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Dark I–V curves of silicon solar cells with various Shockley–Reed–Hall lifetimes have been stud-
ied. The lifetimes are determined from the short-circuit-current internal quantum yield. The
recombination currents in the space charge region (SCR) are found to be formed within time
intervals that are at least an order of magnitude shorter than the charge-carrier bulk life-
time. This effect can be associated with a high defect concentration (and, therefore, a high
deep-level concentration) in the SCR of examined Si structures. The parameters of deep cen-
ters that are responsible for the recombination in the SCR have been evaluated.
K e yw o r d s: recombination current, space charge region, silicon solar cells, deep recombina-
tion level.

1. Introduction

The research of the rectifying properties of semicon-
ductors that are connected with the presence of space
charge regions (SCRs) were started at the Institute of
Physics of the AS of the UkrSSR as long ago as in the
pre-World War II times [1]. In the post-war period,
they were essentially extended, in particular, onto the
case of high excitation levels [2, 3]. At the same time,
it was found that the recombination currents in silicon
diodes at sufficiently low excitation levels are deter-
mined by the recombination that occurs in the SCR
[4]. In the case of silicon solar cells (SCs) with diffu-
sion 𝑝–𝑛 junctions, which operate under the AM1.5
conditions, the influence of the recombination in the
SCR on SC parameters can be neglected. However,
in the threshold Si photo diodes operating at a low
illumination, the contribution of the recombination is
substantial [5, 6]. Moreover, the account for the re-
combination turns out rather often to be important
at the measurements of low-signal photovoltages. In
SCs with rear metallization, the recombination in the
SCR can also considerably confine the short-circuit
current that is measured at low illumination values
[7, 8]. Earlier, we paid attention to that the recom-
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bination rates in SCs with rear metallization at low
illumination levels are too large and do not correlate
with large bulk lifetimes.

In this work, making the assumption that the re-
combination in the SCR is governed by a single deep
level, its dependence on the lifetime 𝜏SC that is re-
alized in a narrow SCR interval, where recombina-
tion in the SCR is actually formed, is calculated. At
the same time, the quantity 𝜏SC is determined from
the experimental dark current-voltage characteristics
(IVCs) measured for silicon SCs with diffusion 𝑝–𝑛
junctions and the bases of the 𝑛- and 𝑝-types. The
obtained result is compared with the lifetime in the
quasineutral base region, 𝜏𝑏. The latter parameter
is determined from the spectral dependences mea-
sured for the short-circuit-current internal quantum
yield. Finally, the dark IVCs measured for silicon SCs
are used to evaluate the parameters of deep centers
that govern the rate of recombination in the SCR;
in particular, these are their energy depth, concen-
tration, and capture cross-sections for electrons and
holes.

2. A Model for the Rate
of Recombination in the SCR

As was said above, this model was developed under
the assumption that the rate of recombination in the
SCR, 𝑉SC, is determined by a single deep level with
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Fig. 1. Dependences of the rate of recombination the in SCR,
𝑉SC, on the Shockley–Reed–Hall lifetime in the SCR, 𝜏SC. The
parameter values are 𝑛0 = 3× 1015 cm−3, 𝑏 = 1, and 𝐸𝑡 = 0.
Δ𝑛 = 104 (1 ), 107 (2 ), 1010 (3 ), 1013 (4 ), and 1016 cm−3

(5 ). Curve 6 corresponds to 𝑉SC = 105 cm−3/s

the concentration 𝑁*
𝑡 , the energy position 𝐸𝑡 with

respect to the energy gap midpoint, and the cross-
sections of electron, 𝜎𝑛, and hole, 𝜎𝑝, capture. Under
those assumptions, the expression for the rate of re-
combination in the SCR in a base of the 𝑛-type looks
like

𝑉SC =

𝑦𝑤∫︁
𝑦𝑝𝑛

𝐿D𝐶𝑛𝐶𝑝𝑁
*
𝑡 (𝑛0 +Δ𝑛) 𝑑𝑦

(𝑅𝑛 +𝑅𝑝)(−𝑦)1/2
. (1)

