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Abstract. A new approach to modeling the parameters of high efficiency textured silicon
solar cells (SCs) has been presented. Unlike conventional optimization formalisms, our
approach additionally includes such important factors as the non-radiative Auger
recombination of excitons via deep impurity levels as well as electron-hole pairs
recombination in the space charge region. A simple phenomenological expression offered
by us earlier for the external quantum efficiency of the textured silicon solar cells with
account of the photocurrent in the long-wave part of the absorption spectrum has been also
used. Applying this approach, the key parameters of textured silicon SCs, namely: short-
circuit current, open-circuit voltage and photoconversion efficiency, have been theoretically
determined. The proposed formalism allows calculating the thickness dependence of
photoconversion efficiency, which is in good agreement with the experimental results
obtained for the heterojunction SCs with the record photoconversion efficiency of 26.6%.
The offered approach and the results of applying this phenomenological expression for the
external quantum efficiency of the photocurrent in the long-wave part of the absorption
spectrum can be used to optimize the characteristics of high efficiency textured SCs based
on monocrystalline silicon.

Keywords: silicon solar cell, texture, open circuit voltage, short circuit current density,

photoconversion efficiency, fill factor.

https://doi.org/10.15407/spge024.02.175

PACS 72.20.J, 78.60.J, 88.40

Ji

Manuscript received 01.03.21; revised version received 14.04.21; accepted for publication
00.00.21; published online 00.00.21.

1. Introduction

Improving the photoconversion efficiency is a key
scientific and practical task in researching the solar cells
(SCs). It is achieved by reducing the bulk and surface
recombination rates and optical losses due to light
reflection from the front surface. The bulk recombination
rate is decreased by lowering the SC base thickness and
by using high-purity silicon with low concentrations of
deep impurities responsible for Shockley—Reed-Hall
recombination. The surface recombination velocity is
lowered by using an isotype transition or a heterojunction
at the rear SC surface, as well as by surface passivation
with thermal silicon oxide or embedding hydrogen into
the semiconductor. Finally, a radical method of
decreasing the light reflection coefficient is by texturing
the front surface of the silicon wafer.

The purpose of this work is to refine the existing
models of silicon SCs by accounting for two effects that
are usually neglected. The first one is the nonradiative

exciton Auger recombination assisted by deep impurities.
Its existence has been unequivocally demonstrated by
Hangleiter [1,2], and its contribution to the net
recombination rate is comparable to other recombination
channels. In the monograph [3], a detailed analysis of the
works [1,2] was performed from the standpoint of
manifestation of this recombination mechanism. The
second effect is recombination in the space-charge region
(SCR), which likewise significantly affects the
characteristics of highly efficient silicon SCs.

In the literature, when considering recombination in
SCR, the dependences of generation-recombination
current on the applied voltage are usually analyzed.
In SCs, it is necessary to compare the contributions of
different recombination components of the flowing
current depending on the excess concentration of
electron-hole pairs. In this work such analysis is carried
out. In this case, certain complications arise when the
excess concentration of electron-hole pairs exceeds the
equilibrium concentration of the majority charge carriers
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in the base. As shown in this paper, these complications
can be overcome, when the distribution of the inverse
lifetime of non-equilibrium carriers in SCR is described
by Gaussian.

The theory described below is a one-dimensional
approximation, which allows obtaining the values of the
photoconversion efficiency and other SC parameters,
namely: the short-circuit current, open-circuit voltage,
and fill factor of the I-V curve. It is valid, if two criteria
are fulfilled: (i) the diffusion length must be much
greater than the base thickness, Ly >> d; (ii) the net (front
plus rear) surface recombination velocity must be much
smaller than the ratio of the ambipolar diffusion
coefficient to the base thickness, S; << Da/d. Then, the
spatial dependence of the excess concentration of carriers
can be neglected. Silicon SCs with the photoconversion
efficiency above 20% have a lifetime of more than 1 ms
and surface recombination velocity in the cm/s range.
Therefore, they meet both criteria very well.

