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Abstract. By comparison of the experimental dependence of bulk lifetime in silicon on
the doping and excitation levels with theoretical calculations, it has been shown that a
new recombination channel becomes operative when Shockley—Read—Hall lifetime is
below 20 ms and the density of doping impurities or the excess electron-hole pair density
is of the order of 10'® cm . This recombination mechanism is related to the non-radiative
exciton Auger recombination assisted by the deep impurities in the bulk. The influence of
non-radiative exciton recombination on the photoconversion efficiency in solar cells has
been analyzed. It has been shown that the shorter the Shockley—Read—Hall lifetime, tsyg,
the stronger its effect. In particular, for tsyr = 100 ps, this recombination channel leads to
the reduction of the photoconversion efficiency by 5.5%.
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1. Introduction

In the recent few decades, the photoconversion
efficiency of silicon structures, such as p-n junction- and
heterojunction-based solar cells (SCs), has been boosted
to the value of 25% [1-3]. It was achieved using high-
quality silicon with the non-equilibrium electron-hole
pair lifetimes of the order of a few milliseconds at low
doping levels, as well as by employing various
passivation methods to obtain very low surface
recombinations velocities [4, 5]. To further increase the
photoconversion efficiency, it is necessary to optimize

several parameters of the base region, in particular, the
doping level and thickness. As pointed out in [4], at such
long bulk lifetimes, even at not very high doping and
excitation levels, ny and An, respectively, radiative and
band-to-band Auger recombination processes become
operative, which limits the effective bulk lifetime and
the output power of SC.

The questions related to the influence of radiative
and Auger recombination in silicon on the effective
lifetime have been discussed extensively in the literature,
see [5] and references therein. In spite of the fact that a
good agreement between theoretical and experimental
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findings has been achieved for doping and excitation
levels exceeding 10'° cm™, the region below 10" cm™
seems to be understood to a lesser degree (here). In
particular, Fossum [6], being based on the experimental
data from [7,8], proposed the following empirical
expression for the reduction of the effective lifetime in
silicon with doping level:

— ‘cmaX
Tejf(”)f l+(n/nx) > (D

where the electron-hole pair density, n = ny+ An, is the
sum of the equilibrium, n,, and the excess, An,
contributions, and n, = 7.1-10"> ¢cm ™ both for p- and n-
type semiconductors.

As seen from (1), the decrease of 1,4 begins at the
doping levels of the order of 10'® cm?, i.e. well before the
band-to-band Auger recombination starts to take place.

Finally, the PCID code uses an empirical

expression T,;0 = (n/n. ), which takes into account,

according to the code developers, the influence of crystal
growth on the effective lifetime in silicon. When the first
version of this code was released a few decades ago,
there apparently were reasons to relate the decrease of
1,4 With n to the technological factors at low doping,
although the fact that n, is practically the same for n- and
p-type semiconductors remained unexplained. However,
as far as more modern works are concerned, such as [5],
this explanation cannot be applied in view of the absence
of such uncontrolled technological factors, which was
possible to achieve in recent years.

As will be shown below, the region described by
the empiricial formula (1) is realized in the experimental
Tor(n) curves from [4, 7-9], although it is absent in the

analogous data from [5]. Its presence or absence is
determined by the Shockley—Read—Hall lifetime: if
Tsur > 20 ms, radiative recombinations dominates over

the quadratic non-radiative one, and the decrease of
T7(n) according to Tggy(n)n,/n is absent. In the

opposite case, quadratic non-radiative recombination
takes over, leading to the onset of a region described by
(1). We relate this region to the non-radiative impurity-
assisted Auger recombination of the excitons generated
in silicon by light. In this work, the influence of this
recombination channel on the photoconversion
efficiency of heterojunction SCs is analyzed, and the SC
design is optimized with respect to the base doping level.
It is shown that the lower tsry, the stronger the
efficiency reduction due to the non-radiative exciton
recombination.

2. Analysis of the literature data on Ty

In our analysis of the effective lifetime reported in the
literature, especially in [5], we employ the following
expression for the main quantity of interest, the effective
lifetime:

-1
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(2
where 1,, T,,, and T4, are the radiative, non-radiative,
and Auger lifetimes, respectively, with
T, = Tsrn ”7 , ©)

and the Shockley—Read—Hall lifetime in n-type silicon is
given by

'cpo(no +n +An)+ Tno(l’l +An)

) “
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where 1, =<CpNt)7l, T,0 :(CnNt)_l, C,. are the

coefficients of hole and electron capture by
recombination centers (traps) of the density N, and n;
and p, are the electron and hole densities in the case
when the recombination level coincides with the Fermi
energy.

