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Abstract. An expression for finding the dependence of narrowing the bands in silicon AE,
on the level of illumination from the intrinsic absorption band (or short-circuit current) has
been proposed. This expression is used to find experimental values of AE, in high-efficient
silicon solar cells. The dependence AEq(J) or dependence AEg(J;), where J, is the short-
circuit current density, has been rebuilt into the AEy (Anoc) dependence, where Angc is the
excitation level in open-circuit conditions. With this aim, the generation-recombination
balance equation was solved taking into account six recombination mechanisms in silicon,
including  Shockley—Reed—-Hall
Auger recombination, surface recombination, non-radiative exciton recombination, and
recombination in the space charge region. The latter two recombination terms are not taken
into account in studies of the key parameters of silicon solar cells and in programs for
simulating the characteristics of these solar cells. Therefore, in this work their correct
definition was performed, their contribution was compared with the contribution of other
recombination mechanisms, and it has been shown that the description of the characteristics
and key parameters of silicon SC without taking them into account is insufficiently correct.
The experimental dependences AEg(Angc) obtained in the work were compared with
Schenk’s theory. It has been shown that there is a good agreement between them.
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1. Introduction

For semiconductors, an important parameter is the
concentration of intrinsic charge carriers n;(T), which
significantly depends on temperature T. The concentra-
tion of intrinsic charge carriers n;(T) is a fundamental
quantity in semiconductor physics. It is included in
almost all calculations related to the injection of charge
carriers. The value n;(T) largely shapes the density of
minority charge carriers and significantly affects the
recombination properties of semiconductors. Therefore,
an accurate determination of n;(T) is of primary
importance both for better understanding of physics and
for the design of semiconductor devices.

Diode and transistor semiconductor structures, as
well as solar cells (SC) have heavily doped regions with
electron and hole conductivity in their composition. In
these regions, there is significant narrowing of the width
of the band gap of semiconductor AE, (of the order of
tens or hundreds meV), related, in particular, to the
correlation and exchange interaction of charge carriers,
which affects the value n;(T). There are several models
for calculating the effect of band narrowing, both
empirical and analytical, and quite a large number of
works related to their experimental verification.

Among the theoretical works, one of the most
famous is Schenk’s model [1]. It is a quantum mecha-
nical calculation at a finite temperature with account of
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a number of effects, in particular, the correlation and
exchange interaction of charge carriers, in the random
phase approximation. It should be noted that although the
band-narrowing effect is primarily manifested in heavily
doped regions, it also exists in weakly doped regions,
primarily due to bipolar injection in diode structures or
illumination from the intrinsic absorption band.

In this case, the effect of band narrowing is
manifested due to appearance of a sufficiently large
concentration of excess electron pairs An, the so-called
strong excitation level. Although in this case the typical
values AEq are of the order of several meV, but even
these values of band narrowing in silicon significantly
affect the magnitude of the intrinsic concentration of
charge carriers and must be taken into account.

For the case of strong doping or excitation, there are
many experimental works in which the band-narrowing
effect is measured and compared with different theories.
Experimentally, in this case, as a rule, the optical
properties of silicon are investigated. Most of these
works were performed for doping or excitation levels
higher than 10'" cm . Green’s work [2] summarizes the
results of works in which the experiment was performed
within the interval of lower values of doping or injection
levels, from 10 to 10*" cm’®,

But the optical characteristics of silicon were also
measured in these works. This paper offers an approach
that allows experimental determining the magnitude of
the band-narrowing effect that appears due to
illumination or bipolar injection in weakly doped regions.
In this case, the current (dark or short-circuit current) is
experimentally measured.

The obtained results were compared with Schenk’s
theory [1]. It was ascertained that there is a sufficiently
good correlation between the experiment and the theory.
For a better agreement between them, it is desirable to
obtain experimental characteristics with greater accuracy,
as well as to ensure good thermal stabilization of the stu-
died structures during measurements, since, as noted, the
intrinsic concentration strongly depends on temperature.

2. Experimental results on the study of the band-
narrowing effect and basic expressions for finding
values of the band-narrowing effect in silicon

In the works and programs devoted to modeling the
parameters of solar cells, the effect of band narrowing
calculated using the Schenk model [1] is taken into
account. In [1], when writing the obtained expressions,
the notations n, and ny, are used, which correspond to the
full values of concentrations inherent to electrons and
holes in the volume of semiconductor.
Let’s rewrite them as follows:
N, = Pp+An , where ny and po are the equilibrium
concentrations of electrons and holes in semiconductor,
and An is the excess concentration of electron-hole pairs
that occurs due to injection or illumination with light
from the intrinsic absorption band. At sufficiently high
temperatures T, on the order of room temperature, in

Ne =Ny +An ,

doped silicon we have ny = N; in semiconductor with
electron conduction and p, = N, in semiconductor with

hole conduction. Here, Ny and N, are the concentrations
of shallow donors and acceptors.