Here,

𝑅𝑛 = 𝐶𝑛 ((𝑛0 +Δ𝑛) exp(𝑦) + 𝑛𝑖(𝑇 ) exp(𝐸𝑡/𝑘𝑇 )),

𝑅𝑝 = 𝐶𝑝 ((𝑝0 + Δ𝑛) exp(−𝑦) + 𝑛𝑖(𝑇 ) exp(−𝐸𝑡/𝑘𝑇 )),

𝑦𝑤 and 𝑦𝑝𝑛 are the dimensionless band bending at
the SCR boundaries with the quasineutral bulk and
the emitter, respectively; 𝐿D is the Debye scattering
length; 𝐶𝑛 = 𝑉𝑛𝑇𝜎𝑛; 𝐶𝑝 = 𝑉𝑝𝑇𝜎𝑝; 𝑉𝑛𝑇 and 𝑉𝑝𝑇 are
the average thermal velocities of electrons and holes,
respectively; 𝑛0 and 𝑝0 are the equilibrium bulk con-
centrations of electrons and holes, respectively; Δ𝑛
is the excess concentration of electron-hole pairs; 𝑦
the dimensionless electrostatic potential in the SCR;
𝑛𝑖(𝑇 ) the concentration of intrinsic charge carriers in
silicon, 𝑘 the Boltzmann constant, and 𝑇 the absolute
temperature in Kelvins.

Note that expression (1) is valid not only when the
quantity 𝑁*

𝑡 is constant in the SCR, but also when
it weakly changes in vicinities of energies of about

𝑘𝑇 near the plane, at which the integrand in Eq. (1)
has a maximum. We assume the last condition to be
satisfied. Then, as usual, the quantity 𝜏SC can be
taken to equal (𝐶𝑝𝑁

*
𝑡 )

−1 in a base of the 𝑛-type and
(𝐶𝑛𝑁

*
𝑡 )

−1 in a base of the 𝑝-type.
Figure 1 demonstrates the calculated dependences

of the recombination rate in the SCR, 𝑉SC, on the
quantity 𝜏SC. The curves are parametrized by the
value of Δ𝑛. One can see from this figure that two
conditions must be satisfied for the magnitude of 𝑉SC

to be not less than 105 cm/s at typical base doping
levels of about 3 × 1015 cm−3. First, 𝜏SC should not
exceed 10−5 s. Second, the excitation level should be
small enough, namely, less than 1010 cm−3.

Note that the values 𝑉SC ≥ 105 cm/s were observed
in works [7,8]. They do not agree with the value 𝜏𝑏 ≈
4×10−4 s corresponding to the bulk diffusion length.

In order to analyze the influence of a non-uniform
distribution of the deep-level concentration in the
SCR on the dark current (this is a result of the recom-
bination in the SCR) in more details, let us consider
a situation where the quantity 𝑁𝑡 changes along the
coordinate 𝑥 perpendicularly to the junction plane
following the law

𝑁𝑡(𝑥) = 𝑁1 exp
(︁
−𝑥

𝑟

)︁
+𝑁0, (2)

where 𝑁1 is the concentration of the deep recombi-
nation level located at the middle of the energy gap
and in the plane of 𝑝–𝑛 junction, 𝑟 a characteristic
distance, at which 𝑁𝑡 becomes lower by a factor of 𝑒,
and 𝑁0 the concentration of deep level in the neutral
base volume. Considering that the base of the 𝑛-type
is doped to a level of 3×1015 cm−3 and neglecting the
series resistance for the sake of simplicity, let us write
down the expression for the dark current associated
with the recombination in the SCR in the form (the
case 𝑇 = 300 K):

𝐼(𝑉 ) =
𝑞

𝜏𝑏

𝑤∫︁
0

𝑁𝑡(𝑥)

𝑁0
×

× (𝑛0 +Δ𝑛(𝑉 ))Δ𝑛(𝑉 )𝑑𝑥

(𝑛0 +Δ𝑛(𝑉 )) exp(𝑦(𝑥)) + Δ𝑛(𝑉 ) exp(−𝑦(𝑥))
, (3)

where 𝑞 is the elementary charge,

Δ𝑛(𝑉 ) =
𝑛𝑖(300)

2

𝑛0

(︂
exp

(︂
𝑞𝑉

0.0259

)︂
− 1

)︂
,

𝑤 = 1.15× 10−5(−𝑦𝑝𝑛 − 𝑉/0.0259)1/2
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is the SCR thickness (in centimeters),

𝑦(𝑥) = (𝑦𝑝𝑛 + 𝑉/0.0259)
(︁
1− 𝑥

𝑤

)︁2
is the dimensionless band bending in the depletion
layer, and 𝑉 the applied voltage. In further calcula-
tions, we took 𝑦𝑝𝑛 = −26.