Radiative lifetime is given by the expression
o= A, + An), %)
where the radiative recombination parameter obtained in
[10], taking into account both band-to-band and exciton
radiative recombination, varies at room temperature
from A= 6.3-10 "em’/s at n= 10"cm” to 4.63-10°
Bem/s at n= 10"cm™. For numerical estimates, we
will use the value 4= 6.3-10""° cm?/s, because at n=
10"cm” the band-to-band Auger recombination
dominates in silicon, so that the inaccuracy in 4 will
practically not affect the calculation results.

As for the band-to-band lifetime T,,q.(7), we used
the empirical expression given by Eq. (18) in [5].

Before analyzing t.4(n), we note that, depending on
the energy of the recombination center and electron and
hole capture cross section, the Shockley—Read—Hall
lifetime as a function of the electron-hole pair density
varies between two values and may increase, decrease,
or remain practically the same in a certain range of
doping and excitation levels. In what follows, we will
mainly consider the case where tsry is practically
constant in the range of interest, where the doping level
changes from 10" to 10" cm, and the excitation level
from 10" to 10'° cm .

Presented in Figs. la and 1b are the experimental
T(n) curves for n- and p-type semiconductors,
respectively. The experimental data points are taken
from [5, 7, 11, 12], and the theoretical curves are plotted
using (2)-(5), as well as the expressions (18) and (19) for
Tauger from Ref. [5]. There are two fit parameters in the
theory: the density of the deep levels, which defines tsry
and n,. In principle, they can be found separately by
measuring T.;(n) at the doping levels below 10" cm™.
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As seen in Fig. 1a, the theoretical curves agree well with
the experimental results from [7] at n,= 8.2:10"° cm™,
found using the least squares method. As for p-type
semiconductor, Fig. 1b, the theoretical curves plotted
with and without taking the additional quadratic
recombination channel into account do not differ much
from each other.
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Fig. 1. Effective lifetime in (a) n- and (b) p-type silicon vs. the
doping level. Solid lines are obtained with and dashed lines
without taking the exciton recombination effect into account.
Symbols: experimental results from [5] (down filled triangles),
[6] and [7] (up filled triangles), [12] (up open triangles), [11]
(down open triangles). The theoretical curves were plotted with
ny= 8.2:10° cm™ for (a) try= 3 ms (red) and Tspy= 0.4 ms
(blue), and (b) tsry= 4 ms. Note that for tsgy= 3 ms, the curves
obtained with and without exciton recombination effect
practically coincide. The dotted curve was obtained from Eq. (1).

Fig. 2 shows the experimental results for T ,e.(7)
in n- and p-type silicon from [9]. The theoretical curves
T,4(n) were obtained from the reduced version of (2),
where the term t, was omitted, and Eqgs. (18) and (19)
from [9]. As seen in Fig. 2a, including the additional
recombination channel has a practical effect on the
theoretical curves for n-type silicon. At the same time,
for p-type semiconductor, the theoretical curves agree
with the experimental ones only when it is taken into

account with n, = 8.2:10" cm™.
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Fig. 2. Reduced effective bulk lifetime ‘cef; vs. the doping level
in (a) n- and (b) p-type silicon. The theoretical curves were
obtained for (a) tsgy= 10 ms and (b) tsgy = 1.2 ms with (solid
lines) and without (dashed ones) taking exciton recombination
into account. Down triangles: experimental data from [9].
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Shown in Fig. 3 is the effective lifetime vs. the
excitation level, where the experimental data points are
taken from [4, 5], and the theoretical ones were obtained
from (2)-(5) and the expressions (18) and (19) from [5]. In
the case of n-type semiconductor (Fig. 3a), the theory with
n,=8.2:10"° cm agree well with the experiment, although
the theoretical curves t.(n) for the sample with the
orientation (111) are practically the same with and without
exciton non-radiative recombination channel. On the other
hand, in the p-type case, Fig. 3b, the theory cannot fit the
experimental data, unless the dependence tsry (7) is taken
into account. To achieve agreement, we assumed that for p-
type silicon, the levels are operative, if their energy is
0.38 eV, and that 1,0 = 3.6:10%s, 1,0=2.4-10"'s.
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Fig. 3. Effective bulk lifetime vs. the excess electron-hole pair
density for (a) n- and (b) p-type silicon. The theoretical curves
were obtained with (solid lines) and without (dashed lines)
taking exciton recombination into account. The dash-dotted
curve describes tgyg (1) for the cobalt level n, = 8.2-10" cm .
Experimental points in the panel (a) are taken from Ref. [4] for
(111) (down triangles) and (100) (up triangles) orientation, and
in (b) from Ref. [5] (squares).

