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Abstract. The recombination rate in the space charge region (SCR) of a silicon-based 

barrier structure with a long Shockley–Reed–Hall lifetime is calculated theoretically by 

taking into account the concentration gradient of excess electron-hole pairs in the base 

region. Effects of the SCR lifetime and applied voltage on the structure ideality factor have 

been analyzed. The ideality factor is significantly reduced by the concentration gradient of 

electron-hole pairs. This mechanism provides an increase of the effective lifetime compared 

to the case when it is insignificant, which is realized at sufficiently low pair concentrations. 

The theoretical results have been shown to be in agreement with experimental data. A 

method of finding the experimental recombination rate in SCR in highly efficient silicon 

solar cells (SCs) has been proposed and implemented. It has been shown that at the high 

excess carrier concentration exceeding 10
15

 cm
–3

 the contribution to the SCR recombination 

velocity from the initial region of SCR that became neutral is significant. From a 

comparison of theory with experiment, the SCR lifetime and the ratio of the hole to the 

electron capture cross sections are determined for a number of silicon SCs. The effect of 

SCR recombination on the key characteristics of highly efficient silicon SCs, such as 

photoconversion efficiency and open-circuit voltage, has been evaluated. It has been shown 

that they depend not only on the charge carrier lifetime in SCR, but also on the ratio of hole 

to electron capture cross sections σp /σn. When σp /σn < 1, this effect is significantly 

strengthened, while in the opposite case σp /σn > 1 it is weakened. It has been ascertained 

that in a number of highly efficient silicon SCs, the distribution of the inverse lifetime in 

SCR is described by the Gaussian one. The effect described in the paper is also significant 

for silicon diodes with a thin base, p-i-n structures, and for silicon transistors with p-n 

junctions. In Appendix 2, the need to take into account the lifetime of non-radiative 

excitonic Auger recombination with participation of deep impurities in silicon is analyzed 

in detail. It has been shown, in particular, that considering it enables to reconcile the 

theoretical and experimental dependences for the effective lifetime in the silicon bulk. 
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1. Introduction 

More than 60 years have passed since the publication of 

the classic study [1] of the recombination rate in the  

p-n junction space charge region (SCR). After this 

publication, physicists actively published works in which 

various aspects of this problem were considered [2–7]. 

But even in the 21st century, this subject has not yet been 

fully exhausted (see, for example, Ref. [8]). 

An approximate analysis of the generation-

recombination processes in the depletion layer is given in 

the monograph [9]. It is based on the assumption that the  

 

quasi-Fermi levels of both charge carrier types are 

constant in SCR. Examination of the expression for the 

Shockley–Reed–Hall (SRH) recombination rate shows 

that the maximum value of the recombination rate 

corresponds to the position where the intrinsic Fermi 

energy, EFi, is equally distant from the quasi-Fermi levels 

of electrons and holes. On both sides of the maximum, 

the recombination rate decreases exponentially with  

the characteristic length kT/qE, where E is the electric 

field strength in SCR, q is the elementary charge,  

k is Boltzmann’s constant, T is absolute temperature,  

and kT is the thermal energy. The effective thickness  
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of the recombination region can be represented as 

 VVqwkTqEkT dd 2 , where wd is the depletion 

region thickness, Vd is the built-in voltage and V is the 

applied voltage. From this analysis, the authors [9] 

conclude that for a spatially homogeneous distribution of 

recombination centers, the diode ideality factor n is 

always less than two.  

In the work [1] this issue was analyzed more 

thoroughly for a symmetrical p-n junction. It was 

established that the diode ideality factor is a function of 

the recombination center energy Et, the temperature T, 

and the applied voltage V, and its maximum value is 

equal to 1.8 when Et ≈ Ei. 

Choo [4] improved the theory [1] for the case of 

asymmetric junctions, in which the lifetimes of electrons 

n0 and holes p0 can vary in a wider range. As compared 

to the classical theory [1], the analysis performed in [4] 

gives smaller generation-recombination currents, which 

reach saturation at the high forward bias. The values of 

ideality factor can be both smaller and larger than 2. 

In [10], a more complex and more accurate model 

was developed as compared to the Sah–Noise–Shockley 

(SNS) model [1]. It differs from the SNS model in two 

aspects. First, the potential ψ(x) is found from the 

Poisson equation. Second, the depletion approximation is 

not used to determine the thickness wd of SCR; rather, the 

integration limits were defined from the condition 

  0 dxxd . 

In [11], an analytical method for calculating the 

recombination current in the depletion region of a 

forward-biased diode with an abrupt junction was 

proposed. The method uses the SRH recombination 

approximation through one energy level, the 

concentration of which does not vary much depending on 

the position in SCR. This model is systematically 

compared with previous models and with the results of 

numerical calculations using PC-1D software. It has been 

shown that the proposed method [11], despite its 

simplicity, gives results closer to PC-1D numeric 

simulation than previous models. In addition, it has been 

shown that the Nussbaum model [10] can be better 

agreed with the numerical results by reducing the 

integration limits by 0.3kT. 

The DESSIS semiconductor device simulation 

program was used in [12] to model the recombination 

current and determine the ideality factor. With this aim, a 

complete set of differential equations for semiconductors 

was solved without using the aforementioned 

approximations. Numerical modeling of DESSIS was 

used to determine the most accurate values of ideality 

factor and compare with them theoretical models, in 

particular [10, 11]. At the same time, it was shown that 

the Nussbaum model [10] gives results sufficiently close 

to the results of numerical simulation. 

It should be noted that the ideality factor of silicon 

diodes at low applied voltages is not always related to the 

SCR recombination. Firstly, the initial region of the  

 

I–V characteristic is usually defined by the shunt 

resistance, so the ideality diode factor in the voltage 

range up to 0.3 V can significantly exceed two. Secondly, 

in silicon diodes or p-n junction barrier structures with 

sufficiently long bulk lifetimes on the order of or longer 

than 1 ms, there is another physical mechanism that 

provides an ideality factor of 2. Namely, when the excess 

concentration Δn significantly exceeds the level of 

doping, i.e. Δn >> Nd (for definitness, we will consider 

an n-type semiconductor), the activation energy becomes 

comparable to half the bandgap, Ea ≈ Eg/2, and the value 

of the ideality factor n ≈ 2. This is exemplified by the 

heterostructure from [10], in which the ideality factor has 

the value of 1.8 at the applied voltage V ranging from 0.4 

to 0.65 V. 

In this work, the physical mechanism that ensures 

reduction of the ideality factor compared to the value 

n = 2 in silicon p-n junction structures with long bulk 

lifetimes of charge carriers is discussed. It is operative at 

sufficiently high recombination rates in SCR and is 

related to the concentration gradient of excess electron-

hole pairs in the bulk of semiconductor. The condition 

for the emergence of this gradient is a large difference in 

the recombination velocities on the opposite different 

surfaces. Namely, on the surface with a p-n junction, the 

high net recombination rate is related to the SCR 

recombination, especially at low excitation levels. On the 

opposite surface that has no SCR, the total recombination 

rate is significantly lower. In its pure form, this 

mechanism manifests itself when the diffusion length 

significantly exceeds the thickness of the structure (more 

precisely, its base region) d. It is shown that this 

mechanism provides an increase in the effective lifetime 

of excess electron-hole pairs as compared to the case 

when it is insignificant, which is realized at sufficiently 

low values of Δn. A method is proposed to determine 

experimentally the recombination rate in SCR in silicon 

p
+
-n-n

+
 structures. It is shown that at high excess carrier 

concentration exceeding 10
15

 cm
–3

 the contribution to the 

SCR recombination velocity from the initial region of the 

SCR that became neutral is significant. 

The classification of the effect of SCR 

recombination on the key characteristics of highly 

efficient silicon SCs, depending on the minority charge 

carrier lifetime τR in SCR, is performed. The results of 

works [14, 15] were used, in which it was established 

that the lifetime in SCR is significantly shorter than the 

SRH lifetime in the base region and can be of the order 

of or less than one microsecond. 

