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In this work, the modelling of a two-junction vertical silicon solar cell is presented.
The primary focus is on comparing the characteristics and performance parameters of
the device when either a tunnel junction or a metallic layer is employed as the
interconnect between the subcells. The advantages and limitations of fabrication
technologies for vertical solar cells incorporating either a tunnel junction or a metallic
interlayer as the inter-subcell contact are discussed. For the tunnel-junction-based
structure, the simulation framework and set of parameters used in the modeling are
described in detail. By fitting the simulated and experimental I-V characteristics of the
tunnel junction, the following parameters were extracted: the effective masses at the
band edges m¢=0.212mo, my=0.178m,, as well as the Huang—Rhys factor S=1.29.
Comparative results for the dependence of conversion efficiency on solar
concentration are also presented. It is shown that, for the considered geometrical
dimensions, the efficiency differences between the analyzed device configurations are
minimal. For both types of solar cells, the conversion efficiency increases
approximately linearly with solar concentration up to approximately 200 suns, reaches
a saturation region, and then begins to decrease at concentrations exceeding
approximately 500 suns.

1. Introduction

One of the main trends in the development of
electronics is designing electronic devices with low
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energy consumption and renewable energy sources,
particularly solar cells. The development of low-
energy electronic devices is mainly connected to
miniaturization or scaling and to solving problems
arising from this [1, 2]. A key goal in developing
solar power devices is to enhance quality and
efficiency while reducing or optimising costs. One
approach to achieving this goal is to select suitable
materials or develop innovative solar cell (SC)
structures. Although many materials have been
suggested for use in SC in recent years, silicon
remains one of the most considered due to its
extensive  research,  ongoing  technological
advancements, and decreasing cost. Designs aimed
at enhancing SC efficiency include multijunction
(MJ) SCs [3, 4] and concentrator systems that utilize
specialized optical components to concentrate solar
radiation [5, 6]. MJ SCs offer relatively high
efficiency while reducing the need for costly
semiconductor materials.

MJ SCs can have either horizontal or vertical
architectures. Horizontal MJ SCs impose specific
requirements on the optical properties of the
constituent layers and on the ordering of the p—n
junctions according to the band gaps of the
semiconductor materials. Also, there are limitations
to the contact area and series resistance. In vertical
SCs, there are no such limitations, and one of the
main advantages is a sufficiently low series
resistance resulting from a large cross-section.
Besides, vertical SCs have several substantial
advantages over planar (horizontal) SCs [7]: (1)
there are no controversial requirements for emitter
resistance, spectral sensitivity or surface area
contact; (2) they are transparent in long wavelengths
because there are no metal layers on the front and
back surfaces; (3) they can induce a high voltage
(due to a connection in series of p-n junctions) and a
low current at the same power. The latter advantage
leads to an increase in solar cell (SC) efficiency,
accompanied by a reduction in losses associated
with the formation of high-current components.

In the manufacturing/fabrication of a monolithic
multi-junction solar cell structure, metal layers (ML)
[7, 8] and tunnel junctions (TJ) [9-11] can be used as
contacts between the p-n junctions. Technologies of
manufacturing SC using a metal layer and tunnel
junction are considerably different and have their
own advantages and challenges. The technology
related to the use of a metal layer is relatively
simple, but presents the following most critical
challenges related to the mechanical stacking
approach to integration [7, 12]:
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. Post-growth  bonding approaches are
favorable; the bond interface would go through the
high-temperature epitaxial growth process.

. The bonding temperature must be
compatible with the metal and semiconductor
material.

. In the case of horizontal MJ SC, the
bonding layer should be thin and optically
transparent.

. For the operation of a two-terminal solar
cell under concentrated sunlight, it is crucial to
realise electrically conductive connection/bond
layers to avoid additional series resistance.

. The connection/bonding interfaces should
have a low surface roughness and must be free from
native oxides.

. When diffusion welding cells, sufficient
pressure must be applied to produce the required
plastic deformation of the metal layer without
mechanically destroying the cells.

The use of tunnel junctions as an interconnect
between subcells is more complex than mechanical
stacking/bonding; however, it represents a more
advanced approach that eliminates the limitations
inherent to mechanical bonding methods. The use of
tunnel junction technology can be divided into two
approaches depending on the semiconductor
materials used in MJ SCs.The first direction includes
SC based on I11-V semiconductors, and the second is
based on Silicon. In MJ SCs based on -V
semiconductors, the use of tunnel junctions started
relatively early, since tunnel diodes based on GaAs
were first fabricated [13]. Therefore, the vast
majority of works devoted to the use of a tunnel
junction as a contact between p-n junctions in MJ
SC refer to GaAs tunnel junctions.

