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Abstract

Crystalline silicon-based heterojunction (HJ) solar cells are becoming the best choice
for manufacturing companies, because of the low temperature processes useful for
very thin silicon wafers and the possibility to easily achieve cells efficiencies higher
than 22% on n-type silicon wafers. However, the maximum cell efficiency is still limited
by the typical Fill Factor (FF) value of 82%. This issue is due to several factors, some of
which are sometimes underestimated, like the base contact. Indeed, a potential mis-
match between the work functions of the transparent conductive oxide and the base
doped layer can give rise to a small barrier against electrons collection, which is not
easy to recognize when the cell FF overcomes 80%. Also a low doping efficiency of the
p-type amorphous layer at the emitter side can negatively affect the FF. In this case,
even if high efficiency cells are produced, their full potential is still unexploited. Thus,
both selective contacts of the cell, even if apparently optimized to achieve very good
results, can hide problems that limit the final cell FF and efficiency. In a previous work,
an experimental method and a model to individuate hidden barriers at the base contact
on n-type crystalline silicon-based HJs have been provided. In this paper, that model is
applied to experimental data obtained from the characterization of both commercial
and laboratory level HJ solar cells. Moreover, an easy method to recognize the pres-

ence of a barrier to the charge transport at the emitter side of the cell is illustrated.
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with a thin intrinsic buffer layer, originally developed by Sanyo.* It has

to be admitted that this kind of structure, presented for the first time

Amorphous silicon (a-Si:H)/crystalline silicon (c-Si) heterojunction
(HJ) is the technology that currently holds the record photovoltaic
energy conversion efficiency for a single junction cell on silicon sub-
strate, with the high value of 26.7%.%2 This result was mainly reached
thanks to the application of two concepts aiming at obtaining high
efficiency: the interdigitated back contact® and the a-Si:H/c-Si HJ

in 2007 and published in 2008,° still retains some problems which hin-
der its full exploitation at industrial level.

On the other hand, bifacial HJ technology is attracting several
investors in the PV market for high efficiency cell production.® During
the last three years, the European H2020 AMPERE (Automated pho-

tovoltaic cell and Module industrial Production to regain and secure
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European Renewable Energy market) project successfully converted
the 3SUN production line from amorphous/microcrystalline silicon
tandem thin film modules to HJ solar cells with a maximum efficiency
of 25% (22.4% on average) and a current annual capacity of
200 MWp that hopefully will be scaled up to 2 GWp.

Research from institutes and equipment producers is currently
ongoing and continuously improving the cell conversion efficiency on
pilot lines. Each production step is still being optimized, and new
solutions and architectures are being tested, such as using half-cells to
enhance the achievable power by obtaining a higher module Fill Fac-
tor (FF).? This latter parameter, at cell level, is actually one of the main
limiting factors for HJs. At present, typical reported FF values for HJs
are indeed in the range 82-83.5%,%2 where the latter value is related
to the actual record HJ cell with 25.1% efficiency.'® Martin Green
obtained from an empirical expression a theoretical upper limit of
89% for silicon solar cells FF, only limited by Auger recombination.*!
However, this is not the only effect limiting the FF, as will be dis-
cussed in the following paragraphs.

In Figure 1, a typical bifacial HJ solar cell is depicted (top), and its
energy band structure (as deduced from numerical simulations of the
record HJ cell®) is sketched (bottom). The structure is based on a con-
ventionally textured, n-type-doped c-Si (n-c-Si) wafer, excellently pas-
sivated on both surfaces by an intrinsic a-Si:H thin film and provided
with selective contacts obtained by two doped a-Si:H films, namely
(p) a-Si:H and (n) a-Si:H for the emitter and base contact, respectively.
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FIGURE 1 Sketch of a bifacial a-Si:H/c-Si heterojunction solar

cell (top) and its band structure under dark, short circuit, and room
temperature conditions (bottom) [Colour figure can be viewed at
wileyonlinelibrary.com]

VSRR 1.