A similar situation occurs during passivation of 

silicon with the SiNx layers (see, for example, [16]), when 

a significant positive static fixed charge gets built-in into 

the dielectric. Then, the conductivity inversion occurs 

near the p-type silicon surface, and the SCR 

recombination becomes significant. In the work [16], 

lifetimes of the order of one microsecond were also 

observed in SCR. 
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2. Expressions for the SCR recombination velocity in 

the presence of excess carrier concentration gradient 

in the bulk semiconductor 

We will consider the case when the SCR recombination 

is determined by a single deep impurity level, filling of 

which is described by the SRH statistics. Then, the value 

of the recombination velocity can be found by integrating 

the inverse recombination lifetime )(1 xR

  over the SCR 

thickness w: 
 

 

Here, y(x) is the electric potential in SCR divided by the 

thermal voltage kT/q, n0 and p0 are the equilibrium 

electron and hole concentrations,   0

2

0 nTnp i , ni(T) is 

the intrinsic carrier concentration, Δn is the excess carrier 

concentration and br = Cp /Cn is the ratio of the hole and 

electron capture coefficients, which are expressed in 

terms of the respective thermal velocities, Vn,p, and 

capture cross-sections, σn,p, as Cn,p = Vn,p σn,p. 

Almost all works devoted to the calculation of the 

recombination rate in the SCR analyze the case when the 

SCR recombination time τR(x) = const. Changing the 

integration variable from the coordinate x to the 

dimensionless potential y, we obtain 
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Here,   2/1

0

2

Si0D 2 nqkTL   is the Debye length, q is 

the elementary charge, y0 is the non-equilibrium non-

dimensional band bending value on the surface of the 

weakly doped region, which depends on the injection 

level Δn and is found from the integral neutrality 

condition, and yw is the non-equilibrium non-dimensional 

potential on the boundary between the SCR and the 

quasi-neutral region. 

The dependence of the non-equilibrium 

dimensionless potential y on the coordinate x is found 

from the Poisson equation: 
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The value of the non-equilibrium dimensionless 

potential y0 at x = 0 is found from the solution of the 

integral electric neutrality equation, which has the form 
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where qN is the surface charge density of acceptors in the 

p-n junction or in an anisotypic heterojunction. 
__________________________________________________________ 

 

The simplest expression for the recombination 

velocity in SCR is obtained for the case of a small 

excitation level Δn << n0, and the recombination level is 

located in the middle of the band gap. In this case, the 

integrand in the equation (2) has a symmetric bell-shaped 

character and can be integrated over y up to the 

maximum point      nnTnbny irm  0

2

0ln21 . 

Then we get 
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where k is a numerical coefficient of the order of 2. 
____________________________________________________________ 

 

The expression (6) can be used to calculate the 

value of SSC, if ym > 2. It should be noted that it does not 

apply near the point of maximum power collection of a 

silicon p-n junction SC, because in this case the criterion 

ym > 2 is not fulfilled. It breaks down especially early 

when br > 1. As for the expression (2), it allows finding 

the recombination velocity in the SCR numerically at any 

ratio Δn/n0. 

This paper considers the case when the SRH 

lifetime in silicon is greater than 1 ms. In this case, the 

diffusion length significantly exceeds the thickness of the 

SC base region, i.e. the inequality L >> d holds, where 

  2/1b

effDL  . Here, D is the diffusion coefficient of 

excess electron-hole pairs, and b

eff  is the effective 

lifetime of charge carriers in the base region. The excess 

concentration of charge carriers in the base is constant 

when the criterion Ssum << D/d is fulfilled, where Ssum is 

the total recombination rate in the SCR and on the front 

and rear surfaces of the base region of the semiconductor 

barrier structure of the thickness d. If this criterion is not 

fulfilled due to the fact that the rate of recombination on 

one of the surfaces of the base is significantly greater  
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than the rate of recombination on another surface, then 

the Δn value will depend on the x coordinate. This case is 

realized at low levels of excitation precisely due to 

recombination in SCR. 

Let us first consider the situation when the SCR 

recombination occurs on the back surface at x = d. The 

generation-recombination balance equation in this case 

has the following form: 

 
 

      ,0

0

0



















 

d

dSCb

eff

SC dnSdnSnS
x

dxxn
qJ  (7) 

where JSC is the short-circuit current density, which is 

approximately equal to photocurrent JL, JSC  JL, b

eff  is 

the effective bulk lifetime in the base, S0 is the effective 

surface recombination velocity at x = 0, Sd is the effective 

surface recombination velocity at x = d, and SSC is the 

recombination velocity in SCR on the back surface. 

In order to find the distribution of excess charge 

carriers with the coordinate x, which is perpendicular to 

the surface, we will look for a solution of the diffusion 

equation in the form: 



















L
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x
Cxn expexp)( 21  .    (8) 

To determine the coefficients C1 and C2, we will use 

the following boundary condition on the front surface: 

  210 CCxn        (9) 

and on the back surface: 

   LdLdLdLd

SC eCeC
L

D
eCeCS 2121   . (10) 

In a general case, 
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Using (9) and (11), we obtain 
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In a similar manner, we obtain a relation between 

Δn(x = d) and С1 
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In this paper, we will limit ourselves to the case 

Δn = const. This approximation is also valid when the 

rates of bulk and surface recombination are significantly 

lower than the rate of recombination in SCR, because 

their contribution can be neglected then. Taking into 

account the expressions (12) and (13) in (7), we get 

 
 0
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where the parameter bd is found from the equation: 
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and SSC(Δn) is determined by (2). 

As can be seen from (14), in this case it is possible 

to introduce an effective SCR recombination velocity  

 nSbS SCdSCd   .    (16) 

Similarly, we can consider the case when the SCR exists 

on the surface x = 0. In this case, the recombination-

generation balance equation has the form 
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d
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where the coefficient b0 is given by  
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In the same way as before, it is possible to introduce 

the effective SCR recombination velocity on the surface 

x = 0: 

 nSbS SCSC  00 .    (19) 

To demonstrate the dependence of the excess 

concentration on the x-coordinate, let us consider a 

simpler case where the recombination velocity on the 

back surface is determined by the surface recombination. 

In this case, the spatial dependence of the excess carrier 

concentration is 
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where ddseffd SbS  , and  
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 .  (20) 

Shown in Fig. 1a is the dependence of the excess 

carrier concentration in the base on the x coordinate, 

obtained from (20) by using the following parameters: 

τSRH = 10
–2

 s, d = 1.5·10
–2

 cm, L = 0.33 cm of the back 

surface. The curves are parameterized by the back 

surface recombination velocity, which for the case of 

curves 1–6, respectively, was assumed equal to 1, 10, 

10
2
, 10

3
, 10

4
, and 10

5
 cm/s. 
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Fig. 1. Excess carrier concentration as a function of coordinate 

х in the case when the surface recombination velocity on (a) the 

back surface and (b) the front surface is set to 1 (1), 10 (2), 102 

(3), 103 (4), 104 (5), and 105 cm/s (6). 
 

 

As it can be seen from Fig. 1a, the excess 

concentration of minority carriers in the base changes 

linearly with x. At Sd ≤ 10 cm/s, it changes weakly, in 

particular, for Sd = 10 cm/s, Δn decreases by one percent. 

In the case when Sd = 10
4
 cm/s, it decreases by more than 

an order of magnitude, and when Sd = 10
5
 cm/s, it varies 

by approximately two orders of magnitude. 

Fig. 1b shows the dependence Δn(x) for the case 

when the surface recombination rate S0 is high on the 

frontal surface x = 0. As can be seen from the figure, in 

this case the value of Δn(x) decreases according to a 

linear law when approaching the surface at x = 0. 

Although the dependences shown in Figs 1a and 1b are 

symmetrical, Fig. 1b is interesting in that, despite the fact 

that the light is absorbed by the semiconductor from the 

side of front surface, the concentration of excess pairs 

decreases when approaching it. This dependence is 

completely controlled by the value of the surface 

recombination velocity on this surface. 

As can be seen from the comparison of (15) and 

(18), the expressions for b0 and bd are identical. 

Therefore, their dependence on the value of τR coincide, 

as it can be seen from Fig. 2. This figure shows the 

dependence of coefficients b0 and bd on the value of τR. 

As it can be seen from the figure, these two curves 

coincide and decrease by almost an order of magnitude as 

the lifetime decreases within the specified range. Note  
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Fig. 2. The coefficients b0 (1) and bd (2) that describe a 

decrease in the effective SCR recombination velocity on the 

charge carrier lifetime in the base region. 
 