In Fig. 2, the theoretical 𝑁1(𝑥) dependences and
the normalized integrands in Eq. (3) are plotted. The
latter are responsible for the spatial dependence of
the recombination in the SCR at various applied
voltages and are plotted for the parameter values
𝑁1 = 1014 cm−3 and 𝑁0 = 1013 cm−3. Curves 1 to 4
are calculated for the parameter 𝑟 = 10−4, 6× 10−5,
3 × 10−5, and 10−5 cm, respectively. The 𝑉 -values
for curves 1 ′ to 3 ′ amount to 0.1, 0.2, and 0.3 V,
respectively. It is evident that the dependence 𝑁𝑡(𝑥)
decreases most strongly in the interval 0 ≤ 𝑥 ≤ 𝑤 at
𝑟 = 10−5 cm. One can also see that the growth of 𝑉
gives rise to a shift of the maxima in the dependences
of the recombination rate in the SCR toward smaller
𝑥-values. Finally, this process stimulates an increase
of the dark recombination current.

Figure 3 exhibits the dependences 𝐼(𝑉 ) that were
calculated using formula (3) for various values of
𝑟 and 𝑁1. Curve 1 corresponds to the case where
𝑁1 = 0, the deep level concentration is constant ev-
erywhere and equals 1013 cm−3, and 𝜏SC = 𝜏𝑏. The
corresponding recombination current associated with
the recombination in the SCR is the lowest, and the
coefficient of IVC nonideality is close to a value of 2
in the applied voltage interval from 0.1 to 0.4 V. It
can be seen from the fitting formula for the calculated
current:

𝐼𝑘(𝑉 ) = 𝐼0

(︂
exp

(︂
𝑉

0.0259× 2

)︂
− 1

)︂
, (4)

where 𝐼0 is the saturation current (curve 7 ). However,
at 𝑉 ≥ 0.4 V, the slope of the curve 𝐼(𝑉 ) increases,
i.e. the magnitude of 𝑛 becomes smaller than two.

Curves 2 to 5 are plotted for 𝑁1 = 1014 cm−3. The
corresponding 𝑟-values are 10−5, 3× 10−5, 6× 10−5,
and 10−4. One can see that curves 4 and 5 practically
coincide, and curve 3 is located nearly to them. At
𝑟 = 10−5 cm, the current is lower than in the previous
case; the section with 𝑛 ≈ 2 is also shorter. Finally,
curve 6 corresponds to the case 𝑁1 = 1015 cm−3 and
𝑟 = 10−5 cm. Here, the current is maximum, but the

Fig. 2. Dependences 𝑁𝑡(𝑥) and normalized dependences 𝑓(𝑥)

for 𝑉 = 0.1 (1 ), 0.2 (2 ), and 0.3 V (3 )

Fig. 3. Dependences of the recombination current in the SCR
on the applied voltage. See further explanations in the text

length of the section with 𝑛 ≈ 2 is shorter than in the
case 𝑟 = 10−4 cm.

Attention is attracted by the fact that, sooner
or later, the magnitude of 𝐼(𝑉 ) for all curves plot-
ted in Fig. 3 starts to grow more strongly than
exp(𝑉/(0.0259×2)), with the curve slope being larger
for smaller 𝑟-values. The analysis of this phenomenon
in the case where 𝑁1 ≫ 𝑁0 demonstrates that it is
related to the circumstance that the plane, at which
the recombination rate is the highest, i.e. the point
𝑥𝑚, shifts to the 𝑝–𝑛 junction plane with a growth of
the applied voltage 𝑉 . The value of 𝑁𝑡(𝑥𝑚) increases
at that, and so does the dark current. The smaller
the value of 𝑟, the more pronounced is this effect (see
curves 2 and 4 ).
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Fig. 4. Dependences of the dark current in silicon SCs
with the base of the 𝑛-type: theory (curves) and experiment
(symbols)

Fig. 5. Dependences of the dark current in silicon SCs
with the base of the 𝑝-type: theory (curves) and experiment
(symbols)

Concerning the condition of weak gradient for the
dependence 𝑁𝑡(𝑥) in the regions, where the integrand
in the expression for the recombination rate in the
SCR has a maximum, it is satisfied in two cases: at
𝑟 = 6× 10−5 and 10−4 cm (see curves 4 and 5 ). For
curves 2, 3, and 6, this condition is not obeyed.