The results of this theoretical modeling are
compared with the experimental results obtained in the
work [4,5] that reports the highest photoconversion
efficiency for silicon SCs obtained up to date, which at
the time of publication was 26.6%, and recently
increased to 26.7% [6]. A good agreement with the
experimental results is obtained. It is suggested that
efficiency decrease with lowering the excess
concentration, An, at its low values may have to do with
recombination in the space charge region.

2. External quantum efficiency and the
generated current

light-

The external quantum efficiency EQE()) allows one to
determine the current density generated by the incident
radiation with the spectral photon flux I(X) as

JL=af EQE®) 10)dr, )

where q is the elementary charge. The value of EQE(}) is
determined by such factors as the chemical composition
and morphology of the semiconductor surface coated
with transparent conductive or translucent layers or a grid
for current collection, the light absorption coefficient in
the semiconductor, etc.

The external quantum efficiency is given by the
product of absorbance, A(A), and the probability for a
photon to enter the SC, which is unity minus the reflection
coefficient, EQE=A(1-R). In [7,8], a theoretical
approach is introduced, which allows obtaining Jsc from
the experimental R(A) curve and a fitting expression for
A()) that involves three parameters. We used a simplified
approach [9, 10], in which the short-circuit current is
represented by a sum of two contributions:

800 1200
J.(d,b)=q j | (\)EQE, (A\)dA + j | (\EQE, (. b)dx | (2)

o 800

The EQE(L) curve in the long-wave (subscript I)
part of the spectrum, A > 800 nm, is fitted with a

phenomenological formula that involves two fit
parameters, fand g:

f
EQE, (A, d) = ©))

1+(gar)d)™

where d is the base thickness and a()) is the absorption
coefficient. In [9, 10], the fit parameter g was expressed
in terms of another fit parameter, b, as g = 4n/’/b. Given
that the refractive index, n«(1), depends only weakly on
the wavelength in this part of the spectrum, the two
fitting expressions are practically the same.

In the short-wave part of the spectrum, A < 800 nm
(subscript s), the EQE(4) curve does not depend on the
thickness. Rather, it is determined by the reflection
losses, shading and light absorption outside the base
region. Hence, EQE(\) at any base thickness is
determined from the experimental plot measured for one
base thickness value. The values of EQE, (800 nm) and
EQE;(800 nm) must be the same, which allows to
determine the parameter f.

Fig. 1 shows the experimental EQE(A) curve from
[4] and fit EQE, (L) counterpart. The agreement between
the experiment and the theory is achieved for g =27.9
and f=0.99.

3. Recombination mechanisms

The total lifetime in SC 1¢ is formed by the intrinsic —
radiative and Auger — and extrinsic recombination
mechanisms Tey. The latter includes the Shockley—Reed-
Hall recombination with the lifetime tgry, the non-
radiative exciton Auger recombination via a deep

recombination level [11] with the lifetime tg,., surface
recombination and recombination in the space charge
region with the combined lifetime 3

1 -1 1 -1 -1 -1 -1
Teff = Trad + TAuger T TsRH T (Tgxc) + (Ts) +(TSCR ) (4)

_ _ -1 _ _
Teitr = 'CSFle + (rgxc) + (Ts) ' + (TSCR ) ! .

The radiative recombination lifetime is given by [12]

(42)

Traa =B (1= Ppg) (ng + An) (5)

where B is the radiative recombination coefficient, Ppg —
re-absorption probability, n, — equilibrium electron
concentration, and An — excess electron-hole pair
concentration. Radiative recombination coefficient B is
expressed by the formula [12]

®© 2
B:j B(E)dE B(E):(MJ e ElT | (6)

3/2
0 mChToNn

in which n,(E) and o(E) are the refractive index and ab-
sorption coefficient as functions of photon energy E =
= hc/A. The photon re-absorption probability is given by

Pog = B‘ljowA(E) B(E)dE . )
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The absorbance is given by the same expression as
(3), except for the factor f in the numerator is replaced
with unity [10]:

1
1(gu(d)

For the band-to-band Auger recombination lifetime,
we used the empirical expression from [12, 13].