In order to find out the conditions, under which the
additional quadratic recombination channel has a
noticeable effect on 1.5, we need to compare it to the
radiative recombination channel’s contribution. When
these two recombination channels are of equal

. . -1
importance, we have the relation 4 = (rgRan) , from

which we can determine that value of Shockley—Read—
Hall, © gy, at which the radiative recombination starts to
dominate. For n,= 8.2:10"° cm>, this gives T ru~
20 ms. For tgry> 20 ms, radiative recombination
dominates, whereas for tgry< 20 ms, non-radiative
recombination is more important. As seen from Figs. 1
to 3, this criterion is applicable to all the cases
considered. Because the Shockley—Read—Hall lifetime in
today’s high-efficiency p-n- or heterojunction-based SCs
is of the order of a few milliseconds, quadratic non-
radiative recombination channel must be taken into
account during the analysis of photoconversion
efficiency.

Also, Figs. 1 to 3 indicate that, at tspy lower than
1 ms, the role of quadratic non-radiative recombination
becomes essential. This is seen, in particular, in Fig. la
for tgry = 0.4 ms, which exhibits quite a broad region
that cannot be described by (1) with radiative and band-
to-band Auger recombination channels only. Therefore,
we need to find the physical explanation of the
experimental t.;(n) curves described by (1). This

explanation was proposed in [13],
reviewed here.

which is briefly

3. Non-radiated exciton recombination in silicon

Sufficiently strong irradiation of silicon generates not
only electron-hole pairs of density An but also excitons
of density n,,. Although n,.<<An, the exciton non-
radiative lifetime 7t,, related to their Auger
recombination assisted by deep impurity levels can in
many cases be much shorter than the Shockley—Read—
Hall lifetime tsry. This leads to binding of excess
electron-hole pairs into excitons, which then recombine
[13, 14]. This process was first considered by Hangleiter
[14], who showed that both Auger and Shockley—Read—
Hall recombination can be mediated by the same deep
level.

In the work [13], a phenomelogical relation
between 1, and tsgy Was proposed being based on the
following two premises. First, it was assumed that the

non-equilibrium electron-hole pair density, »n, and
exciton density, n.,., are related by
ny, + An)An N.N, _
e :( 0 ) , nf=c v, EX/kT’ (6)
* /
n N,

where N,, N,, and N, are the effective densities of states
in the conduction, valence, and exciton bands, and E, =
14.7 meV is the binding energy of the exciton ground
state. For silicon parameters at 7= 300 K far away from
Mott transition, n=810"cm>.
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The second premise was related to the spatial
correlation of electron and hole in exciton [14], leading
to an essential increase of their Auger recombination
probability, in particular, on the impurities. The degree
of correlation can be characterized by the effective
density of electron-hole  pairs in  exciton,

np = ((4/3)7:0(3]'3 )_1, where ag is the exciton Bohr radius.

In silicon, ag ~ 4.2 nm, and n; = 3.3-10'® cm™. This is a
sufficiently high value for the non-radiative Auger
recombination to be operative. The inverse lifetime of
this process is taken to be

r;} =n;GN,, (7

where G is the Auger recombination parameter, and N, is
the density of deep levels.

Let us compare the recombination fluxes due to
Shockley—Read—-Hall ~and  exciton non-radiative
mechanisms, An/tgy and n,, /7, , respectively.