 

that the SCR recombination is active on the rear surface 

in silicon SCs based on the structures with rear 

metallization (see [17, 18]), while in the structures with a 

conventional geometry it is operative on the front surface 

(see work [13, 14]). 

The magnitude of the SCR recombination velocity 

is primarily influenced by the value of the SCR lifetime 

τR, the ratio of hole and electron capture cross sections br 

and the doping level n0. It increases with decreasing 

values of τR and br and increases with increasing n0. The 

value of SCR lifetimes τR for different rectifying 

structures varies widely, usually from 10
–4

 down to  

10
–7

 s, and is three to four orders of magnitude smaller 

than the SRH lifetime in the neutral volume. We will not 

discuss the reason for this difference now, but will accept 

it as an experimental fact [14–16]. 

Fig. 3 shows the calculated theoretical dependences 

of the recombination velocity in SCR on the excess 

concentration of electron-hole pairs Δn for SC with the 

carrier lifetime in SCR that differs by an order of 

magnitude (10
–6

 s (a) and 10
–7

 s (b)). Curves 1 and 2 

illustrate the dependence of SSC0 and SSCd on Δn, 

respectively. Curve 3 represents the dependence of 

SSC(Δn), and curve 4 in Fig. 3a is an approximation to 

SSC(Δn) in the form of Sa ~ Δn
–0.6

. 

Fig. 4 shows the ideality factor related to the SCR 

recombination 

1
)ln(
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  ,nnqSJ SCd 

     1
22

2

2

00 







 kTqV

i eTn
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vs. the SCR lifetime in silicon barrier structures. The 

parameter of the curves is br, i.e. the ratio of the hole-to-

electron capture cross sections. Fig. 4 shows that the 

value of n is always less than 2; its minimum value is 

close to 1.3. The reduction of the ideality factor begins at 

significantly longer SCR lifetimes than the reduction of 

the coefficients bd or b0. 
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Fig. 3. The effective SCR recombination velocity dependent on 
the excitation level for the SCR lifetime set to 10–6 s (a) and  

10–7 s (b). The curves 1 and 2 describe SSC0 and SSCd vs. Δn, the 

curve 3 shows SSC(Δn), and the curve 4 in panel (a) is an 

approximation of the form Sa ~ Δn–0.6. 
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Fig. 4. The ideality factor associated with the SCR recombi-

nation as a function of the lifetime of charge carriers in the 
base. The curves differ in the ratio of hole and electron capture 

cross sections: br = 0.1, 1 and 10, respectively, for blue (1), 

red (2), and crimson (3) curves. 

 

It can also be seen from Fig. 4 that the larger the 

value of the hole capture coefficient compared to the 

electron capture coefficient, the higher the values of the 

ideality factor for SCR. 

As numerical estimates show, at V = 0.1 V, for 

typical parameters of silicon barrier structures with  

long lifetimes, the value of J is about 10
–8

 A/cm
2
, while  

the current density, which is determined by the shunt 

resistance at its value of 3∙10
4
 Ohm∙cm

2
, equals  

3∙10
–6

 A/cm
2
. In order for the contribution from the SCR 

recombination current density to dominate, the value of 

the shunt resistance should be at least three orders of 

magnitude larger. Since the following theoretical 

approach will be applied to the structures mentioned 

above, and in them the shunt resistance values lie within 

the range from 10
3
 up to 10

5
 Ohm·cm

2
, this circumstance 

must be taken into account. 

We described the curves in Fig. 4 in such detail to 

show that the ideality factor due to SCR recombination in 

this case depends on several parameters and variables, in 

particular, the SCR lifetime, the ratio of the hole and 

electron capture cross sections, the excess concentration 

of electron-hole pairs, etc. Therefore, its value can be 

given only for illustrative purposes. As for the effect of 

SCR recombination on the characteristics of silicon 

structures, it should be investigated by analyzing, first of 

all, the dependence of SCR recombination velocity on 

the parameters mentioned above. 

In simulation programs of a sufficiently high level, 

the ideality factor is not used, but the problem is solved 

being based on general equations, so the question of the 

ideality factor value does not arise (see, for example, the 

program PC-1d and its subsequent versions). 

Unless stated otherwise, the following parameters 

will be used in the numerical evaluations and in the 

construction of the curves: τSRH = 10
–2

 s, d = 150 μm, 

n0 = 10
15

 cm
–3

, T = 300 K. 

At the end, we formulate the criteria for the validity 

of the results presented in the paper [1]. The first 

condition is the requirement that the thickness of the base 

region d significantly exceeds the diffusion length L. In 

this case, only one surface is involved and Δn = 

Δn(x = 0). The second condition is the requirement that 

the excess concentration of electron-hole pairs Δn be 

much lower than the equilibrium concentration of the 

majority charge carriers n0. In this case, the integral 

function in expression (1) is not significantly deformed 

due to Δn and the value of the non-ideality coefficient is 

close to 2. In most cases, the mentioned criteria are ful-

filled for barrier structures based on all semiconductors 

except modern silicon. But in Ref. [15], we considered 

the samples of silicon SCs, for which these criteria are 

fulfilled. Fig. 5 shows the ideality factor as a function of 

the applied voltage for two SCs, one with a n-type base 

and the other with a p-type base, in which the diffusion 

lengths are much shorter than the thickness of the base 

(diffusion lengths are 166 and 50 μm, respectively, and 

the base thickness equals to 380 and 350 μm). 
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Fig. 5. The ideality factor of a p-n junction diode vs. applied 
voltage in a silicon structure with short (1, 2) and long (3–5) 
diffusion length. The parameters used to build curves 1 and 2 

are as follows: d1 = 350 µm, n01 = 3·1015 cm–3, L1 = 50 µm,  
τR1 = 1.2∙10–8 s, (1), d2 = 380 µm, n02 = 3.1·1015 cm–3,  
L2 = 166 µm, τR2 = 1.2·10–6 s (2), Т = 300 K. The curves 3–5 

are built with the following parameter values d = 0.015 cm,  
L = 0.33 cm, n0 = 1015 cm–3, Т = 300 K, N = 1012 cm–2,  
τR = 5·10–7 s (3), 5·10–6 s (4) and 5·10–5 s (5), respectively. 
 
 

Fig. 5 also shows for comparison the theoretical 

curves for the ideality factor of SCR recombination on 

the applied voltage for a highly-efficient silicon SC 

sample, in which the diffusion length is an order of 

magnitude longer than the base thickness (respectively, 

1800 and 150 μm). The parameter of the curves is the br 

value. As can be seen from the given figure, in this case, 

for SCs with short diffusion lengths, there is a weak 

dependence on the applied voltage, the values of the 

ideality factor are close to 2 and do not decrease 

significantly with increasing voltage. At the same time, 

the values of the ideality factor for SCs with a large 

diffusion length behave in accord with the theory 

outlined above, increasing from small values of the order 

of 1.3 to those higher than 1.4 at V = 0.4 V. If for the 

former, the values of the ideality factor decrease by 3% 

and 5% in the specified voltage range, then for the latter, 

they increase by 8% on average. 

As compared to other semiconductors, monocrys-

talline silicon has a very long Shockley–Reed–Hall 

lifetime that can reach values around 100 ms. Although 

this material is mainly used to make solar cells, it can be 

applied for designing the diodes with a thin base and  

p-i-n structure. Therefore, the effects discussed in this 

work are also important for microelectronic devices 

based on monocrystalline silicon. 

3. Experimental determination of SSCd(Δn) in silicon 

barrier structures 

In this section, we will describe the theoretical basis of 

the method for experimentally determining the surface 

recombination velocity SSCd(Δn) as a function of the 

excess concentration and apply it in practice. For its 

implementation, it is necessary to subtract the contribu-

tion associated with all other recombination mechanisms 

from the total effective lifetime of charge carriers.  

 

The contribution from radiative recombination and 

interband Auger recombination is known and does not 

change from sample to sample, while the contribution 

from SRH recombination and from surface 

recombination must be determined using the known 

methods of their investigation, or by varying their values, 

fit experimental and theoretical dependences of JL(VOC). 

For a complete fit, it is necessary to pre-set the values of 

τR and bR, which allows to find approximately the values 

of τSRH and S. When performing this procedure, it is 

expedient to set the initial value of bR to unity. 