The Shockley—Reed-Hall lifetime as a function of
the doping and excitation levels is given by the standard
formula

®)

Tpo (Ng + Ny +An)+1,0(py +An)
(ng +An)

©)

TRH =

Here, the characteristic times 1, :(VpcspNtf1 and

Tho = (vncant)’l are expressed in terms of the hole and

electron thermal velocities V, and V,, their capture cross-
sections o, and o, by the deep traps of concentration N;.
Finally, n; and p; are the electron and hole equilibrium
concentrations in the case when the Fermi energy
coincides with the energy level of the trap. Depending on
the excess concentration An of the electron-hole pairs,
the tsgy-value varies between the low-injection and the
high-injection limits. In particular, for SCs with the n-
type base, the value of tgry increases with An for o, > o,
and is practically constant for 6, < &,

The non-radiative exciton Auger recombination
time, according to [11], is equal to

r"X
Ny +An

Tgxc = TsrH (10)

with n,= 8.2:10" cm™.
The surface and SCR recombination time is defined as

Ts =d/SS » Tscr :d/SSCR .

where S is the net recombination velocity on the front
and the rear surfaces, and Sscg is the SCR
recombination velocity. For the former, we use the
fitting expression [10]

]m(
where Sy is the net recombination velocity at An=0,
n, — fit parameter to ensure dimensional consistency, the
exponents m and r are both close to unity; however, in
some cases the parameter r may be bigger or lower than

unity.
The SCR recombination velocity is given by

(11)

An

No

0

n
Ss =Sos {n_

p

(12)

(n +An)dx

600 800 1000 1200

400

A, nm

Fig. 1. Experimental external quantum efficiency from [4]
(symbols) and theoretical fit (line).

Here, b, =vpc’;/vnc:; , the asterisk refers to the

SCR parameters, Tscq (x):(\/pc’;J N{‘(x))ﬁl, N, is the

concentration of traps in SCR, y(x) — electric potential
normalized to the thermal voltage, and E;" — trap energy
measured from the middle of the bandgap.

A good agreement between the experiment and the
theory can be obtained by assuming a Gaussian
dependence of the inverse lifetime,

2c°
with fit parameters x,, o and z,. The upper integration
limit w in (13) must be of the order of X, + 56 to make
sure that the Gaussian (14) at x = w is practically zero.

To find the dependence of the non-dimensional
potential on the coordinate, it is necessary to use the
solution of the Poisson equation

dy,

IJ( oot e
(15)

where q is the elementary charge, g - vacuum
permittivity, and &g; — dielectric constant of Si. The initial
value of the potential, y, = y(x = 0), is found by modeling
the n-p* junction on the p*-side as a thin negatively
charged slab with the surface charge density —gN, N
being the surface concentration of acceptor ions in that
slab. Then, from the Poisson equation, we find

Tetr (X) =Tp exp[ (14)

€0€g KT

2q Ny An
Y1 +n7

0

)

%\/ 2kTegeg [(n0 + An)(eyo —1)— NoYo + An (e’y0 —l)] )
(16)

'—xé

SCR An
0

(13)

[n (n, +An)e’® +n, (T)e5A +p, ((p0 +An)e Y™ 4, (T)e &/ )] Tem (x)'
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In most materials used to manufacture textured
silicon SCs, the curves of tsry(An) and e (An) typically
saturate in the region of An< 10® em™® (see, eg.
[10, 12]). In contrast, in the finished silicon SCs T (An)
decreases in this range with decreasing An [4, 14]. How
can one understand this difference? In the crystalline Si
samples used for measurements, there is no p-n junction.
On both surfaces of the sample, the band bending is
symmetric and, as a rule, slightly exhausting due to the
passivation treatment to which the wafers were subjected
before measuring the bulk lifetime. On the other hand,
SCs have a p-n junction close to one of the surfaces. In
this case, the recombination in the near-surface SCR is
significant. In the studies [15, 16] it was shown that the
region on the dark recombination current vs the applied
voltage curve in silicon SCs is determined by the SCR
recombination, when the non-ideality factor is close to 2.
This is so not only at small applied voltages, but up to the
voltage at the maximal power V, = 0.55-0.65V [16].
This can be explained by the fact that the value of
Shockley—Reed—Hall lifetime in SCR is always
significantly less than in the quasi-neutral bulk region.
This, in turn, is due to the fact that the concentration of
deep traps is much higher in SCR than in the bulk.