Although the efficiency of Si-based SCs is lower
than that of I11-V semiconductor-based SCs, their
significantly lower cost makes the development of
Si-based MJ SCs highly important. The technology
for fabricating Si tunnel diodes for c-Si-based
tandem solar cells has been developed only
relatively recently [14, 15], and consequently, the
number of studies in this area remains limited. In
[14, 15], it is suggested to use fast thermal diffusion
with a low thermal budget for fabricating Si-based
tunnel junctions.

To the best of our knowledge, although several
experimental and theoretical (simulation) studies
have investigated multijunction [16-18], particularly
vertical multi-junction solar cells [7-10, 19, 20]
using metal layers and tunnel junctions as intercell
contacts, no research has yet compared the
performance of these two types of solar cells.
Moreover, there are very few studies on silicon-
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based multi-junction vertical solar cells, although, in
practice, most commercially deployed solar cells are
still based on silicon.

This underscores the importance of this work,
which seeks to advance the state of the art by
thoroughly examining the performance of these two
commonly used silicon-based solar cell types.

Experimental work on optimising the parameters
of MJ SCs is costly and time-consuming. Therefore,
developing simulation models that accurately
describe the physical processes in SCs is crucial to
accelerate the identification of optimal parameters
for monolithic MJ SCs with silicon tunnel junctions.
The simulation model should provide an effective
and reliable method for studying multijunction SCs
with tunnel junctions between solar cells as contacts.
This work is devoted to the development of a
simulation model of a silicon tunnel junction for
application in vertical concentrator Si-based MJ
SCs. The characteristics and parameters of a
monolithic two-junction vertical SC with a tunnel
junction will then be compared to those of a
monolithic two-junction vertical SC with a metal
layer as the contact between the p-n junctions.

“In our work, we focused mainly on comparing
the characteristics of two transition vertical solar
cells with a metal contact and a tunnel junction
between the cells. In both cases, we chose the same
constant temperature regime.”

This paper is organised as follows: Section Il
presents the simulation model for the silicon tunnel
junction, designed for application in two-junction
vertical solar cells. Section 1l discusses the
simulation results of monolithic vertical two-
junction solar cells, utilizing tunnel junctions and
metallic layers as contacts. Subsection [ILA
addresses the applied voltage distribution between
cells in the wvertical tunnel junction solar cell
(VTJSC). Subsection 111.B introduces the model and
voltage distribution between cells in vertical metal
layer solar cells (VMLSC). Subsection I[11.C
compares the efficiencies of VTJSC and VMLSC
under different solar concentrations. The last Section
(Section 1V) is devoted to concluding remarks.

2. Research Methodology

The research methodology consists of several
consecutive stages. First, a structural model of a
silicon tunnel junction was developed in the TCAD
environment. Relevant physical models describing
tunnelling processes in the junction were identified,
and the simulation parameters necessary for accurate
modeling of the tunnelling current were determined.
The validity of the model was verified by comparing
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the simulated current-voltage characteristics with
the corresponding experimental data.

In the next stage, a structural model of a two-
junction silicon solar cell was developed. Two types
of vertical two-junction solar cell structures were
then simulated: one employing a metallic layer as an
interconnection contact between the subcells
(VMLSC), and another using a tunnel junction as an
interconnection contact (VTJSC).

Further simulations were performed to analyse
the voltage distribution between the subcells and the
interconnection layer in both structures. In the case
of VTISC, the voltage distribution across the
subcells and tunnel junction was investigated, and
the dependence of cell efficiency on solar
concentration was evaluated. For the VMLSC
structure, the voltage distribution between the
subcells and the metallic interconnection layer was
analysed, and simulation parameters were
determined to ensure accurate modelling of its
current—voltage characteristics. The simulated 1-V
characteristics were then compared with the
available experimental data.

Finally, the efficiency dependence on solar
concentration was calculated for both structures, and
a comparative analysis of the VTJSC and VMLSC
performance was carried out. A flowchart to show
the methodology procedure is shown in Figure 1.

3. Simulation model for silicon tunnel junction

To simulate the I-V characteristics of a two-
junction solar cell with a tunnel junction as the
contact, we first define the simulation model for the
tunnel junction (TJ). The model was developed in
the TCAD Sentaurus Synopsys environment and
calibrated by comparing it with experimental results
presented in [21]. The experimental tunnel junction
was made based on the rapid thermal diffusion from
the spin-on diffusants technology. The tunnel
junction was formed on a Si(100) substrate with a
resistivity of 1-5 kQ, and the doping level of the n-
and p-regions was 10%° cm,

The structure of the simulated tunnel junction is
shown in Figure 2, with the parameters and
geometric dimensions matching those of the
experimental setup [21], as listed in Table 1. The
only exception is the junction height: in the
experimental setup, the height, H, and thickness, T,
of the junction are 16 pm and 4 pum, respectively. As
we consider a 2D simulation, the thickness of
structures by default is selected equal to 1 um. To
ensure that the areas are equivalent, the height of the
simulated junction is chosen to be 64 pm.
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According to [22], the nonlocal tunnelling model
provides the most accurate description of carrier
tunnelling through tunnel junctions. In this work, the

tunnelling process was described using the nonlocal
Band-to-Band tunnelling model implemented in
TCAD Sentaurus.

