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Abstract: In this work, we report a detailed scheme of computational optimization of solar cell
structures and parameters using PC1D and AFORS-HET codes. Each parameter’s influence on the
properties of the components of heterojunction silicon-based solar cells (HIT) has been thoroughly
examined. The proposed approach follows a stringent sequence of steps to optimize various param-
eters of the studied HITs. Furthermore, we have revealed the effects of the metal-semiconductor
contact, and a model of a photocell with an ohmic contact and a Schottky contact has been simulated.
The optimal model of HIT for available materials has been proposed and fabricated based on the
results of these simulations. A comparison of predicted and measured performance unequivocally
demonstrates the efficiency of the proposed scheme in developing silicon-based HITs, providing
reassurance about its practical application.
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1. Introduction

Heterojunction silicon (HIT) solar cells demonstrate the highest performance among
all silicon-based technologies due to the low fabrication temperatures, outstanding light
absorption properties and behavior at high module operation at ambient and high tem-
peratures, and real-world cloudiness [1,2]. The subject of heterojunction photovoltaic cells
and photovoltaic modules is quite popular and has potential for future research [3]. The
key source for these exceptional results is the intelligent usage of the most beneficial prop-
erties of crystalline silicon (c-5i), such as high charge mobility and lifetime, and essential
properties of amorphous hydrogenated silicon (a-Si:H), such as high optical absorption in
the visible range. The possibility of fine-tuning the structure of HIT-based devices using
modeling techniques provides an additional advantage for further development. The
most robust approach to modeling HIT-based devices is the modeling with preset grain
boundaries. For example, the efficiency of silicon heterojunction-based solar cells can be
calculated for the various parameters of crystalline substrates, as shown in the work by W.
Lisheng et al. [4] and in the work by 1. E. Panaiotti et al. [5] This approach can be used for
fast and straightforward evaluation of the quality of c-Si surfaces (wafers).

However, modeling the HITs constructed from several heterojunctions (see, for exam-
ple, Figure 1) requires more sophisticated calculations. The most time-consuming part of
the work is choosing the optimal parameters for the simulations. In standard computational
packages such as PC1D [6] and AFORS-HET [7], various simulations of HITs within the
preset range of the parameters are possible. PC1D is the package used to simulate the
performance of crystalline semiconductors-based HITs. The code is now available free
of charge from the University of NSW Sydney. On the contrary, AFORS-HET software is
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intended to simulate heterojunction solar cells based on silicon and amorphous silicon and
features a rich database with parameters of these materials.
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Figure 1. Schemes of different HITs based on n-c-Si (a), a-Si:H/i-a-Si:H/n-c-Si junction (b), and n-c-Si
/i-a-Si:H/n*-a-Si:H (c).

Earlier works where these tools have been used considered the influence of electrode
work functions and their doping density on the device characteristics [8,9]. Introducing the
p+ inverse layer to the hetero-interface was considered by M. Ghannam et al. [10] In the
work of L. Shen et al., the studies of the effect of the Fermi level position in doped a-Si:H
and the shift of the energy levels on the interface a-Si:H/c-Si have been carried out [11].
Optimization of the manufacturing parameters, such as the thickness of films or dopant
concentration, is also possible in both packages. For example, the solar cell performance
heterojunction n-ZnO/p-Si has been simulated and optimized by varying layer thickness
and doping concentrations [12]. More complex heterojunctions (ITO/ZnO/In;O3/n-5i/i-
S5i/p-5i) have also been considered in the mentioned work to illustrate the principles of the
calculations by the AFORS-HET package. Recent work reports the modeling of thin-film
solar cells with an n-i-p structure based on hydrogenated amorphous silicon (a-Si:H) with
subsequent manufacturing of this structure and comparison of calculated and measured
properties of the device [13]. Reported results demonstrate that theoretical modeling is
helpful for the design and manufacturing of highly efficient HIT-based solar cells.

We want to highlight several publications on the subject of optimizing and improving
the performance of solar cells. One of these papers is a paper on the most common mistakes
in this field of research [14]. One of the criteria to check in the modeling results is the
theoretical limit of single junction silicon solar cells, which can be seen in the paper ([14] p. 3,
Figure 1). Also, it is worth noting that any hypothesis and model becomes appropriate if it
can be tested experimentally. In this regard, we would like to acknowledge the work of [13],
where the authors simulated the HIT photocell using AFORS-HET soft and fabricated an
experimental sample using the PECVD method. This work studies the influence of emitter
layer thickness and doping. However, it is worth noting that if the same PECVD setup is
placed in a different part of the world, with slightly different external conditions, the recipe
containing the gas flow rate as well as the temperature may also be slightly different to
achieve the same output characteristics of the finished amorphous films and, in general, of
the photovoltaic cell. This paper does not consider the other parameters of other HIT (HJT)
layers affecting the performance of the photovoltaic cell. We also note the work of [15],
where the authors studied the influence of the emitter layer and BSF layer doping. This
paper presents only simulation data without the experimental part, but the work’s essence
is applying gradient distribution of impurities in the emitter layer. However, this approach
in production is currently quite challenging, as it requires high precision of alloying in very
thin amorphous layers and increases the probability of scrap at high production volumes.

Based on the above, it can be noted that a systematic approach to optimizing a solar
cell model that uses a ranking of all the main parameters and takes into account feedback,
as well as incorporating both “top” and “bottom” limits based on both experimental and
theoretical data has not been presented to the general public. In our paper, we present an
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attempt at such an approach, which has been verified experimentally. Our experimental
works were published earlier, so we do not present experimental data but refer to them
during the narrative [16].