It should be noted that the decrease of e (An) with
decreasing An can also be observed in the absence of
recombination in SCR, provided that tsgy increases with
increasing An, which is possible if 6, > c,. At the end of
the work, this case will be analyzed.

4. Photoconversion efficiency modeling for AM1.5
irradiation

We consider SC based on a p*-n-n" structure. If the
minority carriers’ diffusion length Ly =,/Dyte is much
larger than one-quarter of the base thickness d/4, and if

the combined surface and SCR recombination velocity
Sger +Sg << 2Dp/d , then the excess concentration

profile is practically uniform in the base region. In that
case, one can employ the narrow-base approximation and
express the illuminated I-V relation as [14]

qAscd An V + IR,

V)=l - Tert (AN) R

: a7

where the first term is the light-generated current, the
second term — recombination current, Asc — SC area, and
Rs and Ry, are the series and shunt resistances,
respectively.

The expression for dark current according to (17)
has the form

qAscd An V —I15R
= + .
Teff (An) Rsh

The excess carrier concentration is related to the
applied voltage by a modified acting mass law,
J . (19)

15 (V) (18)

AE4 +q(V -1IR,)

(ng +An)(py +An)=n3 exp( o

where njo is the intrinsic concentration at low injection
[17], and AE4(no, An) — magnitude of bandgap narrowing
in Si [18]. Eq. (19) can be solved for the excess
concentration

2
n
+\/—°+n
4

Equations (17), (20) need to be solved numerically.

The relationship between the excess concentration
Angc in the open-circuit mode and the open-circuit
voltage Voc is obtained from the equation (20), if we put
in it An = Ange, V = Voc and | = 0, then:

2
n
\/—°+ ne
4

The second relationship between them can be
obtained from (17), if we putinit 1 =0:

_Do
2

An = 2 "%/ (eq(v"Rs)/kT —1) . (20)

Mnoe =2+ 2T (e KT _g) (1)

(22)
sh

Here, 1er (Anoc) is found using (4).

The photoconversion efficiency 1, as well as the
voltage V., current I, and output power Py, in the maxi-
mum-power operation regime are found by setting the
derivative of P = IV to be zero with respect to voltage.

If we compare the expressions for An and Angc, as
well as the expressions for dark current (18) and
photogeneration current (22), we can see that they
coincide when we replace V by Vg, Ip by I, and put R
in (20) equal to zero. This means that solutions
I5(V,Rg,Ry) and 1, (Voc,Ry,) are identical if Ry = 0.
5. Comparison of theoretical
experimental results

modeling  with

Next, we present the results of theoretical modeling of
the characteristics of textured SCs based on
monocrystalline silicon described in [4]. The studied SCs
had the structure a-Si:H-Si, and the current-collecting
contacts in them were produced on the rear side. The key
experimental curves presented in the work [4] were the
external quantum efficiency vs the wavelength EQE(X),
the effective lifetime on the excess concentration of
electron-hole pairs ek (An), the 1-V curves for the case of
illumination, and the curves of the open-circuit voltage as
dependent on the incident intensity with the AM1.5
spectrum. According to the results presented earlier, the
EQE(A) curves obtained in this work by using the
empirical formula (4) were used to calculate the
photogenerated current density J,. For theoretical
modeling of the experimental curves, it was necessary to
determine a number of unknown parameters, which are
not given in [4]. These are the Shockley—Reed—Hall
lifetime, surface recombination rate, Gaussian parameters
that define the lifetime in SCR, the ratio of the capture
cross-sections for holes and electrons, the shunt
resistance and the series resistance.
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To determine the effective lifetime vs the excitation
level, Yoshikawa etal. [4] measured the open-circuit
voltage and the short-circuit current for different
illumination  intensities.  When analyzing their
experimental data, they did not take into account the
bandgap narrowing effect. As a result, the excess
concentration in Yoshikawa et al. [4] paper, Any, turned
out to be slightly underestimated at An > 10" cm™®. To
relate the excess concentration Any from Yoshikawa’s
paper [4] and to more accurate estimate the An value, we
note that the former is given by the following expression

(cf. Eq. (1) in [5]):

2
Any =—n7°+\/nT°+ nizo(quOC’kT —1) : (23)

The bandgap narrowing AEg(An) increases with An,
but in the relevant parameter range (An < 2:10* cm™) it
does not exceed 0.004 eV ~ 0.15kT. This allows one to
linearize the difference between the expressions (21) and
(23) with respect to a small parameter AE/KT to obtain a
simple expression to improve the accuracy of
Yoshikawa’s et al. estimate for An:

2.
&
5
#
0.2 . :
10" 10"

-3
An, cm

Fig. 2. Experimental (symbols) and calculated (line) SCR
recombination velocity vs excitation level.

