) of the solar cell.

We measured values of short-circuit current /..
in porous layer at illumination of tungsten
incandescent lamp with power 87 mW/cm?. Also we
defined open-circuit voltages and the duty cycle of
the volt-ampere characteristic of the solar cell. At
first, the output parameters of polished solar cell
without a porous layer were measured. Then we
measured these parameters for silicon films with
different thickness of porous layer. Figure 3
confirms the existence of effective thickness of
porous level corresponding to maximal value of

short-circuit current density of the solar cell.
Location of nanopores was defined from the SEM
images shown in Figures 2(a), (b). Maximal short-
circuit current 22,1 mA/cm’ in n-layer of the solar
cell corresponds to etching time 10 sec and
thickness of porous level 420 nm. Value of short-
circuit current increases by 30% of its initial value
measured in case of absence of the porous layer.
Changing of solar cell efficiency with increasing of
thickness of porous n-layer in the direction of p-n-
Junction is shown in Figure 4. Efficiency of the solar
cell containing porous layer with thickness 420 nm
is 35% greater than efficiency of a solar cell without
of porous layer.

Thickness of porous layer L, nm
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Figure 3 — Dependence of short-circuit current density of the solar cell
on thickness of porous layer proportional to etching time
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Figures 3 and 4 show that values of optimal

thickness of porous layer necessary for maximum of

short-circuit current (x, ;) and solar cell efficiency

(x,, ) are equal to x,, =0,55 and x,, =0,70,

Thickness of porous layer L, nm

correspondently. These results are close

. 2 :
theoretical value x, , ~ ELD (is case of accepta

Lp = 600 nm according to Figure

Solar cell efficiency, %

100 300

500 700

Figure 4 — Dependence of solar cell efficiency on thickness
of porous n-layer in the direction of p-n-junction

3 Conclusions

Technology of texturing of solar cell surfaces
widely used in photovoltaics in order to provide
anti-reflection  effects and  passivation  of
recombination of charge carriers requires a
theoretical justification. In the paper, we have
shown theoretically and experimentally the
existence of optimal depth of texturing in the form
of porous silicon layer. Optimal values of porosity
of working part of the solar cell are also described
by our theory.

Results of the present work can be used for
significant increasing of efficiency of solar cells (up
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