However, choosing the proper initial set of parameters is a state-of-the-art, time-
consuming procedure for more complex systems. In addition, some deviations in the initial
parameters could lead to significant divergence of calculated properties. Thus, developing
the general framework for the simulations of HIT-based devices is required. In this work,
we report the results of the comprehensive studies of the influence of various parameters
in the model for the properties of a typical HIT structure p-a-Si:H/i-a-5i:H/n-c-Si:H/i-a-
Si:H/n+-a-Si:H, as shown in Figure 2f. To verify the results of our simulations, several
devices have been fabricated and tested.
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Figure 2. Short-circuit current (Isc) as a function of (a) thickness of the crystalline substrate of
n conductivity type, (b) degree of doping of the crystalline substrate of n-type of conductivity,
(c) thickness of the buffer layer of its conductivity type, (d) thickness of the emitter layer of p-type
of conductivity, (e) degree of doping of the p-type emitter layer conductivity. Panel (f) shows the
structure of the HIT-solar cell.

2. Theoretical Approach

Knowledge about the influence of different parameters on the efficiency of HIT-based
devices is essential for developing an efficient approach to optimizing complex multilayer
systems. Varying the parameters in a broad range can lead to the instability of numerical
calculations. The simplest solution to this problem is to consider complex systems from
several more superficial structures. Examples of these structures are shown in Figure 1. All
external contacts in these systems are regarded as ohmic.

Finding an efficient algorithm for optimizing such a complex, multilayered system
requires knowledge of the relative influence of the fabrication parameters on the resulting
device performance. This influence can be estimated as a ratio of the maximum and mini-
mum cell efficiency values upon variation of each fabrication parameter: R = Effax /Effmin.

Fine-tuning the complex HIT structure requires an initial variation of optimization
parameters in broad ranges. For many tested parameters, varying can lead to instability
in numerical calculations. To overcome this difficulty, we have divided the complex HIT
structure into three more superficial structures:

1.  p-c-Si/n-c-Si (Figure 1a);
2.  p-a-Si:H/i-a-Si:H/c-Si (Figure 1b);
3.  n-c-Si/i-a-Si:H/n+-a-Si:H (Figure 1c).
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Outer contacts in these devices are considered ohmic.

The simulations were performed using AFORS-HET. This program is optimized for
modeling amorphous layers in such devices. In addition to creating the PV cell model,
the program can also simulate measurements of various optical and electrical methods of
heterostructure investigation (I-V, impedance spectroscopy, deep-level spectroscopy, quan-
tum efficiency measurement, and others). In addition, this program allows the selection of
various parameters to match methods for the characterization. For example, it is possible
to set the mode top contact as “metal-semiconductor” or “metal-oxide-semiconductor”.

The used model also considers various models of charge carrier recombination, such
as radiative recombination, Auger recombination, and Shockley-Reed-Hall recombination.
Based on the above, AFORS-HET is efficient for modeling solar cells and simulating
their properties, including energy levels, quasi-Fermi levels, charge carrier generation,
recombination, currents, and phase shifts. During the modeling process, changes in the
parameters of the material and the external environment are also possible [17-20].

3. Method for the Optimization of Photocell HIT

First, we considered a simple p-Si/n-Si junction with the following initial parameters:
p-Silayer thickness is 0.1 um, n-layer thickness is 300 um, acceptor concentration in the p-Si
layer is 1 x 10" cm~3, and the donor concentration in n-type Si is 1.5 x 10'® cm~3. The
surface recombination rates for the silicon wafer were chosen to be 10° cm s~!, which is a
reasonable approximation for the case of a passivated surface. To compare, the calculations
were repeated for a non-passivated plate with a surface recombination rate of 107 cm s~ 1.
These values represent the parameters reported in the literature on fabricating crystalline
silicon solar cells [21]. The simulated solar cell (SC1) efficiency is 24.62%, the short-circuit
current is 40.48 mA /cm?, the open-circuit voltage is 0.7261 V, and the duty cycle is 0.837.
The most apparent parameters that can affect performance in this device are (i) thickness
of the c-Si single-crystal layer with n-type conductivity, (ii) doping of a single-crystal c-Si
layer with n-type conductivity, (iii) thickness of the c-Si emitter layer of p-type conductivity,
and (iv) doping of the c-Si emitter layer with p-type conductivity. The last two parameters
are unimportant for considering HIT devices due to the absence of a native a-Si:H layer
between n-5Si and p-5i in SC1 because we initially optimize the parameters for the layers
that are part of the HIT structure. Therefore, we will omit the optimization steps of PV1
using the two first parameters.

To optimize the performance of a crystalline p-n junction device using wafer thickness,
a wide range of doping levels of the crystalline substrate, from 1 to 1000 um, was selected.
The simulated device’s characteristics included short-circuit current density (ISC, Jsc),
open-circuit voltage (Uxy, Vo), fill factor (FF), and power conversion efficiency (PCE).

The short-circuit current (Isc) increases with the thickness of the crystalline layer of
n conductivity type up to a thickness of 100 um, as shown in Figure 2a. The increase
in the value of the short-circuit current is mainly because photons are absorbed in the
layer of crystalline silicon, and electron-hole pairs are formed in the p-n junction region.
Note that in industrial manufacturing of solar cells, the production method defines the
minimum value of the substrate thickness. Another effect of increasing the thickness of
the amorphous layer of p-type conductivity is a drop in the short-circuit current, as shown
in Figure 2d. This effect is caused by the low mobility and lifetime of charge carriers in
the amorphous film. The drop in performance is associated with an increase in the series
resistance of the structure. However, it is worth noting that the minimum film thickness
should be limited by the propagation of the curvature of the energy bands of homo- or
hetero- p-n and pi-n junctions.

