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ABSTRACT

Research on photovoltaic devices with a high performance-to-cost ratio requires efforts not only on efficiency improvement but also on
manufacturing cost reduction. Recently, a record efficiency of 26.6% on crystalline silicon solar cells (SCs) has been achieved by combining
the heterojunctions (HJs) with a device structure of interdigitated back contacts. However, the technology that integrates the interdigital
p- and n-type amorphous silicon (a-Si:H) layers on the rear surface of the Si substrate is challenging. This issue has motivated researchers
to search dopant-free carrier-selective contacts with alternative materials to completely replace doped a-Si:H layers. Transition metal oxides,
graphene, and poly(3,4-ethylene dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), all having high work functions and hole conducting
properties, can play the role of hole-selective layers (HSLs). In this review, we focus on the latest advances and the future trends in these HSLs
and their applications in silicon HJ SCs. The main issues and challenges encountered are discussed.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5121327

. INTRODUCTION

As a promising alternative technique to crystalline silicon (c-
Si) solar cells (SCs) for a higher performance-to-cost ratio, passi-
vation contacts [also known as heterocontacts or carrier selective
contacts (CSCs)] attract ever-increasing interest. An ideal passiva-
tion contact can suppress the electrical losses at interfaces to the
utmost by maintaining an ultralow contact resistivity for transporta-
tion of only one type of carriers (holes or electrons) while main-
taining a larger barrier for the other type (see Fig. 1). For exam-
ple, the TiOx layer is often used as an electron selective contact
due to a very small conduction band offset (about 0.05 eV) and
a large valence band offset (>2.0 eV) at the n-Si/TiOx interface.’
Recently, c-Si solar cells with a record efficiency of 24.4% (module,

double-sided junctions)l and 26.6% [laboratorial, interdigitated
back contact (IBC) structure]’ have been achieved, largely owing
to the application of passivation contacts. In these two types of
devices, intrinsic hydrogenated amorphous silicon [a-Si:H(i)] was
used to passivate the Si surface and p/n-type doped hydrogenated
amorphous silicon [a-Si:H(p)/a-Si:H(n)] was employed to deliver
carrier-selective transport. However, such solar cells still suffer from
unnecessary optical/electrical losses because of the parasitic absorp-
tion/Auger recombination inherent to the doped a-Si:H films. These
issues have motivated researchers to search alternative materials to
completely replace doped a-Si:H layers, which usually are called
dopant-free carrier-selective contacts (CSCs). When the dopant-free
CSCs are deposited on both sides of c-Si wafers, these novel devices
are nominated as dopant-free asymmetric heterocontact (DASH)
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Hole selective contact

solar cells.”” The functional materials involved in these kinds of
devices can always be more easily deposited via spin-coating or
thermal evaporation, and the performance-to-cost ratio will be fur-
ther boosted by cutting the material cost to the bone.

From a band alignment view, transition metal oxides (TMOs:
MoOy, V20, WOy, etc.),”” poly(3,4-ethylene dioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS),'”'" and graphene,'*"” all hav-
ing high work functions (WFs) and hole conducting properties, can
play the role of hole-selective layers (HSLs). Connecting HSLs with
c-Si, the Fermi levels of these two materials will be aligned. This will
result in a large conduction band offset on the Si surface, leading
to a strong inversion layer with accumulation of holes. The het-
erojunction (HJ) works more like a p-n junction and produces a
high enough built-in potential. Promising efficiencies of 20.7% " and
22.5%,"" for the solar cells featuring either full- or half-dopant-free
heterocontacts, have been reported recently.

In this review, we first discuss the design and production of sil-
icon heterojunction (SHJ) solar cells. We then discuss TMOs and
TMO/Si heterojunction solar cells (HSCs). Finally, other types of
HSLs will also be addressed. Attention will be emphasized on the
latest advances in the modification of HSL materials, interfacial
passivation, contact resistivity, and device structures.