This was done first by using the experimental 

dependences for the short-circuit current density on the 

applied voltage JL(VOC), described in our work [18]. The 

experimental dependence of SSC(Δn) defined in this way 

is shown in Fig. 6 (symbols). 

To compare the obtained experimental dependence 

with the theory, two circumstances should be taken into 

account. First, in the cases where the value τR is small 

enough, in the region of sufficiently large values of Δn, 

in addition to SCR recombination, it is necessary to take 

into account the bulk recombination in that part of the 

SCR that has become neutral. Second, the model with 

τR = const is not realistic at medium and large excess 

concentrations. Much better is the model that describes 

the dependence of 
1R  on the x-coordinate in SCR by a 

Gaussian 
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in which xm is the position of the maximum, σ is the 

variance, τRm is the lifetime at the maximum, The SCR 

recombination velocity becomes 
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The effective thickness deff is found from 
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.   (25) 

It is the effective SCR thickness, up to which 

integration should be performed to correctly calculate 
SC

effS . The reason is that the experimental SCR lifetimes 

are lower than the SRH lifetime by a few orders of 

magnitude. Therefore, increasing the upper integration 

limit even by several times has very little effect on the 

value of obtained SCR recombination velocity. 

The next problem is finding the SCR recombination 

velocity with account of the excess concentration gradient 

Δn. Previously, we used the following expression  
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The value of SSC(Δn) in this equation is defined by 

the expression (2) and depends on the value of yl, the 

dimensionless potential at the boundary of SCR and the 

quasi-neutral region. Note that the expression (2) enables 

to find the recombination velocity only in that part of 

SCR, where the magnitude of non-dimensional potential 

is higher than or equal to unity. By contrast, the expression 

(25) gives the total recombination velocity both in that 

part of SCR, where the electrostatic potential is higher 

than or equal to unity, and in that part, where the band 

straightening took place. At sufficiently large excess 

concentrations, the second term may exceed the first one. 

With account of it, the expression (26) should be 

generalized by replacing the value of SSC(Δn) with SC

sumS . 

The parameter bd sum that describes the ratio of 

excess concentrations on the surfaces x = 0 and x = d in 

this case is defined as 




















L

d

D

L
bS

L

d
b
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SC
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sinhcosh

1
.  (27) 

The quantity SC

deffS , which takes into account the 

gradient effect including the contribution from the region 

where the bands are straightened, is now found from  

 nSbS SC

effsumd

SC

deff   .    (28) 

Comparing the values (26) and (27) with each other, 

the following differences should be noted. First, due to 

the fact that SC

deffS  is larger than SSC(Δn), when xm and σ 

are large enough, the value of bd sum should be slightly 

less than bd. However, in the case of sufficiently small xm 

and σ, the value of SC

deffS  will be decreased relatively to 

SSC(Δn), which will lead to an increase in bd sum. As these 

calculations show, the second effect dominates in silicon 

SCs described in [14, 18], i.e. the resulting value of bd sum 

increases slightly. However, this effect is relatively small 

and in the relevant range of not too large Δn it is about 

10%. 

The theoretical values obtained using Eq. (28) must 

be fitted to the experimental curves (symbols in Figs 6 

to 8). Our calculations showed that for the case of SC 

described in [18], agreement between the experimental 

SSC(Δn) data and the theoretical equation (28) is  

achieved for τRm = 8.4·10
–6

 s, br = 0.1, xm = 1.8·10
–5

 cm, 

σ = 1.5·10
–5

 cm, and deff = 8.3·10
–5

 cm (see Fig. 6). 

The curves SC

effdS  vs. Δn built in the interval from 10
8
 

to 10
17

 cm
–3

 by using Eqs (28) and (24) are represented 

by the curves 1 and 2, respectively. The curve 3 shows 

the SCR recombination velocity given by the following 

expression: 
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Fig. 6. Experimental dependence of SSC(Δn) (symbols). The 

theoretical curves 1 and 2 for the case when τRm = 8.3·10–6 s, 
br = 0.1, xm =1.8·10–5 cm, σ = 1.5·10–5 cm, deff = 8.35·10–5 cm 

are obtained using the data given in [18]. The curve 3 describes 

the SCR recombination velocity without account of the 

contribution of initial part in the SCR that has become neutral. 

 

 

which does not account for the contribution of that initial 

part of the SCR that became neutral. As can be seen from 

the comparison of curves 2 and 3, at Δn > 10
14

 cm
–3

 the 

curves diverge, and at Δn = 10
16

 cm
–3

 the value of SC

effS  is 

equal to 3.9 cm/s, while the value of SC

wS  is 1.14 cm/s. 

I.e., their difference describes the contribution of this 

SCR part, that has become neutral, and is equal to 

2.76 cm/s. At Δn ≥ 10
15

 cm
–3

, the function )( nS SC

eff   

tends to saturate, while )( nS SC

w   continues to decrease 

with a slope close to 0.5. 
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Fig. 7. The SCR recombination velocity SSC(Δn) obtained using 

the experimental data of [14]. Symbols indicate the 

experimental data. The curves 1 and 2 are, respectively, the 

theoretical 
SC

effS  and 
SC

deffS  plots. The curve 3 represents SCR 

recombination velocity obtained without account of the part of 

SCR that has become neutral. The theoretical curves are 

obtained with the following parameter values: τRm = 2.5·10–7 s, 

br = 50, xm = 3·10–5 cm, σ = 5·10–5 cm, deff = 2.47·10–4 cm. 
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Fig. 7 shows the experimental (symbols) and 

theoretical (curves) results for the SCR recombination 

velocity, obtained for the materials described in [14]. The 

curves 1 and 2 are obtained using Eqs (28) and (24), 

respectively. Agreement between experiment and  

theory was achieved using the following parameters: 

τRm = 2.5·10
–7

 s, br = 50, xm = 3·10
–5

 cm, σ = 5·10
–5

 cm, 

deff = 2.47·10
–4

 cm. The curves 2 and 3 exhibit similar 

trends as in the case analyzed in Fig. 6. 

Finally, let us use the procedure described above to 

find the experimental value of SSC and its dependence on 

the excess concentration of charge carriers for the SC 

with record photoconversion efficiency described in the 

work of Yoshikawa et al. [19]. In our work [27], we have 

already theoretically modeled the key characteristics of 

this SC, with account of recombination in SCR. In order 

to perform the procedure described above for finding the 

experimental value of the recombination rate in SCR, we 

used Fig. 4b from [19] and the following parameters 

obtained by fitting the theoretical dependence (23)  

in [27]: τRm = 1.4·10
–5

 s, br = 0.1, xm = 2.5·10
–5

 cm,  

σ = 4.5·10
–6

 cm, deff = 4.18·10
–5

 cm. 

The curves 2 and 3 behave similar to the case from 

Fig. 6. Fig. 8 shows the experimental and theoretical 

relations obtained using formulas (28) and (24), curves  

1 and 2, respectively. As can be seen from the figure,  

at Δn > 10
14

 cm
–3

, the experimental and theoretical 

dependences of SSC calculated in different 

approximations, completely coincide. This is due to the 

large values of τRm in this case and the lower-bounded 

experimental value Δn of the order of 10
14

 cm
–3

, which 

was realized in [19]. 

The general conclusion that can be drawn analyzing 

Figs 6–8 is that within the excess concentration range 

Δn > 10
14

 cm
–3

, the contribution of bulk recombination in 

that part of SCR, which has become neutral, exceeds the  
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Fig. 8. Symbols: experimental SCR recombination velocity 
Sexp(Δn). The theoretical curves 1 and 2 have been obtained 

using the data given in the work [17] based on the formulas 

(28) and (24) with τRm = 1.4·10–5 s, br = 0.1, xm = 2.5·10–5 cm, 

σ = 4.5·10–6 cm, deff = 4.18·10–5 cm. The curve 3 describes the 
SCR recombination velocity without accounting for that initial 

part of the SCR that has become neutral. 

 

contribution of recombination in SCR itself and must be 

taken into account in the calculations of SC

effS . The 

obtained results also indicate that the Gaussian 

distribution of the inverse SCR lifetime satisfactorily 

describes the experimental distribution of deep levels in 

the SCR of these SCs, as evidenced by the good agree-

ment between theoretical curves and experimental data. 