Almost all works devoted to the study of the band
narrowing effect, with some exceptions, describe the
results of the dependence of the value AE4 on the level of
doping. Much less attention is devoted to the study of its
value from the excitation level An. So, for example, in
the work by Altermatt and Schenk [3], Fig. 1 shows dark
I-V characteristics for silicon SC only up to applied
voltage values not exceeding 0.65 V. And Fig. 2 shows
the dependence of the concentration of intrinsic charge
carriers only on the level of doping. This is correct only
under the condition when An is less than ng, that is, at
sufficiently low values of the applied voltage.

At the same time, at the values of the applied
voltage higher than those given in [3], the excitation level
becomes higher than the doping one, and the value of the
intrinsic concentration of charge carriers will also depend
on the value An. l.e., if you do not limit the value of
applied voltage, then the effect of band narrowing and,
accordingly, the effective concentrations of intrinsic
charge carriers will depend on both the doping level and
the excitation one.

Next, we will set the problem of determining the
value AE, depending on the level of excitation. For this
aim, it is convenient to use the dependence of the short-
circuit current density of SC J_ (1) on the open-circuit
voltage Voc(l) at various values of the illumination
level I. According to the work [4], the open-circuit
voltage is found from the expression

Angc (”o + Ange ) 7
n; (T)% exp (AE 4 (Angc ) /KT)

where k is the Boltzmann constant, T — absolute
temperature, q — elementary charge, Angc — excitation
level under open-circuit conditions, AEg(Angc)
reduction of the band gap dependent on Angg, i.e., on the
band-narrowing effect, and n;(T) is the concentration of
intrinsic charge carrier [3].

The following expression for the dependence of
AE4 (Angc) can be obtained from the formula (1):

M

kT
q

Ange (31)(ng + Ar"oc J,))

ni(T)Z(exp(q oc( j 1]

Here, J, EJL(J,).
The dependence Anpgc(J;) in the case of high-

efficient silicon SC can be found from the equation for
the generation-recombination balance in the form

d
J,/q9=|———— |Ang¢,
| I:Teff (Anoe )} >

©)
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where d is the SC thickness, and Te(Ange) is the
effective lifetime of non-equilibrium charge carriers in
silicon, which was determined in [5] with taking into
account such recombination mechanisms as Shockley—
Reed-Hall recombination with the lifetime tsgy, nNON-
radiative exciton recombination according to the Auger
mechanism with participation of a deep impurity level
with the lifetime T, [6], surface recombination occurring
at the front and back surfaces of SC with recombination
rates Sp and Sy, radiative recombination 1, [7], interband
Auger recombination [8] and recombination in space
charge region (SCR) with the time tscp.

It should be noted that in the works devoted to
modeling the characteristics of high-efficient silicon solar
cells, such recombination mechanisms as recombination
in SCR and non-radiative exciton recombination by the
Auger mechanism with participation of a deep impurity
level are not taken into account. However, they can play
a significant role along with other recombination
mechanisms and therefore should be taken into account.
Since they take part in formation of the value Angc, it is
necessary first to justify their importance in determining
the dependence Angc(J)).

Let’s start with recombination in SCR.

3. Recombination in the space charge region

In this work, to calculate the recombination rate in SCR,
an approach modified in comparison with our previous
works for finding this rate was used. The value of the
recombination rate in SCR Sg. was calculated using the
expression

where
LD
- 172"
1+ An/no)(ey —1)+ Y + { Po +An/n0j ( -y —1):|
0
(6)
Here, Lp= (SOSSikT/ZanO)UZ is the Debye

length, q — elementary charge, yo— is the non-equilibrium
dimensionless bending of bands at the surface of the
weakly doped area, which depends on the excitation level
An and is found from the equation of integral neutrality,
Yw 1S the non-equilibrium dimensionless potential at the
boundary of SCR near the quasi-neutral area.

To find the dependence of the non-equilibrium
dimensionless potential y on the coordinate x, it is
necessary to use the solution of the Poisson equation
(the second integral) that has the following form

y LD

oo

The value of the non-equilibrium dimensionless
potential y, at x =0 is found from the solution of the
integral electroneutrality equation that has the form

T

05 dyl' (7
o s _1)}
Ny

2k Tepes;

q2

(ng + An)dx

'—.E

—NoYo + An(e‘yo -1
(4)

An
SC .
0 H No +An)e’® 1 n.(T)exp [I(E%D + br(( Po +An)e Y™ 1 n, (T)exp(— I(E%D}R (x)
Here, C,=Vyyo, , C,=Vyo, are the where gN is the surface charge density of acceptors in the

coefficients, and o, and o, — capture cross-sections of
electrons and holes by the deep level, Vir and Vyr —
average thermal velocities of electrons and holes,

b, =C,/Cp, tr=(CoN;)™ — lifetime in SCR, N; -

concentration of the deep level in SCR, po — equilibrium
volume concentration of holes, y(x) — dimensionless
electrostatic potential (band bending) in SCR, E; — energy
of the deep level in silicon SCR, calculated from the
middle of the band gap, and w — thickness of SCR.

