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AMORPHOUS SUBMICRON LAYER
IN DEPLETION REGION: NEW APPROACH
TO INCREASE THE SILICON SOLAR CELL EFFICIENCY

The insertion of a thin amorphized layer (AL) in the space charge region of a silicon solar
cell is proposed as a way to improve the conversion efficiency due to the impurity photovoltaic
effect. Previously, this approach had been applied to a cell with a layer inserted in the emitter
by the ion implantation. The insertion of such layer in the space charge region is founded to
be preferable, because a better control over the recombination (via energy levels in the band
gap and local states of interfaces) can be achieved. The parameters of a modified device are
investigated by the numerical simulation, and it is concluded that the layer parameters have
a crucial influence on the cell conversion efficiency. Based on our simulation results, the
optimal AL and the height of barriers are determined. In such a case, the short circuit current
density is improved due to the absorption of photons with energy less than a silicon band
gap of 1.12 eV in AL, whereas the open circuit voltage and fill factor remain unchanged.
Theoretically, the increase in the efficiency by 1–2% is achievable. In the non-optimal case,
the degradation of a short circuit current and the fill factor eliminate the positive effect of an
additional photogeneration in AL.
K e y w o r d s: amorphized layer, space charge region, 𝑛+ –𝑝 silicon solar cell.

1. Introduction
The semiconductor structures based on crystalline silicon occupy the principal part of the world market despite the intense thin-film technologies development
[1]. The asymmetric 𝑛+ –𝑝 junction is known as one
of the basic semiconductor structures for silicon photovoltaic. Over the last decades, the efficiency of such
devices has been close to the theoretical limit (∼31%)
due to a variety of technological and structural solutions, which allow one to minimize the recombination
and the contact and reflective losses. According to research papers, the record efficiency of laboratory cells
is 24%, while the standard industrial devices demonstrate 17–20% [2, 3].
At present, many authors develop promising methods for increasing the efficiency, by using antireflective nanostructured coatings [4].
To make the silicon photovoltaic competitive with
the traditional energy sources and reach the efficiency
beyond this limit, new approaches should be taken
into account [2]. The fundamental reason restricting a
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future growth of the conversion efficiency is the inability to use photons with energy less than 1.12 eV (silicon band gap) for the photovoltaic conversion (fraction of such photon is nearly 40% for AM 1.5 spectrum) [5]. One of the possible strategies to use such
photons is the impurity photovoltaic effect (other way
is the utilization of Si–Ge quantum wells or Si𝑥 Ge1−𝑥
alloys). It assumes the insertion of an impurity with
deep energy levels (like In, Er, S, Te) in crystalline
silicon for the infrared photogeneration via the “two
step” process. Such modification of crystalline silicon
can be produced by the ion implantation technique
with a subsequent annealing. It can be distinguished
from the “extended” modification [6–8], where deep
levels are inserted throughout the bulk region, or the
“local” one, where deep levels are inserted in a restricted part, by forming the so-called “amorphizied
layer” of 100–150 nm in thickness buried in an emitter [9–12]. The theoretical and experimental studies
of the impurity photovoltaic effect in silicon cells have
been fulfilled over the last fifty years, but, unfortunately, there is no considerable progress till now. So,
for example, an increase of the short circuit current
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density up to several percent (1–6 mA/cm2 ) is achievable for “extended” modifications, but the open circuit voltage can be slightly reduced, because the inserted impurity levels act as recombination centers
as well. The main problems for both versions of this
approach are the weak infrared absorption, instability of optical dopants, and additional recombination
via inserted deep levels. As follows from the analysis in [13–19], the principal directions of research in
this field are the optical dopant screening (including a deep/shallow dopant system or dopants, which
produce more than one deep level [16, 17]) and the
structural design in a modified device (such as 𝑛–𝑝–
𝑝+ cell with an optical dopant inserted in the 𝑝-base
only), whereas the 𝑝+ -layer provides a better open
circuit voltage control [18, 19]. It should be noted
that the light trapping is absolutely required in all
cases.
There are some experimental and theoretical evidences that the infrared photo generation occurs more
efficiently, when non mid-gap deep levels are inserted
in the cell region, where the concentration of carriers is typically low, i.e. in the space charge region
of a 𝑛–𝑝 junction or 𝑖-layer of the 𝑝–𝑖–𝑛 structure
[20–23]. In the present work, we consider the asymmetric 𝑛+ –𝑝 junction with a thin AL inserted inside the space charge region (Fig. 1). The layer thickness was chosen less than the diffusion length, and
it is expected that most carriers generated by infrared light pass to the space charge region without recombination. Thus, deu to the strong electric
field inside AL and the optimal diffusion length, almost ideal conditions for the carrier collection are
realized. However, it should be noted that the “local” amorphization of silicon can lead to increasing
the energy band gap up to 1.6–1.8 eV and, according to the Anderson model, the appearance of potential barriers [7]. Obviously, additional barriers in
the space charge region change the current flow in
an initial cell significantly. The positive effect, due
to a restriction of the electron injection from the
𝑛+ -emitter, can be accompanied by additional recombination losses associated with the accumulation
of carriers, especially when the forward bias is applied. That is why, even if the efficient infrared photogeneration in AL occurs, the influence of a modification on the initial cell performance can be negative
in some cases. This possibility has not been analyzed
in research papers previously. In addition, the paramISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1