100_
@ 1071
3
w2
10
10°— . . r .
0.55 0.60 0.65 0.70 0.75
VO("V
Fig. 3. [Illumination vs open-circuit voltage. Symbols:

experiment [4], solid line: theoretical fitting.

Ange —Any =

_AEg (Angc) Any (N4 +Any )—n3 _ (24)
kT \/N§+4(AnY(Nd +AnY)—ni20)

_AEg(Any)  Any(Ng +Any)

© KT N2 +aan, (Ng +Any )

In the latter equality, we neglected the intrinsic
concentration squared and replaced Angc with Any in the
argument of AEy keeping in mind that the difference
between the two estimates for An should be quite small.

From the experimental effective lifetime as a
function of An (see Fig. 4a in [4]), one can determine the
“experimental” recombination velocity in SCR,

Sk (An) . For this, one needs the parameters tsgp, Sos,

and r, which can be determined from a comparison
between the theoretical and experimental 1-V and ¢ (An)
curves from [4]. Then, one can use the following
expression:

1 _ -1 _ _ _
Sgég (An) = |:(Tg?fpy _(TSéH + Tgxc + Tsl + Trald + TAluger):|d'
(25)

Upon substitution of the obtained ¢ (An) value into
(23), we obtain the SCR recombination velocity as a
function of the excitation level, see Fig. 2 (symbols). The
corresponding curve calculated using (11)—(14) is shown
in Fig.2 as a solid line. The fitting parameters are
summarized in Table. The agreement between the
experimental and the fitted curves within the range
10" em™ < An < 10" cm™ is obvious. In their turn, the
parameters of Gaussian (14) were found by fitting the
Teit (AN) curve in the An-region to the left of the
maximum.

1074

,_.
<
&
)

Lifetime, ms

T
16

i 10" 10

. -3
Excess concentration, cm

Fig. 4. The effective lifetime as extracted from the experimental
data [4] (circles), the corrected effective lifetime (triangles),
and the extrinsic recombination time (rectangles) vs excess
concentration. Experimental data (symbols) and the calculated
ones (line).
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Table. Parameters obtained by fitting the experimental results
from [4].

Sos | TR | TR Xm o by Rsh Rs
0.031|2|152 |14 | 025 | 45 | 0.1 | 1.48-10° | 0.19
cm/s ms | us | pm | nm Q-cm? Q-cm?

Let us calculate the dependences Tes (Anoc)more

accurately, taking into account the effect of bands
narrowing, and also correctly find the value of the shunt
resistance Rgp.

To do this, we use the experimental illuminance —
open-circuit voltage dependence, shown in Fig. 3, taken
from Fig.4b of the work [4]. In this work, the
illumination level is normalized to the value of the sun
illumination under the conditions of AML1.5. The
theoretical dependence Suns(Vc ) was constructed using

the joint solution of equations (21), (22), and the value of
the light intensity was obtained by normalizing the
photogenerated current density J, to 0.0425 Alcm?. The
theoretical dependence coincided with the experimental
one, if using the varied parameters shown in Table, in
particular, at Ry, = 1.48-10° Q-cm?.

Shown in Fig. 4 is the experimental dependence
Teff (Anoc) (see blue curve, image in Fig. 4a of [4]). To

obtain a theoretical dependence Tes (Anoc), we used the
expression

d Angc (V,
o (ANoe ) = qd Ange (Voc ) (26)

J L(VOC )+V£ ’
Rsh

and the dependence ngc (Voc ) was calculated from the

joint solution of the equations (21) and (22). Using the
expression (26), we obtained the calculated dependence
o (ANgc ) shown in Fig. 4. As can be seen from Fig. 4,

in the region of Ang. <10®cm™ , the calculated

dependence obtained by us is consistent with the
dependence given in [4]. At the same time, at

* | the dependence calculated by us is
slightly higher than the dependence given in [4]. As
noted above, the reason for this is related to the fact that
the effect of narrowing the zones was not taken into
account in [4].

