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Abstract

This chapter is dedicated to the processes linked with the collection of photo-generated
carriers in silicon heterojunction (SHJ) solar cells with a focus on the key role of the
amorphous silicon/crystalline silicon heterojunction. The intention is to explain the role
of carrier inversion at the heterointerface and connect it with the properties of the SHJ
to obtain deeper understanding of carrier transport properties and collection, which
goes beyond amorphous silicon-based structures and will contribute to understanding
the new emerging SHJ based on amorphous silicon oxide and metal oxide emitter layers.
The study is extended by a simulation of the TCO/emitter interface with the aim to reveal
the effect of parasitic Schottky barrier height on the performance of the SHJ solar cell.
In addition, the simulation study of SH] under concentrated light and varied tempera-
tures is outlined to show the main limitations and prospects of SHJ structures for
utilization under concentrated light.

Keywords: amorphous silicon, heterojunction, carrier inversion, open-circuit voltage,
ASA simulation

1. Introduction

Among the semiconductor materials with suitable optoelectronic properties for photovoltaic
applications, silicon has been the most widely accepted and used in the current production of
photovoltaic modules. The basic advantage of silicon is its abundance in nature and mastered
silicon wafer fabrication, as well as the compatibility of the technological processes of solar
cells with the microelectronics industry. The increasing cost of processed crystalline silicon
ingots in the past years became a driving force decreasing the wafer thickness for solar cell
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70 Nanostructured Solar Cells

fabrication [1]. However, this trend was stopped due to the bending of thin wafers during high
temperature processing of standard silicon solar cells, which results into the increasing efforts
focused on the technologies with lower silicon usage. Among them, the silicon heterojunction
solar cells (SHJ) provide both high performance together with a perspective of low-cost
fabrication and decrease of silicon wafers thickness bellow 100 um [2]. The advantages of
heterojunction between amorphous and crystalline silicon were first introduced into the so-
called HIT concept (Hetero-junction with Intrinsic Thin-layer) by former company SANYO
(currently SANYO is part of the company Panasonic) in 1992 [3]. The SHJ HIT solar cell is
composed of a single thin crystalline silicon wafer, c-Si surrounded by ultra-thin intrinsic
silicon layers, a-Si:H(i) and n-type and p-type doped amorphous silicon layers, a-Si:H (Figure
1), which can be deposited at temperature below 200°C and so can be used in processing of
thin wafers. On the two doped layers, transparent conducting oxide (TCO) layers and metal
electrodes are formed with sputtering and screen-printing methods, respectively. The TCO
layer on the top also works as an anti-reflection layer.

Top grid contact

s and TCO - -
a-SicH (p) a-Si:H (n)
¢-Si (n) Thin intrinsic c-Si (p)
a-Si:H(i)
a-SitH (n) adall ()
E R Bottom grid
SHINn contact and TCO SHJp

Figure 1. Silicon heterojunction solar cells with on n-type silicon (SHJn) and n-type silicon (SHJp) hetero-junction with
intrinsic thin-layer (HIT) solar cell.

Since the first introduction, the HIT solar cells have been the subject of extensive research.
Recently, the record efficiency n = 25.6% with open-circuit voltage Vo = 0.74 V, short-circuit
current Js- = 41.8 mA/cm? and fill factor FF = 82.7% were achieved on the rear junction HIT
solar cell by Panasonic, which makes this technology currently the most efficient among silicon-
based solar cells [4]. Current strong interest in SHJ concept is motivated by the high conversion
efficiency as well as further possibilities for decreasing the fabrication cost. SHJ can be prepared
by simple and low temperature fabrication processes, which decreases the thermal budget and
thus the cost of the cell. Since the base material of the structure is crystalline silicon, the typical
degradation due to the Staebler-Wronski effect observed in amorphous silicon solar cells does
not take place in SHJ solar cells, where the base material of the structure is crystalline silicon
[5]. Moreover, the HIT cell shows a better temperature coefficient (<-0.25%/K) compared to
standard c-Si solar cells (-0.45%/K), which means more power generated in outdoor conditions
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for the same nominal conversion efficiency [6]. Since the SH] HIT has symmetrical front and
back structures, the possibility to use it for the bifacial solar module is feasible. The experiments
show that bifacial use of the HIT structure brings a performance higher by more than 10%
compared to the conventional structures with light incident only from one side [7].

1.1. Current trends in SHJ solar cell development

To make the SHJ solar cells more economically attractive, current efforts are focused on the
development of technologies and approaches focused on two main objectives (i) to increase
the efficiency and (ii) to decrease the fabrication costs. The utilization of emitters with a large
band gap such as amorphous silicon carbide a-SiC:H [8], nanocrystalline silicon oxide nc-
SiOx:H [9] or micro-crystalline silicon oxide pc-SiOx:H [10], thus lowering light absorption is
a common approach on how to increase Jsc and hence the performance of such solar cells. The
advantage of this approach is that only low adjustment of production lines is required for
replacements of a-Si:H emitter by a-SiC:H or SiOx:H emitter layers. An increase in Js- by about
1 mA/cm? was demonstrated by replacing a-Si:H by a-SiC:H [8] or by uc-SiOx:H [10]. However,
also in this case the heterojunction with a c-Si substrate plays a crucial role and its fabrication
has to be well mastered to benefit from the lower parasitic absorption of light. Another way
on how to decrease absorption losses is based on the preparation of the two collection contacts
at the bottom side of the silicon substrate forming an inter-digitated back contact silicon
heterojunction (IBC-SH]J) solar cells. The beneficial effects of collection electrodes at the bottom
of the cell are demonstrated by the best efficiency of 25.6% currently achieved at SHJ solar cells
[4]. High Jsc=41.8 mA/cm?in such solar cells is attained due to the eliminated absorption losses
of a-Si:H layers as well as losses in TCO.