Fig. 1. Schematics of a silicon solar cell based on the asymmetric 𝑛+ –𝑝 junction with a wide-band-gap amorphized layer
in the space charge region. The impurity photovoltaic effect
occurs via deep energy levels inside this layer

eters of the implanted impurity profile and, hence, the
parameters of AL can be varied over a wide range depending on the implantation/annealing or epitaxial
growth conditions [24]. Based on the numerical simulation results, we determine the optimal parameters
(position and height of barriers), when the positive
effect of infrared generation allows one to increase
the efficiency. In principle, the obtained results are
applicable to any asymmetric 𝑛+ –𝑝 junction with a
wide band gap semiconductor layer, in which the additional infrared photogeneration via deep defect levels occurs.
2. Numerical Simulation
Method and Device Parameters
Our investigation primarily focuses on how the complex band structure of a modified junction affects
the cell performance. That is why the 1-D simulation
program AFORS-het can be chosen. The version 2.2
solves the system of one-dimensional equations (Poisson’s equation and the transport equation for electrons and holes) with the help of the finite differences
method. It allows us to determine the band structure,
spatial distribution of non-equilibrium carriers, current density-voltage curves, etc. In such a way, some
principal aspects of the device operation can be clarified [25].
The reference cell consists from two regions: 𝑛+ -Si
and 𝑝-Si. We choose parameters corresponding to a
“mediocre” quality device: the doping concentration
of the 𝑛+ -Si region is 𝑁𝐷 = 1018 cm−3 , thickness is
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0.2 𝜇m, hole diffusion length is 0.8 𝜇m; the concentration of acceptors in 𝑝-Si is 𝑁𝐴 = 1016 cm−3 , thickness is 200 𝜇m, electron diffusion length is 130 𝜇m,
and front surface recombination velocity is equal
103 cm/s. For these doping levels, the built-in potential is 𝜓0 = 0.8 eV, and the space charge region
is nearly completely located in the 𝑝-base. Its width
at the zero bias is 𝐿 = 0.5 𝜇m. The cell parameters at standard AM 1.5, 0.1 W/cm2 illumination are:
the short circuit current density 𝐽𝐿 = 26.5 mA/cm2 ,
open circuit voltage 𝑉𝑜𝑐 = 690 mV, saturation current density 𝐽𝑜 = 4 × 10−11 mA/cm2 , fill factor
𝐹 𝐹 = 83%, which results in the conversion efficiency
𝜂 = 15.4%. The operation of a reference cell can be
described by the conventional equation
)︂
(︂
(︂ )︂
𝑒𝑉
−1 ,
(1)
𝐽(𝑉 ) = 𝐽𝐿 − 𝐽𝑜 exp
𝑘𝑇
where 𝑘 is the Boltzman constant, 𝑒 is the electron
charge, and 𝑉 is the applied bias.
The 𝑝-base of a modified device included three regions: #1-𝑝-Si, #2-AL, and #3-𝑝-Si. The thickness
of region #1 was varied in such a way that AL was
always in the space charge region in the equilibrium
state. So, the total base thickness was always kept
equal to 200 𝜇m. The AL was described by the standard 𝛼-Si model. To obtain the different heights of
barriers, the band gap and electron affinity were artificially varied. With the free carrier concentration
in AL less than 1015 –1016 cm−3 , the layer is fully
depleted, and the appropriate band bending near interfaces (i.e. when the carriers photogenerated in AL
flow to the silicon space charge region without storage and recombination) can be obtained. The origin
of localized states in the band gap was assumed to be
a result of band tails and dangling bonds. Thus, the
Input parameters of AL used in the simulation
Parameters

