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Abstract. Theoretical modeling of the optical and photovoltaic characteristics of highly 

efficient textured silicon solar cells (SC), including short-circuit current, open-circuit 

voltage and photoconversion efficiency, has been performed in this work. In the modeling, 

such recombination mechanisms as non-radiative exciton recombination relative to the 

Auger mechanism with the participation of a deep recombination level and recombination 

in the space charge region (SCR) was additionally taken into account. In a simple 

approximation, the external quantum efficiency of the photocurrent for the indicated SC in 

the long-wavelength absorption region has been simulated. A theory has been proposed for 

calculating the thickness dependences of short-circuit current, open-circuit voltage and 

photoconversion efficiency in them. The calculated dependences are carefully compared 

with the experimental results obtained for SC with the p
+
-i-α-Si:H/n-c-Si/i-n

+
-α-Si:H 

architecture and the photoconversion efficiency of about 23%. As a result of this 

comparison, good agreement between the theoretical and calculated dependences has been 

obtained. It has been ascertained that without taking into account recombination in SCR, a 

quantitative agreement between the experimental and theoretical light I-V characteristics 

and the dependence of the output power in the SC load on the voltage on it cannot be 

obtained. The proposed approach and the obtained results can be used to optimize the 

characteristics of textured SC based on monocrystalline silicon. 
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1. Introduction 

In the work [1], an experimental study of the thickness 

dependence of the external quantum efficiency and key 

parameters of highly efficient textured heterojunction 

solar cells (SC) with the p
+
-i-α-Si:H/n-c-Si/i-n

+
-α-Si:H 

architecture, such as short-circuit current density, open-

circuit voltage, filling factor and photoconversion effi-

ciency, has been performed. The resulting dependences 

were qualitatively explained using the ray tracing 

approach [2]. In our work [3], an approach was proposed, 

which, in principle, allows us to quantitatively agree the 

experimental dependences obtained in the work [1] with 

the theory. For this, first, it is necessary to use the empi-

rical dependence for the external quantum efficiency in the 

long-wave absorption region proposed in the work [4]. 

Second, when considering the recombination 

mechanisms in silicon, in addition to those that are 

usually considered, it is necessary to take into account 

the mechanism of non-radiative exciton recombination 

through a deep impurity center [5] and the mechanism of 

recombination in SCR [6, 7]. If the mechanism of non-

radiative exciton recombination through a deep impurity 

center [5] makes a contribution to the effective lifetime 

of SC studied in [1], which is comparable to the 

contribution of radiative recombination, then the 

recombination mechanism in SCR is much more 

significant. As shown in the work, without taking it into 

account, a quantitative agreement between experimental 

and theoretical light I–V characteristics and load 

characteristics for SC studied in [1] cannot be obtained. 
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The theory developed in [3] in a one-dimensional 
approximation makes it possible to obtain the values of 

photoconversion efficiency  and other key parameters 
of textured silicon SC, such as, in particular, short-circuit 
current ISC, open-circuit voltage VOC, and I–V filling 
factor FF. It is valid when the following criteria are met: 
1) Ld >> d, 2) SS << DA /d, where Ld is the diffusion 
length of electron-hole pairs, d – thickness of the SC 
base, SS – total rate of surface recombination on the front 
and back surfaces, DA – ambipolar diffusion coefficient. 
When implementing these criteria, you can ignore the 
spatial dependence of the concentration of excess non-

equilibrium charge carriers n(x), where x is the 
coordinate perpendicular to the semiconductor-dielectric-
metal interface. It should be noted that silicon solar cells 
with photoconversion efficiency %20  have bulk 

lifetimes in excess of 1 ms. Therefore, the criterion 
Ld >> d is well fulfilled in them. In this paper, we 
perform simulations and quantitatively describe the 
experimental results obtained in Ref. [1]. 

2. Quantum output and short-circuit current 

The external quantum output EQE(λ) enables to 

determine the short-circuit current density for incident 

radiation with the photon flux spectral density I(λ) as 

  )()( IEQEdqJSC ,      (1) 

where q is the elementary charge. The value of EQE(λ) is 

defined by such factors as the chemical composition and 

morphology of the surface, the presence of a coating with 

transparent conductive or transparent layers or a grid for 

collecting current, the coefficient of light absorption in 

the semiconductor, and others. 

In the works [8, 9], a theoretical approach is 

proposed, which allows one to simulate the value JSC, 

having dependences for EQE(λ) and for the light 

reflection coefficient R(λ) in the device structure. In [3], 

we proposed a simplified approach that allows one to 

obtain the value JSC and its dependence on the base 

thickness d for textured SC, operating only with the 

EQE(λ) dependence. Its essence is as follows. To 

theoretically describe the behavior of EQE(λ) near the 

absorption edge, an expression of the following form is 

used 

    1
)(11,,


 dZdZq effeff ,     (2) 

where  dZq eff ,,  is the limiting value of the quantum 

efficiency in the absence of losses due to reflection, 

shading and absorption of light outside the base area of 

SC,  – wavelength of illumination, Zeff – effective light 

amplification factor in the textured SC, (λ) – light 

absorption coefficient in the SC base. 