As specifically described elsewhere,'? the electrons are collected by
the n-c-Si/(i) a-Si:H/(n) a-Si:H/Transparent Conductive Oxide (TCO)
heterostructure which forms an electron selective contact due to the
valence band offset (AEv) at the edge of the c-Si/a-Si:H interface. The
hole collection is performed at the TCO/(p) a-Si:H/(i) a-Si:H/n-c-Si
heterostructure, where the holes must cross the valence band offset at
the c-Si/a-Si:H interface by jumping into the emitter, while instead the
electrons are kept away by the junction electric field. The electrode
contacts are ensured by films of a TCO and a screen printed silver grid
on both sides, to obtain a bifacial solar cell. In this structure, the main
FF limitations come from series resistance, arising from TCO lateral
transport, by the specific contact resistivity between the TCO and the
silver screen printed grid, and of course by the metal grid conductivity,
which is usually one order of magnitude lower than that of the conven-
tionally achieved in c-Si homojunctions, due to temperature sintering
below 200°C of the screen printable silver pastes.*® Besides these
issues, other parameters can limit the HJ FF, and they have been well
addressed one by one in a previous work,** showing how a realistic
upper FF limit for this technology could be 85%. A key factor for the
FF limitation is represented by the presence of barriers to charge
transport which are not easily identified at Room Temperature (RT).
Nevertheless, their presence can be evidenced by measuring current
density/voltage (J-V) characteristics at low temperature, when a devi-
ation from the ideal junction behavior can be observed. Such barriers
can be due to different mechanisms, not always fully considered during
the optimization and fabrication of devices, like energy bandgap mis-
alignment at one or both selective contacts. Indeed, concerning the
base contact, in principle, the ohmic contact on n-type c-Si is easy to
produce, because of a low barrier between n-c-Si and (n) a-Si:H at the
conduction band edge.’> However, the work function of the TCO
deposited above this doped layer is not always carefully considered,
even because at RT it is difficult to immediately recognize any barrier
issue when the cells FFs range around 80%. Considering the energy
band structure of Figure 1, it can be observed that the band bending at
the (n) a-Si:H/TCO interface produces an edge which induces a deple-
tion up to the edge of c-Si wafer and then the electron flow from the
base contact to the electrode experiences an undesired obstacle. This
kind of bending is clearly dependent on the TCO workfuntion (®1co):
the higher the ®¢c, the higher the mismatch with the (n) a-Si:H Fermi
level, and the higher the barrier to electron collection.

In a previous work,** it has been shown how the optimal TCO
work function on the base contact must range below 4.25 eV in order
to avoid, at RT, any FF limitation coming from the presence of the bar-
rier. We have also illustrated that a high doping of the a-Si:H layer can
help in reducing the impact of a higher ®1co on the FF. We have
finally provided a method to reveal the presence of a hidden barrier at
the base contact, by measuring the J-V characteristics of the n-c-Si/
a-Si:H/(n) a-Si:H/TCO base contact alone as a function of tempera-
ture: if a limitation to the electron transport is present, the J-V char-
acteristic of the base contact shifts from a linear (typical of an ohmic
contact) to a nonlinear (similar to a Schottky barrier) curve with
decreasing temperature. The analysis of the measured curves permits

to define an activation energy (E.) for this transition. Then we have
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extrapolated a theoretical curve,'* reported as the solid line in
Figure 3, which correlates E,.; to ®1co.

Several studies have been presented in the literature on the FF
limitations due to the cell emitter side'?*>¢ but very few on the base
contact.”*® We hereby carefully consider both selective contacts,
their influence on the cell performances and a way to recognize if a
limitation is introduced by none, one, or both of them. We detail the
experimental procedure used to verify the barrier presence and apply
the model to experimental data obtained from different HJ solar cells,

both commercial and laboratory level.