In the case when tg=const, passing from the
integration over the x coordinate to the integration over

qe

the dimensionless potential y = T , We obtain

% (ng + An)dy

p-n junction or in anisotypic heterojunction.

When calculating the recombination rate in SCR, it
was assumed that the recombination level responsible for
recombination is located near the middle of the band gap
(E¢= 0). In this case, the second terms in square brackets
in the denominator (5) can be neglected.

The results of calculating the dependences of the
recombination rate in SCR according to the above
formulas coincide with the results obtained in the
dissertation [9].

In the case when the layer thickness with the
lifetime 15 coincides with the SCR thickness at a very
low level of excitation An W(An = 0), as the value An
increases due to the decrease of the value w, part of it

F )

S, (An) = j

ywH(no +An)eY +n, (T)exp[kE_I‘_n + b{(p0 +An)e™Y +n; (T)exp(

®)

Ik

kT
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becomes quasi-neutral and recombination according to
the Shockley—Reed—Hall mechanism with the lifetime 15
occurs in it. In this case, the total recombination rate
in SCR and the recombination rate in the resulting
quasi-neutral area should be taken as the effective

recombination rate in SCR.
-1

Its value is equal to
w(An ~ 0)—w(An)
TR

Fig. 1a shows the theoretical dependences Ssc(An)
and Ssc(An). The parameter of the theoretical depen-
dences is the value of the ratio of the hole capture cross-
section to the electron capture cross-section with the
recombination center b,. It was assumed equal to 0.1, 1
and 10. As can be seen from the figure, the smaller the
values by, the larger the values Ssc and Ssc,. The figure
also shows that in the region An > 10" c¢m™® the Sser
values decrease slowly and eventually saturate.

b, An
Ng +An

Sser =Ssc +[

1000+
1004
Y
€
S 104
?
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An, cm®

Fig. 1a. Theoretical dependences Ssc(An) (1, 3, 5) and Ssc(An)
(2, 4, 6). The used parameters: 1 = 10~ s, ny = 10" cm, b, =
0.1(1,2),b,=1(3,4),b,=10 (5, 6).

1615 1616

An, cm’®

0
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Fig. 1b. Lines — theoretical dependences Ssc(An) (1) and
Sscr(An) (2) built using the parameters of silicon SC with the
record-breaking photoconversion efficiency described in [10].
Triangles —experimental curve [11].

Fig. 1b shows the theoretical dependences of Ssc
and Ssc,, constructed using the parameters of silicon SC
with the record-breaking photoconversion efficiency
described in [10]. The same figure shows the
experimental dependence of the effective recombination
rate on An for this SC, as well as the theoretical
dependence agreed with it and obtained earlier in [11].
When obtaining the latter, it was assumed that the inverse
lifetime in  SCR is described by Gaussian

a 1 —(x=Xp ) . o
TR (X) =1, exp 2—2"‘ , where 1, is the lifetime
O

at the maximum point, x, is the position of the
maximum, and o is the dispersion.

In the work [11], the dependences were constructed
using the Gaussian at the following parameter values:
Tw=1410"s, x,=2.5-10°cm, o©=4.510%cm,
b, =0.1. As can be seen from Fig. 1b, the theoretical
dependence Ssc(An) constructed in [11] matches well
with the experimental one shown in Fig.1b. The
experimental dependence of the effective recombination
rate in SCR in the work [11] was determined as follows.
The contribution related with all other recombination
mechanisms was subtracted from the total effective
lifetime of charge carriers in the bulk determined in the
work.

The above examples demonstrate the complexity of
the recombination processes in SCR of silicon high-
efficient SC, which must be taken into account when
considering it.

And in general, as our previous works showed,
without taking into account the recombination in SCR, a
sufficiently accurate agreement of the experimental
characteristics of high-efficiency silicon SC with the
theory cannot be obtained. This applies, in particular, to
calculations of dependences Voc(J), AEg(J) and
Anoc (J)). 1t is especially important to take into account
the recombination in SCR in the area of small and
medium excitation levels.

4. Non-radiative exciton recombination by the Auger
mechanism with participation of a deep level

Next, we proceed to justify the importance of taking into
account the mechanism of non-radiative exciton
recombination by the Auger mechanism with the
participation of a deep impurity level.

A large number of works are devoted to the study of
the influence of radiative recombination and interband
Auger recombination in silicon on the bulk lifetime in
silicon. Sufficiently complete results of the analysis of
the indicated problem are given in the work by Richter
and co-authors [8]. In the same work, numerous
bibliography on this topic is given. However, despite the
fact that at doping and excitation levels greater than
10'® cm™, good agreement between the experimental
results and theory is achieved, in our opinion, until
recently, it remains unclear what happens in the area
10" em® <n < 10" ecm™ (here, n=ny+An).
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Thus, in the monograph [12] it was noted that in
this area, an additional recombination mechanism related
with the introduction of uncontrolled impurities operates.
In Fossum’s work [13], with references to experimental
results in silicon of n- and p-type conductivity, it was
noted that there is an additional recombination
mechanism that leads to a decrease in the bulk lifetime
1, (n) in silicon, and the law of this decrease is described
by an empirical dependence

Tv(n): Tma;(] )
1+—

Ny

(10)

where n, = 7.1-10"° cm™. At the same time, it is said that
the value n, is the same for n- and p-type semi-
conductors.