The short-circuit current also reduces with increased doping in the crystalline substrate
(see Figure 2b) due to the increased probability of Auger recombination of charge carriers
when a certain doping level is reached [22]. Due to the quality of the amorphous silicon
material, the structure’s resistance increases, which decreases the short-circuit current as
the thickness of the amorphous layer increases.
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Figure 3. Fill factor (FF) as a function of (a) thickness of the crystalline substrate of n conductivity
type, (b) degree of doping of the crystalline substrate of n-type of conductivity, (c) thickness of the
buffer layer of its conductivity type, (d) thickness of the emitter layer of p-type of conductivity,
(e) degree of doping of the p-type emitter layer conductivity.

However, due to the quality of the amorphous silicon material, the structure’s resis-
tance increases, which decreases the fill factor (Figure 3c) and the short-circuit current
(Figure 2c). The overall influence of the above-described dependencies negatively affects
the photocell’s efficiency (Figure 4c,d). The efficiency of the photocell decreases with in-
creasing thickness of the emitter layer, which is associated with an increase in the series
resistance of the structure. An increase in the concentration of the majority charge carriers
in the crystalline silicon substrate is accompanied by an increase in the efficiency of the
photocell (Figure 4b). This dependence is associated with an increase in the conductivity
of the structure. A change in the degree of doping entails a change in the curvature of
the energy bands in the band diagram; such a change affects the short-circuit current
and open-circuit voltage (Figures 2b and 5b). There is an increase in the values of these
characteristics in a particular range. However, after passing the extremum point, a drop in
the efficiency of the solar cell is observed. This behavior of the curve can be explained in
the following way: with an increase in the concentration of the majority charge carriers,
the probability of Auger recombination in the semiconductor also increases. This entails
a decrease in the short-circuit current and open-circuit voltage [23]. As a result, at the
extremum point, the influence of Auger recombination has a more substantial effect on the
dependence of the efficiency of the photocell, which leads to a decrease in efficiency.
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Figure 5. Open-circuit voltage as a function of (a) thickness of the crystalline substrate of n conductiv-
ity type, (b) degree of doping of the crystalline substrate of n-type of conductivity, (c) thickness of
the buffer layer of its conductivity type, (d) thickness of the emitter layer of p-type of conductivity,
(e) degree of doping of the p-type emitter layer conductivity.

The open-circuit voltage curve depends on the processes of charge carrier recom-
bination in the structure. Because almost 100% of the cell structure is single-crystalline
silicon, the open-circuit voltage depends on the processes of charge carrier recombination
in crystalline silicon. As a result, the open-circuit voltage curve does not change its de-
pendence on changes in the doping degree of the emitter layer (Figure 5e). An increase in
the thickness of the built-in intrinsic conductivity layer does not significantly change the
open-circuit voltage (Figure 5¢). Because the built-in layer of intrinsic conductivity leads
to better passivation of the surface states of the crystalline substrate, the recombination of
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charge carriers is reduced. The drop in open-circuit voltage with increasing thickness of the
single-crystal substrate is due to the increase in the number of defects deep in the material,
which serve as recombination centers for charge carriers.

The open-circuit voltage depends on the light current and saturation current. Because
the saturation current is related to the structure’s resistance and the recombination of charge
carriers, the open-circuit voltage curve is similar to the short-circuit current curve (Figure 5
vs. Figure 2). Because the photocell’s efficiency depends on the short-circuit current and
open-circuit voltage the efficiency value also decreases with increasing thickness of the
amorphous silicon layer of p-type conductivity (Figure 4d).

The short-circuit current I and the open-circuit voltage U increase with the thickness
of the crystalline layer of n-type conductivity up to a thickness of 100 um (Figures 2 and 5).
At the same time, the value FF remains unchanged (Figure 3a). The efficiency of Cell 1
increases from 6.61% at 1 um to 22.92% at 1000 pm (Figure 4). The immutability of FF can
be explained by its definition according to the formula: the power in the photocell begins
to grow in the numerator of the formula and, at the same time, the denominator of the
expression, which includes the products of the short-circuit current and Voc, also grow. In
the end, FF remains unchanged; thus, varying the plate’s thickness results in a maximum
efficiency to minimum efficiency ratio of R = 3.47.

The crystalline p-n junction device was optimized by wafer doping from 1.5 x 10'® cm—3
to 2.8 x 10! cm~3. The latter value is the effective density of states of the conduction band
in silicon, which limits the doping concentration. Increasing the doping degree reduces
cell output values over a wide range. This is mainly due to a short-circuit current Jsc drop,
while the FF form factor remains unchanged. Over the entire optimization range, the device
efficiency varies from 16.43% to 22.55%, which gives us a value of R equal to 1.37.

4. Study of the Influence of Manufacturing Parameters Affecting the Characteristics of
the Structure p-Si:H/i-a-Si:H/n-c-Si

At this stage of our studies, we consider the p-a-Si:H/i-a-Si:H/n-c-Si structure (Cell 2)
with the following initial parameters: p-a-Si: H layer thickness (emitter) is 10 nm, i-a-Si:
H layer thickness is 10 nm, thickness n-type crystal plate is 300 um, acceptor concentra-
tion in the emitter layer—7.47 x 10! em~3, and donor concentration in the substrate—
1.5 x 10'® cm 3. It is assumed that the mobility of electrons and holes in amorphous silicon
is pn = 20 cm?/Vs and Hp =5 cm?/Vs. The surface recombination rates for the silicon
wafer were chosen to be 10 3 cm s~!, which is a reasonable approximation for the case of a
passivated surface. To compare, the calculations were repeated for a non-passivated plate
with a surface recombination frequency of 107 cm s~ 1.

Using this structure, the influence of factors such as the thickness of the emitter layer,
the thickness of the amorphous silicon layer of intrinsic conductivity, and the doping of the
emitter layer was studied.