+ I No
Identification of appropriate
Development of a physical models and simulation Comparison of the J-V
structural model of a 3 parameters required for an 3 characteristics of the simulated and | Yes
silicon tunnel junction in accurate description of experimental tunnel junctions.
the TCAD environment tunneling processes and tunnel Results satisfactory?
current in the tunnel junction.
I Development of a structural model of a two-junction silicon solar cell I
Determination of simulation parameters for an Obtaining the J-V characteristic of a VTJSC solar|
P adequate description of the J-V characteristics of cell using the determined model parameters |
VMLSC +
+ Simulation of the dependence of VTJSC efficiency
Obtaining the J-V characteristic of a VMLSC on solar concentration
solar cell using the determined model parameters
No |Comparison of the current-voltage characteristics
of the simulated VMLSC with experimental J-V
characteristics. Results satisfactory?
+ Yes
Simulation of the dependence of VMLSC
efficiency on solar concentration
v v
I Comparison of the efficiency dependences of VTJSC and VMLSC on solar concentration |

v

I Conclusions

Figure 1. A flowchart of the methodology procedure

The diffusion component of the current is described
by the drift-diffusion transport model, which is
defined by the Poisson Equation and the Continuity
Equation, where current densities for electrons and
holes are given by known formulas 1 and 2 taken
from [23]:

I = —Nqun VP, — qunkTVn 1)

Jp =—Pau,V®, +0u KT Vp @)

where n and p are electron and hole concentrations,
tn and pp are the electron and hole mobilities, @, and
@, are the electron and hole quasi-Fermi potentials,
respectively, q is the elementary charge, k is the
Boltzmann constant, and T is the absolute
temperature. In this model, the Schokly-Read-Hall
(SRH) recombination mechanism and mobility
dependence on the doping level are accounted for.
The quantities indicated in Table 1 are shown in
Figure 2, where H is the height of the tunnel
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junction; Wp+, W+, and Wi+ are the widths of p*,
p**, and n™* layers, respectively; p*, p**, and n** are
the doping levels in the appropriate layers.

In accordance with the Band-to-Band tunnelling
model and based on the findings from [24], the
tunnelling probability depends on the masses of the
zone edges, mc and my. To calibrate the model, the J-
V curve of the tunnel junction was simulated for
various values of m¢ and my, and compared with the
experimental data. The masses m¢ and my primarily
affect the amplitude of the tunnel current. The
amplitudes of the tunnel currents, specifically, the
portions of the J-V curve from zero voltage up to the
first maximum, were found to match between the
simulated and experimental tunnel junctions when
m¢=0.212my and m,=0.178my. A change in these
masses changes the amplitude of the tunnel current,
but it does not change the voltage drop across the
tunnel junction [22]. Therefore, a change in the
tunnelling masses does not change the voltage
distribution between the subcells and the tunnel
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junction, and therefore does not change the current
density-voltage characteristic and parameters of the
two-junction solar cell.

| I/

W Wi

Tunnel junction
Figure 2. The structure of the simulated silicon
tunnel junction (TJ)

Table 1. Parameters and geometrical sizes of the
simulated tunnel junction (TJ)

Structure parameters Value
H (um) 64
Wps (M) 0.05
W+ (LM) 0.02
W+ (l.lm) 0.014
p* (cm®) 1el8
p** (cm®) 2e20
n** (cm®) 1.1e20

The tunnelling effective mass plays a significant
role only at low doping levels in the tunnel junction,
where the junction resistance becomes comparable
to that of the subcells. At sufficiently high doping
levels, the tunnel junction resistance becomes very
small, the voltage drop across it is negligible, and
the junction behaves similarly to an ochmic contact.

The pre-factors for the Richardson constants are
gc=2.1 and gv=0.66, as derived from [25].