It should be noted that despite the fact that the value 

of the effective recombination velocity in the SCR in this 

case is small, due to its very slow decline in the vicinity 

of the maximal photoconversion efficiency, it can play a 

significant role along with other recombination processes 

and affect the value of the photoconversion efficiency. 

This will be discussed in more detail in the next section. 

4. The effect of Δn(x) dependences associated with a 

high SCR recombination velocity on the effective 

lifetime of excess charge carriers in the base of the 

barrier structure 

The effective lifetime of excess charge carriers is an 

important characteristic of the quality of silicon barrier 

structures and its research has been quite intensive 

among scientists who are engaged in the development of 

silicon SCs and are looking for ways to increase their 

efficiency. There are several approaches to its determi-

nation, and one of them, as shown in a number of works, 

consists in studying the dependence of the short-circuit 

current on the open-circuit voltage [18, 19]. From the 

physical viewpoint, the study of JL(VOC) dependences is 

similar to the study of dark I–V curves and provides 

information about the SCR recombination. Their only dif-

ference is that JL(VOC) curves, in contrast to dark I–V 

curves, do not contain information about series resistance. 

Unfortunately, today there are few works, with the 

exception of [18, 20], in which studies of JL(VOC) 

dependences were performed in a wide range of 

illumination intensities, starting from values when VOC is 

low. In the work of Cuevas and Kerr [20], the 

interpretation of the obtained results was carried out 

using a simplified approach based on the use of two-

exponential I–V curves, one of them was considered to be 

the contribution from SCR recombination with an 

assumed ideality factor of 2. In our work [18], the 

interpretation of the results of the study of the SunPower 

SCs with reverse metallization was performed in a more 

general form. In [19], these dependences, or rather, the 

dependences of illumination on the open-circuit voltage, 

were measured starting from VOC values equal to 0.53 V. 

The short-circuit current of some SC with a unit 

area can be written as [18] 
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Here, ni0 is the intrinsic concentration in the absence of 

the bandgap narrowing effect, and ΔEg is its value [21]. 

The dependence of the dark current on the applied 

voltage is similar to the expression (30): 
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 .   (32) 

The only difference between these two expressions 

is that ID(V) depends on the series resistance RS. It 

follows from (32) that 
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For further calculations, we will need a theoretical 

expression for the effective lifetime in silicon τeff(Δn). 

The net lifetime is formed by intrinsic and extrinsic 

recombination mechanisms, 

111   extrintreff  ,     (34) 

where the intrinsic lifetime τintr is formed by the radiative 

and Auger band-to-band recombination (see [19, 22–

25]), and the extrinsic lifetime τextr is formed, by SRH 

recombination, the non-radiative exciton Auger 

recombination assisted by deep impurities, surface 

recombination, and SCR recombination. Denoting the 

lifetimes associated with these processes, respectively, as 

SRH , b

eff , s

eff , and scr , we can write 

       1111
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s

eff

b

effextr .  (35) 

The effective bulk lifetime of charge carriers in the 

base region v

eff , discussed earlier, is defined as 
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The value of SRH lifetime depending on the doping 

level and the excitation level in a n-type semiconductor is 

described by the expression 
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where   1

0


 tppp NV ,   1

0


 tnnn NV , Vp and Vn are 

the mean thermal velocities of holes and electrons, σp and 

σn are their capture cross sections by the recombination 

centers of concentration Nt, and n1, p1 are the electron 

and hole concentrations when the Fermi energy coincides 

with the energy of the recombination center. Depending 

on the excess concentration of electron-hole pairs, the 

lifetime τSRH changes between the low-injection and 

high-injection extreme values. 

The non-radiative exciton Auger recombination 

lifetime [26] is 
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Fig. 9. The dark current density vs. applied voltage and the 

short-circuit current density vs. the open-circuit voltage, as 

obtained in [14]. The symbols indicate the experimental data, 

the lines represent the theoretical curves. 
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where nx = 8.2·10
15

 cm
–3

. In the appendix, the history of 

the appearance of this lifetime is considered in detail, the 

necessity of its use is substantiated, its place among other 

times is established, and its manifestation in silicon 

barrier structures with long lifetimes is illustrated on a 

concrete example. 

For the Auger interband recombination lifetime, we 

used the empirical expression given in [23]. 

The surface recombination lifetime is 

s

s

eff Sd ,     (39) 

where Ss is the total recombination velocity on the front 

and back surfaces. 

Next, we specify the dependence of the surface 

recombination velocity on the level of excitation and on 

the level of doping. We will assume that the value is 

defined by the expression 

rm
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where S0s is the total value of surface recombination 

velocity on the front and back surfaces at a low level of 

excitation, np is the initial value of the doping level, 

m ≈ 1, and the value of r for most silicon samples is also 

equal to unity. The lifetime due to recombination in SCR 

is defined as 

1











d

SSCd
SCR .     (41) 

Now we will return to the interpretation of the 

results of the JL(VOC) measurements, taking into account 

the results of the first section in this paper, i.e., using the  
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SSCd(Δn) dependences. Fig. 9 shows the experimental 

curves JL(VOC), combined with the JD(V) curves for one 

of the SCs studied in [18]. As can be seen from the 

figure, they coincide up to VOC(V) values of 0.65 V, and 

diverge at higher values. They were calculated 

theoretically within the approach used in this work, when 

the expression (2) was used once for the dependences of 

the recombination rate in SCR, and the second time the 

expression SSCd(Δn) was applied. 

Visually, there are no differences in the JL(VOC) and 

JD(V) curves calculated in the first and second 

approximation. However, the theoretical dependences of 

τeff(Δn) obtained using the JL(VOC) curves are shown in 

Fig. 7. At the values of Δn less than 10
14

 cm
–3

, they 

differ. The smaller the value of Δn, the larger their 

difference. The obtained result is consistent with the 

theory developed in the first chapter. The τeff(Δn) values 

calculated using the SSCd(Δn) dependences are larger. 
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Fig. 10. Effective lifetime in silicon vs. the excitation level 
obtained theoretically with and without taking into account the 

change in the SCR recombination velocity in the presence of a 

concentration gradient (1 and 2) and the experimental data 

plotted when being based on the values of τR and br from [14]. 
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Fig. 11. Effective lifetime in Si SC base vs. the excitation level, 

as obtained with and without taking into account the variation 

of the SCR recombination velocity in the presence of the con-

centration gradient (1 and 2) and the respective experimental 
curve obtained using the results and the values for τR and br 

from [18]. 

 

Fig. 10 also shows the experimental τeff(Δn) curves 

obtained using the experimental values of JL(VOC). As 

can be seen from the figure, it is in good agreement with 

the theoretical dependence calculated using the SSCd(Δn) 

formula. A procedure similar to that used above was 

applied in processing the dependences of the dark current 

on the applied voltage, measured in our work [14]. 

Theoretical curves of the effective lifetimes were 

constructed with and without taking into account the 

dependences of the SCR recombination velocity SSC(Δn) 

on the calculated effect. They are shown in Fig. 11. It 

also shows the experimental dependence of τeff(Δn) using 

the experimental values of JD(V) measured in this work, 

at the voltage values lower than 0.6 V, when the dark I–V 

characteristic coincides with the JL(VOC) dependence. As 

can be seen from the figure, at Δn less than 10
15

 cm
–3

, 

which corresponds to the voltage less than 0.6 V, it is 

consistent with the theoretical dependence that takes into 

account the calculated effect, i.e. the experimental values 

of τeff(Δn) are larger. 

5. The effect of SCR recombination on the 

characteristics of highly efficient silicon solar cells 

Theoretical estimates, which are based on the assumption 

that the SCR recombination time in silicon solar cells are 

close to the SRH recombination time in the base, lead to 

the conclusion that the SCR recombination in silicon SCs 

should not affect their characteristics, unlike silicon 

diodes. This is due to the fact that the main 

characteristics of SC, such as photoconversion efficiency, 

open-circuit voltage and others, are determined by their 

operation in the region of sufficiently large characteristic 

concentrations of excess electron-hole pairs under 

conditions of maximum extracted power and under 

conditions of open circuits. In this range of excess 

concentrations of charge carriers (of the order of 10
15

 to 

10
16

 cm
–3

), according to estimates by using the above 

assumption at τR = 10
–3

 s according to expression (2), the 

value of SSC(Δn) in the order of magnitude is equal to 

0.01 cm/s, i.e., it is significantly smaller than other 

recombination components. 