Amplification of light in the SC base is caused by 

multiple diffuse reflections at different angles from the 

front and back surfaces into SC. 

For the case of perfectly diffuse Lambertian 

reflection, when the limiting value of the amplification  

 

factor Zm is equal to  24 rn  [10, 11], where nr() is the 

refractive index of silicon, the relationship between Zeff 

and Zm has the form 

bZZ meff  ,       (3) 

where b, a numerical coefficient, is higher than unity. 

The value b characterizes the degree of deviation of the 

value of light amplification coefficient from the ideal 

Lambertian one. 

The following procedure is proposed to find the 

dependence EQE(λ, d). It is believed that in the long-

wave absorption region (  850 nm) the value 

EQEl (λ, d) is described by the following formula 

dZ

f
dEQE

eff
l

)(11
),(


 ,     (4) 

where f is a parameter less than unity. This parameter 

takes into account photocurrent losses due to shading, 

light reflection, and light absorption outside -Si:H–c-Si. 

It is taken into account that in the range of 

  850 nm the experimental value EQEk (λ) does not 

depend on the thickness, but is defined only by the losses 

due to reflection, shading and absorption of light outside 

the base region of SC. At the point  = 850 nm, the 

values EQE are merging, which allows us to determine 

the coefficient f. For example, let’s perform the 

procedure described above for solar cells [1] with the 

thickness values 45.7, 96.6, 194, and 394 μm (see Fig. 6). 

Fig. 1 shows the experimental dependences EQE(λ) 

for these SC and the calculated dependences EQEl (λ, d) 

consistent with the experimental ones. In the particular 

case under consideration, agreement between experiment 

and theory for all SCs occurs at values of f that lie in the 

range from 0.943 to 0.95. The larger the thickness of SC, 

the higher the value f, which correlates with the 

dependences for total photocurrent losses depending on 

the thickness, shown in Fig. 7b of the work [1]. 
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Fig. 1. Experimental and calculated dependences of EQE(λ) for 

four SCs with the thicknesses of 45 (blue 1), 96 (green 3), 194 

(red 4), and 394 μm (black 5) and the theoretical dependences 

of EQE(λ) obtained by the authors [1] for SCs with the thick-

nesses of 45 (blue dotted line 2) and 394 μm (black dotted line 6). 
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Fig. 2. Experimental and calculated dependences of the short-

circuit current density on the thickness. The upper theoretical 

curve 1 was calculated by us, and the lower one 2 – by the 

authors [1]. 

 

 
Using the expression (3) gives the coefficient b 

equal to 2.2. 

By separating the value EQE(λ) into two 

components and substituting in (1), one can calculate the 

dependence JSC(d): 

  .),()()()(,

1200

850

850

0















 


dbEQEIdEQEIqbdJ lSC

        (5) 

Fig. 2 shows the experimental dependences of the 

photocurrent density on the SC thickness taken from 

Table 1 (see [1]), the experimental dependences JSC(d) 

shown in Fig. 4A, as well as theoretical dependences 

obtained using formulas (1)–(5). As it can be seen from 

the figure, the agreement between experiment and theory 

is good. It is important that agreement is obtained using 

only one key parameter, the coefficient b. 

At the same time, the experimental dependences 

JSC(d) taken from Fig. 7A of [1] and the theoretical 

dependence JSC(d) obtained by the authors using the 

calculated data shown in Fig. 6 differ from that obtained 

by us. The reason for this difference, in our opinion, is 

that the use of the approach [2] gives approximate 

results, and the obtained error increases with an increase 

in the thickness of SC. 

In particular, as it can be seen from the comparison 

of the theoretical dependences EQE(λ) shown in Fig. 1,  

if for SC with the thickness 45 μm the theoretical 

dependences obtained by the ray tracing method coincide 

with those obtained in our approach, then for SC with a 

thickness of 394 μm they are noticeably different. At the 

same time, the difference between the short-circuit 

current densities obtained in our approach and in the ray 

tracing approach at 394 μm reaches approximately 20%. 

3. Lifetimes in silicon 

The total lifetime in silicon SC is formed by non-

removable and removable recombination mechanisms [3] 

111   extrrinteff ,      (6) 

where  

  11
Auger

1 
 radrint       (7) 

is the lifetime for non-removable recombination 

mechanisms, which includes radiative recombination and 

interband Auger recombination, τextr – lifetime for 

removable recombination mechanisms, which includes 

the Shockley–Reed–Hall lifetime τSRH, the lifetime of 

non-radiative exciton recombination by the Auger 

mechanism with participation of a deep recombination 

level n
exc  [5], the lifetime due to surface recombination 

s
eff  and the lifetime due to recombination in the space 

charge region SCR . In general 

     
1

1111
SRH










  SCR
n
exc

s
effextr .   (8) 

It should be noted that the latter two components 

are not taken into account in the currently existing 

theoretical approaches to calculating the key parameters 

of high-efficiency silicon solar cells. 