The decrease of fabrication cost can be realized through the replacement of expensive materials
by cheaper alternatives. Several groups have investigated alternative materials such as zinc
oxide, ZnO [11], and indium zinc oxide, IZO [12], as a replacement of expensive indium tin
oxide, ITO. Replacement of silver used in the collection electrodes by copper [1, 13] is another
way, and is currently highly investigated to decrease SHJ cost.

Another approach to make SHJ cells more economically attractive is based on the reduction of
silicon wafer thickness. The ability of HIT structure to use silicon wafers of low thicknesses
and to achieve high performance at the same time was demonstrated already in 2009, when
the SHJ HIT solar cell with a conversion efficiency of 22.8% prepared on a 98 um thick n-type
silicon wafer was introduced by former company Sanyo (currently Panasonic) [2].

Nowadays, new advance concepts are emerging based on the replacement of the amorphous
emitter by metal oxides [14-16]. Such a concept has the ability to provide both an increase
of efficiency as well as a decrease of fabrication cost. Metal oxides provide advantages of
large band gaps, thus lower parasitic absorption in the emitter, simpler deposition by thermal
evaporation [13] and no requirements of toxic dopant gases during fabrication. Moreover,
the deposition of such oxides can be carried out at low temperatures leading to a further
decrease of the thermal budget and hence fabrication cost. Metal oxides are widely used as
a hole transport layers in organic solar cells [16, 17]. Current attempts to transfer them into
the SHJn technology show very promising results with achieved efficiency of n = 22.5% for
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molybdenum oxide hole collector MoOx-based SHJ solar cell [18]. The progress in the
development of electron selective contacts based on lithium fluoride (LiFx) allows fabrication
of dopant-free asymmetric heterocontacts cell (DASH) with conversion efficiency approach-
ing 20% [19].

1.2. Aim of this chapter

Two targets have to be attained for the good performance of solar cells: (i) light has to be
absorbed in the absorption layer of the solar cell and (ii) the photo-generated carriers have to
be effectively collected by the top and bottom collection electrodes. The first target is focused
on the improvement of light management, which with the decreasing of the c-Si substrate
thickness starts to be important also for SH]J solar cell. The optimization of TCO [12, 20], tuning
of emitter layer band gap [8] and texturization of c-Si [21] are crucial to achieve high Js-. The
second target, which is described in detail in this chapter, is focused on the recombination and
carrier transport processes in the structure. Such processes determine the collection of the
photo-generated carriers and thus the performance of the solar cell. Since the SHJ is formed as
a stack of various layers surrounding the absorber c-Si layer, the current transport of photo-
generated electron/hole pairs to the collection electrodes is highly influenced by the interfaces
between the neighbouring layers. Due to the connection of various materials with different
lattice parameters, defect states can be formed at the interface. The difference in the band gap,
affinity, doping level and type of adjacent layers results into the formation of heterojunctions/
carrier transport barrier. Application of a-Si:H or alternative emitter (such as a-SiC:H, nc-SiOx
or metal oxides) in the SHJ solar cell is linked with several challenging requests concerning
the quality of this layer and its interfaces with c-Si and TCO. On the one hand, the defect states
and band alignment at the a-Si:H/c-Si interface determine the band bending at the c-Si surface
and hence recombination and collection of photo-generated carriers [6, 22, 23]. Good quality
of the a-Si:H(i) layer as well as a-Si:H/c-Si interface is one of the main challenges in order to
achieve high SHJ solar cell efficiency. On the other hand, due to the low specific conductivity
of a-Si:H it is required to use conductive TCO as a collection electrode. When the TCO is not
chosen carefully regarding the proper work function, or is not properly prepared, the parasitic
Schottky barrier can arise at the TCO/a-Si:H interface [24-26]. This parasitic Schottky barrier
has an opposite diffusion potential compared to the a-SiH/c-Si junction and thus hinders the
collection of photo-generated carriers. As a result, the performance of the SHJ deteriorates.

The aim of this chapter is to explore the processes connected with the collection of photo-
generated carriers and to explain the key role of the front a-Si:H/c-Si and TCO/a-Si:H interfaces
for carrier recombination processes. ASA simulation is carried out to provide an insight into
the charge properties of both a-Si:H/c-5i and TCO/a-5i:H junctions forming the front emitter
stack of the SHJ solar cell and to explore their interconnection. Strong emphasis is focused on
the presence of carrier inversion at the a-Si:H/c-Si, which is the most determining factor for
Voc of SHJ cell. The alternative approaches to obtain high carrier inversion based on field effect
passivation and metal oxides are described in the chapter as well. The study is extended by
simulation of the SHJ under concentrated light and varied temperatures to explore the
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perspective and limitations of n- and p-type silicon-based SH]J structures for utilization in light
concentrated applications.

1.3. Simulation set-up

The ASA simulation program was used for characterization of recombination processes in
the SHJ structure. This program is designed for the simulation of solar cells based on a-Si:H
and c-Si semiconductors. ASA program solves the Poisson equation and continuity equations
for electrons and holes in one dimension and includes several physical models which describe
the trapping and generation/recombination processes in the structures with consideration of
spatial disorder of amorphous silicon [26]. The simulated solar cell structures have the
following layer sequence: TCO/a-5Si:H(n)/a-Si:H(i)/c-Si(p)/a-Si:H(i)/a-Si:H(p)/TCO/Metal and
TCO/a-Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/a-Si:H(n)/TCO/Metal denoted as SHJp and SHJn,
respectively. In the simulated models, the thicknesses of 5 and 10 nm were used for a-Si:H(i)
and doped a-Si:H(n) and a-Si:H(p) layers, respectively. The band gap of a-Si:H(p) was set to
1.95 eV and the band gaps of a-Si:H(i) and c-Si(n) were set to 1.76 eV in accordance to [27].
The doping activation energies of 0.2 and 0.4 eV were used for a-Si:H(n) and a-Si:H(p) layers,
respectively. The gap state densities of amorphous layers have a Gaussian distribution of
dangling bonds and an exponential distribution of band tails was set together with additional
parameters according to the literature [27]. While the main aim of the simulation is to describe
recombination processes in the structure, flat silicon substrate conditions were used in the
models. The silicon substrates with thickness of 200 pm, lifetime, 7 =1 ms and concentration
of dopants, Ny,, =5 x 10* m~ were used for both SHJp and SHJn structures. TCO was adopted
as an optical layer with a thickness of 80 nm. The defect states at the front a-Si:H/c-Si interface
was modelled by inserted 1 nm thick highly defective c-Si layer. Flat band conditions at the
TCO/a-Si:H interface were used in the initial simulations focused on the study of a-Si:H/c-Si
properties. The negligible defect state density of 10° cm™ were set at the back c-Si/a-Si:H
contact for all simulations. The conduction band offset, AE-=0.15 eV, and valence band offset,
AEy = 0.55 eV, were used as an initial values determining band alignments in SH]p and SH]Jn
structures, respectively. As an illumination source the light with power density of 100
mW/cm? and spectrum AM1.5 was used for the output performance simulations.