However, the reality was not so optimistic. It was 

found that, as mentioned earlier, the recombination times 

in SCR were significantly shorter, of the order of 10
–4

 to 

10
–7

 s. The reasons for this are not always clear, espe-

cially in the case of HIT elements, in the manufacture of 

which high temperatures are not used. Estimation of the 

values of SSC(Δn) and SSCw(Δn) at τR = 10
–7

 s gives values 

of the order of 150 and 100 cm/s, which, as a rule, 

significantly exceeds the recombination contributions 

from other recombination mechanisms. Therefore, we 

will further calculate the effect of recombination in SCR 

on the parameters of highly efficient silicon SCs depen-

ding on the value of τR. Furthermore, as can be seen from 

Figs 6–8, in the range Δn ≥ 10
15

 cm
–3

, the contribution of 

bulk recombination in that part of SCR, which has 

become neutral, is added to the net SCR recombination 

velocity. Therefore, we will further calculate the effect  
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of recombination in SCR on the parameters of highly 

efficient silicon SCs depending on the τR value, taking 

this into account. For this, we will need the theoretical 

expressions for all recombination components in silicon 

given in the third chapter. 

Using the theoretical approach from [18], the I–V 

relation in the presence of illumination, 

 
  SH

s

eff

L
R

IRV

n

nqd
IVI







 ,   (42) 

allows one to find such fundamental characteristics of 

silicon SCs as photoconversion efficiency under AM1.5 

conditions and open-circuit voltage. We will obtain their 

dependence on the SCR recombination lifetime with the 

following parameters: τSRH = 10
–2

 s, d = 150 μm, T = 298 K, 

n0 = 10
15

 cm
–3

, RS = 0.3 Ohm·cm
2
, RSH = 3∙10

4
 Ohm·cm

2
. 

First, let’s analyze the case when the value of br ≥ 1. 

The calculation results are shown in Table. To produce 

these data, it was assumed that br = 1. The same table 

shows the values of the excess concentrations Δnm and 

ΔnOC, which are equal to the values of the excess 

concentration at the points of maximum power collection 

and in the open-circuit regime. 

As can be seen from the table, the effect of 

recombination in SCR on the photoconversion efficiency 

is greater than its effect on the open-circuit voltage. And 

this is understandable, because the excess concentration 

in open-circuit regime exceeds the concentration of 

excess charge carriers under the condition of maximum 

extracted power. At the same time, the value of the 

recombination velocity in SCR is lower and therefore its 

influence on the open-circuit voltage is less. The effect of 

SCR recombination on the photoconversion efficiency 

depending on the value of the SCR lifetime at τR = 10
–3

 s 

is absent, at τR = 10
–4

 s it is weak, at τR = 10
–5

 s it is 

moderate, at τR = 10
–6

 s it is strong, and at τR = 10
–7

 s it is 

extremely high. 

It should be also noted that Δnm in this case is 

significantly decreased, which correlates with a decrease 

in the photoconversion efficiency due to an additional 

increase in the SCR recombination velocity. 

In all the cases, except when τR = 10
–7

 s, in the 

maximum power regime, the gradient effects considered 

in this paper are insignificant. In the case when τR =  

10
–7

 s and Δnm = 4.7∙10
13

 cm
–3

, the value of SSC is 794, 

and the value of SSCd is 480 cm/s, i.e., the gradient effect 

is already fully manifested. 
 

 

 

 

 

If we compare the values for τR obtained in Section 4 

for SCs described in [14] and [18] with the data in the 

Table, it can be seen that they correspond to a strong and 

moderate effect of SCR recombination on photo-

conversion efficiency. 

We will analyze the case when br < 1 by using the 

example adduced in [19]. In this work, the value of 

photoconversion efficiency of 26.6% was obtained.  

The maximum power selection point in this case was at 

Δn = 3·10
15

 cm
–3

. At this point, the SCR recombination 

velocity according to Fig. 11 is 0.8 cm/s, and the sum of 

all other velocities, as shown by the calculation using the 

parameters given in the previous section, is 2.63 cm/s. 

Thus, they are of the same order of magnitude, taking 

this into account, the rate of recombination in SCR in this 

case should affect the efficiency of photoconversion. 

Calculation of the photoconversion efficiency of this SC 

in the absence of recombination in SCR gives the value 

26.9%, which is 1% higher than the achieved value. 

Thus, in the case when the ratio br < 1, the recombination 

in SCR affects the photoconversion efficiency of highly 

efficient silicon SCs more strongly than when br ≥ 1, 

even in the case of not too small values of τR. 

The paper also contains two appendices. In the first 

appendix, some issues related to SCR recombination are 

considered in more detail. In the second appendix, a 

detailed analysis of the problem related to the need to 

take into account, among the recombination mechanisms 

in silicon, the non-radiative excitonic Auger recombina-

tion mediated by deep impurities, is performed. 

6. Conclusions 

The main result of this work is that when fitting the 

experimental results in silicon barrier structures with long 

bulk lifetimes, it is necessary to take into account that at 

sufficiently low excitation levels, high values of the 

recombination velocity in SCR lead to a spatial depen-

dence of the distribution of the excess concentration of 

electron-hole pairs in the base regions. This, in its turn, 

renormalizes the value of the SCR recombination velo-

city, leading to its decrease. With account of this effect, 

the ideality factor is no longer a constant close to 2, but 

becomes a function that depends on several parameters 

and varies within a rather broad range (from ca. 1.3 to 

1.8) depending on the value of the SCR lifetime. In this 

work, the calculations were performed under the assump-

tion that the SRH lifetimes in the base regions are  

 

Table. Key parameters of highly efficient silicon SCs for various values of SCR lifetime. 

τR, s 10
–3 

10
–4

 10
–5

 10
–6

 10
–7

 

η, % 24.0 24.0 23.5 21.6 18.6 

VOC, V 0.705 0.705 0.704 0.692 0.626 

Δnm, cm
–3 

1.74·10
15 

1.69·10
15

 1.39·10
15

 5.47·10
14

 3.02·10
13

 

ΔnOC, cm
–3

 6.86·10
15 

6.84·10
15

 6.65·10
15

 5.1·10
15

 1.13·10
15
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sufficiently large and greater than a millisecond, which 
leads to constant values of the excess concentration in 

these regions at small values of surface and SCR 
recombination velocities. 

The paper shows that the manifestation of this effect 
leads to an increase in the effective lifetime of excess 

charge carriers at low values of the excess concentration. 
Theoretical calculations were confirmed experimentally. 

A method is proposed and implemented to 

determine the SCR recombination velocity from 
experimental data on silicon barrier structures. A 
comparison with the theory was carried out, which 

showed that in the region of sufficiently low values of 
Δn, the limitation of the SCR recombination velocity is 
in agreement with the considered effect. 

It is shown that due to the decrease in the SCR 

thickness with Δn, a part of the initial SCR becomes 
quasi-neutral, and in this region bulk recombination 
occurs with the lifetime τR. Due to the small SCR 

lifetimes (≤ 1 μs) in real silicon p
+
-n-n

+
 structures, the 

value of this recombination velocity Sr can exceed the 
recombination velocity SSC in SCR, which is determined 

by the expression (2). It happens at sufficiently large 
values of Δn. Therefore, in the general case, the effective 
SCR recombination velocity is defined by their sum, i.e., 

rSC

SC

eff SSS  . 

Specific assessments of the impact of SCR recombi-
nation on the key characteristics of high-efficiency 

silicon solar cells, in particular, on the photoconversion 
efficiency and open-circuit voltage, have been made, and 
it has been shown that this effect must be taken into 
account, if the values of the lifetime in the SCR are of the 

order of less than 10
–5

 s; the lifetimes of this order of 
magnitude and even shorter are typical for silicon SCs. 

It has been shown that the cases when br ≥ 1 and 

br < 1 should be considered separately. In the latter case, 
the effect of SCR recombination on the efficiency of 
photoconversion is stronger than in the former case. 