The relation between the effective lifetime and the
excitation level, obtained from Fig. 4b of [4], which take
into account all possible recombination mechanisms
(triangles), and the extrinsic lifetime tqyq (An), which
does not include the contributions of the band-to-band
Auger recombination and radiative recombination
(rectangles), are shown in Fig. 3. Note that, when

Ange <10®cm”

calculating the radiative lifetime to obtain

N .
Textr = (reflf — Ty —rAluge,) , We took into account pho-

ton re-absorption, whereas in [4], photon re-absorption
has been neglected. As can be seen from this figure, as
well as from Fig. 4a of [4], at excitation levels An is
greater than 10 cm®, both curves decrease with almost
the same slope. It is easy to see that T (An) and
Textr (AN) ~ An’ﬁ, where B is close to 2. In the case of
Tt (AN) such a decrease is due to band-to-band Auger
recombination. As for Te (AN), it can only be explained
by surface recombination. Therefore, in this case, the
exponent r in (17) is close to 2.

To explain this dependence, it should be borne in
mind that the model of one recombination center close
to the middle of the bandgap, which is responsible for
surface recombination, is approximate. In particular,
since studies performed for the Si-SiO, system have
shown, in addition to discrete levels, there are two
systems of continuously distributed donor-like and
acceptor-like surface centers [19]. Their concentration
Ns(E) increases exponentially near the edges of the
bandgap, and there in some instances the contribution
of these surface centers to the net recombination rate
may exceed the contribution of the deep level [20, 21].
If An > Ng, the electron quasi-Fermi level begins to
shift in the direction of increasing Ns(E), and this can
lead to an additional increase in S(An), as compared to
the typical case when r = 1. A similar scenario can be
realized when crystalline silicon boundaries on other
dielectrics.

In Fig. 5, experimental and theoretical dependences
for light 1-V characteristics are shown. Eqgs (17) and (20)
were used in the theoretical modeling of light |-V
characteristics. As can be seen from the figure, the
agreement between theory and experiment is good for the
varied parameters given in the table, in particular, when
using a value for the series resistance equal to
0.19 Q-cm*

0.02

Current density, mA/cm

0.00 T .
0.0 0.2 0.4 0.6 0.8

Voltage, V

Fig. 5. The experimental data from [4] (triangles) and the
theoretical I-V curve.
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RYSE

-3
An, cm

Fig. 6. The effective lifetime together with the individual
contributions, as indicated near each curve, vs the excess
concentration. The fitting parameters used to generate the
theoretical curves are as follows: Tsry = 15.2us, Sps=
0.031cmfs, r=2, ts5cg= 14 ps, o= 45nm, b, =0.1, Ry, =
1.48:10° Q-cm? Ry = 0.19 Q-cnt®.

N

14

Efficiency, %

26
10

T
15

10

Base doping, cm™

Fig. 7. The theoretical photoconversion efficiency vs base
doping level at the base thickness d = 200 um.

Using the parameters from Table and solving jointly
(21), (22), we obtained for V¢ the calculated value of
740.3 mV, which coincides with the value given in [4].
Substitution of these parameters into the expressions for
n and FF, we obtained the calculated values of 26.63%
and 84.65%, respectively, which also completely
coincide with the experimental data.

2.86.1.27-10 (6.5:10" + An)N,

As always, the question arises as to how
unambiguous the fitting parameters are. At a first glance,
the fact that the Shockley—Reed-Hall recombination,
surface recombination, and the SCR recombination rates
are additive should lead to ambiguity. But each
contribution depends on the excess concentration An
differently. This avoids ambiguity. This point is
illustrated in Fig. 6, which in addition to the dependence
Terr (AN) shows the contribution of surface recombination
(ts), SCR recombination (tscr), the SRH recombination
(tsrH), the exciton non-radiative recombination (Texc.a),
Auger band-to-band recombination (taugr) and radiative
recombination (t,). As can be seen from Fig. 6, at small
values of An the greatest contribution to e comes
from the SCR and SRH channels, and at large An —
from the Auger and surface recombination.
Interestingly, the contributions of exciton non-
radiative recombination and radiative recombination
depend on the value of An, but the contribution of the
former is dominating.