AL

Layer thickness (nm)
100
Dielectric constant
11.9
Electron affinity (eV)
varied (3.9–4.3)
Band gap (eV)
varied (1.12–1.8)
Effective conduction band density (cm−3 )
1 × 1020
Effective valence band density (cm−3 )
1 × 1020
Electron mobility (cm2 V−1 s−1 )
5
Hole mobility (cm2 V−1 s−1 )
1
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diffusion length in AL was 0.2–0.5 𝜇m, which is typical of amorphous silicon with moderate conductivity. The layer thickness was kept equal to 100 nm. All
other parameters are indicated in Table.
In our consideration, the total photocurrent density
includes two components. One component, (𝐽𝐿𝑚 ), is
associated with the absorption of photons with energy more than the silicon band gap (1.12 eV). It
was calculated with the simulation program AFORShet. The other component, additional photocurrent
(𝐽𝐿AL ), is associated exclusively with the absorption
of photons, whose energy is less than the silicon band
gap. As the layer thickness was chosen less than the
diffusion length, it was evaluated with a simplified
analytical expression
𝐽𝐿AL

∫︁𝜆2
= (1 − 𝑅)𝑒

𝑁 (𝜆)(1 − 𝑒−𝛼AL 𝑑AL )𝑑𝜆,

(2)

𝜆1

where 𝑒 is the electron charge, 𝛼AL is the absorption coefficient in the infrared range, 𝑅 is the reflection coefficient at the interface Si-AL, 𝑁 (𝜆) is
the incident photon flux, and 𝑑AL is the layer thickness. Alternatively (and probably with higher accuracy), 𝐽𝐿AL can be calculated, according to a modified Shockley–Read–Hall model that involves the
generation-recombination process through inserted
deep levels [16, 18].
In this way, the operation of a solar cell with the
inserted layer is described by the equation [26, 27]
𝑚

𝐽 (𝑉 ) =

𝐽𝐿𝑚

+

𝐽𝐿AL

−

𝐽𝑜𝑚

)︂
)︂
(︂
(︂
𝑒𝑉
−1 ,
exp
𝑛𝑘𝑇

(3)

where 𝐽𝑜𝑚 is the saturation current, and 𝑛 is the ideality factor. According to the analytical approach developed in [28], the values of 𝐽𝐿𝑚 , 𝐽𝑜𝑚 , and 𝑛 can depend on the applied bias and parameters of the inserted layer.
Figure 2 presents the band diagrams of a modified
device without external bias (a) and with direct voltage, which is slightly less than the open circuit voltage
(b). Parameters of photovoltaic conversion were calculated for a modified device for different layer positions inside the space charge region 𝑥AL and different
heights of potential barriers 𝜙𝑐 and 𝜙𝑣 . The radiation
source AM 1.5 with a power density of 0.1 W/cm2 was
used in our simulation.
ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1

Amorphous Submicron Layer in Depletion Region

3. Results and Discussion
3.1. Influence of AL
parameters on the dark current-voltage
In this section, we will analyze the dark 𝐽–𝑉 curves
of a modified device. Figure 3 illustrates the curves
calculated for layers with different barriers in the conduction band (𝜙𝑐 ) inserted at the plane 𝑥AL = 0.1𝐿.
As can be seen, an increase of (𝜙𝑐 ) leads to a decrease
of the dark current. The shapes of these curves look
like the reference curve shape, if the inserted barriers are relatively small (0.2–0.3 eV). However, the
effect of the modification becomes significant, if the
barrier height is higher than 0.35 eV. The deceleration of the current growth can be formally fitted
by a one-exponential model with the ideality factor
energy, eV