2 | NUMERICAL SIMULATIONS

The models presented in this work have been obtained from numeri-
cal simulations of solar cells J-V characteristics at different tempera-
tures and with different characteristics of the constituting materials,
similarly to what already discussed in a previous work.'* We have
followed a monodimensional description of the device along its thick-
ness based on the homogeneity of the crystalline silicon absorber
along the other two dimensions under the practical hypothesis of
high-quality monocrystalline silicon. Among all the numerical simula-
tors available to describe the carrier transport along a solar cell,
intended as a stacked structure, we have preferred to use a home-
made numerical simulator,'? for the sake of familiarity and good
description of amorphous materials. The numerical simulator solves
the Poisson, continuity, and current equations under bias condition,
temperature, and light exposure, dividing the device structure in a
stack of 60 sublayers: 40 of these describe the front and back side of
the cell, the rest discretizes the c-Si absorber. This kind of mesh
ensures a very accurate spatial description of the device in its more
important parts. In particular, the description of each layer is
demanded to a set of parameters, including type and concentration of
dopant, electron affinity (y), Energy gap (Eg), free carrier mobility (x)
for electrons and holes, density of states distribution, and capture
cross section for both carriers. The doping of the amorphous films is
simulated by varying the density of states and introducing into the
forbidden gap a defect distribution centered sufficiently close to the
band, to ensure a doping activation energy E4 equal to the experimen-
tally measured one. Numerical solutions give, in each layer and at each
temperature and illumination, the density of free and trapped carriers
and the values of electric field and potential. Generation and recombi-
nation rates are calculated according to the Shockley-Hall-Read

theory. The front and back contacts are simulated by two metals, with

TABLE 1
Material E. (eV) Hnp (cm?/V:s)
c-Si 1.124 1417-470
(i) a-Si:H 172 1-01
(n) a-Si:H 1.72 1-0.1

(p) a-Si:H 1.72 1-0.1

no variation of the free carriers imposed.*” To simplify the description,
the density of states at the interface between the a-Si:H buffer layer
and c-Si is integrated along the thickness of the buffer layer and then
reported as Dy.. More details can be found in Martini et al.'* In this
work, the same numerical simulator has been used to describe the
emitter side behavior as a function of temperature for different dop-
ing concentration of the (p) a-Si:H layer. The most relevant properties
of any material used in the device simulations, such as Eg, 4, x, optical
absorptions and refractive indexes are deduced from experimental

measurements and are listed in Table 1.

3 | EXPERIMENTAL AND METHOD

3.1 | Method to investigate the base contact

As already mentioned in the introduction and described in detail
elsewhere,'* it is possible to evidence the presence of a barrier at the
base contact of a HJ by analyzing several J-V dark characteristics
measured at different temperatures. Figure 2 shows the curve bundle
relative to the base contact of two HJ cells. It can be seen that at RT
the characteristic is linear, which is typical of an ohmic contact. As the
temperature lowers, however, the characteristic turns to a nonlinear
curve, and the effect becomes more and more pronounced with the
decrease of temperature, revealing a temperature-activated process
for which an activation energy (E..;) can be individuated. As explained,
this effect is the evidence of a barrier at the electron selective con-
tact, due to a nonideal band alignment between n-doped a-Si:H and
TCO. At RT, the presence of this barrier is almost “hidden” in cells
that have an overall FF above 80%.

To derive the activation energy of the transition from nonlinear
to linear behavior, we have collected the current density values for
each curve at a specific voltage, in the moderate forward bias range.
The chosen voltage corresponds to the normal working condition of a
HJ solar cell at RT, when the current density is around 37 mA/cm?.
The Arrhenius plot of the data (insets in Figure 2) allows extracting
the E, value from the slope of the linear fit of the high-temperature
values.

3.2 | Cryogenic measurements

Dark and light measurements of the J-V characteristics of complete

cells and selective contacts have been carried out in a cryogenic

Experimentally determined parameters for the materials used in the numerical simulations of the solar cells (see text for details)

x (eV) Eg-np (€V) Thickness
4.05 0.175 160 pm
3.9 5nm

3.9 0.17 15 nm
3.9 0.42 5nm
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Bundle of J-V characteristics of the base contact of (left) cell A and (right) cell F of Table 2, measured at different temperatures. A
transition from a linear to a nonlinear shape with decreasing temperature is evident. The insets show the Arrhenius plots of J values collected at

the specified voltage, and the red line is a linear fit of the high-temperature values, which slope corresponds to the activation energy E,. [Colour
figure can be viewed at wileyonlinelibrary.com]