Let us first focus on the justification of the need to 

take into account the mechanism of non-radiative exciton 

recombination according to the Auger mechanism with 

participation of deep recombination levels. In silicon, as 

it was shown for the first time in the works of Hangleiter 

[12, 13], in addition to the mechanisms of Shockley–

Reed–Hall recombination and surface recombination, as 

well as mechanisms of radiative recombination and 

interband Auger recombination, there is also an Auger 

mechanism of non-radiative exciton recombination 

involving the deep center.  

It was experimentally confirmed in the work by 

Fossum [14]. Together with the Shockley–Reed–Hall 

recombination mechanism, it was written in the form 

 xeff nn0max 1 , where τmax is the maximum value 

of the lifetime of minority charge carriers, n0 is the 

doping level, and nx = 7.1·10
15

 сm
–3

. This mechanism 

was also taken into account in the PC1D program, but, 

unfortunately, the dependences of lifetime on the doping 

level proposed in [14] and used in the PC1D program 

were considered empirical. 

In the work [5], this deficiency was corrected, and it 

was shown that the expression proposed, in particular, in 

the work [14], is not just empirical, but corresponds to 

the manifestation of the Auger mechanism of non-

radiative exciton recombination involving the deep center 

according to the works [12, 13]. In the work [5], a 

number of experimental works were also analyzed, in 

which its existence is confirmed, being based on the 

analysis of which a refined coefficient nx equal to 

8.2·10
15

 сm
–3

 was determined. 
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It should be noted that the monograph [15] devoted 

to presentation of materials on non-radiative 

recombination, also described the results of Hangleiter’s 

work [12, 13] and the conditions for the manifestation of 

the mechanism of non-radiative exciton recombination 

involving the deep centers in silicon. In this work, the 

contribution of the indicated recombination mechanism 

together with other recombination mechanisms to the 

photoconversion efficiency of silicon SC was analyzed. 

As for the mechanism related with the recom-

bination in SCR, as it will be shown below, without 

taking it into account, a good theoretical agreement with 

the experiment cannot be obtained for a number of 

characteristics of silicon SCs, in particular, for the light  

I–V and the dependence of the output power when 

loading SC on voltage on it. In this work, this thesis will 

be confirmed for SC studied in the work [1]. 

The lifetime of radiative recombination is defined 

by the expression [3] 

   nnPB PRrad  0
1 1 ,     (9) 

where B is the parameter of radiative recombination in 

silicon, and PPR is the probability of photon reabsorption, 

n0 is the equilibrium concentration of electrons in the SC 

base, n is the excess concentration of electron-hole 

pairs. For B the relations are valid 






0

)(EBdEB , 

where  

TkE

i

r e
nc

EEEn
EB B/

2

2/3

)()(
)(























.   (10) 

Here, nr(E) and (E) are the refractive index and 

absorption coefficients as a function of photon energy 

 /hcE .  

The value of the probability of reabsorption of 

photons is defined as 





0

1 )()( EBEAdEBP bbPR .   (11) 

In the approximation that   bnZ reff
2

4  , the 

value )(EAbb  is equal to 

   12
4

)(







bdn

EA

rFCA

bb .  (12) 

The second term in the denominator of the first 

fraction is the absorption coefficient on free charge 

carriers. 

The expression (12) differs from that given in the 

work [17], there it introduces the coefficient b larger than 

unity. If the value FCA is neglected, as compared to , 

then the expression (13) turns into (2). 

For the lifetime of interband Auger recombination, 

we used the empirical expression given in [18]. 

The value of the Shockley–Reed–Hall lifetime 

depending on the doping level and the excitation level in 

the n-type semiconductor is described by the expression 

   

 nn

npnnn np






0

10100
SRH ,  (13) 

where   1
0


 tppp NV ,   1

0


 tnnn NV , Vp and Vn 

are the average velocities of holes and electrons, p and 

n are the capture cross-sections of holes and electrons 

by the recombination levels, Nt – concentration of the 

recombination level, n1 and p1 – concentrations of 

electrons and holes in the case when the energy position 

of the recombination level coincides with the Fermi 

level. Depending on the excess concentration of electron-

hole pairs n, the value τSRH changes between these two 

values – low-injection and high-injection ones. 

The time of non-radiative exciton Auger 

recombination according to [8] is equal to 

nn

nxn
exc




0
SRH ,    (14) 

where nx = 8.2·10
15

 сm
–3

. 