The slopes of the J-V curves are determined by
the series resistance RSR_SRS, which arises from
the bulk resistance of the base region and the contact
resistance [22, 25]. At Rs=275 Q, the slopes of the
simulated and experimental J-V are in good
agreement. According to [22, 25], to match the
diffusion component of the simulated tunnel
junctions’ J-V characteristics with the experimental
data, it is necessary to include trap-assisted
tunnelling in addition to direct band-to-band
tunnelling. Trap-assisted tunnelling describes the
dependence of lifetimes t, and t, on the field by the
factor [26]:

f(T) 3
Tn =7 _
C dop 1+ gC(F) ( )
where c¢=n or c=p, in Shokley-Read-Hall

recombination [26, 27]:
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2

NP — Ny off
RaR — ne (4)
rp(n+nl)+rn(p+ Py)
with
E
trap
=1 o exp[ o j (5)
~Etrap
P = eff exp( T (6)

where Euqp is the difference between the defect level
and intrinsic level, n and p are electron and hole
concentrations, respectively, niesr is the effective
intrinsic concentration, k is the Boltzmann constant,
and T is an absolute temperature; the field
dependence of the recombination rate is taken into
account by the following field enhancement factor
[26]:

[1+9(F)] ! (7
of the SRH lifetimes in (3) [28]. In the Schenk Trap-
Assisted Tunnelling field enhancement model, which
we used in simulation, factor g(F) depends on the
lattice relaxation energy er=Shwo, where S is the
Huang—Rhys factor, hwo is the effective phonon
energy [28]. The simulation model was calibrated by
comparing the dependencies of lifetimes on the field
carried out from our simulation and the theoretical
Schenk model [28] for different relaxation energies
and different phonon energies (Figure 3). The good
agreement between simulation and theoretical results
is seen in the figures.

To reach a good agreement in the diffusion
component in the J-V curve of TJ, we implemented
the Huang—Rhys factor S as well as in [24, 29]. A
good agreement between the diffusion components
of the experimental and simulated tunnel junctions is
achieved for S = 1.29. The Huang-Rhys factor S, as
well as the tunnelling effective masses, plays a
significant role only at low doping levels of the
tunnel junction, where the junction resistance
becomes comparable to the resistance of the subcells.
The Huang-Rhys factor S affects the diffusion
current of the tunnel junction. This current appears at
high voltages (in our case, greater than 0.4 V)
applied to the tunnel junction. However, since the
resistance of the tunnel junction in the tunnel current
mode is much lower than the resistance of the p-n
junctions, a small voltage (in our case, less than 0.2
V) is applied to the tunnel junction, which is
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insufficient to induce a diffusion current. Therefore,
the S factor has a minimal impact on the
performance of a two-junction solar cell.

—&— g, = 65 meV, Simulation

—¥— € = 260 meV, Simulation
€z = 65 meV, A. Schenk

—&— g, = 260 meV, A. Schenk

Normalized Electron Lifetime ./t .y

-11
107 = T T T T T T T
00 02 04 06 08 10 12 14
Electric Field, F (MV/cm)
(@)

—&— S =4, hay, = 60 meV, Simulation

—&— S =8, ha, = 30 meV, Simulation

B S =4, hay, = 60 meV, A. Schenk

3, —*— S =8, heo, =30 meV, A. Schenk
N

Normalized Electron Lifetime, tn/thmax
=
o
>

10
10°
10°
T T T T T T T T
0,0 0,2 04 0,6 0,8 1,0 1,2 1,4
Electric Field, F (MV/cm)
(b)

Figure 3. Normalised lifetimes dependence on the
field for different relaxation energy er (a) and for
different phonon energy hwo (b)

Table 2 summarizes the parameters used in the
simulations and the corresponding references
validating the selected parameter values. The
significant difference in the S parameter is likely due
to the inclusion of trap levels in the trap-assisted
tunnelling model; it only affects the diffusion part of
the tunnel junction current, which is not active
during the solar cell's operation. The resulting J-V
characteristics of the simulated tunnel junction, using
the aforementioned parameter values, are shown in
Figure 4 and compared with the experimental J-V
curve presented in [19]. For comparison, the current
in the experimental results has been recalculated (say
converted) to current density.

The discrepancy between the currents observed
in the voltage range from 0.2 to 0.5 V arises from the
fact that the current model does not account for trap-

assisted tunnelling through defect states located at
different energy levels within the band gap [22, 25].
However, as will be shown later, in section Il A, the
voltage dropped on the tunnel junction in the solar
cell is very low (near zero). Therefore, the portion of
the J-V curve corresponding to voltages above 0.2 V
does not significantly affect the characteristics and
performance parameters of the solar cell.

In summary, this section has defined the key
tunnel junction simulation parameters, which will be
used in the subsequent simulation of vertical two-
junction monolithic solar cells with a tunnel junction
in Section 4 A.

Table 2. Parameters used in the simulation of the
considered TJ
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Parameters Values of Values of Ref.
parameters parameters
used in this wused in
work reference
works
mc/my (Mg) 0.212/0.178 0.2/0.2 [21]
gc/gv (-) 2.1/0.66 2.1/0.66 [21]
S(-) 1.29 0.3 [30]
Rs (mQ-cm?) 0.9 2 [21]
5x10° 7

4x10°

3x10° 4

2x10° 4

Current density, J (mA/cm?)