Settings that affect performance in this device include inputting the following parame-
ters: (i) thickness of the a-Si:H layer—conductivity type; (ii) thickness of the amorphous
layer of a-Si-H p-type conductivity; (iii) doping of an amorphous layer of a-Si-H p-type
conductivity; (iv) thickness of the c-Si single-crystal substrate with n-type conductivity;
and (v) doping of a single-crystal c-Si substrate with n-type conductivity. The last two
parameters have already been considered for the p-c-Si/n-c-5Si (Cell 1) connection case, so
we can omit the device optimization using these two already calculated parameters.

Optimization of the structure of Cell 2 by changing the thickness of the internal layer
of amorphous silicon was carried out in the range from 1 to 80 nm (Figures 2c-5c). As
shown in Figure 4c, up to 80 nm, the device efficiency remains almost constant and does
not show significant changes.

The highest efficiency value of 15.23% is demonstrated at a thickness of the intrinsic
amorphous layer of 1 nm, decreasing to 3.82% at 80 nm. The results show that the efficiency
decreases as the inner layer’s thickness increases. These changes are accompanied by a
short-circuit current and fill factor drop while the open-circuit voltage increases. This is
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consistent with the increased device resistance due to the thicker internal amorphous layer.
At the same time, increasing the separation between the n- and p-doped layers in the device
can lead to a decrease in the recombination of charge carriers. Therefore, the value of the
open-circuit voltage increases. In this case, the maximum and minimum efficiency values
ratio is R = 3.98.

Figures 2d-5d show the influence of the emitter layer’s thickness on Cell 2’s perfor-
mance. The emitter layer’s thickness varied from 1 to 500 nm. Efficiency is primarily related
to the decrease in open-circuit voltage and short-circuit current values; hence, efficiency
decreases monotonically from 1 nm. In comparison, the fill factor slowly increases over
almost the entire thickness range after a sharp drop between 1 nm and 50 nm. The value of
R, in this case, is 1.74.

It has been shown that p-type a-Si-H doping of the emitter layer is one of the most
substantial factors affecting device performance. The doping varied from 1 x 10 ¢ cm~3
to 1 x 100 cm—3, corresponding to the effective conduction band density of states in
amorphous silicon. This is consistent with the experimental values of boron concentrations
in p-type amorphous silicon films, which is about 5 x 10%° cm~3, and for the case of p-type
a-Si:H nanocrystalline films, is about 7 x 10! em~3 [22,23]. The PV efficiency rapidly
increases between 6 x 1012 cm—3 and 8 x 10! cm~3 from values close to zero to 15%,
reaching a maximum of 19.1% at a density of 1 x 102 cm~3. Further increases in the
doping level did not lead to any changes in efficiency. Over the entire range of doping
variations, the value of R turned out to be 1539.52.

5. Study of the Influence of Manufacturing Parameters Affecting the Characteristics of
the n-c-Si:H/i-a-Si:H/n*-a-Si:H Structure

It is known that the i-n* structure deposited on the rear surface of Cell 3, based
on the HIT structure, creates a blocking field at the cell’s rear, which reduces the flow
of holes toward the rear electrode and, consequently, recombination. This effect can be
seen in the n-c-Si:-H/i-a-5i:H/n*"a-Si:H junction, which was modeled with the following
parameters: n-type crystal wafer thickness—300 pm, donor concentration in substrate is
1.5 x 10 ecm—3, thickness of the i-a-Si:H layer is 3 nm, thickness of the n* layer is 5 nm,
and donor concentration in the n* layeris 1 x 10! em 3.

Settings that affect performance in this device include providing the following data:
(i) doping of the rear amorphous layer of a-Si:H n*-type of conductivity; (ii) thickness of
the rear amorphous layer of a-Si:H n*-conductivity type; and (iii) the thickness of the back
layer of the built-in a-Si:H layer of intrinsic conductivity.

For n-i-n* junction-based structure with initial parameters generates free carriers
when illuminated, the direction of current flows in it is opposite to the direction in the HIT
device. Therefore, improvement of this junction to optimize the HIT device should focus on
ensuring that it creates an ohmic contact to transfer electrons separated by the pin junction
to the back electrode of the HIT PV. Figure 6 shows the dark current-voltage characteristics
of the n-i-n* junction transition when the degree of doping level with the n* layer changes
from 1 x 10'® cm 3 to x10?Y cm 3. Figure 6 also shows that the junction is a diode up to a
doping level of about 1 x 10 ' cm~3 n-i-n*. A further increase in doping leads to a change
in the current-voltage characteristic curve, which became equivalent to an ohmic contact.
This transition occurs from 1 x 10" cm =3 to 7 x 10" cm 3.

Figure 7 shows the evolution of the bend in the energy curve in the n-i-n* structure
with increasing doping in the n* layer. In the graphs of Figure 7, the energy scale is plotted
along the ordinate axis, and the abscissa axis corresponds to the distance in micrometers
measured from the front part of the photocell. As the impurity concentration in the
back layer increases, the bend in the curve decreases, resulting in a flat band situation at
7 x 10" cm~3. This is equivalent to the formation of an ohmic contact. A further increase
in concentration does not change the shape of the current-voltage characteristic curve.
Therefore, it appears that n*-type doping of the a-Si:-H back layer does not directly affect
the efficiency of the HIT PV cell in terms of charge generation but affects it as a structure
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o

conducting the majority of charge carriers from the solar cell to the external contact. In
this case, the structure acts as a barrier to minority charge carriers and does not conduct
current. To achieve ohmic contact for majority charge carriers, a certain threshold doping
level must be exceeded, in this case, about 7 x 101° cm 3. Based on this analysis, it can
be assumed that similarly, the role of factors such as the thickness of the n*-type a-Si:H
layer and the thickness of the i-type a-Si:H layer is to provide ohmic contact for the smooth
transfer of majority carriers (electrons) from the n wafer type to external contact. That is
why the barrier layer must have a high level of alloying. Based on the above simulation
results using simplified solar cell structures, the level of influence of each manufacturing
parameter on the efficiency of a more complex HIT solar cell can be assessed. Table 1
provides the R = Effax /Effin values for each of the considered parameters.
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Figure 6. Influence of n*-type a-Si:H rear layer doping on dark I-V curves of Cell 3 in the linear scale
(a) and the logarithmic scale (b).