I1. SILICON HETEROJUNCTION (SH3J) SOLAR CELL
A. Overview of the SHJ solar cell

The silicon heterojunction (SHJ) solar cell was first developed
by Sanyo Corporation in early 1990s, which was called the HIT
(heterojunction with an intrinsic thin layer) structure.'”'® The SHJ
structure is one of the most cutting edge structures of the c-Si
solar cell until now because the highest efficiency (26.6%) has been
reached by combining the SHJs with the device structure of inter-
digitated back contacts (IBCs).” The key factor of the SHJ device
structure is the introduction of an a-Si:H(i) layer with a thick-
ness of several nanometers,”'® which can compensate the dan-
gling bonds existing at the interface of the c-Si wafer. An ultrahigh
minority carrier lifetime is thus obtained. Moreover, electron- and

'\
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FIG. 1. Schematic band diagrams for examples of ideal
hole/electron selective contact concepts on n-type c-Si.

Electron selective contact

hole-selective contacts are achieved by sandwiching the c-Si wafer
with a-Si:H(i)/a-Si:H(n) and a-Si:H(i)/a-Si:H(p) stacks, respec-
tively. The complete structure of the SHJ solar cell is shown in
Fig. 2(a)."

Traditional silicon solar cells introduce dielectric layers and a
passivated emitter and rear cell (PERC) (PERL and PERT) to acquire
the passivation effect, as shown in Fig. 2(b). However, the recom-
bination at the interface of metal/Si is still a severe issue, causing
limitations on the cell efficiencies. Furthermore, these configurations
lead to an increase of the processing steps, making this manufac-
turing process less attractive. SHJ solar cells are currently one of
the most successful passivation contact structures with following
advantages. First, a-Si:H enables excellent chemical passivation on
the Si absorber. Second, a significant inversion effect existed at the
a-Si:H/c-Si interface that can further promote the carrier lifetime by
field-effect passivation. Furthermore, from the processing perspec-
tive, few process steps are required to complete a solar device, and
the low-temperature (<200 °C) processing enables the use of very
thin wafers without causing substrate warping. The full processing
sequence is given in Fig. 2(c).

B. Current achievements of SHJ

By routinely optimizing the a-Si:H(i) passivation layer, the
front contact [highly conductive transparent conductive oxide
(TCO) and metal grid lines], and the back contact (passivation
and contact resistivity), Panasonic has achieved cell efficiency up
to 24.7% for their SHJ solar cells.”’ Kaneka Corporation reported
a record-breaking efficiency of 25.1% for SHJ solar cells in 2015.”'
Furthermore, efficiency beyond 24% of SHJ modules has also been
reported.z The IBC-SH]J solar cell,”””’ combined with the merits
of SHJ and IBC structures, is considered as the most promising
structure to approach the theoretical efficiency limit of a ¢-Si solar
cell.”**® Based on this structure, Panasonic Corporation achieved
a high efficiency of 25.6% (Voc = 740 mV, Ji = 41.8 mA/cm?,
FF = 82.7%, 143.7 cm®). Kaneka Corporation reported an effi-
ciency of 26.3%" and then a record-breaking efficiency of 26.6%
(Ve = 740 mV, Joc = 42.5 mA/cm?, FF = 84.6%, 179.7 cm?).”
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C. Bottlenecks in energy production and efficiency
1. Optical losses due to parasitic absorption

Despite the significant achievements, the a-Si:H layers in SHJ
cells will result into apparently parasitic light absorption, causing
unsatisfied J. Figure 3(a) shows a noticeable absorption spectrum
of the a-Si:H layer at short wavelength from 300 to 600 nm.”’ This
corresponds to a J loss of 2.1 mA/cm? [see Fig. 3(b)]."" Moreover,
because of the poor conductivity of the a-Si:H(i) film, one has to
deposit a transparent conductive oxide (TCO) film upon it to effec-
tively collect photogenerated carriers and laterally transport them to
the front electrode grid. Undesirably, as shown in Fig. 3(b), the TCO

(a) ~ gx10°
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silicen water FIG. 2. Schematic of the components
of the (a) silicon heterojunction cell
and (b) localized rear contact solar cell
with dielectric rear surface passivation.
Reprinted with permission from Battaglia
et al, Energy Environ. Sci. 9, 1552
(2016). Copyright 2016 Royal Society of
Chemistry. (c) The full device processing
sequence of SHJ solar cells.
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films absorb the IR light due to strong excitation of free carriers,
leading to Ji loss at long wavelength.