2. Open circuit voltage and carrier inversion

The output performance of the solar cells can be described by Vi, Jsc and FE. All such
parameters are linked with the 7 and define the overall output performance of solar cells. While
the main aim of this chapter is to describe the role of heterointerface and inversion at the a-
Si:H/c-Si, we will focus on Vi which is strongly affected by recombination properties and
carrier transport in the solar cell. The V. for SHJp solar cells can be expressed by the analytical
model as [28, 29]
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p
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Similarly for SHJn, the V¢ is expressed as
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g=Si —Ysi(n) kT | Ny L,
Voc = ——In| 4~ ——— (2)
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L

Symbols in the above equations denote: T is the temperature, g is the elementary charge, k is
the Boltzmann constant, E g; is the band gap of ¢-Si, Nc and Ny are the effective densities of
states in the conduction band of ¢-5i, g, and &g, are the dopant activation energies of c-Si
substrate with p-type and n-type doping, respectively, L, and L, are diffusion lengths for holes
and electrons, respectively, and D, and D, are diffusion constants for holes and electrons.

Further symbols denote the interface recombination velocities for holes Sp = Dy and
electrons S h=C wPiv where C,and C, are the capture rate coefficients for holes and electrons,

respectively, and D is the interface defect density. The Ap = An = g.7 ¢ in the equations

denotes the excess carrier concentration, where g is the average photo-generation of the
electron-hole pairs in c-Si and 7. is the effective lifetime of the excess carries.

From the above equations it is apparent that Vo depends on An, which is determined by 7.
and g. g is related with the illumination intensity. 7.4 is determined by the recombination
velocities S, and S, and thus by the defect state density at the a-Si:H/c-Si heterointerface, D;,
recombination at the rear surface and recombination in the c-Si substrate. The recombination
in the c-Si substrate is not the subject of this chapter, instead of this, we focus our attention to
the a-Si:H/c-Si interface and inversion layer formed at c-Si surface of this interface. In the case
of low recombination in the bulk and at the back surface of c-5i, the main recombination path
is at the heterointerface. For such a case, the saturation current of the SHJ, J,,,, is determined
by the saturation current of interface recombination J,.;, which is for SHJp determined by the
interface recombination velocity S, and holes concentration at the heterointerface p;, as

Jsat—it = qupit 3)
Similarly, by considering interface concentration of electrons n; for SHJn it can be written

Jsat—it = 4SnMit 4)
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By taking into account the equation for Vi

AkT I
Voc=——n (]S—CJ (5)
q Jsat

and substituting |, as a saturation current, it is possible to write equation which deter-
mines the V¢ as a function of the interface recombination velocity and effective barrier for
recombination at the heterointerface @y [30]

AKT | [ gNyS
Vo =22 - ln[ v pJ 6)
q q Jsc
for SHJp and
oo =2 - 240 ln(qN.Cs“ ] @)
q q Jsc

for SHJn, where A represents the diode ideality factor. From the above equation it is obvi-
ous that Vi is determined by the @y which should have a high value to obtain high V.
Figure 2 show the band diagram of SH]Jn and SHJ]p with @y at the heterointerfaces, respec-
tively. In SHJ solar cells the c-5Si surface at the heterointerface is inverted or strongly invert-
ed, forming an inversion layer with a high concentration of minority carriers [31, 32] at the
heterointerface. From the band diagram, the rate of the inversion is determined by the
bending of bands at the surface of c-Si and can be expressed as a distance of the Fermi level
from the conduction band level at the heterointerface, E (=Ec-Ep It is obvious that the car-

a-Si:H(p/i) a-Si:H(i/p)
a-Si:H(i/n) a-Si:H(n/i) §§=
AEc y
AEcgsr -
__________ =1-1---
c-Si(n) i
TCO TCO
A 55—
SHJn
5=

Figure 2. Band diagram of (left) SHJn and (right) SHJp structures with sketched barrier for interface recombination @y
at interface defects D,,.

75



76 Nanostructured Solar Cells

rier inversion is linked with @y thus directly related to V. For both SHJ, high carrier inver-
sion is required to obtain high value of @y and thus high V.. Egs. (1) and (2) do not take
into account the influence of a-Si:H layer and indicate that V- depends on the illumination
intensity, recombination properties at the heterointerface, recombination at the rear surface
and in the c-Si substrate, and on the dopant activation energy of the c-Si substrate. The
properties of the emitter seem to play no role in the V. In fact, the parameters like doping,
defect density and affinity (or band offset with c-Si) have no direct influence on the V.
However, all of these parameters affect the charge properties of the space charge region
(SCR) of SHJ junction and thus carrier inversion at the heterointerface and consequently
Voc. In the following sections, we will describe by means of simulation various SHJ solar
cell properties which affect carrier inversion and V.