Details on the different ITO layers deposited on the
investigated samples

Sample Base contact ITO Front contact ITO

Cell A Pulsed DC sputtered type Pulsed DC sputtered type
1, 200°C 1, 200°C

Cell B DC sputtered type 3, RT DC sputtered type 3, RT

Cell C DC sputtered type 3, DC sputtered type 3, RT
180°C

Cell D DC sputtered type 2, DC sputtered type 2,
200 °C 200°C

CellE RF sputtered type 3, 180°C  RF sputtered type 3, RT

Cell F RF sputtered type 4, 180°C -

Note: See text for further information.

system in the temperature range 80-330 K. The cooling has been
demanded to liquid nitrogen, while a Proportional-Integral-Derivative
(PID)-controlled heating system has ensured a slow temperature
increase during which the J-V characteristics have been collected at
steps of 10 K. A copper plate has established the thermal and electri-
cal contact with the rear of the sample. During light measurements,
the samples have been illuminated by a halogen lamp through a trans-
parent window. The lamp light intensity has been calibrated to match

the Js. of the cells measured under standard AM 1.5G conditions.

3.3 | Samples preparation

The samples investigated in this work are obtained from six HJ solar
cells produced in different laboratories. The samples have the basic
structure sketched in Figure 1. All the cells are based on n-type
1-5 Q/cm c-Si wafers and contain layers of (n)- and (p)-doped a-Si:H,
while they differ in several aspects like the thickness and dopant con-
centration of the amorphous layers, the type of intrinsic buffer layer
used for the c-Si surface passivation, the Indium Tin Oxide (ITO)
sputtering process parameters, and the metallization. Some relevant

details on the samples are reported in Table 2.

Cell A has been fabricated in a pilot line at CEA-INES. The
amorphous silicon layers have been deposited by Radio Frequency
Vapor Deposition (PECVD) at
13.56 MHz in a Meyer Burger HelLiA reactor. All the doped amor-

phous layers have a dopant concentration higher than 10%° at/cm?®,

Plasma Enhanced Chemical

as obtained by secondary-ion mass spectrometry (SIMS) profiles.
More details can be found elsewhere.?° The total thickness of the
emitter stack (intrinsic + doped amorphous silicon) is 25-30 nm,
while for the base contact side the total thickness is 8-12 nm.
ITO layers have been deposited on both sides of the cell by
pulsed Direct Current (DC) sputtering at 200°C from a 97:3 In:Sn
target and have a thickness around 70 nm (referred as type 1 in
Table 2).

Cells B, C, and D precursors have been manufactured in the pro-
duction line at the Enel Green Power (EGP) factory, with deposition
conditions very similar to those of cell A. The dopant concentration in
the amorphous films, measured by SIMS profile, is around
102! at/cm?®. The total thickness of the emitter stack is 20-25 nm,
while the base contact stack is 10-15 nm thick. The three cells have
different TCO layers: Cell D has been completed at EGP by 80 nm
thick ITO films deposited on both sides by DC sputtering at 150-
200°C from a 97:3 In:Sn target (type 2). The ITO layers of cells B and
C have been deposited by DC sputtering at the ENEA laboratories
(type 3) from a 90:10 In:Sn target. All ITO layers on the (p) a-Si:H side
have been deposited at RT while, in order to investigate different
combinations of TCOs, the ITO film on the base contacts has been
deposited at 180°C for cell C and at RT for cell B. All the ITO layer
thicknesses are around 80 nm.

Cells E and F have been both manufactured at the ENEA labora-
tories and contain 5-nm-thick a-SiOx:H passivation layers.?* The
doped layers have been deposited in a three chamber 13.56 MHz
PECVD system, with a thickness of about 15 nm in case of the base
contact and 10 nm in the case of the emitter. The ITO layers on the
base contact have been deposited by RF sputtering at 180°C for both
cells, but in different sputtering systems (indicated as types 3 and 4 in
Table 2, respectively). Sample F has been intentionally used as a base

contact structure for reference.
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All cells have been metallized by screen printing. Grid design, sil-
ver paste, and printing/curing conditions are the same for cells A
and D, while they are different for each of the cells B, C, and E.