In addition to the questions above, a detailed 

analysis of the problem related to the need to take into 
account the non-radiative exciton Auger recombination 
with the participation of deep impurities is performed in 

the appendix. First, its origin and its place alongside 
other recombination mechanisms are described 
retrospectively, and then a comparison of the theoretical 

dependences for the effective lifetime in the silicon bulk 
with the experiment is made. It confirms the importance 
of the non-radiative exciton recombination mechanism. 

In conclusion, we note that the experimental depen-

dences of the recombination rate in SCR on the excess 
concentration of electron-hole pairs are in good agree-
ment with the theoretical ones calculated under the 

assumption of a Gaussian distribution of deep recombi-
nation centers in SCR, not only for the SC considered in 
this work, but also for the SC with a p-n junction, studied 

in [36] and simulated in [37]. It is interesting that the 
minimum value of lifetimes in SCR are small (of the 
order of 10

–5
 to 10

–6
 s) occur not only in SCs with a p-n 

junction, but also in heterostructures α-Si:H/Si. 

 

 

Appendix 1 

The electroneutrality equation (5) is obtained under the 

assumption that there is no hole degeneration in the base 

region of silicon near the p
+
-contact. However, in the 

case when the surface charge concentration of acceptors 

N exceeds 10
12

 cm
–3

, holes may be degenerate in the 

near-surface part of the base region. 

Then, the electroneutrality equation must be 

formulated taking degeneracy into account 

   2/1

02/3

2/1

2

Si02








 
 wV yFN

q

kT
N ,               (1А) 

where the Fermi–Dirac function is defined by 

 









0 00

2/3

02/3
exp13

4
)(

pNy

d
yF

Vw

w
.               (2А) 

Here, NV is the effective density of states in the valence 
band, and p0 the equilibrium hole concentration in the 

bulk of base region. 
Plotted in Fig. 1A is the dependence of the non-

equilibrium dimensionless potential ys on the surface of 
the silicon base region bordering with the p

+
-contact on 

the excess concentration of electron-hole pairs Δn for the 
cases when the value of N is 10

12
 and 10

13
 cm

–3
, using 

equations (5), (1A) and (2A). As can be seen from the 

figure, the ys(Δn) curves, calculated with and without 
taking into account degeneracy at N = 10

12
 cm

–2
 (curves 

1 and 2), practically coincide, which indicates the 
absence of degeneracy. As shown by the calculation of 

the value of surface concentration inherent to holes at the 
interface with the p

+
-contact, it is about 3∙10

18
 cm

–3
, 

which is almost an order of magnitude lower than the 

value of NV, which at room temperature is 1.8∙10
19

 cm
–3

. 
In Fig. 1A, the dependences of non-equilibrium 
dimensionless potential ys(Δn) are also plotted for the 

case when the value of N is 10
13

 cm
–3

. In this case, the 
curves plotted with (curve 3) and without (curve 4) 
consideration of degeneracy differ. 

 

10
4

10
6

10
8

10
10

10
12

10
14

10
16

-40

-35

-30

-25

-20

-15

-10

-5

3

4

1,2 - N
 
=10

12
 cm

-2
 

3,4 - N
 
=10

13
 cm

-2
 

2

1

Y
, 
k
T

/q

n, cm
-3

 
 

Fig. 1А. The non-equilibrium dimensionless potential ys on the 
surface of the silicon base region vs. excess concentration of 

electron-hole pairs Δn at N = 1012 cm–3 (1, 2) and N = 1013 cm–3 

(3, 4). The curves 1 and 3 were calculated without and curves 2 

and 4 with taking degeneracy into account. 
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Fig. 2А. SCR recombination velocity vs. excess carriers 
concentration, obtained using Eqs (5) та (1А). 
 

 

However, the values of the SCR recombination 

velocities calculated using the equation (2) and their 

dependence on the excess concentration of charge 

carriers coincide both at N = 10
12

 cm
–3

 and at N = 

10
13

 cm
–3

, both with and without account of degeneracy 

(see Fig. 2A). This is related to the fact that the depletion 

layer, in which the recombination times for holes and 

electrons either coincide or differ not very much, makes 

the greatest contribution to SCR recombination. 

In a general case, to find the coefficients bwd and 

bw0, it is necessary to solve the generation-recombination 

equation, with account that the generation term of the 

equation is proportional to e
–αx

, where α is the absorption 

coefficient. When using all the equations given in the 

main text of the work, taking into account the specified 

term, we obtain the following expression for bwd(α): 
 

 

It should be noted that the quantum efficiency of the 

short-circuit current in textured silicon SCs is determined 

by an expression of the type 

 
 

 dn

b
bdq

r 





24
1

,,  ,                 (4А) 

and not by 

   ddq )(exp1,  .                (5А) 

Therefore, when obtaining the dependences of 

bwd(α) for textured silicon SCs, it is necessary to select an 

effective value of α, which allows one to achieve 

agreement with experiment based on the use of quantum 

efficiency (5А) instead of (4А) when finding the short-

circuit current in AM1.5 conditions. As the estimates  
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Fig. 3А. The dependence of bwd on τR , obtained using Eqs (3А) 

and (15). 

 
 

show, the so-obtained typical value of the absorption 

coefficient α in textured silicon SCs with an efficiency of 

the order of 20% or higher is approximately 1.1·10
4
 cm

–1
. 

Shown in Fig. 3A are the dependences of bwd (τR) for the 

cases when the value of α is close to zero (at the same 

time, the generation term in the original equation is a 

constant), when the value of α = 1.1·10
4
 cm

–1
, and 

according to formula (15) for bdw. 

As the calculations show, in the case when α ≈ 0, 

the value of bwd (τR) is larger than the value of bdw, 

obtained according to Eq. (15), but in the case when 

α = 1.1·10
4
 cm

–1
, the values of bwd (τR) and bdw match. 

The latter case practically corresponds to the surface 

generation of light in SC. 

Let us further consider the important question about 

the concentration of deep impurities responsible for SCR 

recombination in those SCs, parameters of which are 

used in Figs 6 to 8. By definition, in this case the valid  
__________________________________________________________ 

 

ratio is τR = (CpNt)
–1

. Let us rewrite it in the following 

form 

rn

R
t

bC
N

1
  

.                  (6А) 

Assume that the value of Cn is constant and equal to 

10
–9

 cm
3
/c. Then, substituting the values of τRm and br, 

for which Figs 6 to 8 were plotted, we obtain, 

respectively: Ntm1 = 1.2·10
15

 cm
–3

, Ntm2 = 8·10
13

 cm
–3

 and 

Ntm3 = 7.14·10
14

 cm
–3

. If we recalculate the obtained 

values of deep-level concentrations for the studied SCs 

by using their Gaussian distribution in SCR, we get  

N1 = 4·10
10

 cm
–2

, N2 = 7.3·10
9
 cm

–2
 and N3 = 8.1·10

9
 cm

–2
, 

respectively. Despite the fact that the maximum 

concentrations of deep levels for different SCs differ  

by more than an order of magnitude, the integral  
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concentrations differ by no more than one and a half 

times. It is also surprising that the lowest concentration 

of levels occurs in SC, where the value of τR is the 

smallest. 

Finally, we discuss the question about the criteria 

that should be used when calculating the SCR 

recombination velocity based on either the τR model or 

the model with a Gaussian distribution of centers in SCR. 

The approximation τR ≈ const can be used when the 

integrand in Eq. (1) fits completely into the Gaussian. 

This case is realized in the region of small and medium 

excitation levels, as a rule, when Δn < 10
14

 cm
–3

. If the 

integrand function in (1) goes beyond the Gaussian, then 

the general formula with the Gaussian (24) should be 

used. This case is realized at sufficiently high excitation 

levels, when Δn > 10
14

 cm
–3

. 

Appendix 2 

The recombination component associated with the non-

radiative recombination of excitons on bulk recom-

bination centers by the Auger mechanism is described  

by expression (38). Let’s go back to the history of the 

issue of this recombination. In papers [28–31], it was 

shown that in semiconductors, in particular in silicon,  

at sufficiently large values of Δn, when Δn > n0, there  

are two subsystems, electron-hole and exciton. 

Recombination, both radiative and non-radiative, occurs 

both through the electron-hole and exciton channels. 

There is interaction between these subsystems. 