Table 1. Assessment of manufacturing parameters affecting the operation of solar cells.

Manufacturing Parameter Influence of Parameters, R

p-Type doping of a-Si:H emitter layer 1539.52

Thickness of the front layer of the built-in

a-Si:H layer of intrinsic conductivity 3.98
Thickness of single-crystal c-Si substrate with 347
n-type conductivity '
Thickness of the amorphous layer of a-Si:H
- 1.74
p-type conductivity
Doping of a single-crystal c-Si substrate with 137
n-type conductivity '
Doping of the rear amorphous layer of a-Si:H Must exceed the threshold value to form an
n*-type conductivity ohmic contact

Thickness of the rear amorphous layer a-Si:H

+ .. Should result in ohmic back contact
n*-conductivity type

Thickness of the back layer of the built-in Should lead to ohmic back contact and provide
a-Si:H layer of intrinsic conductivity the necessary passivation of surface states

It is worth saying a few words about the selection of ohmic contacts. If we assume
excellent adhesion of the contact, then first of all, we need to think about ohmic contact
and reducing the Schottky barrier because the I-V current through the contact will look
like a parabola, which will lead to an increase in the resistance of the structure. Due to
the fact that the thickness of the layers in the structure is quite thin, with the exception of
the crystal layer, the curvature of the energy zones of the Schottky barrier can affect the
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distribution of the volume charge at heterojunctions in the neighboring region, which can
affect all output characteristics.
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Figure 7. The evolution of band bending within the n/i/n* junction as a function of the doping level

in the n* layer.

6. Method for Calculating Schottky Layers in the HIT Structure

The presented method for computer-assisted (further optimization) optimization of a
heterojunction solar cell with a HIT structure has drawbacks. One of these disadvantages
is that the program does not consider the change in electric fields depending on the
thickness of the space charge layer and does not consider the quantitative dependence of
the passivation of broken bonds of crystalline silicon by amorphous hydrogenated silicon.
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Nevertheless, the demonstrated approach to optimizing photocells makes it possible to find
limitations for the optimal parameters of the thickness of the layers of the studied structure
from above. To estimate from below the boundaries of the optimal thicknesses and consider
the software package’s shortcomings, it is necessary to consider the ITO/p-a-Si:H and
p-a-Si:H/n-c-Si heterojunction.

The main part of the photocell is the p-n junction, in which electron-hole pairs are
separated. Therefore, the minimum thickness of the layers of the structure that form the
p-n junction must be no less than the distance over which the p-n junction field propagates.
Therefore, it is crucial to calculate the distance over which the internal electric field extends;
this is the so-called Schottky layer. To calculate an ideal heterojunction, the diffusion
potential of the heterojunction and the absence of local states at the interface between the
layers must be considered, ensuring the electrical neutrality of the interface. The method
described in the work by R. L. Anderson [24] is used for calculations. The method in detail
is summarized in Supplementary Materials Section S1.

The experimental technique for optimizing heterojunction solar cells of the HIT struc-
ture includes both a theoretical calculation and an experimental part. This approach
provides an objective view of the results of calculations and experiments on optimizing
photocells. The experimental part of the work uses modern methods for the manufacture
of semiconductor structures, such as chemical processing of materials and PECVD and
PVD methods. The characteristics of the manufactured structures were measured using
modern research methods.

Using a computational model of a high-efficiency heterojunction silicon solar cell, an
algorithm for optimizing solar cells using simulation tools is found. Initially, the relative
impacts of changing each device parameter, particularly the thicknesses and doping levels
for each layer, were identified. This was done by considering more superficial device
structures containing certain elements of the HIT structure. These parameters were then
assessed by taking into account their influence on the power conversion efficiency of
the device.

The following optimal sequence of steps for optimizing the HIT photocell has been
found. The first step is optimizing the doping degree of the p-type emitter layer of a-
Si:H. The next step is optimizing the thickness of the front built-in a-Si:H layer of intrinsic
conductivity. After this, the thickness of a single-crystal c-Si substrate of n-type conductivity
should be optimized, followed by the thickness of the amorphous layer of a-Si:H p-type
conductivity. The next step is optimizing the degree of doping of a single-crystal c-Si
substrate of n-type conductivity. The following step of optimizing the degree of doping
of the back layer of the amorphous layer of a-Si:H n*-conductivity type should be carried
out. The next step is the optimization of the thickness of the rear amorphous layer of a-5i:H
n*-conductivity type, and after this, optimization of the thickness of the back layer of the
built-in a-Si:H layer of intrinsic conductivity.

The computer-assisted optimization method makes it possible to find restrictions for
the optimal parameters of the thickness of the layers of the studied structure “from above”,
that is, the upper limit of the range of optimal values. Calculating Schottky layers was
used to determine the boundaries of optimal thicknesses from the bottom up. A method
for calculating an anisatypical heterojunction was described to calculate Schottky layers in
heterojunctions of the structure under study.

7. Theoretical Results

Based on the understanding of the influence of manufacturing parameters on the
performance of a simple PV structure SC1, SC2, and SC3 (Section 2), optimization of p-i-n-i-
n+ HIT was carried out: p-a-Si:H emitter layer thickness is 10 nm, acceptor concentration in
the emitter layer is 7.47 x 10" cm ™3, front i-a-Si:H internal layer thickness is 10 nm, n-type
crystal wafer thickness is 300 pm, donor concentration in n-type Si wafer is 1.5 x 10'® cm~3,
the thickness of i-a-Si:H of the back layer is 3 nm, the thickness of the back layer n* is 5 nm,

and donor concentration in the n* layer 1 x 10 ¥ cm ~3. The initial efficiency of the device
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was 11.26%. A schematic representation of the structure and its output parameters are
presented in Figure 2f.