3. Front a-Si:H/c-Si heterointerface

3.1. Front a-Si:H/c-Si: influence of interface defect states

The front a-Si:H/c-Si heterointerface is a key part of the SHJ solar cell which has the main
influence on the recombination processes in the structure and thus the output performance.
The connection of two materials with different band gaps, lattice and electrical properties
results into the formation of band discontinuity and defect states at the interface. Such
properties are strongly affecting the carrier transport through that interface. In order to
investigate the influence of D;, on the carrier inversion and hence recombination activity at the
interface, numerical calculations using the program ASA was carried out. Figure 3(a) shows
Voc and 1) calculated as a function of D;, for SH]p and SHJn solar cell structures. As can be seen,
Voc and hence 1 exhibit a decrease upon the increase of D;, for both SH]p and SHJn structures.
To explain the recombination processes at the a-Si:H/c-Si interfaces connected with the
presence of defect states, it is necessary to consider the band diagram. Analysis will be
provided for SHJp structure, however, conclusions are applicable also to SHJn structure.
Figure 3(b) shows the band diagram of SHJp structure calculated for two values of D,. In the
case of SHJp structure with negligibly low D, = 10° cm™, the rectification behaviour of the
junction is formed due to the presence of the negative and positive space charges in the space
charge region (SCR) of the c-Si and a-Si:H part of the junction, respectively. The SHJ solar
structure exhibits a high asymmetry of doping, which shifts the SCR into the c-Si part of the
junction, leaving a negligible part of the diffusion voltage V, in the a-Si:H. Due to the presence
of band discontinuity in the SHJp solar cell structure, the bands in the c-Si bend downwards
and a high concentration of minority electrons is formed at the c-Si surface at the a-Si:H/c-5i
interface. Such a layer with a high concentration of minority carriers is called an inversion
layer. In the case of high inversion, the concentration of minority electrons is high and the
concentration of majority holes is low at the c-Si surface of the heterointerface. For SHJp
structure, the photo-generated electrons are collected by the front electrode and transferred
through the front heterointerface. High carrier inversion and thus a low concentration of holes
results into a low probability of photo-generated electrons to recombine with them. Such a
behaviour is characterized by the barrier for interface recombination @, which is for SHJp
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expressed by Eq. (6). The high carrier inversion, in other words high value of @y, leads to low
interface recombination. From this it is obvious that carrier inversion plays a crucial role in the
Voc of SHJ solar cell. The carrier inversion is changed by introducing a high value of defect
states at the interface, D; = 6 x 10" cm™. Such defect states affect the charge conditions in the
SCR of junction. The defects states at the heterointerface represent traps which are for SHJp
structure occupied by electrons forming negative charge Q; in the SCR at the c¢-Si part of the
junction. Such negative Q; screens the positive charge in the a-Si:H part of the junction and
thus hinders the extension of the SCR in the c-Si. As results, the band bending and electric
field in the c-Si part of the junction are lowered, which decreases the carrier inversion at the
interface and causes decrease of @y followed by an increase of interfacial recombination.
Moreover, due to the lower electric field, the majority of holes have a high probability to diffuse
to the interface and contribute to the recombination at the interface [28]. The same mechanism
of carrier inversion decrease caused by the presence of Q; is presented in case of SHJn solar
cells (not shown here). However, due to the n-type silicon used in SH]n solar cells and holes
collected through the front contact, the Q; has a positive charge. Comparing both structures
(Figure 3a), the SH]n structure exhibits a lower sensitivity to D, and a higher efficiency. There
are two main sources of such a higher efficiency for the SHJn structure. The first source is the
higher FF (not shown here) of SH]n structure compared to SHJp structure. The second reason
is the collection of holes through the front heterointerface of SHJn structure, which due to the
band alignment exhibits lower interface recombination. The impact of the band alignment on
the carrier inversion of SHJ structures is further discussed in Section 3.2.

0.75 T T T 1.0 T T T T T
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0.70 B 128 Dit = 6"1012 Cfﬂ-2 SHJp
‘ 0.5 AE,=0.15eV |
0.65 124 --_-—-TAEi
=y < 0.0
X >
< 0.60 oo 2 D, =1x10° cm™
3 055 g B -05f )
>0 i 2 ® 041 p =6x10"cm?
{16 € & ’
0.50 [i] 1.0 0.2 4
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Figure 3. (a) The Vi and 7 calculated in dependence on D;, for SHJn and SHJp structures. (b) Band diagrams calculat-
ed for two values of D, for SH]p structure. The inset shows the change of carrier inversion (change in the distance of
the conduction band level from the Fermi level at the heterointerface) with the change of D,.

From the above discussion it is clear that the change of the charge properties in the SCR plays
the key role for the carrier inversion at the heterointerface and strongly affects V. The D;, are
formed by acceptor and donor types of defects which form negative and positive charges in
the c-Si part of SCR, respectively. Our recent study shows that the band bending at the c-5i
part of the structure is lowered mainly due to the presence of Q; with negative charge and Q,
with positive charge for SHJp and SHJn solar cells, respectively [22]. Because of this, the defect

77



78 Nanostructured Solar Cells

asymmetry at the interface plays also an important role for the recombination processes at the
interface [22]. The presence of acceptor defects at the heterointerface is more detrimental for
the function of SHJn, while in the case of SHJp structure the donor defects are more affecting
the performance of solar cell.