Hence, our analysis shows that the assumption of
weak gradient for the distribution 𝑁𝑡(𝑥)–it allows the
𝑁1-value to be used in calculations–is valid for the ex-
ponential recession of 𝑁𝑡(𝑥), provided that 𝑟 ≥ 𝑤. At
the same time, at 𝑥 ≥ 3×10−4 cm, the quantity 𝑁𝑡(𝑥)
decreases practically to a value of 𝑁0, which governs
the bulk lifetime.

3. Research and Simulation of Dark IVCs

Experimental specimens were fabricated on the basis
of silicon wafers with the 𝑛- or 𝑝-type of conductiv-
ity. They had either the 𝑝+–𝑛–𝑛+ or 𝑛+–𝑝–𝑝+ struc-
ture, respectively. The front 𝑝+–𝑛 and isotype rear
𝑛–𝑛+ junctions were formed, by using the boron diffu-
sion into phosphorus-doped wafers, whereas the 𝑛+–𝑝
and 𝑝–𝑝+ junctions were formed with the use of the
phosphorus diffusion into boron-doped wafers. Layers
of thermal silicon dioxide about 110 nm in thickness
were used as an antireflecting coating.

Three experimental SC specimens (two with the
base of the 𝑝-type, and one with the base of the 𝑛-
type) were characterized by short or relatively short
Shockley–Reed–Hall lifetimes in their emitters and
bases. In addition, they had rather a deep location
of the 𝑝–𝑛 junction, which resulted in their low pho-
toconversion efficiency. Another two SC specimens
(with the base of the 𝑛-type) had large Shockley–
Reed–Hall lifetimes in the base and rather a high
photoconversion efficiency. The parameters of all re-
searched specimens are quoted in Table. These SC
specimens were used to measure the spectral de-
pendences of the external and internal photocurrent
quantum yields, as well as dark IVCs. In particular,
Fig. 4 demonstrates the dark IVCs obtained for three
SC specimens with the base of the 𝑛-type, and Fig. 5
does the same for two specimens with the base of the
𝑝-type.

The dark IVCs for SCs were simulated, by using
the expression

𝐼(𝑉 ) = 𝑞𝐴
{︀
[𝑉SC +𝐷/𝐿𝑑 tanh(𝑑/𝐿𝑑) + 𝑆]×

×Δ𝑛(𝑉 ) + (𝑉 − 𝐼𝑅𝑆)/𝑅𝑝

}︀
, (5)

where 𝐼(𝑉 ) is the dark current, 𝑉 the applied volt-
age, 𝐴 the SC area, 𝐷 the diffusion coefficient for
minority charge carriers, 𝐿𝑑 the diffusion length of
minority charge carriers in the bulk, 𝑆 the surface
recombination rate, 𝑅𝑆 the series resistance, 𝑅𝑝 the
shunt resistance, and

Δ𝑛(𝑉 ) =
𝑛2
𝑖 (𝑇 )

𝑛0(𝑝0)

[︂
exp

(︂
𝑞𝑉 − 𝐼𝑅𝑆

𝑘𝑇

)︂
− 1

]︂
. (6)

As is seen from Fig. 4, the experimental dependences
obtained for the SC specimens with the base of the
𝑛-type agree well with the theoretical curves. Three
features should be noted. The first of them consists
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Specimen 𝑛0, cm−3 𝑑, 𝜇m 𝜏𝑏, 𝜇s 𝜏SC 𝜇s 𝑆, cm/s 𝑅𝑆 , Ω 𝑅𝑝, Ω
𝜎𝑝

𝜎𝑛
𝐸𝑡, eV

1 3.1× 1015 380 25 1 4× 102 0.5 2× 106 0.05 0
2 3.1× 1015 380 400 4 2.6× 103 1 8× 106 0.05 (−0.05−0.05)
3 3.1× 1015 380 400 4 5× 102 1.8 1.5× 106 0.07 (−0.05−0.05)
4 3× 1015 350 0.7 0.06 5× 103 0.8 9× 104 40 0
5 1.6× 1015 380 17 0.3 3× 102 0.4 1.5× 105 30 0