Figure 2f shows the constituent layers of a photocell. On both sides of the crystalline
substrate with n-type conductivity, thin films of amorphous silicon with intrinsic conduc-
tivity passivate the crystalline substrate’s surface states. A layer of amorphous silicon with
p-type conductivity on the front side forms a p-i-n-heterojunction where electron-hole pairs
are separated. An amorphous silicon layer with n*-type conductivity is placed on the
backside. This layer serves to create an energy barrier for minority charge carriers.

The calculation results in Figure 8a show that the absorption of light by the PV
structure almost coincides with that by crystalline silicon. The amount of monocrystalline
silicon explains that this is incomparably large compared to other materials in the solar cell
structure. Figure 8b shows the current-voltage characteristic of the structure under study.
A blue curve indicates the dark current, and a red curve indicates the light current. The
light current-voltage characteristic shows that the form factor of the photocell has a low
value of 0.563, which is reflected in the final efficiency of the solar cell, which is 11.26%.
The short-circuit current is 29.25 mA cm~2, and the open-circuit voltage is 0.68 V.
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Figure 8. Output parameters of the original photocell with p-i-n-i-n* structure: quantum efficiency
(a), current-voltage characteristic (b), and the band diagram (c).

The band diagram of the original solar cell is shown in Figure 8c. The figure shows
the curvature of the lines corresponding to the energy levels of the top of the valence band,
the bottom of the conduction band, and the Fermi level in the range from 0 to 0.3 pm
because the crystalline silicon region is curved upward along the energy axis relative to
the amorphous p-type conductivity silicon layer. This is explained by the redistribution of
charges at the heterojunction’s interfaces and the system’s tendency to reach equilibrium. In
this case, the band bending goes upward from the n-type semiconductor to the p-type. The
diagram has no band bending ranging from 0.3 to 300 um because the crystalline silicon
layer is hundreds of micrometers. At the same time, the influence of the electric field of
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the heterojunction extends to several micrometers. It can also be noted that in the range of
10~20 nm, the intrinsic conductivity layer has no curvature but a slope proportional to the
electric field of the p-n junction. This is how the band diagram of a semiconductor behaves
in strong electric fields, which is the field of the p-n junction for the built-in layer. A section
of the BSF (back surface field) layer is shown in the band diagram corresponding to the
range from 300 pm and above (Figure 7). It can be noted that an energy barrier is formed
for minority charge carriers in the crystalline substrate holes. Based on this, optimization
was carried out by gradually varying the parameters (details of the optimization process
are presented in Section 52 of the Supplementary Materials).

As a result of the research, a standard HIT solar cell was optimized using three
different sequences of optimization steps: ascending, descending, and random. It has been
demonstrated that different optimization sequences lead to different final device parameters
and their performance characteristics, with the descending order of the steps demonstrating
higher efficiency than ascending and random orders. The presented approach may find
application in optimizing other types of solar cells with many optimization parameters,
such as multijunction and cascade solar cells, in simulation and laboratory studies (Table 2).

Table 2. Parameters of the optimized structure.

Layer Name

Layer options p-a-Si i-a-Si n-c-Si i-a-Si n*-a-Si
Thickness, microns 0.001 0.001 200 0.003 0.005
20 _
Alloy level,em=3 97 Xlloozo 10 - 1.7 x 1017 - 1020

Final output characteristics:
Voc =734 mV, Jgc = 33.6 mA /cm?, FF = 85.06%, efficiency = 21.02%

(Reverse order)

Layer name

Layer options p-a-Si i-a-Si n-c-Si i-a-Si n*-a-Si
Thickness, microns 0.001 0.001 110 0.003 0.005
Alloy level, cm ™3 1020 - 0.9 x 107 - 1020

Final output characteristics:

Voc =759.8 mV, Jsc = 32.0 mA/cm 2, FF = 85.43%, efficiency = 20.78%

(Random order)

Layer name

Layer options p-a-Si i-a-Si n-c-Si i-a-Si n*-a-Si
Thickness, microns 0.001 0.001 40 0.003 0.005
Alloy level, cm 3 1020 - 1.7 x 107 - 1020

Final output characteristics:

Voc = 775.4mV, Jgc = 30.98 mA /cm?, FF = 85.31%, efficiency = 20.49%

Figure 9 shows the spectral dependence of the quantum efficiency on the wavelength of
the incident radiation and the dark and light current-voltage characteristics of the simulated
structure. The quantum efficiency of the structure describes a characteristic curve, which
shows that the primary photon absorption material in the photocell is crystalline silicon.
From the light-voltage curve, it can be determined that the short-circuit current equal to
33.6 mA cm~2 and the open-circuit voltage equal to 0.7754 V.

Next, the calculations made for the photocell of the HIT structure will be presented.
Calculations were made according to the method described in the supplementary (Section S1
in the Supplementary Materials). The main parameters and initial data of the materials
used in the calculations are given in tables in Section S3 of the Supplementary Materials. For
this purpose, an anisotype p-a-Si:H/n-c-5i heterojunction was studied at room temperature
(T =300 K). Because the layer of amorphous silicon with intrinsic conductivity is relatively
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thin and does not create a band tilt, it can be neglected, and only the p-n junction of the
structure “heavily doped amorphous silicon of p-type conductivity—single-crystalline
silicon of n-type conductivity” p-a-Si:H/n-c-Si. The main parameters and initial data
used in the calculations are given in the section S3 of SI. The concentration of holes in the
structure under study equals the concentration of electrons n = 1.6 x 10'® cm 3.
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Figure 9. Output characteristics of an optimized solar cell with p-i-n-i-n* structure spectral character-
istics of quantum efficiency (a) and light (red line) and dark (blue line) current-voltage characteris-
tics (b).