1x10°

—=— Experiment
—e— Simulation

T T
04 0,6 08

Voltage, U (V)

0,2

Figure 4. J-V characteristics of the simulated and
experimental silicon tunnel junctions

4. Simulation of monolithic vertical two-junction
solar cells with tunnel junction and metallic layer
as contacts

In this section, the tunnel junction simulation
model developed in Section 3 is used to simulate a
monolithic two-junction concentrator vertical solar
cell with a tunnel junction as the contact between the
subcells (VTJSC) at various solar concentrations.
The results are then compared with the efficiency
dependence on solar concentration for a monolithic
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two-junction concentrator vertical solar cell with a
metal layer as the contact (VMLSC).

A. Applied voltage distribution between cells in
VTJISC

The key requirement for the contact between
individual solar cells (p-n junctions) in a monolithic
multi-junction solar cell is that the differential
resistance must be small compared to the resistance
of the individual solar cells connected in series. This
ensures that the voltage applied to the monolithic
solar cell is mainly dropped across the p-n junctions.
Additionally, the contact resistance should not
distort the J-V curve of the single p-n junctions.
Therefore, the contact must be Ohmic (linear) within
the active voltage range of the multi-junction solar
cell. This condition is crucial for achieving a high
fill factor (FF) and, consequently, high efficiency of
the solar cell. In this work, the characteristics and
parameters of the monolithic two-junction VTJSC
and VMLSC are compared. The structure of the two-
junction solar cell with the tunnel junction is shown
in Figure 5, and the parameters are presented in
Table 3. The height (H) of the solar cell has been
chosen according to the value given to the size of the
tunnel junction described earlier (see section 3).

Table 3. Parameters of the two-junction solar cell
(SC) with tunnel junction (TJ)

Structure parameters  Value
H (um) 64
Wi+ (Lm) 5

W, (um) 185
W+ (Hm) S
Wos (M) 0.02
Whs+ (UM) 0.014
n* (cm) 1e19
n (cm3) leld
p* (cm®) 1el18
p** (cm?) 2e20
n** (cm®) 1.1e20

In the active mode of a multi-junction solar cell,
the distribution of the applied voltage between the p-
n junctions and the contact layer between the cells
plays a crucial role. This distribution affects the fill
factor of the solar cell characteristics, which in turn
impacts its efficiency. To determine the voltage
distribution between the cells and the tunnel
junction, the differential resistances of the solar cells
(p-n junctions) and the tunnel junction must be
calculated at different voltages.
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Figure 5. Structure of the two-junction solar cell,
with the tunnel junction (TJ) acting as the contact
between the single elements. H = 64 um

These differential resistances are calculated from the
J-V curves of the solar cell components/elements (p-
n junctions) and the tunnel junction. The dependence
of the differential resistances of the tunnel junction
and the single p-n junction (SC element) on the
applied voltage, as calculated from the simulated I-V
curves, is shown in Figure 6.

1014
1012

n and

,_\
M

o o <
2 2 B

—=—p - ndiod
—e— Tunnel diod

=
o
Y

10?
10°

tunnel junction, Rpy; Ry (Q)

Differential resistances of p

=
o
~

0,0 0,5 10

Voltage, U (V)

15 2,0

Figure 6. Dependences of differential resistances of
p-n-junction and tunnel junction (TJ) on the applied
voltage

Based on the dependencies shown in Figure 5,
the voltage distribution between the elements and
the tunnel junction in the two-junction solar cell was
calculated. The calculation was performed using the
equivalent circuit of SC shown in Figure 7. The
resulting voltage distribution is shown in Figure 8.
The figure demonstrates that, for values up to 1.5 V,
nearly the entire applied voltage is dropped across
the solar subcells.
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p-n Tunnel Series p-n
junction  junction  resistance  junction
] Gl B o

Upn Ur Ug Upn

O O

U

Figure 7. Equivalent circuit of a two-junction solar
cell with a tunnel junction as the contact and with
series resistance. Rpn, R, Rs, and Upn, Ut, Us
represent the resistances and the voltages dropped
across the p-n-junction, tunnel junction, and series
resistances, respectively.