Approximating Tgpy = (C, N, )_1 and adding these two
recombination fluxes by using (6) and (7), we obtain:

An n,.. An ny +An
+ exc 1+ 0 ,
TsRH  Twr TsrH n

®)

X

*

where n, = n G, . (8) has the same form as (1). As for
n;,G

the difference in the expressions for n, between this

work and [6], it stems from the fact that the latter work

neglects the influence of 7. ON T (1), While here we

take it into account.

The estimates performed in [13] for the case when
the deep levels are due to Au impurities give n, not very
different from 8.2:10"° cm .

Thus, this brief overview of the main results of [13]
shows that the experimentally observed dependence
1.7 (n), see (1), can be explained by the non-radiative
exciton Auger recombination on the deep impurity
levels.

The estimate of the radiative recombination
parameter in silicon at 7= 300 K performed in [10],
namely, A= 6.3:10"°cm’/s, also took exciton
recombination into account. In that work, based on the
experimental results from [15] on the temperature
dependence of the radiative recombination parameter in
silicon, the contributions of the radiative band-to-band
and exciton recombination effects could be evaluated
separately. It was shown that at room temperature they
were comparable [10].

4. Photoconversion efficiency of high-efficiency SCs

Next, we analyze photoconversion efficiency of a SC
with the n-type base as a function of the base doping
level. In this analysis, we take into account all the
recombination mechanisms considered above. The

theoretical results for the efficiency m, open-circuit
voltage, Voc, I-V curve fill factor, FF, and some other
characteristics are compared to the experimental data.
Our analysis employs the semi-empirical model from
[16], which allows one to evaluate the performance of a
SC based on high-quality crystalline silicon. The feature
of this model is that one of the main characteristics, the
short-circuit current density, Jgc, is taken from the
experiment as an input parameter of the theory, from
which the remaining characteristics are found
theoretically. This  considerably  simplifies the
calculations, which can be used to optimize SCs
performance with respect to the base doping level, N, at
given Shockley—Read—Hall lifetime 1tsry, surface
recombination velocity on the front and the rear
surfaces, Sy and S, and series resistance Rg.

Using the approach from [16], let us write the
photoconversion efficiency of the cell characterized by

large diffusion lengths, L, =,/Dt,; >>d, and high

excess electron-hole pair density under the open-circuit
conditions, Anpc>ng. The expression for the open-
circuit voltage has the form [17]:
T, A T A
Vor ;k—lnﬂﬁ—ln[uﬂ], (9)
q Po q Iy

where T is the thermal energy, g the elementary charge,
and py =n2(T )/ n , the equilibrium hole density in the
n-type base.

At Angc>ng, the open-circuit voltage is higher
than that in the standard case Angoc < ng.

(9) is a quadratic equation for Angc, the solution of
which is

2
Anpe = _n70+\/n70+ni2 (qu"C/kT —1) )

(10)

To determine the photoconversion efficiency, we
need an expression for the current-voltage curve, which
is obtained by replacing Vyc in (10) by the applied
voltage, ¥, and including the voltage drop on the series
resistance, Ry:

Anpe = —”—20+\/ﬁ+ n? (a0 =scRs AT _y) (11)
where J is the current density, and Agc — SC area.

The short-circuit current density, Jsc, is related to
the excess carrier density in the open-circuit regime,
Angc, by the generation-recombination balance equation.
For Lyy>> d, it has the form

s :q(L+SJAnOC, (12)

Teyr

where S= S,+S; is the net surface recombination
velocity on the front and rear surfaces.

Next, we generalize (12) to the case V'< V¢, when
the current through the cell is not non-zero:
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JW)=Isc=JreeV), (13)

where the recombination current density is

J,ec(V)=q(i+S]An ). (14)
Tor

and T, should be found from (2)-(5) with An replaced by
An(V).

From the maximum-power condition,
d(VJ(V))/dv =0, we can determine V,, which
substitution into (13) allows one to find J,,. As a result,

we obtain the maximum photoconversion efficiency and
the fill factor:

n= Jme , FF = Jme
PS ‘]SCVOC

(15)

Jsc
where Py is the power density of incident radiation.

5. Analysis of the exciton non-radiative
recombination effect on the SC performance

Shown in Fig. 4 are the theoretical curves for the open-
circuit voltage Vo, fill factor FF, and photoconversion
efficiency m as a function of the n-type base doping

level. The curves were built using the formulas (12),
(10), and (15), with the parameters obtained in the works
[2, 18, 19]. The main parameters of these SCs are given
in Table I. It was assumed that the surface recombination
velocity is independent of the doping level.