amorphized layer

𝑛 > 1 in these cases. Figure 4, in turn, illustrates
the 𝐽–𝑉 curves calculated for a layer inserted at different positions in the space charge region (0.1, 0.2,
0.35, 0.4, and 0.5𝐿), and 𝜙𝑐 is fixed to 0.4 eV. As
the space charge region width decreases with the direct bias as 𝐿(𝑉 ) = 𝐿(1 − 𝑒𝑉 /𝜓0 )1/2 , the layer position was chosen in such a way that it remains inside the space charge region. If AL is located near
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Fig. 3. Calculated dark current-voltage curves of a modified
cell for 𝑥𝐴𝐿 = 0.1𝐿 and different potential barriers 𝜙𝑐 = 0.2
(1), 0.3 (2), 0.4 (3), 0.45 (4), and 0.5 eV (5)
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Fig. 2. Calculated band diagram of a modified cell (a) without
external bias and with a direct bias of 0.6 V (b) that is less than
the open circuit voltage of a reference cell
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Fig. 4. Calculated dark current-voltage curves of a modified
cell for different positions of the amorphized layer 𝑥AL = 0.1
(1), 0.2 (2), 0.35 (3), 0.4 (4), and 0.5𝐿 (5); the value of 𝜙𝑐 is
0.4 eV
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model with 𝑛 close to 1 and a significantly reduced
saturation current (𝐽𝑜𝑚 ∼ 10−13 mA/cm2 ). One can
say that the dark current can be decreased by orders, by “shifting” the layer toward the base neutral
region.
Let us consider, in more details, the physical mechanism of formation of the dark current. When the
direct voltage bias 𝑉 is applied, the electrons from
the 𝑛+ -emitter are injected in the 𝑝-base. The principal reason of decreasing the current should be decreasing the electron concentration 𝑛(𝐿(𝑉 )) at the
base neutral region edge (the plane 𝑥 = 𝐿(𝑉 ), see
Fig. 2, b) due to the additional barrier of AL. From
our simulation results, it can be concluded that the
efficient barrier height (i.e. with respect to the flat
conduction band of the 𝑝-base) defines the dark current. When the direct voltage bias increases, the efficient barrier height increases also, by causing a partial voltage dropping right to the layer. The layer position affects primarily the 𝐽–𝑉 curve shape at the
extent, to which it determines the external voltage
bias dropping in the space charge region. In particular, if AL is located near the emitter edge, the
electron concentration can be written for the wide
range of the direct voltage bias 𝑉 as 𝑛(𝐿(𝑉 )) ∼
∼ 𝑁𝐷 𝑒−(𝜓0−𝑒𝑉 )/𝑘𝑇 . But if AL is shifted to the base
edge, 𝑛(𝐿(𝑉 )) ∼ 𝑁𝐷 𝑒−(𝜓0+𝜙𝑐−𝑒𝑉 )/𝑘𝑇 .
As the efficiency of the injection of holes is typically
low for the asymmetric 𝑛+ –𝑝 junction, any significant
influence of the position and the barrier height in the
valence band (𝜙𝑣 ) on the dark current in a modified
device was not observed in our simulation.
Fig. 5. Normalized short circuit current density as a function
of the layer position calculated for the layer with one barrier:
𝜙𝑐 = 0.1 (1), 0.2 (2), 0.3(3), 0.4 (4), and 0.45 eV (5), 𝜙𝑣 = 0.2
(6), 0.3 (7), 0.35 (8), and 0.4 eV (9) (a); the inset to (a) gives
simulated recombination profiles in the space charge region for
𝑥AL = 0.2𝐿 (curve a) and 𝑥AL = 0.6𝐿 (curve b), and 𝜙𝑐 =
= 0.4 eV; Normalized short circuit current density as a function
of the layer position calculated for a layer with two barriers:
𝜙𝑐 = 0.1𝜙𝑣 = 0.4 (1), 0.2, 0.2 (2), 0.3, 0.3 (3), 0.35, 0.35 (4),
0.4, 0.4 (5), and 0.45, 0.45 eV (6) (b)

the emitter, no difference with the reference curve
is observed up to 0.4–0.5 V. If the same layer is located closer to the base region (𝑥AL > 0.2𝐿), the
additional barrier (𝜙𝑐 ) defines the dark current, even