in that the shunt resistance has to be taken into ac-
count in order to attain the agreement, although its
magnitudes (about 105 Ω) practically never affect the
light IVCs. The second and more important feature
is the fact that the value of 𝜏SC, at which the agree-
ment between the experimental and theoretical curves
is achieved, is substantially smaller than 𝜏𝑏. In par-
ticular, for specimen 1, we have 𝜏𝑏 = 25 𝜇s and
𝜏SC = 1 𝜇s. However, the most striking difference
takes place for specimens 2 and 3 with the base of
the 𝑛-type. In those cases, 𝜏𝑏 = 400 𝜇s, whereas 𝜏SC is
close to 4 𝜇s. The third feature of the SCs with the
base of the 𝑛-type is the fact that the best agreement
between the theory and the experiment is attained,
when the electron capture cross-section is much larger
(approximately by a factor of 20) than the hole cap-
ture one. It should also be noted that the parameters
governing the recombination current in specimens 2
and 3 (they were fabricated, by using the same tech-
nology) practically coincide.

From Fig. 5, one can see that the experimental
dependences for the SC specimens with the base of
the 𝑝-type are also in good agreement with the the-
oretical curves. In this case, for the agreement be-
tween the theory and the experiment to be attained,
the shunt resistance should be taken into considera-
tion as well. The value of the parameter 𝜏SC is also
an order of magnitude larger than 𝜏𝑏. However, the
best agreement between the experiment and the the-
ory for the SC specimens with the base of the 𝑝-
type is obtained, when the electron capture cross-
section is much smaller than the capture cross-section
for holes. Note that, for the SC specimens irrespec-
tive of the base type, the agreement between the
theory and the experiment worsens, when the posi-
tion of the deep level deviates from the energy gap
midpoint.

The concentration of deep levels located in the SCR
was estimated to have an order of 1014 cm−3. In the

SC specimens with the base of the 𝑝-type, the strong
reduction of the 𝜏SC-value against the 𝜏𝑏-one may
probably be associated with the presence of boron-
oxygen complexes [9,10]. On the other hand, nothing
can be said about the nature of this reduction in the
specimens with the base of the 𝑛-type. At the same
time, it seems that the SCR, in which the recombina-
tion takes place, is very rich for various defects that
gives rise to the appearance of deep levels. As a re-
sult, there exist and become active in all cases those
of them, which bring about the maximum growth
of 𝑉SC and the maximum recombination current in
the SCR.

4. Conclusions

Hence, the results of our researches show that the
concentration of the deep levels that are responsi-
ble for recombination in the SCR amounts to about
1014 cm−3. Their energy position is close to the en-
ergy gap midpoint. Electrons are most effectively cap-
tured in the specimens with the base of the 𝑛-type,
and holes in the specimens with the base of the 𝑝-
type. Concerning the determination of the nature of
centers that are responsible for the recombination in
the SCR in silicon SCs, as well as the specification of
their parameters, the research of those issues should
be continued with the use of other techniques, in par-
ticular, photoluminescence.

Our analysis has shown that the presence of sec-
tions with the nonideality coefficient close to two in
the dark current-voltage characteristics for all studied
specimens is not enough to draw a conclusion about
the small gradient of the concentration of deep recom-
bination centers in a vicinity of the maximum of the
integrand in Eq. (2). The only factor that allows this
conclusion to be drawn is rather a long length of this
section. By the way, for the examined SC specimens,
the length of the section with 𝑛 ≈ 2 was large.
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ОСОБЛИВОСТI ФОРМУВАННЯ
РЕКОМБIНАЦIЙНОГО СТРУМУ В ОБЛАСТI
ПРОСТОРОВОГО ЗАРЯДУ КРЕМНIЄВИХ
СОНЯЧНИХ ЕЛЕМЕНТIВ

Р е з ю м е

Дослiджено темновi ВАХ кремнiєвих сонячних елементiв
з рiзними часами життя Шоклi–Рiда–Холла, якi визнача-
лись з спектральних залежностей внутрiшнього квантового
виходу струму короткого замикання. Встановлено, що ре-
комбiнацiйнi струми в областi просторового заряду (ОПЗ)
формуються на основi часiв життя, менших, принаймнi на
порядок, за об’ємнi часи життя. Це пояснено великою кон-
центрацiєю дефектiв, якi приводять до появи глибоких рiв-
нiв, в ОПЗ дослiджуваних структур кремнiю. Оцiнено па-
раметри глибоких рiвнiв, вiдповiдальних за рекомбiнацiю в
ОПЗ.
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