It means that in addition to the Shockley—Reed—Hall
recombination mechanism, the non-radiative quadratic
recombination mechanism is described by the law as
follows

Tor = TSRH[

Finally, the PC1D program and its subsequent
versions provide an empirical expression of the form

7,(n) ~(n/n, ) * , which takes into account, as the

authors of the program claim, the influence of the
material growth technology on the effective lifetime in
silicon. The list of the above shows that the matter here is
quite complicated. If we are talking about recent works,
in particular, the work [8], then such an explanation is
not correct, because the authors of this work guarantee
that there are no these uncontrolled technological factors.

Below we will show that although the section
described by the empirical dependence (10) is absent in a
graphical scale in the figures given in the work [8], it is
realized with sufficiently careful processing the results of
measuring the dependences given in the works [14, 15].
Its presence or absence is defined by the value of the
Shockley—Reed-Hall lifetime tsgy. Even in the case
when the value of tsgy is equal to 30 or 40 ms, such a
section is implemented in the dependences shown in
Fig. 2 to 4 below (at least in the range of doping or
excitation level 10*°— 10 cm™).

Next, it will be shown that the indicated area is
determined by the non-radiative recombination of
excitons through the recombination channel on a deep
impurity, according to the Auger mechanism, considered
in the Hangleiter work [15].

nX
Ny +An

(11)

4.1. Analysis of literary data by dependences Ty (n)

Analyzing the existing works, and first of all the work
[6], we will proceed from the fact that the dependence of

the effective bulk lifetime ty (n) in silicon on the

doping and excitation levels is described by the following
expression

1

Tsru(N)

1
% (n)

1

T Auger (n)

-1

[1+[1JJ+ + } , (12)
nX

where 1y (n) is the bulk lifetime in silicon, taking into

account  both removable  and non-removable
recombination mechanisms. The removable mechanisms

T () = {

include  Shockley—Reed-Hall ~ recombination and
quadratic non-radiative recombination 1., and the
non-removable ones include interband radiative

recombination t,(n) and interband Auger recombination

TAuger(n) :
For the recombination lifetime tegy in the case of
n-type silicon, the expression is used

T (ng +ny +An)+1,0(py +An)
SRH = (ng +An)

(13)

where ©,0 =(C,N, s, 1,0 =(C,N, )™ s, C, and C, are

coefficients of the hole and electron captures with the
recombination center, N; — concentration, n; and p; —
electron and hole concentrations for cases when the
energy position of the recombination level coincides with
the Fermi level. For the lifetime of radiative
recombination, we will use the relations given in [7].

As for the lifetime of interband recombination
Tauger (N) , the empirical expression obtained in [8] is

used for it.

Before proceeding to the analysis of dependences,
we note that the Shockley—Reed-Hall lifetime,
depending on the position of the recombination center
and the electron and hole capture coefficients, with an
increase in the doping and excitation levels, changes
between the two positions and can increase, decrease, or
remain practically unchanged in a certain range of doping
and excitation levels. In what follows, we shall mainly
analyze the cases when in the relevant range of doping
and excitation levels (from 10* to 10 cm™ for the
doping level and from 10™ to 10 cm™ for the excitation
level), the tsry Value is constant.

Fig. 2 shows the experimental dependence of the

effective bulk lifetime 1y (n) on the doping level in

n- and p-type semiconductors, taken from the work [8],
as well as from the works [16-18]. The theoretical

dependences Ty (n) were constructed using the

expressions (12), (13), as well as dependences (18) and
(19) for 7ty (n) taken from the work [8]. For

agreement of the theoretical and experimental
dependences, in our case, two parameters were varied.
One of them is the concentration of the deep centers,
which defines the value tsgy, and the second one is the
value n,. In principle, they can be separated. It requires
measurements in the area of doping levels <10*cm™
(at least two points must be measured).
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Fig. 2. Experimental dependences of the effective bulk lifetime
T (n) on the concentration of doping impurity in n- and p-
type silicon. Dots — experiment, lines — theoretical calculation.
Curves 1, 2, 3 are built with account of exciton non-radiative

recombination, curves 1', 2', 3’ — without it. The used
parameters: Tsry, Ms: 30 (1), 0.4 (2), 40 (3); ny = 8.2-10"° cm>,

Fig. 2a describes the dependences in semiconductor
of n-type, and Fig. 2b — in p-type semiconductor. As can
be seen from Fig. 2a, the experimental dependences

T (N) taken from Richter’s work [8], as well as from

the works [16-18], agree well with the calculation at
ne = 8.2:10® cm®. It should be noted that graphic
accuracy is not enough to find the value of n,. Therefore,
its value was determined using the method of regression
analysis (least squares).