Fig. 7 shows the -calculated photoconversion
efficiency vs the base doping level. As can be seen from
the figure, the maximal efficiency of 26.64% is achieved
at Ng = 1.5-10" cm®. It differs by only 0.04% abs. from
the value reported in [4].

Note that, using the results obtained in Section 2,
we did not reach good agreement with the experimental
short-circuit current density of 0.0425 A/cm?, but also we
can calculate the dependence of Jsc on the base
thickness, which allows one to optimize the cell
performance with respect to this parameter.

Fig. 8 shows the predicted curve n(d) obtained from
the so obtained Jsc relation. The figure shows that the
maximum efficiency of photoconversion is achieved at
the base thickness close to 80 um and reaches 26.86%,
differing from the value obtained in [4] by 0.26%.

At the end of the paper, we will briefly dwell on the
analysis of the case when the SRH recombination in
silicon is determined by the gold impurities. Using the
parameters of the two levels of gold in silicon, given in
Graff’s monograph [22]: 6y = 14107, 6,0 = 7.6:107,
oy = 2.7-10%, o = 2.5:10°cm?, Eq=-0.55 (the
energy is measured from the bottom of the conduction
band), E, = 0.35 eV (the energy is measured from the top
of the valence band) , and the values of average thermal
velocities for electrons and holes in silicon given in
[23, 24], the following expression for tsry(Nay) can be
obtained at T = 298.15 K:

Tt (N, An)=

+

2.86-107° (6.5-1014 +An+1.54-10% )+1.27 107 (An +6.07 ~109)

551-4.19-107%° (6.5-1014 +An)Nt

+

-1

5.51.109(6.5-10 + An +2.65-10° )+ 4.19-103(An + 3.53.10%

(27)
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Fig. 8. The theoretical photoconversion efficiency vs base
thickness at the base doping level Ng = 6.5-10% cm™3,

If we set the value of Na, to 3.14-10° cm™>, and S,
to 0.0024 cm/s, then the calculated curve Te; (An) agrees
well with the experimental one in the whole range of
excess concentrations. In this case, we obtain a
theoretical value of Voc equal to 740.3 mV, and setting
R, t0 0.23 Q-cm? we obtain the efficiency of 26.63%. It
can be noted that the concentration of gold in silicon of
the order of 10°— 10" cm™ is quite realistic [22].

Thus, for SCs from [4], it is not possible to
discriminate the mechanism that provides a decrease of
Ter (AN) at low An. Calculations have shown that this
decline can be provided both by the SCR recombination
and recombination in the bulk, for example, with
participation of gold.

To discriminate this mechanism, experimenters can
be advised to obtain dependences T (AN) in the material
that used to create SC. In this case, the boundary
conditions on both surfaces of the sample will be the
same, and the inversion bending of the zones on them
will be absent. If the decreasing region of ¢ (An) in the
region of small An persists, this should be associated
with the Shockley—-Read-Hall recombination with
participation of the gold level. If the descending region is
absent, the decrease in e (An) in the operating device
should be associated with recombination in SCR.

6. Conclusions

In this paper, a new approach to modeling the main
parameters of high efficiency textured silicon solar cells
is proposed. Unlike conventional optimization
formalisms, which account for existing recombination
mechanisms, the offered approach additionally includes
such important factors as the non-radiative Auger
recombination of excitons via deep impurity levels as
well as electron-hole pairs recombination in the space
charge region.