when a low external voltage bias is applied. It is worth
to note that, in the case 𝑥AL = 0.5𝐿 (curve 5),
the dependence can be fitted by a one-exponential
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3.2. Peculiarities of the formation
of short circuit current and open circuit
voltage in a modified device
The additional barrier structure should have negative
effect on the reference cell performance. The aim of
this section is to evaluate the layer parameters allowing onr to minimize this negative effect and to make
the infrared photogeneration in AL beneficial.
Figure 5, a presents the normalized short circuit
current density (i.e. 𝐽𝐿𝑚 /𝐽𝐿 ) as a function of the
layer position. The varied parameter is the potential
barrier height. A barrier (𝜙𝑐 ) restricts the electron
current collected from the 𝑝-base and from a part
of the space charge region, which lies to right from
the layer, curve 1–6. Our calculations show that the
ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1
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detrimental effect is maximal, when the layer is located near the base region edge, 𝑥AL ∼ 0.7𝐿. The
electros flow from the 𝑝-base is found to be nearly
completely blocked for 𝑥AL ∼ 0.7𝐿, 𝜙𝑐 ∼ 0.4 eV,
curves 5, 6. If the layer is shifted to the emitter edge,
the efficient barrier is decreased that leads to a gradual increase of the short circuit current. The electrons photogenerated in the 𝑝-base reach the space
charge region edge due to the concentration gradient
𝑑𝑛/𝑑𝑥, by the diffusion. Then they are drawn into
the space charge region by the electric field. The electrons with energy over the potential barrier height
pass to the 𝑛+ -emitter. The electrons, whose energy
is insufficient to overcome the barrier, are accumulated near the right interface of AL stretched by the
electric field of the space charge region. Normally,
the accumulation can lead to an enhancement of
the recombination. The simulated recombination profiles in the space charge region for 𝑥AL = 0.2𝐿 and
𝑥AL = 0.6𝐿 for 𝜙𝑐 = 0.4 eV are depicted in the inset to Fig. 5, a. It can be concluded that if AL is
located closer to the base (𝑥AL = 0.6𝐿), the electric
field is weak (as |𝑑𝜓/𝑑𝑥| = |𝑑(𝜓0 (1 − 𝑥/𝐿)2 )/𝑑𝑥| =
= 2𝜓0 (1−𝑥/𝐿)/𝐿)), and the probability of the carrier
recombination increases. When AL is located closer
to the emitter (𝑥AL = 0.2𝐿), the electric field near
the interface is stronger, and the recombination rate is
lower. This means that the concentration of accumulated carriers to increase the diffusion can be reached
more easily.
Similarly, the barrier 𝜙𝑣 restricts the current of
holes collected from the 𝑛+ -emitter and from a part
of the space charge region which lies left to the
layer. The physical mechanism of short circuit current formation is qualitatively similar, as described
above. When the layer is located near the emitter
(𝑥AL = 0.1𝐿), the detrimental effect is maximal, but
when the layer is shifted to the base edge, the efficient
potential barrier height for holes decreases, and the
short circuit current increses, curves 6–9. The flow of
holes from the 𝑛−emitter is found to be blocked for
𝑥AL = 0.1𝐿, 𝜙𝑐 ∼ 0.4 eV, curves 8, 9. If the layer
forms two potential barriers 𝜙𝑐 and 𝜙𝑣 , the situation becomes more complex, Fig. 5, b. The inserted
AL restricts both the transport of holes from the 𝑛+ emitter and the transport of electrons from the 𝑝base. As can be seen, the non-monotonic dependence
of the short circuit current on the layer position is
observed, curves 1–4. In addition, the maximum disISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1