The lifetime due to surface recombination s
eff  is 

defined as 

1











d

SSs
eff ,     (15) 

where SS is the total value of surface recombination rates 

on the front and back surfaces. 

Next, we specify the dependence of the surface 

recombination rate on the level of excitation S and on the 

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

defined by the expression 

rm

p
ss

n

n

n

n
SS 









 

















0

0
0 1 ,   (16) 

where Ss0 is the total value of surface recombination rates 

on the front and back surfaces at a low level of 

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

1m  and the value r for most textured SCs is also equal 

to unity, however, as the experiment shows, there are 

individual cases when its value is smaller or larger than 

unity. 

The lifetime due to recombination in SCR τSCR is 

defined as 

1











d

SSC
SCR ,     (17) 

where SSC is the rate of recombination in SCR. 
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In most of the materials used for the manufacturing 

textured silicon SC, the dependences )( neff   in the 

region n  10
15

 сm
–3

 saturate. At the same time, in the 

ready silicon textured SC, the decrease in the value 

)( neff   with decreasing n is observed in the indicated 

region (see, for example, the work [19]). How are these 

two cases different? There is no p-n junction in the 

crystalline silicon samples used for measurements 

of )( neff  . On both surfaces of the sample, the band 

bends are symmetrical and, as a rule, they are depleted 

and low. In this case, recombination in SCR is practically 

absent. 

At the same time, in the case of SC, there is a p-n 

junction on one of the SC surfaces. In this case, in the 

near-surface SCR of the p-n junction, recombination in 

SCR is significant. In the works [6, 7], we performed 

studies in which it was shown that the section in the 

dependence of the dark recombination current on the 

voltage applied to silicon SC is defined by recombination 

in SCR not only in the region of sufficiently small values 

V (0.4 V). It can be implemented up to the voltage values 

at the point of maximum power selection, when V = Vm 

(Vm = 0.55…0.65 V). 

This circumstance is explained by the fact that the 

value of the Shockley–Reed–Hall lifetime in SCR is 

always significantly less than the Shockley–Reed–Hall 

lifetime in the neutral bulk [6, 20]. In its turn, this is 

caused by the fact that the concentration of deep levels, 

which determine the lifetime τSRH in SCR, due to various 

reasons, turns out to be much higher than the 

concentration of deep levels in the neutral bulk. 

A similar situation appears when silicon is 

passivated with the layers of SiNx or Al2O3 (see, for 

example, [20, 21]), when a significant charge is built into 

the dielectric. In case of SiNx, this charge is positive and 

in the case of Al2O3, it is negative. Then near the surface 

of p-type silicon in the first case and n-type silicon in the 

second case, conductivity inversion appears and 

recombination in SCR becomes significant. 

In [20, 21] and in other works devoted to 

passivation of the silicon surface with dielectrics, this 

fact was confirmed primarily by the fact that in the 

dependence of the effective lifetime on excess 

concentration, there were observed a maximum and a 

decrease of τeff in the region n smaller than 10
15

 сm
–3

. In 

the works mentioned above, the total value of the rate of 

surface recombination and recombination in SCR were 

taken into account to describe the dependences )( neff  . 

In our case, we do not combine and analyze them 

separately. At the same time, in these works, the 

influence of recombination in SCR on the key parameters 

of SC, for example, on the photoconversion efficiency, 

was not taken into account. 

The value of the recombination rate in SCR SSC was 

calculated using the expression 

 

 

.
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     (18) 

Here, nnTn VC  , ppTp VC   are the 

coefficients, n and p are the capture cross-sections of 

electrons and holes by the deep level, VnT and VpT are the 

average thermal velocities of electrons and holes, 

npr CCb  ,   1 tpR NC  are the lifetime in SCR,  

*
tN  is the concentration of the deep level in SCR,  

y(x) is the equilibrium volume concentration of holes,  

Et – dimensionless electrostatic potential (band bending) 

in SCR, energy of the deep level in the silicon SCR, 

calculated from the middle of the band gap,  

ni (T) – concentration of own charge carriers, and  

w – thickness of SCR. 

Passing from integration along the coordinate x to 

integration along the potential y, we get 
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where 
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      (20) 

Here,   2/1

0
2

Si0D 2 nqkTL  is the Debye length, 

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

dimensionless bending of the bands on the surface of the 

weakly doped region, which depends on the excitation 

level n and is found from the equation of integral neu-

trallity, yw is the non-equilibrium dimensionless potential 

at the boundary of SCR near the quasi-neutral region. 

To find the dependence of the non-equilibrium 

dimensionless potential y on the coordinate x, it is 

necessary to use the solution of the Poisson equation  

(the second integral) that has the following form 
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The value of the non-equilibrium dimensionless 

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

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

the p-n junction or in the anisotypic heterojunction. 