Let’s move on considering the dependences for
p-type semiconductor shown in Fig. 2b. In this case, the
calculated curves differ very slightly from the
experimental ones both with and without taking into

account the additional channel for non-radiative
recombination, just like the curve for Tm = 30 ms in
Fig. 2a (tmax is actually the value tgry).

However, the theoretical dependence Ty (n) taking

into account the non-radiative quadratic recombination
channel shown in Fig. 2a for the case when T = 0.4 ms
within the range of doping levels from 10" to 10" cm™®
differs significantly from the dependence for which the
non-radiative quadratic recombination channel was not
taken into account. Experimental points in this case agree
with the first dependence. The difference between the
two cases, when T is large (30 or 40 ms) and small
(0.4 ms), becomes clear, if the dependences are plotted in

both figures.
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Fig. 3. Dependences of the effective bulk lifetime tj (n) on

the doping level in n- and p-type silicon. Points — experiment,
lines — theoretical calculation. Curves 1, 2 are built with taking
exciton non-radiative recombination into account, curves 1', 2’
— without it. The used parameters: tsgy, Ms: 10 (1), 1.2 (2);
ne=28.2-10% cm.

Sachenko A.V., Kostylyov V.P., Vlasiuk V.M. et al. Space charge region recombination, non-radiative exciton ...



SPQEO, 2023. V. 26, No 2. P. 127-139.

As can be seen from Figs 2a and 2b, for the case of
large Tmax, the dependences t,(n) calculated using the

formula (11) are much higher than t (n) . Therefore,
they practically (with graphic accuracy) have almost no
effect on ty (n) . At the same time, in the case when

Tmax = 0.4 ms, within the range of doping levels from 10*
to 10 cm®, the dependence t,(n) passes to the left of
the dependence constructed without taking non-radiative
quadratic recombination into account, and within the
range of doping levels from 10 to 10" cm™, the

dependence t,(n) has a rather strong influence on the
dependence Ty (N) .
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Fig. 4. Dependences of the effective bulk lifetime t' (n) on

the doping level on the excess electron-hole pairs concentration
in n- and p-type silicon. Points — experimental data, lines —
theoretical calculation. Curves 1, 2, 3 are plotted with account
of exciton non-radiative recombination, curves 1', 2, 3' —
without it. Curve 4 describes the dependence tsgy(An) for the
cobalt level. The used parameters: Tsgu(ANn), ms: 40 (1), 5 (2),
30 (3); n,=8.2-10"° cm™.

In Fig. 3, the experimental dependences Tty (n)

obtained in the work by Hecker and Hangleiter [19] are
built. Their comparison with the theoretical dependences

T () with and without account of the non-radiative

recombination channel gives a small difference for the
case of n-type semiconductor and a much larger one for
p-type semiconductor. The reason is that the value Tsry
for n-type semiconductor is 30 ms, and for p-type one —
1.2 ms. In this case, the value n, was also found using
regression analysis (the method of least squares) and
turned out to be equal to 8.2-10™ cm™.

Finally, in Fig. 4 the dependences ti (An) are

plotted. Experimental points were taken from the works
[8, 13]. As before, the difference between the depen-

dences T, (An) constructed with and without taking into

account non-radiative quadratic recombination is small,
when tsgy is equal to 30 or 43 ms, and much larger when
Tsry = 5.2 mS. The value n, equaled to 8.2-10% cm 2 was
found from the experiment by means of regression
analysis.

In this case, the experimental curves for p-type
semiconductor (Fig. 4b) cannot be agreed with the theory
without account of the dependence tsry(n). TO agree the
theory with the experiment, we assumed that in the case
of p-type semiconductor, the dependence tsgrn(N) is
defined by the cobalt level with the energy 0.38 eV with
Tpo and T equal to 3- 102 and 2.2-10"s, respectively. At
the same time, it was possible to agree well the theory
with the experimental data, both with and without
account of the additional channel for quadratic
recombination.

Thus, as can be seen from Figs 2 to 4, the influence
of quadratic non-radiative recombination on the

dependences ti (n) or tY (An) is weaker, the larger the

value tsgy. With graphical accuracy, it can be neglected
when tsgy =40 ms. It should be noted that in modern
high-efficiency silicon solar cells typical Shockley—
Reed—Hall lifetimes are of the order of 10 ms.

In this case, the error in determining the effective

bulk lifetime Ty (n) in the area of maximum power

selection in AM1.5 conditions equals from 20 to 30%.
This is a rather significant error, and therefore it is
incorrect to neglect the consideration of the quadratic
non-radiative recombination channel when modeling the
parameters of high-efficient silicon solar cells.

As can be seen from the above figures, as the
Shockley—Reed—Hall lifetime decreases to values of the
millisecond order and less, the influence of the quadratic
non-radiative ~ recombination  channel  increases
significantly. This is evidenced, in particular, by the
results shown in Fig. 2a for the case when tsgy = 0.4 ms.
In this case, there is a sufficiently long region described
by the dependence (10), which does not fit into the
theory that takes into account only radiative
recombination and interband Auger recombination.
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Therefore, a physical explanation of dependences Ty (n)

should be sought.