In order to characterize the base and emitter selective contacts
separately, the opposite side of the HJ cells has been completely
removed by applying a solution of diluted hydrofluoric acid (HF) and
hydrogen peroxide (H,O,), which allows obtaining a clean silicon sur-
face. The ohmic contact has been ensured by the application of a
eutectic of indium and gallium (InGa) on the c-Si surface; this contact
has been proven to be ohmic in the whole range of considered
temperatures.

For completeness, Table 3 summarizes the photovoltaic parame-
ters of the cells. The differences in performances are clearly related to
the different manufacturing. In particular, FFs strongly depend on the
TCO resistivity and on the metallization, which are different for all

cells, except for A and D.

4 | RESULTS AND DISCUSSION

4.1 | Electron-selective base contact

The J-V characteristics of the back contact of the cells listed in
Table 2 have been measured as a function of temperature, and the
activation energy for each cell has been evaluated as explained in
Section 3. Then each E, value for each sample has been reported on
the curve in Figure 3, and the corresponding ITO work funtion has
been derived. Even though this method can be considered as an
indirect evaluation of ®q, it is worth evidencing that the obtained
values refer to the ITO work function at the interface with the under-
lying n-type-doped a-Si:H, which is the value pinning the Fermi level
and determining the band bending and contact properties as illus-
trated in Section 1. Indeed, most of the direct measurements that can
be performed on TCO films to determine their work function (for
example, Ultraviolet Photoemission Spectroscopy—UPS?2—or Kelvin
Probe?®) are referred to the free surface of the TCO layer. Moreover,
it is very difficult to evaluate the correct ® value of air-exposed ITO.
It is well-known that environmental contamination can cause an alter-
ation of the ITO work function during the UPS measurements, due to
the effects of the ultraviolet (UV) radiation itself.>* Surface cleaning
before the measurement does not allow a correct estimation of ®ro,
either.?> Capacitance-Voltage (C-V) measurement is also an indirect

evaluation of the TCO workfunction,?® but it is sometimes too

TABLE 3 Photovoltaic parameters of the complete cells reported

in Table 2
Sample Voc (MV) Jsc (mA/cm?) FF (%) Eff (%)
Cell A 730 371 79.5 21.5
CellB 710 31.1 68.2 15.1
CellC 693 32.3 61.8 13.8
Cell D 734 37.5 80.3 221
CellE 662 35.2 79.2 18.4

120

[— Model from [14]
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FIGURE 3 Theoretical trend (red curve, taken from our previous
work?) of the activation energy on the base contact E,; as a function
of the TCO workfunction ®tco. The symbols correspond to the E,
calculated from experimental measurements on the investigated
samples. The black horizontal line represents the 26 meV energy
corresponding to room temperature [Colour figure can be viewed at
wileyonlinelibrary.com]

sensitive to the defect density at the interface between the TCO and
the silicon substrate. Furthermore, the TCO film growth is influenced
by several parameters, like the substrate nature and morphology?’2®
or the layer thickness,?’ that can modify the film properties during the
growth and, in turn, modify the film work function. Consequently, the
mentioned techniques can only assess ®1¢o at the free surface.

Coming back to the results shown in Figure 3, some consider-
ations can be done. The base contacts of cells B, C, and D differ
in the sputtering system and deposition temperature of ITO. It can
be observed that, in the case of the ITO layer deposited at low
temperature (sample B), the activation energy is E,. = 59.7 meV,
and the resulting work function is the highest (4.4 eV), as expected
from the trend reported in the literature.3® On the other hand, the
base contacts of cells C and D, where ITO has been deposited at
high temperature, are characterized by lower activation energy
values (42.4 and 18.5 meV, respectively), with ®tco of 4.33 and
4.16 eV, respectively, again in accordance with the trend reported
in reference.®® As cells B and C activation energies lie above the
26 meV threshold, they both reveal a barrier at the base contact,
evidencing that ®;ro is not sufficiently low, neither when the ITO
is produced at higher temperature. On the other hand, the differ-
ent system used for depositing the base contact ITO of cell D
allows producing a material with such a low work function that
the corresponding activation energy lies below the 26 meV
threshold line.