Fig. 6. Relative increase of the open circuit voltage as a function of the layer position calculated for different barrier heights
in the conduction band

appears, if 𝜙𝑐 = 𝜙𝑣 > 0.4 eV, curve 5, 6. The position
of the maximum depends on the values of (𝜙𝑐 ) and
(𝜙𝑣 ). One can say that the curves are a result of the
combination of oppositely directed trends, as was discussed above.
The open circuit voltage of a modified device was
calculated. If AL forms a potential barrier in the valence band only, the saturation current remains nearly
unchanged 𝐽𝑜𝑚 ∼ 𝐽𝑜 . Therefore, the variations of the
short circuit current and the open circuit voltage are
consistent. For the layer with 𝜙𝑣 ∼ 0.4 eV inserted
near the emitter edge, the open circuit voltage decreases by 2%, in accordance with the expression
𝑉 = 𝑘𝑇 /𝑒𝑙𝑛(1+𝐽𝐿𝑚 /𝐽𝑜 ). An improvement of the open
circuit voltage is possible, if the layer forms a potential barrier in the conduction band, Fig. 6. This effect is explained by the influence of (𝜙𝑐 ) on the dark
current, which was discussed in the previous section
in detail. To improve the open circuit voltage significantly, the layer with high potential barrier 𝜙𝑐 = 0.3–
0.4 eV should be located closer to the base region,
and it looks very problematic to avoid the simultaneous degradation of the short circuit current density. It
is worth to note that there exists the range of layer
positions (𝑥AL ) allowing to preserve both the open
circuit voltage and short circuit current density for
𝜙𝑐 < 0.2 eV (it is indicated by arrows in Fig. 6).
Another important parameter characterizing the
light 𝐽–𝑉 curves is the fill factor (FF ). Its value as
a function of the layer position was calculated for a
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Fig. 7. Fill factor as a function of the layer position calculated
for different barrier heights: 𝜙𝑐 = 0𝜙𝑣 = 0.3 (1), 0.1, 0.4 (2),
0, 0.45 (3), 0.15, 0.15 (4); 0.2, 0.2 (5) and 0.3, 0.3 (6)