3.2. Front a-Si:H/c-Si: influence of band alignment

Comparing with the standard c-Si-based solar cells, the SHJs are characterized by the formation
of a carrier inversion layer of minority carriers at the c-Si surface. The origin of this inversion
layer steams from the presence of the band discontinuity at the interface and is the main factor
for higher Vo compared to the standard c-Si-based solar cells. In order to describe the impact
of band alignment on the V., simulation of SHJp solar cells with a varied conduction band
offset AE is presented in Figure 4(a). The impact of non-ideal a-Si:H/c-Si interface is shown
as well by using four different values of D;,. Clearly, the decrease of AEresults in the decreases
of Vic. This effect is stronger, when higher D, is present at the interface. On the other hand,
for high AE, the D, has a weaker impact on the V.. Such a behaviour can be explained by
considering the band bending and carrier inversion in the structure. Figure 4(b) shows band
diagrams of SHJp solar cells for D;,=5 x 10" cm™ and two values of AE. As can be seen, higher
AE. results into higher band banding in the c-Si part of the junction and stronger carrier
inversion at the heterointerface. Because of this, V- exhibits higher values for structures with
high AE.. Moreover, the strong inversion causes a pronounced suppression of interface
recombination since only few majority carries are available for recombination. As a result, the
negative impact of D, is less serious for structures with high values of AE.. From this it is
obvious that the ability to prepare a-Si:H/c-Si with high AE- should be the way how to suppress
the influence of D; and how to attain high V and thus the efficiency of SHJ solar cells.
However, there are only limited possibilities to modify the band alignment of a-Si:H/c-Si
heterointerface based on tuning the hydrogen content in the a-Si:H layer [33]. The literature
presents a consensus that AE. at a-Si:H(n)/c-Si(p) heterointerface is below 0.30 eV [23, 34-36].
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Figure 4. (a) V(¢ calculated as a function of AE at the front a-Si:H/c-Si of SHJp solar cell structure. D;, is varied as a
parameter in the simulations. (b) Band diagrams calculated for two values of AE. and D;, =5 x 10" cm™ of SHJp solar
cell structure. The inset shows the change in the carrier inversion (change in the distance of the conduction band level
from the Fermi level at the heterointerface).
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Therefore, the critical aspect to obtain high V¢ of SHJ structures remains the suppression of
defect states at the interface.

In the case of the SHJn structure, the transport of photo-generated minority holes is affected
by the valence band offset AEy, which, due to the band alignment, has a higher value compared
to the AE of SHJp. Because of this, the SHJn solar cell structures have higher carrier inversion
at the interface as well as higher @y and exhibit higher V. compared to the SHJp structures.
Moreover, due to the higher carrier inversion the SHJn structure exhibits a lower sensitivity to
D;, compared to the SHJp structure (Figure 3a).

3.3. Front a-Si:H/c-Si: influence of a-Si:H(i) passivation layer

The most straightforward way to increase the carrier inversion at the c-Si surface is to decrease
D;. The a-Si:H emitter with p- or n-type doping is characterized by a high concentration of
defects resulting in a high D, at the a-Si:H/c-Si interface. Because of this a thin intrinsic
passivation layer of a-Si:H(i) with a significantly lower defect concentration ~5 x 10* m= [36]
compared to doped a-Si:H layer [27] is inserted at the interface. The quality of the a-Si:H(i) and
thus passivation effect increases with the increase of a-Si:H(i) thickness d, g;15;,. However, high
d,si1 results in a decrease of FF and performance of SHJ solar cell [37].

A simulation study with a-Si:H(i) inserted at the heterointerface was carried out to describe
the impact of d, 5,45 on the carrier inversion at the c-Si surface and consequently on Vi, and
the output performance. Figure 5(a) shows V, simulated as a function of d, 5;4y;). Three values
of D, were used in the simulation as a parameter reflecting the possible passivation effect of
a-Si:H(i) layer. In the case of low D;, = 10° cm™?, the change of V(,c with d, g4y is negligible. On
the other hand, for higher value of D, the decrease of V. with increase in d, gy, is more
relevant. Vi is less sensitive to the presence of D;, for low d,, ;). This sensitivity to D; increases
with increasing d, ;- The band diagrams for D;, =5 x 10" ecm™ and with d, g4, of 10 and 50
nm were calculated to explain the impact of d, 5,445 on V¢ at high D;; (Figure 5b). The band
lines of a-Si:H(i) were aligned for both thicknesses to have the heterointerface at the same place.
Figure 5(b) shows the decreases of band bending in the c-Si, thus the decrease of the carrier
inversion at the heterointerface upon the increase of d, gy for D;, =5 x 10" cm™ resulting in
the decreases of V. The a-Si:H(i) layer has a low concentration of free carriers and thus is a
source of a potential drop across this layer, which affects the charge distribution and electric
field in the SCR. This potential drop increases with the increase of d, g4 In the case of low D;,
=10° cm™ the strong carrier inversion occurs, in other words a high minority carrier concen-
tration at the c-Si surface screens the potential drop over the a-Si:H(i) layer. Consequently, the
potential drop over the a-Si:H(i) layer has a negligible influence on the carrier inversion and
thus causes a negligible change of V¢ even at high d, 4. In the case of high D, =5 x 10"
cm™ the carrier inversion is much weaker due to the presence of trapped charge Q;. Such
trapped charge lowers the electric field in the c-Si, hence lowers band bending and decreases
the carrier inversion at the c-Si surface. Due to the high Q; the higher concentration of localized
charge in the a-Si:H part of the junction is required to screen the charge in the c-Si. Because of
this the potential drop over the a-Si:H(i) becomes more important for the distribution of the
diffusion potential in the junction and with an increase of the d, gy the SCR is more widened
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in the amorphous emitter (formed by the intrinsic and doped parts) resulting in an increase of
the diffusion voltage in a-Si:H part of the junction and in a decrease of carrier inversion at c-
Si surface of the a-Si:H/c-Si interface with increased d, g;4y4). This conclusion is in accordance
with experimental observation [38]. V. decreases as a consequence of weaker carrier inver-
sion. In accordance with this explanation, Figure 5(b) shows a more significant decrease of
band banding in the c-Si and an increase of the band banding in the a-Si:H followed by a
decrease of the carrier inversion at the interface for d, q;1;;) = 50 nm compared to the sample
with d, g5 = 10 nm. While the quality and thus passivation properties of the a-Si:H(i) layer
increase with the thickness, careful tuning of the thickness and passivation ability is required
to achieve high V¢ and high output performance. The same principle can be applied to the
SH]n structure.
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Figure 5. (a) V¢ calculated as a function of a-Si:H(i) thickness, d, ;1 inserted at the front a-Si:H/c-Si of SHJp solar cell
structure. D, is varied as a parameter in the simulations. (b) Band diagrams calculated for two values of d, 5,15 and D;
=5 x 10" cm™ for SHJp solar cell structure. The inset shows the change in the carrier inversion (change in the distance
of the conduction band level from the Fermi level at the heterointerface).