2. Electrical losses due to Auger recombination

Auger recombination will become the predominant factor in
SH]J solar cells in the premise of good interface passivation and high-
quality Si wafers. Auger recombination is a two-particle process that
has a complex dependence on the carrier concentrations. Figure 4
shows the recombination current density at the maximum power
point (Jrec-mpp)> Which is divided by the contributions of the differ-
ent recombination mechanisms. Jrec.mpp Was calculated as a function
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FIG. 3. (a) The photon flux density in the AM1.5G spectrum absorbed in a-Si:H regions at the front and the c-Si absorber. Reprinted with permission from Chavali et al., Prog.
Photovoltaics: Res. Appl. 26, 241 (2016). Copyright 2016 Wiley (b) EQE (red, solid) and 1-reflection (red, dashed) of a high-Js. silicon heterojunction solar cell. The shaded
area indicates parasitic absorption, and the associated current density losses below 600 nm and above 1000 nm are given, assuming an AM 1.5G spectrum (gray). Reprinted
with permission from Holman et al., IEEE J. Photovoltaics 2, 7 (2012). Copyright 2012 IEEE.
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as hole-selective contacts exhibit work function higher than 5 eV.
sodrinsic racamblnation When these TMOs are connected with n-type Si, the Fermi lev-
FNN] rear surface els’ alignment will result into an energy band bending of about
(1T tront surtace . 0.8 eV. This leads to a strong inversion layer with an accumula-
/f} 7] bulk SRH \ tion of holes. This behavior forms the foundation for the high effi-
G ciency of TMO/c-Si solar cells. Battaglia considered that the MoOx

L Coa in MoOx/c-Si cells behave more like a high-work function metal.
E:Z:T; :ur::rmbnn.-:n _ Band bending occurs on both the c-Si surface and the MoOy. "8
m radiaive ’ Through investigations with ultraviolet photoelectron spectroscopy
(UPS) and x-ray photoelectron spectroscopy (XPS), Sun et al. stud-
ied the band alignment of MoOx/n-Si and found the existence of
an interfacial dipole of ~0.97 eV (corresponding to an energy band
bending of ~0.80 eV)."’ A schematic diagram of the energy band of
the TMO/a-Si:H(i)/n-Si interface is shown in Fig. 5.

Vijayan” and Messmer’”” studied the hole transport paths at
the TMO/a-Si:H(i)/n-Si interface by simulations. Figure 6 shows the
band diagram of the simulated TMO-based silicon heterojunction
in the dark at equilibrium. There are two possible transport paths
highlighted in the contact, i.e., band-to-band (B2B) tunneling where
charge carriers tunnel directly and trap-assisted-tunneling (TAT)
where charge carriers tunnel via trap states within the bandgap of
the TMO. B2B will be the main transport mode if TMO has a suf-
ficiently high work function, which makes the conduction band of

mpp recombination curment density (mAjem’)

1 10 100 1000
effectve réar recombination veloCly (Cmvs)

FIG. 4. Recombination current density at the maximum power point (Jrec-mpp) @s @
function of the effective rear recombination velocity. Jrec.mpp is Separated into the

contribution of each recombination mechanism. The data were simulated using TMO lower than the valence band of n-Si. However, in the condition
PC1D for an n-type silicon solar cell with a 150 um thick, 1 Q cm n-type sili- of TMO with an inadequate work function, the TAT mechanism is
con base and a shallow industrial boron-doped front side emitter. Reprinted with necessary and additional series resistance will be introduced.
permission from Richter ef al., Energy Procedia 27, 88 (2012). Copyright 2012