This explanation was proposed simultaneously in
the work [20]. Therefore, let’s proceed to a brief
summary of its results.

4.2. Exciton non-radiative recombination in silicon

In the work [20], it was taken into account that when
silicon is illuminated with light of sufficient intensity, in
addition to excess electron-hole pairs An, excitons with
the concentration n. appear, i.e., there are two
subsystems — electron-hole and exciton. It is significant
that excitons recombine through the exciton channel,
both radiatively and non-radiatively. Although their
concentration is low as compared to the value An, the
value of the non-radiative lifetime of excitons t,, related
to the Auger recombination of excitons on deep
impurities can be sufficiently smaller than the Shockley—
Reed—Hall lifetime tsgy in a number of cases.

It leads to the fact that excess electron-hole pairs
bind into excitons and recombine through the channel of
Auger recombination, which occurs with participation of
deep levels. This process was considered at the same
time by Hangleiter [15], and he showed that both in the
recombination of excitons by the Auger mechanism and
in the Shockley—Reed—-Hall recombination, the same
deep level can participate in them. In the work [20], a
phenomenological theory was proposed, it related t,, and
Tsry between themselves. It was based on these positions.
First, it was believed that the non-equilibrium
concentrations of electron-hole pairs and excitons in
silicon are related by the following equation

(ng + An)An

*

n

(14)

ex !

where n*= %-exp -2

ol -
effective densities of states in the conduction, valence,
and exciton band, respectively, and E, is the binding
energy of the exciton ground state in silicon. The
calculation of n* for silicon parameters at T = 300 K
far from the Mott excitonic transition gave the result
810 cm®,

The second position is related to the fact (see [15])
that in exciton, electron and hole are spatially correlated.
It leads to a significant increase in the probability of
Auger recombination, in particular, with participation of
impurity centers. The degree of spatial correlation of
electron and hole in exciton can be estimated, if we enter
the value of the characteristic concentration of electron-

j , Ne, Ny and Ny are the

hole pairs in exciton, n., which is equal to l/[(4/3)na§] ,
where ag is the Bohr radius of exciton. Substituting
the ag value for silicon equal to 4.2 nm, we get
n.~ 3.3-10" cm™. This value is sufficiently large for
Auger recombination to occur.

Let’s accept that

i: n.GN;,

an

(15)

where G is the parameter of Auger recombination with
participation of an impurity, and N, is the concentration
of the impurity level.

Let us compare the recombination fluxes related to
recombination of electron-hole pairs in accord with the
Shockley—Reed-Hall ~ mechanism  (An/tzy)  and
recombination of excitons (ne/t,). Summarizing them

and assuming that tggy ~(C,N, )™, taking into account

the relations (14) and (15), we obtain the following
expression for the recombination flux Rs involving the
Shockley—Reed—Hall recombination and non-radiative
exciton recombination

[1
where n, = n*Ct/nLG .

Estimates made in [20] for the case when the deep
level is the gold one give a value that is not significantly
different from 8.2:10% ecm®,

Thus, the above summary of the results of the work

[20] shows that the experimental dependence Ty (n) is

An

Ny +An
+

R =
S n

(16)

TSRH X

explained, if taking into account the channel of non-
radiative exciton recombination according to the Auger
mechanism with participation of a deep impurity level.
But the main thing is that the non-radiative exciton
recombination channel in silicon with the time t,,, is more
efficient than the radiative recombination one.

T

10°4

radiative

104

nonradiative

Lifetime, s

=
o
)
1

-3

1012

1(')13 1614 1615 1616 1017

Excess concentration, cm?®

Fig. 5. Theoretical dependences of lifetime of radiative recom-
bination 7, (1) and non-radiative recombination t,,, (2) on An for
SC described in [10]. The used parameters: tsgy = 15.2 ms,
base thickness — 200 pum, ny= 6.5-10* cm™, 15 = 55 ps, Sp =
0.0037 cm/s — surface recombination rate at low excitation
level, b,=0.1, b=1.8. Here, b is the coefficient in the

=
dependence EQE(k,b)z{l+(4a(k)dnr2/b)71} , where EQE —

external quantum yield, a(A) — absorption coefficient of silicon
depending on the wavelength A, n, — refractive index of silicon.
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In Fig. 5, the dependences t,(An) and t,(An) are

plotted for the parameters of the silicon SC, which
correspond to the experimental data given in [10]. As can
be seen from Fig. 5, the value t,(An) exceeds the value

T (AN) by more than five times in the whole range of

An. As the analysis of the corresponding dependences for
textured silicon SC shows, the inequality always
T, (An) > 1, (An) holds. Therefore, when considering

radiative recombination, it is logical to always take into
account non-radiative exciton recombination by the Auger
mechanism with participation of a deep impurity level.