3.4. Alternative concepts to obtain carrier inversion at emitter/c-Si interface

From the above discussion it is clear that high carrier inversion at the emitter/c-Si interface is
crucial for high Vi, and high output performance of the SHJ solar cell. The high carrier
inversion in the SHJ solar cells can be attained through (i) modification of band alignment at
the heterointerface or (ii) by a decrease of D;, by optimizing the cleaning process or by insertion
of a thin passivation a-Si:H(i) layer [6]. In following, we will discuss two alternative concepts
of emitters which allow formation of high inversion at the emitter/c-Si interface and offer
perspective to achieve high performance. The first one is the hetero-homojunction concept
based on the field passivation effect [39, 40] and the second one is the use of alternative emitters
based on transition metal oxides TMO with high W,, which form the hole transport layers in
SHJn structures [41].
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The first alternative approach is based on the insertion of a highly doped c-5i layer of n*- and
p'-type doping at the a-Si:H/c-5i interface of SH]p and SHJn solar structure, respectively [39,
40]. Such a highly doped layer with opposite doping of c-Si provides field passivation, and
causes a shift of the Fermi level, which leads to an increase in carrier inversion at the c-Si
surface. Our recent simulation study shows that by using the field effect passivation it is
possible to decrease the sensitivity of V- to D, and AE at the a-Si:H/c-Si interface [40]. The
main drawback of this approach is, however, the additional technological steps required for
preparation of a thin highly doped c-Si layer [42].

TMO with a high work function W; such as MoOx, V,0O; and WO; represent alternative
materials which can replace the a-Si:H emitter and can provide high carrier inversion at the c-
Si surface [41]. The work function of these oxides changes according to the presence of adjacent
environment or layer and varies in the range from 6 to 7 eV for as deposited layers and from
5to 5.3 eV for oxides exposed to air [41]. Due to the intrinsic oxygen vacancies in their structure
TMO are acting as n-type semiconductors [41, 43]. However, due to the high W; TMO provides
band alignment with c-5Si in the way that acts as a p-contact and allows formation of a depletion
silicon surface and strong carrier inversion at the interface in connection with n-type c-Si. Also
in the case of SH] with TMO, the carrier inversion is strongly affected by the defect states at
the heterointerface, thus passivation a-Si:H(i) layer is required to insert at the TMO/c-Si
interface to provide high performance of such SHJ solar cell structures. The efficiency of 22.5%
was obtained for MoOx based on SHJ cell [18]. Despite the high efficiency obtained on TMO-
based SHJ, the carrier transport mechanism and collection of photo-generated carriers are still
not fully understood. Recent results suggest that regardless of the rectification behaviour
caused by the high W, classical depletion approximation can be used to describe the rectifi-
cation behaviour of TMO/c-Si junction [41]. It was shown that measured I-V curves can be
described by a two-diode model with current transport limited by the recombination in the
SCR of c-Si and diffusion of injected minority carriers [41]. However, further research is
required to understand the extraction mechanism of photo-generated holes assisted by the gap
states in the emitter based on the metal oxide.

4. Front TCO/a-Si:H heterointerface

4.1. Front TCO/a-Si:H: impact of parasitic Schottky barrier

The above simulation study revealed that V is strongly determined by the properties at the
front a-Si:H/c-Si heterointerface. Defect states and band alignment affect the distribution of the
charge in the SCR and thus directly influence the electric field and carrier inversion at the
heterointerface. The photo-generated carriers are collected by the front TCO and metal
contacts. While TCO can be considered as a degenerated semiconductor, the properties at TCO/
a-Si:H have to be also considered for carrier transport [44—46]. The most critical aspect for
carrier transport is the possible presence of a parasitic Schottky barrier at the TCO/a-5i:H
interface which can arise due to an inappropriate work function of TCO, Wy, [24]. Wrco
depends on the material used as a TCO as well as on the deposition conditions used for
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preparation. For example, in the case of ITO work functions of 4.2-5.3 eV were reported [45,
47]. The most common way to modify Wrqq is by controlling the oxygen pressure or pre- and
post-deposition annealing [46]. It was shown that the parasitic Schottky barrier at TCO/a-Si:H
interface of value @1, = 0.35 eV can reduce the conversion efficiency by more than 40% due
to the deteriorated light current-voltage characteristics, which follows the so-called S-shape
[48]. The @1 is partially affected by the carrier doping in the TCO layer, which shifts the Fermi
level and thus affects the band alignment at the TCO/a-Si:H. Depending on the magnitude of
Do, different carrier transport mechanisms should provide a good contact TCO/a-Si:H. In
the case of low @y, thermionic emission should take place as a dominant transport mecha-
nism of carriers. In the case of high @, tunnelling should take place to assist in the carrier
transport. For tunnelling to be active it is necessary to have a high doping at both adjacent
parts of the junction [46]. Recently, it was shown that high doping of TCO can result in lowering
of the passivation and thus decrease the carrier inversion at the a-Si:H/c-Si, resulting in a
decrease of V- and output performance [46]. Because of this, it is necessary to carefully
consider not only the Wy, but also the appropriate carrier doping to achieve a loss-free TCO/
a-Si:H interface.