variety of situations, Fig. 7. Curves 1–3 illustrate the
case where the layer forms a potential barrier in the
valence band 𝜙𝑣 only (or when a small barrier in the
conduction band with 𝜙𝑐 < 0.1 eV exists). Since the
efficient potential barrier for holes increases with the
applied voltage bias, the photocurrent (𝐽𝐿𝑚 ) depends
on the applied voltage bias as well. To explain the
presented dependences, the spatial distribution of the
potential within the space charge region should be
taken into account (see Fig. 2, b; it can be also expressed as 𝜓(𝑥) ∼ (𝜓0 −𝑒𝑉 )(1−𝑥/𝐿(𝑉 ))2 ). When the
layer is inserted near the emitter edge, the variation
of the efficient potential barrier with an applied voltage bias is not significant, and FF reveals a maximal
value. However, the variation increases, if the layer is
shifted from the emitter to the base edge. Moreover,
the concentration of stored holes can be strongly influenced by reduced electric fields that imply additional recombination losses. These reasons, generally,
explain a decrease of FF, when the layer is shifted to
the base edge.
If AL forms a potential barrier in the conduction
band (𝜙𝑐 ), details of the dependences becomes quite
different, curves 4–7. As the electron flow is perturbed, the shape of dark 𝐽–𝑉 curves influences the
fill factor. A significant decrease of FF is observed,
when the layer is shifted to the middle of the space
charge region. Then, as the layer approaches the base
edge, FF increases. On the other hand, the degradation of the fill factor is always observed, when (𝑥AL ) is
fixed, and the potential barrier height increases. This
fact, as was mentioned above, can be attributed to ad-
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ditional recombination losses near the AL interfaces,
when the forward bias is applied.
As the short circuit current, the open circuit voltage, and the fill factor define the efficiency of a modified cell, some optimization of layer parameters can
be proposed. Summarizing the results presented in
Fig. 5–7, one can say that the optimal cases are:
1) when the layer with a potential barrier in the valence band 𝜙𝑣 < 0.4 eV (the barrier in the conduction band 𝜙𝑐 ∼ 0.1 eV) is located at 𝑥AL ∼ 0.2–0.3𝐿
𝑚
(𝐽𝐿𝑚 ∼ 26–26.5 mA/cm2 , 𝑉𝑜𝑐
∼ 690 mV, 𝐹 𝐹 𝑚 ∼ 76–
80%); 2) when the layer forms two barriers 𝜙𝑐 = 𝜙𝑣 ∼
∼ 0.2 eV, it should be located at the plane 0.1𝐿 <
𝑚
< 𝑥AL < 0.3𝐿 (𝐽𝐿𝑚 ∼ 26.5 mA/cm2 , 𝑉𝑜𝑐
∼ 690 mV,
𝐹 𝐹 𝑚 ∼ 77–80%); 3) when the layer forms a potential barrier in the conduction band 𝜙𝑐 < 0.3 eV,
it should be located near the emitter edge (𝐽𝐿𝑚 ∼
𝑚
∼ 26.5 mA/cm2 , 𝑉𝑜𝑐
∼ 690–697 mV, 𝐹 𝐹 𝑚 ∼ 75–
80%). That all correspond to the band gap 𝐸AL =
= 1.5–1.6 eV.
3.3. Effect of additional
infrared photogeneration in AL
on the modified cell conversion efficiency
The effect of an additional photogeneration on the efficiency of a modified device will be analyzed in this
section. Naturally, the calculation of (𝐽𝐿AL ) should involve the specific features of an inserted deep impurity. In practice, the origin of deep levels, providing
the infrared absorption inside AL, might be quite
different: deep donor-like impurity, deep acceptorlike impurity in couple with a shallow donor-like one
for the compensation, post-implanted point defects,
etc. [15, 17, 22]. In our simulation, for simplicity,
the case of post-implanted defects is considered [29,
30]. The experimentally measured absorption coefficient 𝛼AL is about 102 –103 /cm in the wavelength
range 1.1 𝜇m < 𝜆 < 2.5 𝜇m. Let us consider the
infrared light trapping scheme that provides at least
100 passes of light through the active region of a modified device. The solar cells with the improved light
trapping scheme can be achieved via the application,
for example, Bragg mirrors [31–33]. The calculation
of the additional photocurrent according to (2) with
𝑅 = 0 gives 𝐽𝐿AL ∼ 2.4–5 mA/cm2 .
Figure 8, a illustrates the light 𝐽–𝑉 curves calculated according to (3) for AM 1.5, 0.1 W/cm2 . The
modified layer with 𝜙𝑐 = 𝜙𝑣 = 0.2 eV was located in
ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1
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different positions for comparison. As can be seen, if
the layer is at the plane 𝑥AL = 0.2𝐿, the conversion
efficiency improves up to 17% due to the short circuit
current density improvement (𝐽𝐿𝑚 ∼ 28.9 mA/cm2 ,
𝑚
𝑉𝑜𝑐
∼ 690 mV, 𝐹 𝐹 𝑚 ∼ 82%). In addition, the open
circuit voltage and the fill factor remain unchanged. If
the same layer is inserted at the plane 𝑥AL = 0.5𝐿
or 0.6𝐿, the degradation of the short circuit current density in the initial cell eliminates the effect of
additional infrared photogeneration at all. The conversion efficiency declines to 12%, which is even less
than the efficiency of a reference cell. Figure 8, b illustrates the effect of different potential barrier heights
for 𝑥AL = 0.45𝐿 on the open circuit voltage of a modified device. The efficiency firstly increases to 16.5%
(𝜙𝑐 𝜙𝑣 = 0.15 eV), but then drastically declines down
to ∼6% (𝜙𝑐 = 𝜙𝑣 ∼ 0.25–0.4 eV). It should be noted
that, when the open circuit voltage increases (due to
a restriction of the injection from the emitter), the
simultaneous significant degradation of the fill factor takes place. As can be concluded from Fig. 8, the
conversion efficiency of ma odified device strongly depends on the layer position and its potential barriers. If AL has optimal parameters, as it was discussed
in the previous section, an increase of the conversion
efficiency of a modified cell by 1–2% in absolute value
can be expected. In the opposite case, the proposed
modification leads even to a degradation of the initial
efficiency value.
3.4. Related experimental
results and future development
The efficiency improvement of an asymmetric 𝑛+ –
𝑝 junction by 1.5% due to the In-ion implantation
in the space charge region was experimentally obtained in [20–23]. The additional infrared absorption
was shown to improve the short circuit current by
10%, whereas the open circuit voltage, dark current,
and FF remain nearly unchanged under the optimal
conditions of annealing. The explanation of this effect
by a minor damage due to the implantation process
can be completed, in our opinion, because the possible
band gap increase was not taken into account. Namely, if the amorphization of silicon in the space charge
region appears, in spite of that, the positive effect of
conversion improvement is possible under certain conditions. Our simulation results allow one to partially
clarify and to supplement the explanation of these exISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 1