In the analytical approximation, the following 

expression is valid for the recombination rate in SCR 
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where k is the numerical coefficient close to 2, and 

    npbnny rm  00 )(ln2/1 . 

The expression (23) can be used, if ym > 2. 

4. Modeling of open-circuit voltage and photo-

conversion efficiency under AM1.5 conditions 

We are dealing with SC, which is built on the basis of the 

p
+
-i-α-Si:H/n-c-Si/i-n

+
-α-Si:H structure. As it was shown 

in [22], the magnitude of the open-circuit voltage VOC in 

silicon p
+
-n-n

+
 structures is determined using the 

expression: 
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where nOC is the concentration of excess charge  

carriers under open-circuit conditions, 

    0
2

00
2

0 exp)(, nkTETnnETnp gigi   is the 

equilibrium concentration of holes in the n-type base, 

 nnEg  0  is the narrowing of the gap width in 

silicon, calculated in [23], )(0 Tni  is the value of the 

concentration of own charge carriers in the absence of 

band narrowing [24]. 

Note that when the condition Ld >> d is met, where 

Ld is the diffusion length of excess electron-hole pairs, 

and d is the thickness of the base, the criterion nOC > n0 

is usually fulfilled. When the condition Ld >> d is 

fulfilled, the value of nOC can be found from the balance 

equation 
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where JSC is the short-circuit current density, and the 

value  OCeff n  is defined by expression (6), if we put 

n equal to nOC in it. 

The light I–V characteristic is determined using the 

following expressions 
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where I(V) is the total current, ISC is the short-circuit 

current, Ir (V) is the recombination (dark) current, ASC is 

the SC area, V is the applied voltage, Rs and RSH are the 

series and shunt resistance. 

From the expression (29), we can also obtain the 

relation for the open-circuit voltage, if we put I = 0, and 

OCnVn  )( , accordingly, we have 
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By multiplying the current IL (V) by the applied 

voltage V, one can get the power P(V), and from the 

condition of maximum dP/dV find the value of the 

voltage at the point of selection of the maximum power 

Vm. Substituting Vm into the equation (26), one obtains 

the value of current at the maximum power selection 

point Im. This allows one to calculate the photo-

conversion efficiency  and the filling factor FF in the 

usual way: 

s

mm

P

VJ
 ,     (31) 

where Ps is the surface power density of illumination 

incident on SC in AM1.5 conditions. 

OCSC

mm

VJ

VJ
FF  .     (32) 

5. Simulation results and their comparison with the 

experimental data 

5.1. Dependence of the open-circuit voltage on the 

thickness of SC 

Fig. 3 shows the experimental dependence of the open-

circuit voltage on the SC thickness obtained in [1] and 

shown in Fig. 4b. The same figure shows the expe-

rimental dependence [1] obtained from Table. 
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The value VOC (d) was calculated using the 

expression (26) by substituting the following recombi-

nation parameters into it: τSRH = 200 ms [1], τR = 2·10
–5

 s, 

br = 0.1, yw = –0.03. During the calculations, it was 

assumed that the energy of the deep levels responsible 

for recombination in SCR Et is close to the middle of the 

band gap. Then the second terms in the first and second 

brackets of the denominator (19) can be neglected. Fig. 4 

shows the theoretical dependences SSC(n) obtained 

using the formulas (19), (23) using the above parameters 

and the value of the coefficient k equal to 2. 

When calculating the dependence, two cases were 

considered. In the first of them, the value br = 0.1 was 

used in the calculation, and in the second, the value 

br = 1, when the hole capture coefficient is equal to the 

electron capture coefficient Cp = Cn. In the second case, 

the value τR = 10
–5

 s was also used for calculation. As can 

be seen from the figure, the values of SSC calculated using 

Exps (19) and (23) in the current region of excess 

concentrations 5·10
13 

< n < 5·10
13

 cm
–3

 are quite close. 

In further calculations, we used the dependences 

obtained from the formula (19) when using the values 

τR = 1·10
–5

 and br = 0.1. Plotted in the inset to Fig. 4 

dependences of SSC(n)·τR, at different values of the 

doping level, when Nd is assumed to be equal to 10
14

, 

10
15

, 10
16

, 10
17

 cm
-3

, if using the following parameters: 

br = 1, yw = –0.1. The dependences obtained in this case 

are identical to the dependences shown in Fig. 2.25 of the 

work [20]. 