Regarding samples E and F, both having the same a-SiOx:H
buffer layer, the ITO layers on the base contacts have been grown
by RF sputtering at high temperature but in a different deposition
system. From the analysis of the cells back contacts, it can be
seen that the ITO of sample F is better optimized and produces
activation 16 meV,
Drco =4.13 eV.

a low energy of corresponding to a
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42 |
on FF

Influence of the ®1¢o at the base contact

Among all the proposed samples, the two cells produced within the
European H2020 Ampere project (cells A and D) can be considered as
almost identical except for the TCOs deposition conditions, as evident
from their light J-V characteristics in Figure 4. Comparing the base
contacts of these two cells, we can see that their E,; differs only by
11.5 meV, which corresponds to a difference in ®y¢o of 0.12 eV, with
the cell A being below the 26 meV threshold reported in Figure 3.
Thus, the barriers on the base contacts of the two cells have different
behaviors at RT. For this reason, in principle, the FF of cell D should
be substantially higher than that of cell A, while actually the cells FFs
reported in Table 3 and Figure 4 do not differ much. This can be
explained by the considerations described in a previous work,** where
it is reported that the cell FF variation as a function of the TCO work
function is very small for ®1co < 4.3 eV and can be mitigated by the
presence of a highly doped amorphous layer. Indeed, the phosphorous
concentrations in the amorphous layers of both cells, measured by
SIMS profile analysis, are higher than 1 x 10%° at/cm?.

Nevertheless, the light J-V characteristics of Figure 4 show that
the cell FFs have not very impressive values, even though for cell D,
the base contact issue can be considered as almost absent. To find an
explanation to this fact, an analysis focused on the holes collection
into the emitter layer is then suggested.

0 T T T T T T T
—Cell A —2CellD
— Vv, =730 mV Vv, =734 mV
S 0L J. =371mAcm’ J_ =37.5mAlcm’ ]
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FIGURE 4 Light J-V characteristics and photovoltaic parameters

at RT of cells A and D. The fill factors of the cells are highlighted
[Colour figure can be viewed at wileyonlinelibrary.com]

4.3 | Hole-selective emitter contact

As already mentioned in the introduction, the holes collection takes
place at the TCO/(p) a-Si:H/(i) a-Si:H/n-c-Si heterostructure. Here,
the contact selectivity is ensured by the electric field that allows the
jump over the barrier by thermionic emission. At this interface, the
higher the built-in voltage, the better the holes collection. In Figure 1,
the band diagram distribution of the complete HJ cell under dark,
short circuit and RT conditions is depicted, as deduced from numerical
simulations. The blue arrow evidences the jump over the valence band
offset that has to be performed by holes. Moreover, it is evident that
the c¢-Si wafer depletes and inverts over the heterointerface due to
the doping efficiency of the emitter layer. Therefore, the electric field
in the p-type region of the junction is distributed along the c-Si wafer
and has a tail into the a-Si:H film, as evidenced from the band bending
toward the front contact TCO on the left of Figure 1. The valence
band offset AEv represents a limit to thermionic emission: indeed,
intuitively, the higher the barrier, the lower the collection probability.
As a consequence, such barrier plays a role in the determination of
the FF value of the solar cell. Clearly, the impact of the barrier is
more evident under illumination, because the holes generated into the
n-c-Si absorber must cross the barrier to be collected by the emitter
layer and then produce a current available for the external circuit. On
the other hand, the role of the valence band offset is less relevant
when the cell is in dark conditions and forward bias because of major-
ity carrier injection into the oppositely doped region. Instead such an
offset helps reducing the current flow when the cell is reverse biased,
if the c-Si surface is perfectly passivated as commonly ensured by a
5-nm-thick intrinsic a-Si:H layer.