Research has shown that the minimum allowable thickness of amorphous silicon
should be 2.53 nm (rounded to the full 3 nm), and the c-Si layer should be 289 nm. Consid-
ering all the studies using the heterojunction calculation method, the minimum thickness
of the amorphous p-type emitter in the HIT structure should be 7 nm [25].

The introduction of this work showed that one of the most critical factors affecting
the efficiency of a photocell of the HIT structure is the passivation of surface states on the
crystalline substrate plate. Based on the simulation results, the parameters summarized in
Table 3 are the most optimal for HIT. The above literary and experimental data determines
the optimal value of the front and rear built-in layers of intrinsic conductivity. The depen-
dence of the NCC lifetime on the thickness of amorphous silicon deposited on a crystalline
silicon substrate [25]. This work has demonstrated that there is no valuable difference
between the thickness of the amorphous film of 7 and 9 nm, so 5-7 nm values were chosen
for the front, built-in layer because the optimization requires a minimum thickness of this
layer. However, because the optimization for the rear built-in layer does not have such
requirements for thickness, values of 7-11 nm were adopted for the rear layer because they
correspond to higher lifetimes of the NCC. Further, a higher value for film thickness leads
to a slight jump in the value of the NCC lifetime and the ratio of the increase in lifetime to
the increase in layer thickness.

Table 3. Optimized parameters of the computer model of the photocell of the HIT structure.

Parameter Name Parameter Value Parameter Name Parameter Value
dp-asi 7 nm Na, p-assi 1 x 1020 cm—3
dy-c.si 200 um Ny, n-csi 2 x 1017 ecm—3

20 nm (any, excluding

. 20 -3
tunneling effect) Na, n-a-si 1107 cm

dn—a-Si

d;.asi, front 5-7 nm dj-a-Si, rear 7-11 nm
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8. Experimental

Solar cells were fabricated using the optimized parameters calculated using the above-
mentioned method. The modeling and synthesis details are reported in the Supplementary
Materials (Sections 52-54). The performance of the manufactured cell was measured. The
current-voltage characteristics were measured using a PV measurement setup. The mea-
surement technique involves determining the dependence of the current passing through
the sample on the applied voltage and calculating the resistance. Measurements are carried
out under conditions of darkness and simulated solar radiation on a photovoltaic cell.

As shown in Table 4, the optimized elements produced have an efficiency of more
than 20%, which coincides with the calculations presented in the third section of this work.
The design of the manufactured and simulated solar cells is similar. Still, in the actual
sample, there may be a different degree of doping level of the layers, other qualities of the
metal contacts, and the quality of the crystalline layer in silicon, and the actual sample
may differ. These differences can affect the output characteristics of the solar cell. For
example, a higher short-circuit current in an actual sample can be explained by differences
in the parameters responsible for the recombination of charge carriers and the parameters
responsible for the reflection, transmission, and light absorption in the HIT structure. The
differences in the form factor values of the model and the manufactured solar cell are
explained by the fact that with lower quality or non-ideal contacts, the series and parallel
resistance of the structure differs from the ideal case, which is reflected in the form factor of
the studied HIT solar cells. Quantum efficiency measurements were carried out using a PV
Measurements QEX10 setup. The measurement results are shown in Figure S4.1. These
results demonstrate that photons are mainly absorbed in the visible and red regions of
the spectrum.

Table 4. The I-V characteristics of manufactured HIT photocells.

Sample Isc, mA/cm? Uge, mV FE, % Efficiency, %
FE_SW_1 37.7 713 77.18 20.64
Modeling 33.6 734 85.06 20.98

9. Conclusions

In summary of our research, we can propose the following scheme of computational
optimization of solar cell structures and parameters using PC1D and AFORS-HET codes.
In the first step, the p-type doping level of the a-Si:H emitter layer should be optimized.
Then, follow the optimization of the thickness of the front layer of the built-in a-Si:H
layer of intrinsic conductivity. In the third step, optimization of the thickness of the c-Si
single-crystal substrate with n-type conductivity, following optimization of the thickness
of the amorphous layer of a-Si:H p-type conductivity and optimization of the degree of
doping of a single-crystal c-5i substrate with n-type conductivity. Then, optimization of the
degree of doping of the rear amorphous layer of a-Si:H n*-conductivity type with further
optimization of the thickness of the rear amorphous layer of a-Si:H n*-conductivity type
and optimization of the thickness of the back layer of the built-in a-Si:H layer of intrinsic
conductivity. The calculations at additional points closer to the area of maximum efficiency
for fine-tuning can also be performed. The realistic conditions can also be considered at
each step of the modeling, such as the possibility of manufacturing a selected type of solar
cell and measured properties of the materials.