To theoretically determine the value of the surface 

recombination rate SS(n), it is necessary to determine 

the low-signal surface recombination rate Ss0 and the 

proportionality coefficient r. This problem is solved for 

each SC, the light current characteristics of which are 

shown in Fig. 2 in the work [1], separately. The value of 

Ss0 is selected in such a way that the calculated value VOC 

for SC of a certain thickness coincides with the value 

given in the table of work [1]. At the same time, it was 

assumed that the coefficient r is equal to unity. 
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Fig. 3. Experimental and theoretical dependences of open-

circuit voltage on thickness. The theoretical dependences are 

given using SC parameters with the thicknesses of 70 (1), 294 

(2), and 116 μm (3). 
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Fig. 4. Theoretical dependences plotted using the expressions 

(19) – red 1, blue 2 curves and (23) – green 3 curve. The value 

of the ratio of hole-to-electron capture coefficients is br = 0.1  

(1 – red curve), br = 1 (2 – blue curve). Insert to Fig. 4. 

Dependences of SSC(n)·τR at different values of the doping 

level, when Nd is assumed equal to 1014 (1 – black), 1015  

(2 – red), 1016 (3 – green), and 1017 cm–3 (4 – blue). 

 

 

The obtained values of Ss0 are shown in Table. After 

that, the theoretical dependences of VOC(d) can be 

calculated. Shown in Fig. 3 are both experimental values 

and theoretical dependences of VOC(d). Note that the 

same SSC(n) was used in the calculations for each SC. 

The following arguments serve as a basis for that. 

The value of SSC depends on the level of doping and 

on the characteristics of SCR. In the case when the inver-

sion of conductivity, which occurs for SC, is realized in 

SCR, the SSC ceases to depend on the characteristics of 

SCR. Therefore, the dependence of SSC(n) for all three 

SCs with the same level of doping should be the same. 

As can be seen from Fig. 3, the agreement between 

experimental and theoretical dependences of VOC(d) is 

quite good. Also, the figure shows that the larger the 

value of Ss0, the smaller the value of VOC. 

Fig. 5 shows the theoretical dependences for the 

effective lifetime τeff on the excess concentration for three 

SCs, the light I–V characteristics of which are shown in 

Fig. 2 (Ref. [1]). As can be seen from the figure, in the 

region of n < 10
15

 cm
–3

, the values of τeff decrease with 

decreasing n, which is caused by the effect of 

recombination in SCR. 

In some cases, the dependence of τeff (n) with its 

maximum can be realized due to the fact that the bulk 

lifetime is not constant, but increases with growing n. 

In n-type silicon, this situation can be realized, when the 

gold level takes part [8]. It is possible to distinguish these 

two cases, when the maximum τeff (n) is related to the 

influence of recombination in SCR, or to the dependence 

of τSRH(n), by measuring the dependences of τeff (n) at  
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Fig. 5. Theoretical dependences of the effective lifetime on the 

excess concentration for SC with thicknesses of 294 (red 1), 

116 (green 2), and 70 μm (blue 3). The inset shows the time of 

radiative recombination (pink curve 1) and the time of non-

radiative recombination (purple curve 2) as a function of n. 
 

 

small excess concentrations. When the recombination 

occurs in SCR, the values of τeff (n) decrease as n 

decreases all the time, while in the second case, with 

sufficiently small values of n, the value of τeff reaches 

saturation. 

In the inset to Fig. 5, the theoretical dependences 

for the time of radiative recombination and the time of 

excitonic non-radiative recombination depending on the 

excess concentration n for SC with the thickness 

116 μm are presented. As can be seen from the figure, 

these times are of the same order, in particular, at 

n = 10
12

 cm
–3

 their ratio is equal to 2.68, that is, the 

contribution of exciton non-radiative recombination to 

the total lifetime is larger. 

According to the analysis carried out in [5], as the 

Shockley–Reed–Hall lifetime increases, the contribution 

of excitonic non-radiative recombination to the photo-

conversion efficiency decreases, and at τSRH = 20 ms it is 

sufficiently small, but it increases with an increase in the 

level of doping, and at n0 = 2.4·10
15

 cm
–3

, its fraction is 

0.29 of τSRH, i.e. 5.8 ms. This value is usually greater 

than the measurement errors of τSRH. 

5.2. Photoconversion efficiency 

Now let’s move to the theoretical calculation of the 

photoconversion efficiency for the indicated three SCs. 

To perform the calculation, it is necessary to know the 

shunt and series resistance values for each SC. The value 

of the shunt resistance for each SC sample is found 

graphically from the slope of the light I–V characteristic 

in the region of low applied voltages by using the 

expression 
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dV
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Unfortunately, the accuracy of the JL(V) 

dependences measured in [1] in the vicinity of V = 0 is 

insufficient to directly use the expression (33) to find RSH. 

Therefore, we found these values for three experimental 

SCs by using two points in the JL(V) dependences within 

the region where the indicated dependences are close to 

the linear ones. The second point in the JL(V) dependence 

was chosen from the condition that JL(V2) >> JSC. 

The question of the unequivocal solution in this 

case remains open. However, taking into account the fact 

that when the obtained values of RSH change into their 

increase, the light I–V characteristic changes very 

weakly, it is possible to solve the main task of the work, 

i.e., to demonstrate that without taking into account 

recombination in SCR, the experimental and theoretical 

I–V characteristics cannot be agreed with each other. 