In order for non-radiative exciton recombination to
have an effect on the photoconversion efficiency of
silicon SCs, two conditions must be fulfilled. First, in
order for non-radiative recombination to be of
comparable rate as the radiative one, we should have
Tsru< 20 ms, as discussed above. This condition is
fulfilled for all of the existing p-n junction- and
heterojunction-based SCs. The second condition is that
the bulk recombination should dominate over the surface
recombination. When discussing Fig. 4, we will pay
special attention to the latter condition.

As seen in Fig. 4a, the characteristic feature of the
Voc (no) plot is that, in the low-doping region at large

Tmax (s€€ (1)), the open-circuit voltage decreases with the
dopant density. However, as T is reduced, these curves
begin to grow. At the same time, FF and 1 increase with
the doping level even at the largest efficiency value of
about 25%. Non-radiative exciton recombination leads
to a decrease of V¢, FF, and 1, which depends on the
doping level, tsry, and S. As seen in Fig. 4c, at the

efficiency n, %
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Fig. 4. Open-circuit voltage, /-V curve fill factor, and photoconversion efficiency vs. the doping level obtained with (solid lines)
and without (dashed lines) taking exciton recombination into account for different values of tgyr. The symbols are the

experimental points, as indicated in Table I.

Table. Parameters from Refs. [2, 18, 19] and obtained using Egs. (9)-(15).

Ny, d, Tinaxs J, Voc, FF, n, Asc,
Ref. cm™ pm ms mA/cm? mV % % S, em/s cm? Rs, Ohm
2] 4.9-10" 98 3.8 39.5 750 83.2 24.7 1.5 100 0.0027
[18] | 1.6:10" | 300 | 2.5 36 704 76.6 19.4 12 4 0.25
[19] | 3.1-10"” | 380 | 0.7 30.6 631 82.5 16.0 220 2 0.03
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minimal surface recombination velocities and Tgry~
4 ms, the difference between the theoretical efficiency
with and without exciton recombination taken into
account for the upper two curves is slightly reduced with
increasing 7y and is only 1.5%. For §= 12 cm/s and
Tsry~ 2.5ms (see these two middle curves), the
difference increases from less than 1% at Ny~ 10" cm™
to 2% at the doping level corresponding to the maximal
efficiency, i.e., ny= 2:10"cm™. Finally, at S = 220 cm/s
and tsrp ~ 0.4 ms (the lowest two curves), the difference
between the theoretical efficiencies obtained with and
without exciton recombination increases from less than
1% at N, 10°cm” to 2% at Ny;= 610°cm’
corresponding to the highest efficiency.

According to the parameters from Table I, for these
two upper curves, the bulk recombination velocity V, =
d/tyris 2.6 cm/s at low doping levels, and the surface
recombination velocity is 1.5 cm/s, i.e., the second
condition for the non-radiative exciton recombination to
manifest itself is fulfilled. This is not the case for the
other two pairs of curves, for which V,= S= 12 cm/s
(middle curve) and V= 54 cm/s, §= 220 cm/s (lower
curve), for which surface recombination dominates.

Thus, for the parameters from Table I, the largest
effect of exciton recombination on the main SC
characteristics is about 2%.

Fig. 5 shows the photoconversion efficiency on the
Shockley—Read—Hall lifetime dependence, plotted for
the parameters from the third raw of TableI for ny=
2:10"cm. In this case, the efficiency is maximal or
close to its maximum. For these three pairs of curves, we
took S= 1.5cm/s (two upper curves), S= 12 cm/s
(middle curves), and §= 220 cm/s (lower curves). As
seen from the figure, the smaller tsry, the larger the
efficiency decrease due to the non-radiative exciton
recombination. The largest difference between the
curves obtained with and without its effect taken into
account is observed at the smallest Shockley—Read—Hall
lifetime tgry = 100 ps and is about 5.5%.

We note that upon further decrease of the
Shockley—Read—-Hall lifetime from 100 to 1 ps, exciton
recombination leads to the reduction of photoconversion
efficiency, which is the stronger the smaller tspy. For
instance, at Tsgy = 1 ps, this reduction reaches ~25% for
n-type base and =45% for p-type base.