5. Finding the experimental value for the case of
silicon

Let’s move on to the solution of the main problem set in
this work, namely, determining the experimental
dependences AEg(Angc). To obtain the experimental
dependence Voc (J;), we used the value 1 (Voc), given in
[10] in Fig. 4b. Here, I is the relative intensity of the light
flux (the ratio of the light flux to its value at AM1.5). The
indicated dependence can be replotted into the
dependence Voc (J).

To find Anec(J;), we used the results of the work
[11], in which theoretical modeling of optical and
photoelectric characteristics was performed for SC
studied in the work [10]. The calculation of the
dependence Angc(J;) was performed taking into account
the effect of band narrowing in the Schenk model.

If the band narrowing is not taken into account in
this calculation, then the obtained dependence Voc (Anoc)
turns out to be unphysical (negative, with a significant
amplitude).

Fig. 6 shows the results of calculating the
dependence AE4(Angc) by using the expression (2) and
the experimental dependence Voc (J;) from the work [10].

The doping level of the SC base in this work was
6.5-10" cm™,

AE , meV

1615

1616 10"

An, cm®
Fig. 6. Experimental (circles) and theoretical dependences
AEg(Angc) (line). The theoretical dependence has been
calculated in the Schenk model. Circles were obtained using the
experimental dependence Voc(J;) smoothed using the least-
squares method.

5o

%

O Experiment
Theory
n=1.9

107 T T T T T T T T
0.6 0.8
Vv,V

Fig. 7. Dependences of the dark current on the applied voltage
obtained in [21], n is a factor of non-ideality.

o)

1016
An, cm™

1015

Fig. 8. Experimental (points) and theoretical dependences
AEg(Angc) (line). The theoretical dependence has been
calculated in the Schenk model.

The experimental dependence was obtained for the
values An ranging from 4-10* up to 3-10" cm®. The
agreement between the experimental data and theory is
satisfactory. The maximum deviation of experimental
values from theoretical ones in the direction of larger
values is about 57%.

Next, we will use to obtain the experimental values
AE4 (Angc) of the dependence of the dark current density
of silicon SC on the applied voltage J:(V) obtained in
[21] (see Fig. 7). The doping level in this work was
10% em>.

Behavior of the dependences J¢(V) differs from that
of the dependences J, (Voc) in the first case, because of
the series resistance effects on the dark -V
characteristics.

According to [21], the value of the series resistance
in this case is 0.65 Q-cm? Having plotted the theoretical
dependence AJ =J;(V,R, =0)-J;(V,0.65) by using
the parameters obtained in [21] and adding this value to
the experimental value J;(V), it can be assumed that the
obtained dependence is equivalent to the dependence
Ji(Voc). It was used to find AEg(Angc). The obtained
result is presented in Fig. 8.
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As can be seen from the comparison of Figs 6 and
8, in the second case the experimental dependences, with
the exception of two points, agree with Schenk’s theory
even better than in the first case.

This, in our opinion, is probably due to the fact that
thermal stabilization in the cryostat, in which the
measurements were performed, is better than thermal
stabilization using a measuring table in the case of SC
from the work [10]. It should be noted, however, that this
is primarily true at An < 10" cm®, when the influence of
series resistance on the dependence is still small, because
at higher values An the term AJ dominates.

To calculate the dependence AEg(Angc), we also
used the dependences J; (1) and Voc (1) given in [22] for
SC based on high-resistance silicon under concentrated
illumination, when the maximum illumination power
reached almost 100 W/cm? (light flux 1000* AM1.5).
The level of doping in this case was 4.43-10" cm >,
Using the parameters given in the works [22, 23], we
calculated the dependences Anoc(J;), which allowed us to
obtain the experimental dependence AEg(Angc). It is
presented in Fig. 9. As can be seen from the figure, the
obtained dependence in the region of excitation levels
from 9-10" up to 1.3-10"” ecm™® is in good agreement
with Schenk’s theoretical calculation. As for larger
values An, as it is known, in the area of lighting powers
of >100 W/cm?, mechanisms that ensure a decrease in
the growth rate of the short-circuit current begin to
operate, but they are not taken into account in the
theoretical calculation.

In general, the above results indicate that the
experimental dependences AEg(Anoc) agree with
Schenk’s theory. We also note that, unlike the
experimental dependences AEg4(ng) given in many works,
we succeeded in obtaining experimental values AE(An)
for smaller values An.

20 T T T T
18- B - Experiment |
16- —— - Theory

T T T
1x10"  1x107  1x10"

An, cm’”

6x10'°  8x10™

Fig. 9. Experimental (points) and theoretical dependences
AEg (Angc) (line). The theoretical dependence is calculated in
the Schenk model.

6. Conclusions

An approach to finding the experimental dependences of
the band-narrowing effect on the short-circuit current or
light intensity from the intrinsic absorption band in solar
cells based on monocrystalline silicon has been proposed.
From the solution of the generation-recombination
balance equation, the dependence of the short-circuit
current density on the excess concentration of electron-
hole pairs in the open-circuit mode J; (Anoc) has been
obtained.