After that, one unknown parameter remains – series 

resistance. And then we proceed in the same way as 

before, that is, we find it by fitting the theoretical and 

experimental values of η. Table shows the values of Ss0, 

RSH and Rs for three SCs, the light I–V characteristic of 

which are shown in Fig. 2 from the paper [1]. 

Fig. 6 shows the experimental dependences for light 

I–V characteristics taken from Fig. 2 of the paper [1], and 

theoretical dependences were constructed using the 

above parameters in the region V > 0.6 V. As can be seen 

from the figure, the agreement between experiment and 

theory is good. When plotting the figure, the lifetime in 

SCR τR for SC with thicknesses 294 and 116 μm was 

assumed to be equal to 10 μs, and for SC with the 

thickness from 70 μm to 8 μs. 

In the same figure, the theoretical dependences of 

the light I–V characteristics are presented, in the con-

struction of which recombination in SCR was neglected, 

but the surface recombination rate and the series resistance  
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Fig. 6. Experimental (points) and theoretical (lines) 

dependences for light I–V characteristics of SC with the 

thickness 70 (red squares), 116 (green circles), and 294 μm 

(blue rhombs). Dashed curves (2, 4, 6) correspond to the case 

when recombination in SCR is not taken into account, and solid 

curves (1, 3, 5) to the case when it is taken into account. 
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Fig. 7. Experimental (points) and theoretical (lines) depen-

dences for the loading characteristic of SC with the thickness 

116 μm. Blue line (1) corresponds to the case when 

recombination in SCR is not taken into account, and red line (2) 

– to the case when it is taken into account. 

 

 

were corrected so that the experimental and theoretical 

values of η coincided. As can be seen from the figure, in 

this case V  Vm, the theoretical dependences obtained 

with and without taking into account recombination in 

SCR coincide, but they diverge at V > Vm. We note that 

the values of Vm for the studied SC are close to 0.63 V. 

The dependences obtained when recombination in SCR 

is not taken into account, at the same time, are lower than 

the experimental ones. Fig. 7 shows experimental and 

calculated loading characteristics for SC with the 

thickness 294 μm. As can be seen from the figure, in the 

case when recombination in SCR is taken into account, 

the experimental and calculated load dependences 

coincide, and in the case when it is not taken into 

account, after the maximum power selection point, the 

calculated dependences are lower than the experimental 

ones. The same picture is true for the other two SCs. 

Load dependences were calculated using the 

formula 

VVJVP L )()(  .     (34) 

The table also shows the values of the photo-

conversion efficiency for the three SCs studied in [1], 

and the value of changes in the photoconversion effi-

ciency for these SCs in the cases where recombination in  
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Fig. 8. Experimental (points) and calculated (lines) photo-

conversion efficiency vs the base thickness. Theoretical 

dependences are plotted for the agreed SC parameters with the 

thickness 70 (red 1), 116 (green 3) and 294 μm (blue 2). 

 
 

 

SCR (Δη1) (or surface recombination (Δη2)) is not taken 

into account. As can be seen from the table, the changes 

in efficiency when recombination in SCR (or surface 

recombination) is not taken into account are of the same 

order, but the effect of recombination in SCR on the 

photoconversion efficiency is larger. 

In the latter two rows of the table, respectively, the 

changes in the photoconversion efficiency for the 

investigated SCs are presented, without taking into 

account excitonic non-radiative recombination Δηexc and 

the effect of band narrowing Δηzn. As can be seen from 

the table, the changes in photoconversion efficiency, 

when excitonic non-radiative recombination is not taken 

into account, are larger than the changes related with not 

taking into account the effect of band narrowing. Thus, it 

can be concluded that if the band narrowing effect is 

taken into account, it is necessary to take into account 

non-radiative exciton recombination. 

As the calculations showed, the photoconversion 

efficiency investigated in the work [1] SC within the 

interval 10
14

…5·10
15

 cm
–3

 depends very weakly on the 

level of doping. So, for example, the difference between 

the maximum and minimum value of photoconversion 

efficiency for SC with the thickness 294 μm is 0.4%, 

while for SC with thicknesses of 70 and 116 μm it is 

about 0.2%. 

 

 

Table. Some parameters of SC studied in the work [1] and changes in the photoconversion efficiency, when recombination in SCR 

or surface recombination is not taken into account. 

No d, μm RSH, Ω·cm
2
 Rs, Ω·cm

2
 S0, cm/s η, % Δη1, % Δη2, % Δηexc, % Δηzn, % 

1 70 9520
 

0.685 0.945 22.6 0.83 0.57 0.047 0.146 

2 116 4967 0.55 1.41 23.0 0.66 0.63 0.054 0.141 

3 294 4120
 

0.67 1.54 23.0 0.55 0.37 0.092 0.147 
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On the one hand, at low levels of doping, this is due 

to a weak dependence of the recombination rate in SCR 

on the level of doping. While at medium and higher 

levels of doping, this is due to the fact that the increase in 

the open-circuit voltage with an increase in the level of 

doping is compensated by the increase in the rate of 

surface recombination. 