1,251
—&— p-n junction

—e— tunnel junction
—A—R=2750Q

1,004

0,75

0,50

0,25

o

[=3

S
1

Voltages dropped across pn and tunnel
junction, series resistance Upp; UT; Ug (V)

00 05 10 15 20 25 30 35 40
Voltage, U (V)

Figure 8. Dependence of the voltages Upn, Uty 1 Us,
dropped across each p-n-junction, TJ tunnel junction,
and series resistance (R;), respectively, on the
applied voltage U in a two-junction solar cell. Rs
(VMJSC) =1093.75 Q; Rs (VTISC) =275 Q

B. Simulation model and voltage distribution
between cells in VMLSC

For comparison, a two-junction solar cell with a
metal layer as the contact between subcells was
considered. The parameters of this solar cell were
chosen to match those of the SC with a tunnel
junction. The simulations were performed using a
drift—diffusion transport model incorporating SRH,
Auger, radiative, and surface SRH recombination
mechanisms, together with a mobility model
accounting for doping-dependent carrier mobility.
The model used for simulation was calibrated by
comparing the J-V curves obtained from the
simulation with experimental data presented in [8]
(Figure 9). The series resistance for the SC
parameters used, which has led to a good agreement
between the J-V curves of the VMLSC and the

experimental one, was Rs = 140 Q. In this case, the
height of the experimental structure, as well as that
of the simulated structure, was equal to 500 pm.
However, when comparing the characteristics of
VMLSC and VTIJSC, the height of the VMLSC
structure was chosen to match that of the VTJSC,

with a height of H=64 um. As a result of this size
change, the series resistance of VMLSC was also
adjusted to the value Rs = 1093 Q.

When using a metal layer as the contact between
the cells, it must be taken into account (or
considered) that its resistance, unlike the dynamic
resistance of a tunnel junction, depends solely on the
geometric dimensions and the material, and does not
depend on the applied voltage. In the simulation of
the two-junction VMLSC, the thickness of the metal
layer was set equal to Wmet = 55 pum, consistent with
the experimental solar cell reported in [8].

The distribution of the applied voltage between
the solar cells (SCs), the metal layer, and the series
resistance was determined using the same electrical
circuit shown in Figure 7. However, instead of the
tunnel junction resistance, the resistance of the metal
layer was included in the circuit. The results of the
voltage distribution estimation in the mentioned
electrical circuit are shown in Figure 10. The figure
shows that, in the case of VMJSC, as well as in the
case of VTJISC, the applied voltage predominantly
drops across the solar cells (p-n junctions) up to a
value of approximately 1.5 V.

§ 1400

<

£ 1200

bawl

>

B

&

o

€

L

S

8 —a— VMLSC simulation
20F o vMLSC experiment

0
00 02 04 06 08 10 12 14 16
Voltage, U (V)

Figure 9. Comparison of the I-V curves for the
simulated and experimental solar cells [8] with a
metal layer as the contact between cells. H = 500

pum, Rs = 230 Q, and a solar concentration of 2108
Suns
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Figure 10. Dependence of the voltages dropped
across the cell (p-n-junction), metal layer, and series
resistance on the applied voltage, with H = 64 um
and Rs=1093.75 Q

C. Comparison of VTJSC and VMLSC efficiencies
at different solar concentrations

To assess the advantages and disadvantages of
VTISC, the efficiencies of both VTJSC and VMLSC
were compared as a function of solar concentration.
The simulation results show that, for both types of
solar cells, the efficiency increases nearly linearly
with solar concentration up to 200 Suns, reaching
approximately 20.4%. Beyond this point, the
efficiency levels off, i.e., reaches saturation (Figure
11). For both solar cells, the efficiency begins to
decrease at a concentration of 500 Suns.
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Figure 11. Dependence of the efficiencies of VTJSC
and VMLSC on solar concentration, with H = 64
pm, Rs (VMLSC ) =1093.75 Q, and Rs (VTJSC ) =
1368.75 Q

The increase in efficiency with solar
concentration up to 200 Suns for both types of solar
cells is attributed to a linear rise in the short-circuit
current and a gradual (or monotonous) increase in

the open-circuit voltage, followed by saturation
(Figure 12). The observed efficiency decline is due
to a reduction in the fill factor at solar concentrations
above 200 Suns (Figure 13). This is because, at solar
concentrations above 200 Suns, the distribution of
the applied voltage changes: a larger portion is
dropped across the series resistance, reducing the
voltage drop across the solar cell, which in turn
leads to a reduction in the fill factor (FF). Since the
series resistance in VTJSC is higher than in
VMLSC, this leads to a comparatively larger
reduction in the fill factor and, consequently, a more
significant drop in efficiency.

Although the efficiency behaviour of both types
of solar cells is similar, the efficiency difference
between VTJSC and VMLSC increases linearly as
the solar concentration exceeds 200 Suns.