The proposed theoretical formalism allows us to
well describe the experimental results for the
heterojunction silicon solar cells with the record
photoconversion efficiency of 26.6%. The expression for
the SCR recombination velocity obtained here is valid
both at small values of An <Ny and at An > Ny. It has
been shown that the contribution of the non-radiative

exciton Auger recombination via deep impurities exceeds
the contribution of radiative recombination in the
analyzed SCs. It has been ascertained that the
experimentally observed decrease of the effective
lifetime ¢ (An) at small excess concentrations may be
caused by either recombination in the space charge
region or SHR recombination via gold impurities. The
conditions under which one can discriminate between
these two recombination mechanisms have been
formulated. Finally, the simulation results are
quantitatively consistent with the experimental data
across the whole range of parameters. The discussion has
taken into account the influence of shunt resistance on
the dependence of short-circuit current — open-circuit
voltage. The results obtained in this work can be used to
optimize the characteristics of textured silicon SCs with
respect to base doping level and thickness.
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Ki1r04oBi napamMeTpy TeKCTypOBaHMX KPeMHI€EBUX COHYHMX eJIeMeHTIB 3 epeKTHUBHIicTIO 26,6%

A.B. Cauenko, B.I1. KocruisoB, P.M. Kopkimko, B.M. Biaciok, 1.0. Cokonoscbkuii, b.®. /[BepHikoB,
B.B. UepHenko, M. €BcTirnees

Anoranis. IlpexcraBieHo HOBUH MigXix O MOJETIOBaHHS TApaMeTPiB BHCOKOE(EKTHBHUX TEKCTYPOBAHHX
KPEMHI€BUX COHSIYHHUX eleMeHTiB. Ha BiqMiHY BiJ iHIIMX aNTOPUTMIB ONTHMI3aIlil, HAII MiIXi JOZATKOBO BKIIOYAE
TaKi Ba)XIMBI YHHHUKH, SK OE3BHIIPOMIHIOBAIIEHA OXE-PEKOMOIHAIIS €KCHUTOHIB Kpi3h TIHOOKI TOMIIIKOBI piBHI, a
TaKOX PEKOMOIHAIiSI eIEKTPOHHO-IIPKOBHUX Map B 00JaCTi IPOCTOPOBOTO 3apsy. Takok BUKOPHCTOBYETHCS ITPOCTHH
(heHOMEHOJIOTIUHII BHpa3, SKUH MM 3alpOIOHYBalM Ul 30BHIMIHHOI KBAaHTOBOI €(PEKTUBHOCTI TEKCTYPOBAHOTO
KPEMHIEBOTO COHSYHOTO €JIEMEHTa B JIOBFOXBMJIbOBIM YaCTHHI CHEKTpa MOTIMHAHHS. 3a JOIMOMOTOIO I[OTO MiJXOIy
TEOPETUYHO BH3HAYAIOTHCSA TaKi KIFOYOBI MapaMeTpy TEKCTYPOBAHHX KPEMHIEBUX COHSYHUX EJIEMEHTIB, SIK CTPYyM
KOPOTKOT'O 3aMHKaHHS, Halpyra po3iMKHYTOr0 Kojla Ta €(eKTHUBHICTH (OTONEPETBOPEHHS. 3aNpOIIOHOBAHUH MiIXix
JTO3BOJISIE PO3pPaxyBaTH 3aJICXKHICTh €(EKTUBHOCTI (POTONMEPETBOPEHHS BiJ TOBIIWHHU, IO A0OpE Y3TOKYETHCS 3
EKCIIePUMEHTAIBHUMHU  Pe3yJbTaTaMH, OTPUMaHHMHU ISl TETEPONEPEeXiNHMX COHSYHHX ENIEMEHTIB 3 PEKOPAHOI0
edextuBHicTIO (DoTOTEpeTBOpEeHHS 26,6%. 3amponoHOBaHWUN MigXil MOXKe OyTH BUKOPHCTAHWUU ISl ONTHMI3arlil
XapaKTePUCTHK BUCOKOE(HEKTHBHUX TEKCTYPOBAHUX COHSYHUX €IEMEHTIB HA OCHOBI MOHOKPHCTAJIIYHOTO KPEMHIIO.

KaiouoBsi ciioBa: xpeMHi€BUI COHAYHMI €JIEMEHT, TEKCTypa, Halpyra po3iMKHEHOTO KoJia, TYCTHHA CTPYMY KOPOTKOTO
3aMHUKaHH, ePEeKTUBHICTb (POTONEPETBOPEHHS, KOE(]ILi€HT 3aIIOBHEHHSI.
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