Fig. 8 shows the experimental and calculated 

thickness dependences of the photoconversion efficiency 

for two SCs studied in [1]. As can be seen from the 

figure, the experimental and theoretical dependences (d) 

correlate well with each other. The parameter that defines 

the differences between the calculated dependences (d) 

is series resistance. The smaller it is, the larger  

the values of . 

Thus, the above results indicate that in the high-

efficient silicon-based SCs studied in [1], along with 

other recombination mechanisms, recombination in SCR 

plays a significant role. Its contribution is commensurate 

with that of other recombination mechanisms,  

in particular, with the contribution of surface 

recombination, and without taking it into account it is 

impossible to obtain good agreement between the 

experimental light I–V characteristics and the loading 

characteristics with the theory. 

The same conclusion takes place for other  

high-efficiency textured SC based on silicon, the 

characteristics of which were simulated by us in previous 

works, and in them, taking into account recombination in 

SCR, agreement between experiment and theory was 

achieved for the dark I–V characteristics, as well as for 

the dependences JSC(VOC). 

6. Conclusions 

So, as the results of this work showed, the used theory 

allows quantitative description of the experimental 

results obtained in the work [1]. It is applicable both to 

the thickness dependences of short-circuit current, open-

circuit voltage, and photoconversion efficiency, as well 

as to light I–V characteristics and dependences of the 

output power in the SC load on the voltage on it, studied 

in the work [1].  

It has been shown that the latter two characteristics 

can be quantitatively agreed with the theory, only if 

recombination in SCR is taken into account. In this work, 

we have obtained correct expressions for the 

recombination rate in SCR, which are valid not only for 

small values of the concentration of electron-hole pairs 

n, when the inequality n < n0 is fulfilled, but also in 

the range of values n, where the inverse relationship is 

fulfilled. 

This paper shows that the contribution of non-

radiative Auger exciton recombination with participation 

of a deep impurity level in silicon (see the work [1]) is  

of the same order as the contribution of radiative 

recombination. Also, it has been shown that taking the 

non-radiative exciton recombination into account reduces  

 

the photoconversion efficiency more than taking the band 

narrowing effect into account. The similar results were 

obtained in the works [4–6], which once again proves the 

need to take into account the mentioned recombination 

mechanism. The results obtained in the work can be used 

to optimize the characteristics of textured silicon SC, in 

particular, in terms of thickness. 
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Моделювання характеристик високоефективних текстурованих сонячних елементів на основі 

кристалічного кремнію. Вплив рекомбінації в області просторового заряду 

 

А.В. Саченко, В.П. Костильов, В.М. Власюк, І.О. Соколовський, М.О. Євстігнєєв, Т.В. Слюсар, 

В.В. Черненко 

 

Анотація. У роботі виконано теоретичне моделювання оптичних і фотоелектричних характеристик 

високоефективних текстурованих кремнієвих сонячних елементів (СЕ), таких, зокрема, як струм короткого 

замикання, напруга розімкненого кола та ефективність фотоперетворення. При моделюванні додатково 

враховано такі рекомбінаційні механізми як безвипромінювальна екситонна рекомбінація за механізмом Оже за 

участю глибокого рекомбінаційного рівня та рекомбінація в області просторового заряду (ОПЗ). У простому 

наближенні змодельовано зовнішній квантовий вихід фотоструму для вказаних СЕ у довгохвильовій області 

поглинання. Запропоновано теорію для розрахунку товщинних залежностей струму короткого замикання, 

напруги розімкненого кола та ефективності фотоперетворення в них. Розраховані залежності ретельно порів-

няно з експериментальними результатами, отриманими для СЕ з архітектурою p
+
-i-α-Si:H/n-c-Si/i-n

+
-α-Si:H та 

ефективністю фотоперетворення близько 23%. У результаті порівняння отримано добре узгодження між 

теоретичними та розрахунковими залежностями. Установлено, що без урахування рекомбінації в ОПЗ не може 

бути отримано кількісне узгодження між експериментальними та теоретичними світловими ВАХ і 

залежностями вихідної потужності у навантаженні СЕ від напруги на ньому. Запропонований підхід і отримані 

результати можуть бути використані для оптимізації характеристик текстурованих СЕ на основі 

монокристалічного кремнію. 

 

Ключові слова: кремнієвий сонячний елемент, теоретичне моделювання, зовнішній квантовий вихід 

фотоструму, струм короткого замикання, напруга розімкненого кола та ефективність фотоперетворення. 
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