In the work [20], the influence of various excitonic
effects on the photoconversion in silicon structures with
p-n junctions, including the non-radiative recombination,
was analyzed. However, in determination of n,, when

comparing the theoretical and experimental r;flf (”0)

curves, the radiative recombination rate was
underestimated, and band-to-band Auger recombination
was not taken into account. This resulted in an
overestimation of n, that was found to be 3.7-10"° cm™.
In the work [19], T4, Was evaluated using the
empirical formulas from [13] and [21] as well as the
experimental dependence of the Auger recombination
lifetime on the doping level n,, which were different

from those in [5]. Namely, within the range 10"°< n,<
10" cm, the results for Ty (10) in [5] and [16] are
quite close, but for ny> 101§cm’3 a discrepancy exists
between these two sets of data, with T, (719) decreasing
with ny, more slowly in [16] than in [5]. As a result,
calculations of the efficiency 1 vs. the doping level n,
based on Ty, (19) curve from [16] yield a maximum
efficiency at a larger value of n, with a somewhat higher
peak efficiency. However, the conclusion about the
necessity of a heavier base doping than in [2, 18, 19] to
increase the SC efficiency remains valid. Moreover, as
calculations show, the photoconversion efficiency at the
experimentally used doping levels, obtained for different
expressions of Ty,g. (1), differ by more than 2%.

As shown in [20], calculation of the open-circuit
voltage, Voc, and photogenerated voltage in the
maximum-power regime, V,,, should be done taking into
account the thermodynamic effect of the excitons
discussed in [22-24]. This effect has to do with the
reduction of the excess electron-hole pair density in the
maximal-power regime, n,,, due to the binding of some
electrons and holes into excitons, leading to the
reduction of Vyc and V,,. For the case considered here,
An,, > ny, the following relation holds:

v, zV,:—Zlen(l+n0+*An’”j+k—T1n[l+n—gj, (16)
q n q n

where V,” is the photogenerated voltage in the
maximum-power  regime  without taking the
thermodynamic effect of exciton into account.
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Fig. 5. Photoconversion efficiency vs. the Shockley—Read—Hall
lifetime for SC parameters from Ref. [19] for different values
of surface recombination velocity. Solid lines are obtained
taking into account exciton recombination, and dashed lines
are obtained without accounting for this effect.
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Estimates based on the parameter values, at which
Voc and V,, are maximized, show that the ratio of the
difference between the latter two terms in (16), which
take the exciton effect into account, to V,, does not
exceed 0.5% at np= 10" cm™, and is about 0.03% at
ng= 510" cm>. This allows us to neglect the
thermodynamic exciton effect.

We note that in [24], a recombination contribution
of the form (1) was used in the expression for the
effective lifetime in silicon, but was not connected to the
non-raditative exciton recombination.

In high-efficiency heterojunction silicon SCs,
exciton radiative recombination is negligible. According
to [9], the radiative exciton recombination parameter in
silicon is 2.6:10" cm’/s, whereas the ratio of the
radiative to non-radiative exciton recombination rates at
no= 510" cm™ and tsp~4 ms is 4:10*. Thus, out of
three exciton effects — the thermodynamic effect,
radiative and non-radiative recombination — it is the non-
radiative Auger recombination on deep impurity levels
that is the strongest.

Finally, let us sum up the criteria that allow one to
describe the influence of non-radiative exciton
recombination on the photoconversion efficiency in
silicon SCs.

6. Conclusions

As the analysis of the dependence of experimental bulk
lifetime in silicon on the doping and excitation levels has
shown, at 1Tgry<20ms, an additional recombination
channel related to non-radiative exciton recombination
starts to manifest itself. The smaller tsgy, the stronger its
contribution. The nature of the bulk lifeteme reduction in
silicon at the doping or excitation level of about 10'® cm™
was shown to be unrelated to technological factors, but is
due to the non-radiative exciton recombination on the
deep levels.

Taking this channel into account does not change
the conclusions of [16] regarding the optimization of the
doping level. As seen in Figs. 4b and 4c, the optimal
doping level related to the comparable contributions
from Shockley—Read—Hall recombination and band-to-
band Auger recombination is about 2:10'® cm™ at the
minimized surface recombination velocity S and
increases to about 10'7 cm™ with S.
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