Elsevier. 2. Work function and conductivity

As described in Sec. 11 B 1, the barrier at the TMO/n-Si inter-
face is controlled by the work function of the TMO. TAT is necessary
if the work function of TMO is low. In this condition, the conduc-
tivity of TMO becomes a determining parameter for hole transport,

of the effective rear surface recombination velocity (Seffrear). It can
be seen that with decreasing Sef.rear> the contribution of the Auger
recombination increases significantly, reaching about 30% of the
total Jrec-mpp at Seff-rear = 10 cm/s. *> Therefore, limiting Auger recom-
bination is gaining importance for efficiency improvement of SHJ
solar cells. ~

Ill. EMERGING TRENDS—TMO/SI HSCs

A. Overview of TMO materials \
Transition-metal-oxides (TMOs) are of great interests since Elr

they are cost-effective, nontoxic, and easily acquirable. TMOs usu- bt ottt e, Ealetat i Bt sl =
ally possess wide optical bandgaps (Eg > 3 eV) and wide range

variable work functions from 3 to 7 eV. These unique properties "\_\

make them highly flexible when used as dopant-free carrier-selective —
contacts."”””**** In addition, these films can be deposited at low

temperatures (T < 200°C) by thermal evaporation or solution-
. 39-41 . . . .

processing methods, indicating a great potential for process

simplification and cost reduction. The DASH solar cells mentioned

above,”* ***"* which fully explore the advantages of TMOs, could

be one promising alternative for further improving the performance -"""_-_‘\

of the state-of-the-art c-Si solar cells.

Oy
O+ ¥ o
B. Hole-selective transport __hc o i\b\
= o™
1. Mechanism of hole collection and transport ¥
For TMO/n-Si heterojunction, carrier selectivity is controlled FIG. 5. Schematic diagrams of the energy band for the TMO/a-SiH(i)/n-Si
by the band bending induced by TMOs. Most of the TMO materials JIETEED:
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FIG. 6. Schematic diagram of the band structures of the heterojunction between
¢-Si and transition metal oxides (TMO), with different electron affinities. Reprinted
with permission from Messmer et al., J. Appl. Phys. 124(8), 085702 (2018).
Copyright 2018 AIP Publishing LLC.

as shown in Figs. 7(a)-7(c). If the work function further decreases,
and the trap states in the TMO are insufficient (i.e., conductivity is
unsatisfied), the J-V curve will behave as the S-shape and exhibit a
low V. It is notable that only the low work function alone does not
necessarily have an s-shape J-V curve. When the work function of
TMO is low but the conductivity is sufficiently high, a limitation
of the TMO work function alone (while other influences such as
the TAT transport stay ideal) theoretically still yields a single diode
behavior and therefore no s-shape [see Figs. 7(a)-7(d), red]. This is
expected from the following equation:

J(V) = JslexP[_%](exp[Z‘;] . 1)

hfenl22])
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However, the hole transport mechanism will conform to band-
to-band (B2B) tunneling when the work function is sufficiently high.
Figure 7(d) shows the case for a TMO work function of 5.7 eV which
implies that the TMO conduction band energy is greater than the
n-Si valence band energy and therefore allows for efficient band-to-
band tunneling. Thus, the transport is independent of the trap densi-
ties (i.e., conductivity), and all J-V curves match each other even for
the case with very low trap densities. This work together with other
similar simulation studies is in qualitative agreement with experi-
ments.”’”’ These results further indicate that the high work function
(electron affinity) of TMO is critical to improving the performance
of TMO/Si solar cells.