In the following simulation, the TCO is considered as a metal contact and the impact is
simulated of low parasitic @, at the TCO/a-5i:H emitter on the performance of SHJp solar
cell. The aim of this simulation is to describe the impact of the @, on the carrier inversion
at the a-Si:H/c-Si of SHJp solar cells with conclusions which can be extended to the SHJn solar
cell. Figure 6(a) shows V. simulated as a function of emitter layer thickness d,;; and as a
function of @p,. To model the high and low quality of a-Si:H/c-Si interface, two values of
negligible low D, = 10° and high 5 x 10" cm™ were adopted in the simulations. For the low
value of D, a negligible change of V- with @1, is observed. On the other hand, the change
of Vo with @1, is more relevant for high values of D;,. With the increase of d,;; the influence
of Do on Ve becomes negligible. @, has an impact only on SHJp with a high value of D;,
and low d,.;. To explain such a behaviour, Figure 6(b) shows the band diagrams of SHJp
structures with @y = 0.2 eV, D,, = 5 x 10" cm™ simulated for d,,;, = 1 and 8 nm. For
comparison reasons, the band diagram of SHJp with d,;; = 8 nm and without parasitic
Schottky barrier is shown as well. The band lines for both d.,;, were aligned to have the
heterointerface at the same distance. As can be seen, the structures with @, =0 eV and O,
= 0.2 eV simulated with d,.;; = 8 nm exhibit the same carrier inversion at the silicon surface
of the a-Si:H/c-5i interface. The carrier inversion is, however, significantly lowered when d,;;
decreases to 1 nm. The parasitic ;o forms SCR at the TCO/a-Si:H contact and thus is the
source of an electric field with opposite direction to the electric field at the a-5i:H/c-Si junction.
In the case of low D the strong carrier inversion at the c-Si surface of a-Si:H/c-Si interface
screens the charge and electric field in the SCR of @q¢q. As a result, @1 has only a negligible
impact on the band bending as well as on the carrier inversion and Vc (Figure 6b). For D,
=5 x 10" cm™ the carrier inversion at the a-Si:H/c-Si is significantly lowered due to the
presence of Q,. For such conditions, the distribution of the electric field in the a-5i:H emitter
is more sensitive to O, In case of high d.;;, the free carriers in the emitter can screen the
impact of @y and the electric field formed in the SCR of @y, barrier, thus no relevant
decrease of carrier inversion at a-Si:H/c-Si is observed. With a decrease of d..;, the SCR of
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Do can reach the SCR of SHJp. For such a case, the electric field of @, lowers the diffusion
potential of a-Si:H/c-Si and the parasitic Schottky barrier attracts the holes from the c-Si. As
a result, carrier inversion at the interface decreases, leading into a decrease of V- and thus
the overall performance decreases. Simulation results revealed that the negative influence of
the parasitic®, is due to the change of the carrier inversion at the a-Si:H/c-Si interface
caused by the electric field of SCR at TCO/a-Si:H contact. Such a change is, however, possible
only for low emitter thicknesses which have not sufficient charge for screening of ®qc.
Obviously, the doping of the emitter layer, in other words, the concentration of free carriers
will also affect the screening ability of the emitter. With decrease of the doping, @y will
have more significant impact on the carrier inversion at the a-Si:H/c-Si interface and thus will
more rapidly deteriorate the output performance.
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Figure 6. (a) Vi calculated as a function of d.,;, of SH]p solar cell structure. @, is varied as a parameter and two
values of D; are used in the simulations. (b) Band diagrams calculated for two values of d,;; and @rco = 0.2 eV for
SHJp solar cell structure. The band diagrams are aligned to place the heterointerface at the same distance. The inset
shows the change in the carrier inversion.

Similar effect of @y is presented in SHJn structure. Comparing SHJn and SHJp structures,
the main difference is in the dopation type of amorphous emitter and thus required W; of TCO
to obtain good TCO/a-5i:H contact. Due to the presence of n-type a-Si:H emitter in SHJp solar
cell, the TCO lower than at least 4.5 eV is required [24]. Typically, TCO materials have W;higher
than 4.5 eV [49, 50], which make the design of SHJp more challenging and require higher
thicknesses or higher doping of a-Si:H emitter layer. In case of SHJn solar cells, the minimal
W;=5.1 eV is required to obtain good TCO/a-Si:H contact [24], resulting in the lower techno-
logical obstacles for preparation of good TCO/a-Si:H contact.

5. The role of interfaces in SHJ working under concentrated light

Recently, possible utilization of silicon-based solar cells in light concentration applications
became an attractive approach to increase the energy yield from such solar cell structures [51,
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52]. Thus, it is of high interest to explore possible aspects connected with the SHJ solar cells
for utilizations under concentrated light. Due to the formation of heterojunctions between a-
Si:H layers and the c-Si absorption layer, the carrier transport has to overcome barriers at the
front and back interfaces of the SHJ structure. Such barriers can significantly affect the
collection of photo-generated carriers and thus the solar cell performance at high light
intensity. Moreover, the increased light intensity absorbed by the solar cell represents a
considerable amount of energy which is partially transformed to thermal energy and causes
an increase of cell temperature. Because of this, the impact of the elevated temperature of such
a solar cell is considered in the simulations as well. Figure 7(a) shows the efficiency as a
function of concentrated light expressed in the suns (1 sun = 1000 W/m?) calculated at 300, 340
and 380 K for both SHJn and SHJp structures. As can be seen, the efficiency at 1 sun decreases
with temperature for both SHJ structures. Such decreases are due to the increase of the
saturation current caused by an increase of the intrinsic carrier concentration in the c-Si.
Saturation current lowers the Vi (see Eq. 5), which consequently results in a decrease of
efficiency. In general, the increase of light concentration causes an increase of the light
generation g and excess concentration of carriers Ap = An, thus results in an increases of V¢
according to Egs. (1) and (2) for SHJp and SHJn, respectively (see Section 2). Simulated results
revealed that the efficiency of SHJ structures reach the maximum value at particular light
concentration and then starts to decrease. With increased temperature the maximum of the
efficiency is shifted to higher values of light concentrations. The temperature dependence of
efficiency suggests that the source of efficiency drop at higher light concentrations is the
presence of barriers for carrier transport which are partially overcome at higher temperatures
by thermionic emission. Such carrier transport limitations are reflected also in FF. Figure 7(b)
shows FF calculated as a function of light concentration for both SHJn and SHJp structures.
The FF exhibits a similar trend to V., and decreases significantly at high light concentrations.
This drop is more relevant for SHJp structure. Considering the band diagrams of both SHJ
structures (see Figures 2a and b), it can be suggested that different barriers are limiting carrier
transport in SHJp and SHJn solar cells. In the case of SHJn, the photo-generated holes are
collected through the front heterointerface and photo-generated electrons are collected
through the back surface field (BSF) formed in our case by the c-Si/a-Si:H(n) contact. For SHJn
structure, the valence band offset at the front a-Si:H/c-5i AE,, attains considerable higher values
of 0.55 eV compared to the conduction band offset AE- = 0.15 eV at the back BSF contact. It
can be assumed that, due to the higher barrier, the front a-Si:H/c-Si heterointerface will be the
main limitation factor for the transport of photo-generated carriers. In the case of SHJp
structure, photo-generated electrons are collected through the front a-Si:H(n)/c-Si(p) contact,
while photo-generated holes are collected through the back c-Si(p)/a-Si:H(p) BSF contact. AE
for minority electrons at the front heterointerface is around 0.15 eV, while the barrier for holes
AEgg: can reach values around 0.7 eV. Because of this, it can be assumed that the back contact
is the limiting factor for the carrier transport for SHJp structure.