A photocell of the HIT structure was simulated in the AFORS-HET program and
then optimized using a developed methodology. Also, the optimization method included
additional calculations of the heterojunction between the PV layers using the Anderson
heterojunction model. In addition, during the optimization of the structure, experimental
results on the passivation of defects on the surface of silicon single-crystal wafers by
applying a layer of thin amorphous hydrogenated silicon of its type of conductivity were
taken into account. In combination with the optimization data and additional calculations,
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as well as taking into account experimental data on silicon passivation, the model of a
photocell was shown. As a result of our modeling, the following results were obtained:
the optimal thickness of the amorphous layer of p-type conductivity is 7 nm, the optimal
level of doping with impurities of an amorphous layer of p-type conductivity is of the
order of 102 cm 3, the optimal thickness of the front layer of intrinsic conductivity is
in the range of 5~7 nm because such a thickness of the amorphous film ensures good
passivation, and the optimal thickness of the n-type crystalline silicon substrate is 200 pm.
We also found that the optimal degree of doping with impurities in a crystalline silicon
substrate depends on the parameters of the crystalline wafer itself (in studied samples,
the dopant concentration was considered in order of 107 cm~3). The combination of
computer-assisted modeling and analysis of experimental data suggests that the optimal
thickness of the rear layer of intrinsic conductivity is in the range of 7-11 nm because, at
large values of the thickness of the amorphous film, the increase in the passivation quality
is not significant. We have also found that the optimal level of doping with impurities of
an amorphous layer of n-type conductivity should be of the order of 102 cm 3. Results of
our simulations also demonstrate that the n-type amorphous layer provides the necessary
energy barrier for minority charge carriers. Hence, the thickness of this layer plays no role
in solar cells’ efficiency.

The optimal band characteristics at a fixed temperature of the metal-semiconductor
contact have been studied, and a model of a photocell with an ohmic contact and a Schottky
contact has been simulated [26]. The results demonstrate a significant influence of contact
materials on the output characteristics of heterojunction silicon solar cells. The contact
material’s work function is the main parameter influencing solar cells’ efficiency. However,
for the evaluation of the efficiency of HITs, the temperature of the surroundings must also
be taken into account. Thus, the final step of the simulations is the usage of calculated
parameters as input for the simulation of temperature effects, as shown in the work of A.C.
Pifién Reyes et al. [27].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/surfaces7040062/s1, Figure S2.1 Optimization data p-a-Si:-H/i-a-
Si:H/n-a-Si:H/i-a-Si:H/n+a-Si:-H PV cells depending on the degree of doping of the p-type emitter.
(a) Dependence of the short-circuit current density on the degree of emitter doping, (b) dependence
of U xx on the degree of emitter doping, (c) dependence of the fill factor on the degree of emitter
doping, (d) dependence of the PV efficiency on the degree of emitter doping. Figure S52.2 Optimization
data p-a-Si:H/i-a-Si:H/n-a-Si:H/i-a-Si:H/n+a-Si:H PV cells depending on the thickness of the front
built-in i-layer. (a) Dependence of the short-circuit current density on the thickness of the front
built-in i-layer, (b) dependence of U xx on the thickness of the front built-in i-layer, (c) dependence
of the fill factor on the thickness of the front built-in i-layer, (d) dependence of the PV efficiency
on the thickness of the front built-in i-layer layer. Figure S2.3 Optimization data for p-a-Si:H/i-
a-Si:H/n-a-Si:H/i-a-Si:H/n+-a-Si:H PV cells depending on the thickness of the single-crystalline
substrate. (a) Jependence of the short-circuit current density I short circuit on the thickness of the
single-crystalline substrate, (b) dependence of U xx on the thickness of the single-crystalline substrate,
(c) dependence of the fill factor on the thickness of the single-crystalline substrate, (d) dependence of
the PV efficiency on the thickness of the single-crystalline substrate. Figure S2.4 Optimization data
p-a-Si:H/i-a-Si:H/n-a-Si:H/a-Si:H/n+a-Si:H PV cells depending on the thickness of the emitter layer.
(a) dependence of the short-circuit current density I short circuit on the thickness of the emitter layer,
(b) dependence of Uxx on the thickness of the emitter layer, (c) dependence of the fill factor on the
thickness of the emitter layer, (d) dependence of the PV efficiency on the thickness of the emitter layer.
Figure S2.5 Optimization data p-a-Si:H/i-a-Si:H/n-a-Si:H/i-a-Si:-H/n+a-Si:H PV cells depending
on the degree of doping of the crystalline substrate n—conductivity type. (a) Dependence of the
short-circuit current density on the degree of doping of the crystalline substrate n—n-conductivity
type, (b) dependence of the open circuit voltage on the degree of doping of the crystalline substrate
n-type of conductivity, (c) dependence of the fill factor of the degree of doping of the crystalline
substrate n-type of conductivity, (d) dependence of the efficiency of the solar cell on the degree of
doping of the crystalline substrate n-type of conductivity. Figure S2.6 Optimization data p-a-Si:H/i-a-
Si:H/n-a-Si:H/i-a-Si:H/n+a-Si:H PV cells depending on the degree of doping of the blocking BSF
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layer. (a) Dependence of the short-circuit current density on the degree of doping of the blocking BSF
layer, (b) dependence of the open-circuit voltage on the degree of doping of the blocking BSF layer,
(c) dependence of the fill factor on the doping concentration of the blocking BSF layer, (d) dependence
of the efficiency of the solar cell on the degree of doping of the BSF layer. Figure S4.1. The Uoc (a) and
efficiency (b) parameters of a photocell of the HIT structure as a function of the thickness of the rear
built-in amorphous layer of intrinsic conductivity. Panel (c) shows the external quantum efficiency
of the solar cells; Table 52.1 Parameters of the single-crystal n-S5i model used in the AFORS-HET
software package, Table S2.2 Parameters of the amorphous p/n-Si model used in the AFORS-HET
software package, Table S2.3 Main parameters of the optimized structure, Table S3.1 Constants used
in heterojunction calculations, Table S3.2 Parameters of heterojunction materials at a temperature
of 300 K, Table S4.1 Average values of parameters of HIT PV cells manufactured using wafers of
batch 1 and batch 2 n-conductivity type with a thickness of 200 um, depending on the thickness of
the a-Si:H n-layer; The descriptions of Anderson model, the algorithm of the optimization of device
performance, data used for the simulation of HIT in section, experimental details, details of the
optimization layers’ thickness. Ref. [28] is cited in Supplementary Material.
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