It enabled to obtain an experimental dependence
AE4 (Angg), i.e., the dependence of the value of band-
narrowing on the excitation level. The obtained
experimental values AE, lie within the range between 2
and 14 meV, which corresponds to the excitation levels
from 10" up to 10" cm™. The obtained experimental
values agree with Schenk’s theory. These values are
significantly smaller than in the case of experimental
dependences of the value AE4 on the doping level.

The paper also presents results that confirm the
legality of using in calculations of effective lifetime for
non-equilibrium charge carriers in silicon these
components of recombination for recombination current
as recombination in the space charge region and non-
radiative exciton recombination at a deep volume level
with participation of the Auger mechanism (t,).

Comparison of theoretical dependences rt,, (An)

T, (An) that
recombination lifetime t,(An) within the whole range of

and shows the value of radiative

An is approximately five times greater than that of non-
radiative exciton recombination T, (An) , that is, the

intensity of recombination along the exciton channel is
five times higher than that of radiative recombination.

As these calculations show, the relation
1, (An) > 1, (An) is typical for the case of textured

silicon solar cells. It provides an additional basis for
using the component of the recombination current
Tor (AN) in the theoretical modeling of the characteristics

of silicon solar cells.

A comparison of the experimental dependences
AE4(Angc) obtained in the work with Schenk’s theory
has been performed. It has been shown that there is a
correlation between them, and in some cases — good
agreement. To finally solve the question of the degree of
agreement between the indicated values, more accurate
measurements of the initial experimental dependences
with sufficiently good thermal stabilization of the SC
samples are needed.
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3BY’KEHHS 30H Y BUCOKOe()eKTHBHUX KPEMHIEBHX COHSYHMX eJleMeHTaX

A.B. Cauenko, B.Il. KoctuanoB, B.M. Baacwok, 1.O. CokosoBcskmii, M. €BcrirneeB, b.®. JIBepHikoB,
P.M. Kopkiuko, B.B. YepHeHnko

AHoTaujis. 3anponoHOBaHO BUPA3 [/ 3HAXOJKEHHS 3alIeKHOCTI BEJIMYMHH 3BY)KEHHs 30H y KpeMHii AEg Bix piBHA
OCBITJICHOCTiI 31 CMYTH BIACHOTO IOTNMHHAHHA | (UM CTpyMy KOpPOTKOTO 3aMHUKaHHs). 3alpONOHOBAHWH BHUpa3
3aCTOCOBAHO I 3HAXOJPKEHHS EKCIEpHMEHTAlbHUX 3HaueHb BeNMUMHM AE; y BHCOKOE(EKTHBHHMX KpeMHi€BHX
COHSYHHX eneMeHTax. 3anexHicts AEg(l) um 3anexnicts AEg(J)), oe J; — rycTHHa CTpyMy KOPOTKOTO 3aMHKAaHHS,
nepebynoBaHi B 3anexHicTh AEg (ANgc), 1€ ANgc — piBeHb 30yIXKEHHS B YMOBaxX po3iMKHeHoOro kona. st nporo Gyi1o
PO3B’sA3aHO pIBHAHHS OanaHCy reHepamnii-peKoMOiHaIil 3 ypaxyBaHHAM IIECTH MEXaHI3MiB peKoMOiHaIli B KpeMHil, 110
BKITIOYar0Th pekomoOiHarito Illokmi—Pima—Xomma, BUNpOMiHIOBAIEHY peKOMOiHaIi0, MK30HHY pekoMmoOiHarmito Oxe,
MIOBEPXHEBY pEeKOMOiHaIil0, OC3BUIPOMIHIOBAJbHY CKCHUTOHHY pEKOMOIHAIlif0 Ta peKoMOiHamito B o0jacTi
MIPOCTOPOBOTO 3apsmy. J[Ba octaHHI pekoMOiHamiiHI JOJAaHKA B poOOTax IO IOCTIKCHHIO KIIOYOBUX IMapaMeTpiB
KPEMHIEBHX COHSYHHUX €JIEMEHTIB Ta B MMPOrpaMax Mo CUMYJIALI] XapaKTePHCTHUK LIMX COHSYHHX CIEMEHTIB 10 IOT0O
4yacy He BpaxoByBalIuCh. ToMy B poOOTi BUKOHAHO iX KOPEKTHE BH3HAYEHHS, IPOBEICHO MOPIBHSIHHS 1X BHECKY 3
BHECKOM IHIIUX PEKOMOIHAIIMHUX MEXaHI3MIB Ta MMOKa3aHo, 1[0 OMHCAHHS XapaKTePUCTUK Ta KIIIOYOBHUX MapaMeTpiB
kpemHieBux CE 06e3 X BpaxyBaHHsS € HEIOCTaTHHO KOPEKTHHM. BHKOHaHO NOpIBHSHHS OTPHUMaHHUX y poOOTI
eKCIIepUMEHTANBHEX 3alekHocTelt AEg(Angc) 3 Tteopieto Illenka. Iloka3aHo, mo MiX HHMH iCHye HeENOTaHe
Y3TODKEHHSI.
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