ASA simulation was carried out to confirm the negative impact of the front AE, and back AEgg;
barrier for carrier transport of SHJn and SHJp structures, respectively. Figure 8(a) shows the
simulated efficiency as a function of light concentration for SHJn at 300 K with considered
variation in AEy from 0.65 to 0.45 eV. AEy has a negligible impact on the efficiency at 1 sun light
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concentration. With the increase of the light concentration the efficiency exhibits a decrease,
which is more relevant for higher AE, values. We can assume that such a decrease of efficiency
is connected with limitation of carrier transport through AE, barrier. Figure 8(b) shows the
efficiency of SHJp calculated as a function of light concentration with a varied barrier for holes
AEgge. The results show that the onset of the efficiency decrease is shifted to higher light
concentrations with an increase of AEgg. Further simulations revealed (not shown in this
chapter) that varying of the front AE-has no impact on the efficiency behaviour with the change
of light concentration. Such trends justify the back AEgg: barrier to be responsible for the
limitation of carrier transport and efficiency losses at high light concentrations of SHJp solar
cell structure.
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Figure 7. (a) Efficiency 1 and (b) FF calculated as a function of light concentration at temperatures 300, 340 and 380 K
for SHJn (solid lines) and SHJp (dashed lines) structures.
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Figure 8. (a) Efficiency 71 calculated as a function of light concentration for different values of AE, of SHJn solar cell
structure. (b) Efficiency n calculated as a function of light concentration for different values of AEgs; of SH]p solar cell
structure.

From the above discussion it is clear that the presence of barriers for carrier transports has to
be taken into account when the SHJ is designed for light concentration applications. While
amorphous silicon forms higher AE, than AE. with c-Si, the barriers for collections of holes
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are the main source of carrier transport limitations. In the case of SHJn structure such a barrier
is formed at the front a-Si:H/c-Si interface while for SHJp structure this barrier is placed at the
back c-Si/a-Si:H BSF contact. Due to the presence of thermionic emission causing a tempera-
ture-dependent carrier transport mechanism through such barriers, adjustment of the working
temperature with light concentration has to be considered in order to attain the highest possible
efficiency of SHJ solar cells in concentrated solar applications.

Our recent study shows that the higher operation temperature has a beneficial effect not only
in enhancement of the carrier transport through barriers formed by the a-Si:H/c-Si interface
but also decreases the negative impact of the parasitic Schottky barrier at the TCO/a-Si:H
interface [53]. The negative influence of such barriers is more significant for SHJn structure,
where the Schottky barrier depletes the emitter and increases the negative influence of AEy,.
Thus, the optimization of SHJn solar cell structures for solar applications under concentrated
light is more challenging compared to SHJp solar cell structures.

6. Conclusion

This chapter was devoted to a-Si:H/c-Si and TCO/a-Si:H heterointerfaces forming the front
emitter stack with the aim to explain the influence of such heterointerfaces on V- and output
performance of SHJp and SHJn solar cells. It was shown that the carrier inversion at the c-Si
surface of a-Si:H/c-5Si plays a key role for Vo and the output performance. Various properties
affecting the carrier inversion in the SHJ solar cells were analysed by means of numerical
simulation leading to several conclusions. Low defect states at the interface as well as large
band offset for minority carriers at a-Si:H/c-Si heterojunction are crucial to achieve strong
carrier inversion and high V. The insertion of an a-Si:H(i) passivation layer provides a
decrease of the defect states at the interface; however, careful tuning of the passivation layer
thickness is required to achieve a strong passivation effect with a negligible negative effect of
the potential drop over this passivation layer. The Schottky barrier at the TCO/a-5i:H interface
acts as a parasitic junction with opposite direction of the electric field to the electric of a-Si:H/
c-Si junction. In the case of weak carrier inversion and small emitter thickness, the effect of the
parasitic Schottky barrier is not screened by the charge in the emitter or minority carriers in
the inversion layer and the Schottky barrier deteriorates the performance of SHJ solar cell. The
simulation of SHJ structures at concentrated light conditions revealed a crucial effect of the
barriers for hole collection on the efficiency. Tuning of such barriers together with tuning of
the operation temperature is required to achieve a high performance of SHJ solar cells under
concentrated light conditions. Due to the higher valence band offset compared to the conduc-
tion band offset at the a-Si:H/c-Si interface, higher carrier inversion is observed at the front
heterointerface of SHJn solar cells leading to higher V- and lower sensitivity to defect states
at the heterointerface for SHJn solar cells compared to SH]p solar cell. Two alternative concepts
with the ability to provide high carrier inversion at the heterointerfaces were presented. The
first one is based on the field effect passivation provided by insertion of a highly doped c-5i
layer at the interface and the second one is based on the replacement of a-Si:H emitter by metal
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oxide with high W,, which provides favourable band alignment for formation of strong carrier
inversion at the heterointerface.
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