VTISC efficiency decreases faster than that of
VMLSC, so with a solar concentration of 500 Suns,
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Figure 12. Dependencies of the short-circuit current
density and open-circuit voltage on solar
concentration for VTJSC and VMLSC, with H = 64
pum, Rs (VMLSC) = 1093.75 Q, and Rs (VTJSC) =
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Figure 13. Dependence of the fill factor (FF) on solar
concentration for VTJSC and VMLSC, with H = 64
pm, Rs (VMLSC) = 1093.75 Q, and Rs (VTJSC) =

1368.75 Q
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the efficiency difference is 0.21% and with a
concentration of 4000 Suns, 1.1%. Table 4 shows
the difference in the efficiencies of VTJSC and
VMLSC at different solar concentrations.

Table 4. Difference of efficiencies for VMLSC and
VTJSC versus Solar concentration

Solar con-
centration,
Suns

200 500 1000 2000 3000 4000

Difference of
efficiencies
for VMLSC 0.06 ).21 0.44 0.75 095 1.10
and VTJSC,
%

5. Validation of the results

To validate the obtained results, we compared
the current-voltage characteristics and efficiencies
of the simulated VTJSC and VMLSC with selected
published data for silicon-based multi-junction
vertical solar cells.

For comparison, two experimental vertical multi-
junction silicon solar cells with metallic
interconnects between subcells are reported in Refs.
[7, 8], were considered. The number of junctions
(subcells) in these studies differs from that in the
device modelled in this work: Ref. [8] employs 40
subcells, whereas Ref. [7] uses 4. The geometrical
dimensions of the subcells in our simulated structure
were chosen to match those of the experimental
device reported in Ref. [8], while the dimensions of
the device in Ref. [7] differ. In addition, the reported
experimental current density—voltage characteristics
were obtained under different levels of solar
concentration. To enable a consistent comparison,
the experimental data were normalised with respect
to solar concentration (2108 Suns), the number of
subcells (two junctions), and the geometrical
dimensions.

Figure 14 presents the J-V characteristics of the
simulated VTJSC and VMLSC alongside the
normalised J-V curves of the two experimental
samples. As can be seen, the photo-generated current
densities are of the same order of magnitude.

The observed discrepancies between the
simulated J-V characteristics and those reported in
Ref. [7] are most likely attributable to differences in
the doping levels within the subcells and in the
series resistance.

Table 5 compares the short-circuit current
density, open-circuit voltage, fill factor, and
efficiency of the simulated and experimental solar
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cells extracted from J-V curves shown in Figure 14.
As can be seen, there is good agreement between the
simulation results and the experimental data,
indicating the adequacy and reliability of the model
employed in this work.

1000 |

Current density, J (mA/cm?)

——]1
o 2
500 3
4
5
0 \ \ -
0,0 05 1,0 15 2,0 25

Voltage, U (V)

Figure 14. J-V curves of vertical multi-junction Si
solar cells, carried out from experimental and
simulation works: 1-simulated VMLSC (this work);
2 — experimental VMLSC, normalised to 2108 Suns
and on two junctions [8]; 3—simulated VTJSC (this
work); 4—experimental, not normalised VMLSC [7];
5-J-V curve for VMLSC carried out from
experimental work [7] by normalisation to 2108
Suns and on two junctions

Table 5. Comparative analysis of parameters of
vertical multi-junction Si solar cells, including
different experimental and simulation studies

Jsc Uoc FF

V)
Structure [mAlcm?]  [V] [%] n[%] Ref.
VMLSC 1734 159 7338 19.19 [8]
VMLSC 1975 116 79.67 1739 [7]
This
VMLSC 1723 159 7325 19.14 work
This
VTJSC 1737 162 76.93 20.56 work

6. Conclusions

In this work, the simulation parameters and
models for silicon tunnel junctions (TJs) used in
vertical two-junction solar cells were established.
Specifically, the masses of zone edges m¢ and my,
along with the Huang-Rhys coefficient S, were
defined to accurately characterise the amplitude and
diffusion components of the tunnel current in a
silicon tunnel junction.

The simulation results show that the efficiency
dependence on solar concentration for VTJSC and
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VMISC is nearly identical. In both cases, efficiency
increases linearly with solar concentration up to 200
Suns, reaches a saturation point, and then begins to
decline at concentrations above 500 Suns. Since the
efficiencies of VTJSC and VMJSC are practically
the same, the choice between using a tunnel junction
or a metal layer as the contact between solar cells in
the development of monolithic silicon vertical multi-
junction solar cells should be based on an
assessment of the complexity and cost of the
production technology. It is also crucial to ensure
that the chosen technology maintains a low series
resistance.