Three main issues should be considered when investigating FF
limitations due to the emitter side of the HJ cell: (i) the density of
defects at the interface (Dy), (ii) the valence band energy offset at the
emitter side, and (iii) the doping level of the (p) a-Si:H layer, which pro-
duces the built-in voltage. By measuring a dark J-V characteristic of a
cell it is possible to investigate how the recombination current and
the effect of series resistance reduce the current injection and affect
the reverse saturation current Jo. However, this information alone
does not help in describing the charge collection mechanism, which
determines the cell FF. This suggested to overlap the light and dark
J-V curves of several cells, which appeared to be a quick and useful
method (described in the following) to extract information about a cell
FF limitations.
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Under the hypothesis of low defect density at the hetero-
interface, in a homojunction cell, the dark and light J-V characteristics
do not cross each other in the first quadrant, as expected from the
theory of linear overlap of the generation current and the injection
current.3! Instead, in a HJ cell, the dark characteristic crosses the light
one, as clearly evident from experimental measurements and also con-
firmed by simulations as reported in Figure 5A and 5B, respectively.
From Figure 5A, it can be seen that the crossing point takes place at
different forward bias voltages for cells D and E. The simulations in
Figure 5B reveal that such voltage is strongly dependent on the dop-
ing activation energy (Ep-act) in the emitter a-Si:H layer, while the
corresponding FF values vary between 79% and 85.5%, in accordance
with the trend already simulated and reported in reference.** Conse-
quently, the lower the E,_.; is, the higher the crossing voltage and the
Voc of the cell are. When the HJ cell reaches very high V. values, the
crossing between the two curves almost disappears, meaning that the
cell is no more affected by any built-in voltage lack due to the valence
band offset, that in the simulations is kept at a constant value of
0.45 eV. The crossing disappears for a p-type doped a-Si:H emitter
layer with Ep ..t lower than 0.2 eV. This is in accordance with what
shown in Figure 5A, where the V.. and crossing point for cell E lie at
lower voltage values than for cell D, since the former cell has been
intentionally produced with a lower emitter doping than that of cell D,
which comes from an industrial manufacturing line. Even though in
practice it is very difficult to achieve a doping value on p-type a-Si:H
layer corresponding to an E,.,.; as low as 0.2 eV, the crossing voltage
can be assumed as a useful indication of the overall cell quality, leav-
ing eventual room for further improvements. Of course, a higher
valence band offset with respect to the indicated 0.45 eV could pro-
duce a stronger limitation to holes collection. In this case, different
transport methods, such as tunneling assisted mechanisms or graded
energy gap passivation layers, are necessary to overcome the barrier
to holes collection. In the simulation of the a-Si:H/c-Si interface, these
latter suggested mechanisms are not necessary to describe the experi-
mental evidence.

A confirmation of the valence band offset issue can be further
obtained by reducing the working temperature of the solar
HJ. Indeed, the presence of a valence band offset at the emitter het-

erointerface becomes more evident, and its effect can be then better

o
oS

addressed. As already described,'* in order to evaluate the tempera-
ture effect on the emitter side of the cell alone, the base contact of
the samples has been replaced by a perfect ohmic contact (see
Section 3.3 for details), since the base contact of the HJ cell is sensi-
tive to the temperature and can, in some cases, affect the overall cell
performances. Unfortunately, in this way, also the silicon surface
passivation has been removed, but the HJ still acts as a solar cell, even
if with limited performances. The light J-V characteristics at different
temperatures of the so-obtained hole selective contact for cell D are
shown in Figure 6A. At low temperatures, a marked S-shape is evi-
dent, which strongly affects the cell FF, while around 240 K a transi-
tion to a single diode behavior is seen. Around RT the cell does not
show any S-shape. It can be noticed that the cell V. at 300 K is lower
that the value reported in Table 3 and Figure 4, as an effect of the
missing passivating contact on the back.