Fig. 8. (a) Calculated light current-voltage curves of a modified cell for different positions of the amorphized layer for
𝜙𝑐 = 𝜙𝑣 = 0.2 eV: 𝑥AL = 0.2 (1), 0.5 (2), 0.6 (3), and 0.65𝐿
(4). An additional infrared photogeneration in AL is taken into
account; light current-voltage curve of a reference cell is also
shown. (b) Calculated light current-voltage curves of a modified cell for different barriers for 𝑥AL = 0.45𝐿: 𝜙𝑐 = 𝜙𝑣 = 0.15
(1), 0.25 (2), 0.3 ( 3), and 0.4 eV (4)

perimental results. If the conduction band potential
barrier of AL is small, that is the case of the widely
used 𝛼-Si model, the dark-current curve should not
be changed for an implanted asymmetric 𝑛+ –𝑝 junction. On the other hand, if AL with a barrier in the
valence band in 0.3–0.4 eV is located not in a vicinity of the emitter edge (0.3𝐿), the degradation of the
short circuit current and the open circuit voltage can
be minimized.
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The modified solar cells with a buried amorphized
layer have been studied by the group of Z. Kuznicki
and M. Ley since the 1990s. The point defects, which
act as impurity photovoltaic centers, were generated
by the P-ion implantation in the 𝑛-emitter of the
asymmetric 𝑛+ –𝑝 junction. The authors reported the
20-% internal quantum efficiency improvement at the
near infrared range 𝜆 > 0.9 𝜇m [9]. The TEM analysis clearly indicates that the layer (with a thickness of 100–150 nm at a depth of 100 nm from the
front cell surface) has amorphous structure with two
rough interfaces. It was shown that an acceptable fitting of dark 𝐽–𝑉 curves required the introduction of
additional barrier parameters [10]; however, the complete characterization of cells formed under different
implantation/annealing conditions was not made. To
create an appropriate band bending for the effective minority carrier collection and the interface recombination control, a highly doped AL was utilized
[12]. The barrier structure of a modified emitter was
treated as the 𝑛-Si–𝑛+ -Si–𝑛-Si or 𝑛-Si–𝑛+ -𝛼-Si–𝑛-Si
heterojunction, blocking the flow of minority carriers
generated between the front surface of the emitter and
the upper interface of AL [11, 12]. The insertion of a
similar structure in the space charge region is believed
to be preferable, because a better control of recombination can be achieved, if the built-in potential of the
𝑛–𝑝 junction drops on the layer volume (that means
that the electric field in AL is about 106 V/cm).
Based on the numerical simulation results, a silicon solar cell with improved efficiency can be realized experimentally. On the other hand, several recent studies predict that the “host” material should
have wide band gap (like 𝛽-SiC or GaAs) for a more
effective application of the impurity photovoltaic effect [34, 35]. Hypothetically, such wide-gap layer can
be inserted in the space charge region of a silicon
junction via the epitaxial growth. Our simulation results are believed to help for a careful selection of its
parameters.
4. Conclusions
The impurity photovoltaic effect, allowing the absorption of photons with energy less than the silicon band
gap (1.12 eV) and the additional photogeneration of
carriers, is proposed as a way to improve the conversion efficiency of cells based on the 𝑛+ –𝑝 junction. One of the possible approaches to this strategy
is the insertion of a thin modified layer in the space
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charge region by the ion implantation. Instead of an
amorphous silicon layer, the layer of another material, like porous silicon [36] and a diamond-like film
[37] can be used. However, a partial disordering of
the silicon lattice can lead to a local band gap increase and to the potential barrier formation that, in
turn, changes the current flows of the initial cell significantly. This situation has been investigated with
numerical simulation in the present work. The influence of layer parameters (position, barrier height) on
the cell efficiency in view of the additional infrared
photogeneration is analyzed in details. An increase of
the conversion efficiency by 1–2% is achievable due to
the additional infrared absorption. In this case, the
short circuit current density improves, whereas the
open circuit voltage and the fill factor remain nearly
unchanged. This increase can be achieved, for example, if the layer with barriers in the valence (<0.4 eV)
and conduction (<0.1 eV) bands are inserted at the
plane corresponding to 0.3 of the space charge region
width. It looks very problematic to get a simultaneous improvement of the short circuit current density
and the open circuit voltage by choosing the appropriate layer parameters. Our modeling show that an
increases in the open circuit voltage by 10–12% due
to a restriction of the injection in the 𝑝-base is accompanied by a degradation of the short circuit current density. To improve the open circuit voltage, the
layer with a high potential barrier height in the conduction band (0.4 eV) should be located closer to
the base region that causes the unavoidable recombination losses in the space charge region, especially
when the forward voltage bias is applied. It can be
concluded that layer parameters has a crucial influence on the initial cell conversion efficiency. To have
a future efficiency improvement, layers with high absorption coefficient in the infrared range and with interfaces of good qualities are required. Preliminary
experimental data have been discussed.
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АМОРФIЗОВАНИЙ СУБМIКРОННИЙ
ШАР В ОБЛАСТI ПРОСТОРОВОГО ЗАРЯДУ:
НОВИЙ ПIДХIД ДО ПРОБЛЕМИ
ПIДВИЩЕННЯ ЕФЕКТИВНОСТI
КРЕМНIЄВИХ СОНЯЧНИХ ЕЛЕМЕНТIВ
Резюме
Створення тонкого субмiкронного аморфiзованого шару
(АШ) в областi просторового заряду кремнiєвого фотоперетворювача може збiльшувати коефiцiєнт корисної дiї за рахунок домiшкового фотоелектричного ефекту. Ранiше цей
пiдхiд був застосований до структур з модифiкованим ша-
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ром в областi емiтера. Такий шар можна створити за допомогою iонної iмплантацiї. Вбудова шару в область просторового заряду є перспективним пiдходом, оскiльки дозволяє
досягти зменшення впливу рекомбiнацiї (через енергетичнi
рiвнi в забороненiй зонi та рiвнi, пов’язанi iз локальними
станами iнтерфейсiв). Параметри фотоперетворення модифiкованої структури дослiджено методом чисельного моделювання, який дозволяє отримати свiтловi вольт-ампернi
характеристики для рiзних параметрiв АШ. На пiдставi цих
результатiв визначено оптимальнi параметри АШ. У такому випадку щiльнiсть струму короткого замикання збiльшується завдяки поглинанню фотонiв з енергiєю, меншою
нiж ширина забороненої зони кремнiю 1,12 еВ, а напруга
холостого ходу та фактор заповнення залишаються майже
без змiн. Теоретично, можливо отримати, пiдвищення ефективностi на 1–2% за абсолютною величиною. Це можливо,
якщо шар з бар’єром у валентнiй зонi (менше, нiж 0,4 еВ)
та бар’єром у зонi провiдностi (менше, нiж 0,1 еВ) створено у площинi, яка вiдповiдає близько 0,3 ширини областi
простору заряду. У iншому випадку деградацiя струму короткого замикання i фактора заповнення нiвелює позитивний ефект додаткової фотогенерацiї. Збiльшення напруги
холостого ходу на 10–12% (внаслiдок обмеження iнжекцiї
в 𝑝-базу) супроводжується суттєвою деградацiєю щiльностi
струму короткого замикання. Так, для збiльшення напруги
холостого ходу шар iз суттєвим потенцiальним бар’єром в
зонi провiдностi (близько 0,4 еВ) повинен бути розташованим поблизу базової областi.
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