Although the use of a tunnel junction or a metal
layer between the cells of a multi-junction solar cell
has advantages and disadvantages, it is also
necessary to take into account the technological
tolerances in the fabrication of these solar cells.
Indeed, when manufacturing multi-junction solar
cells with a tunnel junction between subcells, it is
necessary to control some parameters and conditions
for obtaining a tunnel junction, which may affect the
characteristics of the solar cell. In particular, a
decrease in the level of doping of tunnel junctions
can lead to an increase in the width of the junction
and, accordingly, to a decrease in tunnel current,
which is equivalent to an increase in the contact
resistance between the subcells of the solar cell.
This, in turn, can lead to a deterioration in the
performance of the solar cell. In addition, the doping
profiles of the n**/p** layers must be properly
designed to allow efficient charge transport in a
monolithic tandem solar cell. A higher and more
abrupt doping of the n* layer increases the B2B
tunnelling current [25]. The substrate on which the
tunnel junction is made also matters. A junction
made on an n* substrate shows a lower amplitude of
the tunnelling current density compared to a junction
made on a p* substrate [14].

When fabricating multi-junction solar cells with
a metal interlayer between the subcells, several
factors must be taken into consideration. One of
these is the establishment of a Schottky barrier
between the metal and the semiconductor, which can
significantly  affect the characteristics and
performance of the solar cell. To avoid this, it is
necessary to provide appropriate additional doping
of the semiconductor layer that is in contact with the
metal. Additionally, it is important to select a metal
material that remains stable during subsequent
thermal processing and under extreme operating
temperature conditions. For example, a large
mismatch in thermal expansion coefficients can lead
to mechanical stress and dislocation formation,
thereby affecting the current-voltage characteristics

3037

of the solar cell. It is also important to consider the
compatibility of the metal layer with the solar cell
manufacturing technology. If the solar cell
manufacturing technology involves annealing and
passivation at temperatures above 300-500 C, it may
result in the diffusion of metal atoms into the
semiconductor layer, leading to the formation of
defects.

One of the primary objectives of this work was to
develop a simulation model for the tunnel junction
used as an interconnect between the subcells of a
solar cell. The proposed model accurately captures
the rising (left) branch of the tunnelling current as
well as the diffusion current of the tunnel junction;
however, it does not reproduce the decreasing (right)
branch of the tunnel current in the 1-V characteristic
(Figure 4).

Nevertheless, the voltage drop across the tunnel
junction in a two-junction solar cell lies within the
rising region (i.e., the left branch) of the tunnelling
current. Therefore, the proposed model can
adequately describe the current density—voltage
characteristics of a two-junction solar cell
incorporating a tunnel junction. In addition, the
analysis of the tunnelling current models performed
in this work may be useful for selecting appropriate
models for the simulation of various tunnelling-
current-based devices [31, 32]. Despite this, future
work will focus on developing a comprehensive
model capable of accurately describing the J-V
characteristics of the tunnel junction for applications
in multi-junction solar cells as well as in other
nanoscale semiconductor devices.
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Nomenclature

2D Two Dimensional

c Carrier type index (n or p) (-)

Etrap Trap energy level (eV)

F Electric field (V/cm)

FF Fill factor (%)

A7) Temperature dependent factor (-)
a(F) electric-field enhancement factor (-)
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gc/gv

Inldp

n/p
ni
Njeff
ntt
p*
p++

Rs

Rsri

SC

SRH
suns
TCAD

Prefactors (-)
Height of tunnel junction (um)

Current densities for electrons and holes
(mA/cm?)
Short-circuit current density (mA/cm?)

Boltzmann constant (J/K)
conduction-band tunnelling mass (-)
valence-band tunnelling mass (-)
Multijunction

Metal layer

Electron and hole concentrations (cm-)

Electron trap density parameter (cm-3)

Effective intrinsic carrier concentration
(cm™d)
Doping concentration in n** layer (cm3)

Doping concentration in p* layer (cm3)
Doping concentration in p** layer (cm3)
Hole trap density parameter (cm-3)
Elementary charge (C)

series resistances (Q)
Shockley—Read—Hall recombination rate
(cm3-s)

Solar cell

Huang—Rhys factor (-)

Schokly — Read - Holl

Concentration of incident light (W/cm?)
Technology Computer — Aided Design
tunnel junction

Absolute temperature (K)

Voltage dropped across the series
resistance (V)

Voltage dropped across
junction (V)

Voltage dropped across the p-n-junction
V)

Vertical metal-layer solar cells

the tunnel

Vertical tunnel junction solar cell
Open-circuit voltage (V)

Width of p* layer (um)

Width of p** layer (um)

Width of n** layer (um)

Electron and hole mobilities (cm?/(V-s))
Gradient operator (cm™)

Gradient of electron concentration (cm)
Gradient of hole concentration (cm)
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Dn/Dp Electron and hole quasi-Fermi potentials
V)

n Efficiency (%)

T Lifetime (s)

Tc Carrier lifetime (electron or hole
lifetime) (s)

Tdop Doping-dependent lifetime (s)

Tn Electron lifetime (s)

5 Hole lifetime (s)

&R Relaxation energy (J)
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