In [28], it was established that depending on the 

value of the excitation level, there are cases when the 

presence of excitons can be neglected (low excitation 

level), when excitons affect the effective lifetime of 

electron-hole pairs (intermediate excitation), and when 

excitons define all characteristics (high level of 

excitation). 

Does the presence of an exciton channel affect the 

characteristics of silicon solar cells? At the excess charge 

carrier concentration of the order of 10
15

 cm
–3

, which 

correspond to the point of maximum power selection, the 

concentration of excitons, which is proportional to the 

product pn, is significantly lower than the value of Δn. It 

would seem that excitons should not make a significant 

contribution to the total recombination. But, as it was 

shown in the works of Hangleiter [32, 33], the spatial 

localization of an electron and a hole in an exciton 

significantly increases the probability of Auger 

processes, both in the form of direct band-to-band 

recombination and in the form that involves impurity 

centers. Therefore, in this case, an intermediate level of 

excitation is realized. Both the first and second cases 

were analyzed in the works [32, 33]. At the same time, it 

was ascertained that the same deep level can provide both 

recombination according to the SRH mechanism and 

Auger exciton recombination involving deep centers. In 

[34], the contribution of excitons to the band-to-band 

recombination in silicon was taken into account, whereas 

the work [26] incorporates the contribution of excitons to  

 

Auger recombination with the participation of deep 

impurities. It turned out that the effective bulk lifetime of 

charge carriers in silicon, if taking into account this 

contribution, depends on the level of doping according to  

15

0

SRH
0

102.8
1

)(







n
neff  .    (1B) 

Well before the paper [26], the work [35] was 

published, in which a similar empirical expression for the 

dependence of the effective bulk lifetime on the level of 

doping was proposed, in which the value 7.1·10
15

 cm
–3

 

appeared instead of 8.2·10
15

. In the work [35], the 

proposed expression was compared for a large number of 

samples with both electron and hole conductivity and a 

good agreement between empirical and experimental data 

was obtained. The difference between the characteristic 

concentration values has a simple explanation: In the 

work [26], the obtained dependence was isolated from 

the interband recombination, whereas in [35] it was not 

done. 

In silicon samples with long SRH lifetimes (longer 

than a millisecond), the non-radiative exciton recom-

bination mechanism with the lifetime (1A) works 

together with the SRH channel. Thus, at τSRH of the order 

of 10 ms, the time of non-radiative exciton recom-

bination significantly reduces their total value in the 

range of doping levels from 10
15

 to 10
16

 cm
–3

. In the 

samples with the doping concentration of 10
15

 cm
–3

, this 

decrease reaches 12%, and in the samples with the 

doping level of 4.9·10
15

 cm
–3

 it is 60%. 

The lifetime of non-radiative exciton recombination 

is structurally closest to the time of radiative 

recombination 

 nnBrr  0

1  ,    (2B) 

where Br is radiative recombination coefficient. 

Calculations and comparison of the lifetime of non-

radiative exciton recombination and the lifetime of 

radiative recombination in silicon show that at 

τSRH ≤ 50 ms the former time is shorter than the latter. 

Even in the record-breaking efficiency of silicon SCs, the 

value of τSRH is of the order of 10 ms. Therefore, it is 

logical, if one takes into account radiative recombination, 

another also take into account non-radiative exciton 

recombination. 

To confirm this statement, shown in Fig. 1B are the 

dependences of the effective bulk lifetime for n-Si 

samples with long SRH lifetimes on the doping level, 

taken from Richter’s work [23]. Assuming that the 

expression (1B) is valid, and that for this reason the 

experimental points within the range from 10
15

 up to 

5.3·10
15

 cm
–3

 are lower, we obtained corrected values 

that take into account only the influence of radiative 

recombination and band-to-band recombination,  

by multiplying the given values by the factor 

(1 + n0/8.2·10
15

 cm
–3

) (blue curve 2). The use of 

theoretical dependences that take into account SRH  
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Fig. 1B. Experimental effective lifetime τeff in silicon vs the 

doping level, taken from [23] (symbols), and theoretical 
dependences obtained with (1 and 2) and without (3 and 4) the 

non-radiative exciton recombination (lines). 
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Fig. 2B. Theoretical effective lifetime τeff in silicon vs the 

doping level at various SRH lifetimes τSRH = 10–1 (1), 10–2 (2), 

10–3 (3), 10–4 (4), and 10–5 s (5), obtained with account of the 
lifetime inherent to non-radiative exciton recombination (lines). 

 

 

recombination, non-radiative exciton recombination, 

radiative recombination, and band-to-band Auger 

recombination enabled to reconcile the corrected 

experiment with theory. At the same time, the 

calculation, which does not take into account the non-

radiative exciton recombination, does not agree with the 

experiment (see the red curve1). 

Fig. 2B shows the dependence of theoretical 

effective lifetime τeff in silicon on the doping level at 

various SRH lifetimes τSRH obtained with account of the 

lifetime inherent to non-radiative exciton recombination. 

The lifetime is defined by the SRH mechanism and 

the non-radiative exciton recombination time. So, for 

example, at the value of τSRH equal to 10
–5

 s, this range 

continues up to the values of n0 that exceed 10
17

 cm
–3

. 

 

It should be noted that in [30] excitonic non-

radiative recombination was actually taken into account 

by using the lifetime given in [35]. 

Thus, the excitonic nonradiative recombination 

must always be taken into account as a separate 

recombination channel. 
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Рекомбінація в області просторового заряду у високоефективних кремнієвих сонячних елементах 

А.В. Саченко, В.П. Костильов, М. Євстігнєєв 

Анотація. У роботі теоретично розраховано швидкість рекомбінації в області просторового заряду (ОПЗ)  

у кремнієвих бар’єрних структурах з великими часом життя за механізмом Шоклі–Ріда–Холла з урахуванням 

градієнта концентрації надлишкових електронно-діркових пар у базових областях при достатньо великих її 

значеннях. Проаналізовано залежності коефіцієнта неідеальності рекомбінації в ОПЗ у даному випадку від часу 

життя в ОПЗ та від прикладеної напруги. Показано, що при наявності градієнта концентрації пар величина 

коефіцієнта неідеальності рекомбінації в ОПЗ істотно зменшується. Установлено, що вказаний механізм 

забезпечує збільшення ефективного часу життя надлишкових електронно-діркових пар порівняно з випадком, 

коли він несуттєвий, що реалізується при достатньо низьких значеннях надлишкової концентрації електронно-

діркових пар. Запропоновано та реалізовано метод знаходження експериментальної величини швидкості 

рекомбінації в ОПЗ у високоефективних кремнієвих сонячних елементах з використанням припущення про 

гауссовий розподіл оберненого часу життя електронно-діркових пар в ОПЗ. Показано, що при достатньо 

великих надлишкових концентраціях електронно-діркових пар ефективна швидкість рекомбінації в ОПЗ 

складається з рекомбінації в ОПЗ та об’ємної рекомбінації в області, де відбулося спрямлення зон. Виконано 

порівняння розвинутої теорії з експериментом та показано, що між ними існує узгодження. З порівняння теорії 

з експериментом для низки кремнієвих сонячних елементів визначено час життя в ОПЗ та відношення перерізу 

захоплення дірки до перерізу захоплення електрона. Виконано конкретні оцінки впливу рекомбінації в ОПЗ на 

ключові характеристики високоефективних кремнієвих сонячних елементів, зокрема на ефективність 

фотоперетворення та напругу розімкненого кола. Показано, зокрема, що цей вплив визначається не лише 

часами життя носіїв заряду в ОПЗ, а й відношенням перерізів захоплення дірок до перерізів захоплення 

електронів σp /σn . Так, у випадку, коли σp /σn < 1, цей вплив істотно посилюється, а у випадку, коли σp /σn > 1, 

послаблюється. У Додатку 2 детально проаналізовано необхідність урахування в кремнії часу життя 

безвипромінювальної екситонної Оже рекомбінації за участю глибоких домішок. Показано, зокрема, що його 

врахування дозволяє узгодити між собою теоретичні та експериментальні залежності для ефективного часу 

життя в об’ємі кремнію. 

Ключові слова: кремнієвий сонячний елемент, швидкість рекомбінації в ОПЗ, напруга розімкненого кола, 

струм короткого замикання, ефективність фотоперетворення. 
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