Figure 7 (symbols) collects the FF value at different temperatures
of the hole selective contact of cell D shown in Figure 6A, normalized
with respect to the RT value; the data show that the FF value reaches
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FIGURE 7 Normalized fill factor values at different temperatures
of the J-V characteristics reported in Figure 6: the symbols are
experimental values referred to cell D (Figure 6A), while the blue line
is obtained from the simulated curves of Figure 6C. The red line is a
guide for the eye. Both experimental and simulated data show similar
trends [Colour figure can be viewed at wileyonlinelibrary.com]
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a maximum around 240 K, which can be seen as the transition tem-
perature toward the S-shape in the J-V characteristics. A structure
similar to the one measured in Figure 6A can be simulated as an HJ
cell having the base contact modeled as a recombining ohmic contact
with InGa. Figure 6B and 6C show the simulated light J-V characteris-
tics at different temperatures for two different E, . values of 0.6 and
0.4 eV, respectively. The simulations reported in Figure 6B and 6C are
quite similar but do not exactly fit the experimental data of Figure 6A.
However, they suggest that the J-V bundle lies in different voltage
ranges depending on the E, ..., while the S-shape appearance in the
J-V curve bundle is due to the valence band offset. Therefore, the
numerical simulations are useful to remark that the band offset and
the Ep ot contribute in different ways to the cell FF issue related to
the emitter side.

The blue curve in Figure 7 is derived from the evaluation of the FF
of the simulated curve bundle in Figure 6C. The simulated FF trend is
quite similar to the experimental one; therefore, it can be deduced that
the S-shape seen in the J-V characteristics bundle is only due to the
valence band offset, no matter the E,.. value. It is worth noticing that in
all simulations a very low D (10? em™?) at the heterointerface is chosen,
in order to exclude the influence of this parameter from the discussion.

As AEv depends on the difference between the energy gap values
E; of c-Si and (p) a-Si:H, and since with decreasing temperature there
is a higher enhancement of E; in the a-Si:H film with respect to the
one in the c-Si wafer,232 the corresponding AEv varies with temper-
ature as shown in Figure 8. Consequently, below 240 K, when AEv
increases, the electric field is not sufficient to ensure a complete
thermionic emission of holes over that band offset, so that the S-
shape appears and the FF is reduced. From the simulated curves in
Figure 6B and 6C it is seen that a lower E,_,.; corresponds to the J-V
characteristic bundle shifted to higher voltages, even if the S-shape
does not disappear, thus confirming that the barrier is still present
even when enhancing the built-in voltage of the cell. These simula-
tions indirectly confirm the hypothesis that the electron affinities of
a-Si:H and c-Si negligibly depend on the temperature, letting the
valence band offset be the cell parameter which is most affected by
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FIGURE 8 Valence band offset as a function of temperature in a
a-Si:H/c-Si solar cell [Colour figure can be viewed at
wileyonlinelibrary.com]

the working temperature of the device. Finally, it is relevant to remark
that the above-described low temperature effect on HJ cells FF does
not limit the use of the cells at RT or in the temperature range of com-

mon use for HJ solar panels.

5 | CONCLUSIONS

This work, which can be considered as the extension of a previous
more theoretical and detailed one,** is focused on the investigation of
different FF limitations of HJ solar cells coming from barriers arising
at both the base and the emitter contacts. Six HJ solar cells were
grown with different characteristics; the J-V characteristics of their
base and emitter contacts were measured separately and compared
with simulated curves.

Regarding the base contact, it is remarked that the work function
of the TCO must be carefully optimized in order to obtain a perfect
ohmic contact at RT. To this aim, a method to indirectly measure the
actual ®ycp value at the (n) a-Si:H/TCO interface is proposed, which
consists of calculating the activation energy E.; of the hidden barrier
and placing the obtained value on the theoretical curve already shown
in a previous work.!* Even though the method requires measuring the
J-V characteristics as a function of temperature, which is not an easy
task for large area cells, however it is valid even in a restricted range
of temperatures, that is, between 330 and 240 K, which can be easily
reached at both laboratory and production line scale even without a
specific large area cryogenic system.

FF limitations are also recognized on the emitter contacts, which
are evidenced by two features observed on the J-V characteristics.
The first is the crossing of the light and dark curves at RT, and it is
shown that the higher the voltage at which the crossing happens, the
lower the barrier experienced by the carriers. The second is the
appearance of a S-shape in the light curves at low temperatures, and
it is shown that this effect is only due to the valence band energy off-
set at the emitter and determines the FF and V,, values of the HJ cell.
The effect can be mitigated by increasing the doping level in the
(p) a-Si:H, thus reducing the E,.,ct.
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