The work function controls the barrier height at the TMO/n-Si
interface, while the transfer of holes across the barrier is assisted by
the gap defect states. However, the conductivity and work function
vary with the oxygen content in an opposite manner. The gap states
are mainly originated from the oxygen vacancies, while the work
function decreases from the insulators (MoQOs3) to the semiconduc-
tors (MoQOj3_yx) and then to the metal-like conductors (MoQO,) as the
cation oxidation state decreases.” State densities of oxygen vacancies
are influenced by the substrates, fabrication methods, postdeposition
treatments, etc.”’ °° Thermal evaporation is always used to fabricate
TMOs. The resulting films are of slightly substoichiometric materi-
als (such as MoOx, x < 3) with an initial work function of around
5.5 eV for the as-deposited sample and then below 5.2 eV after
thermal annealing at 180 °C.”" Besides, the atomic layer deposition
(ALD) method,”®”’ solution method,” *' chemical vapor deposi-
tion (CVD) method,”®" and sputtered method®” were also used to
deposit MoOy thin films with similar work functions.

Figure 8 shows a plot of work function vs O-deficiency. The
work function of MoOy decreases rapidly at the initial stage and then
gently decreases with a nearly linear trend. Greiner et al.” explained
this behavior by the following equation:

Q= @0 + A@d + A@x; (2)

where @ is the measured work function, @ is the work function
of the stoichiometric oxide (i.e., M0O3), AQy is the change in work
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FIG. 7. J-V light curves at one sun for different trap densities (colors) and TMO work functions ®. (a) @ = 5.0 eV highlights the selectivity losses AV due to insufficient @
and AV due to insufficient TAT transport. (b) @ = 5.3 eV and (c) @ = 5.4 eV are in the transition region, whereas in (d) ® = 5.7 eV, band-to-band tunneling dominates.
Reprinted with permission from Messmer et al., J. Appl. Phys. 124(8), 085702 (2018). Copyright 2018 AIP Publishing LLC.
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tribution of MoOy vs oxygen deficiency/x. The circles in (a) are the experimental
data points, and the dashed curve is the predicted trend. Reprinted with permis-
sion from Greiner et al., Adv. Funct. Mater. 22(21), 4557 (2012). Copyright 2012
Wiley.

function caused by an increase in the concentration of low elec-
tronegativity cations, and A@yq is the change in work function caused
by an increase in the density of donor states. The term A@x accounts
for the gradual linear decline in the work function, and the term
AQq4 accounts for the initial rapid decrease in the work function
with O-deficiency. The conductivity changes from insulating MoO3
(1077 S em ™) to metallic MoO; (10* S cm ™) as the cation oxidation
state decreases, which shows more than ten orders of enhancement.
Figure 9 depicts the effects of the annealing temperature on the
O/Mo ratio and the conductivity of the MoOx film in N and 0,.%°
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3. Contact resistivity and passivation of the HSL/n-Si
interface

The carrier-selective properties of TMO/n-Si contacts are
mainly evaluated via simultaneous consideration of the contact
resistivity (p.) and the recombination current parameter (Joc). Note
that current flows across the metal/TMO and TMO/n-Si interfaces,
including the induced inversion layer on n-Si, such that p. is the sum
of the multiple contributions. Although still applicable to highly effi-
cient c-Si solar cell designs, p. and Jo. of MoOx on n-Si (2.1 Q cm)
are quite high with optimum values of 30 mQ cm” and 300 fA cm?,
respectively.”’ Gerling et al. extracted p. values of 110 mQ cm?
(VO5), 370 mQ em” (MoOy), and 670 mQ cm* (WOy), all of which
are close to the target series resistance values for most c-Si solar cells
(0.1-0.5 Q cm).’

Theoretically, the lattice mismatch between TMO and c-Si will
inevitably result in a high defect density and consequently in a high
carrier recombination at the contact interface. The HR-TEM images
in Fig. 10 reveal the presence of an amorphous and relatively uni-
form silicon oxide layer at the TMO/c-Si interface, which provides
a slight passivation effect.”**” Gerling et al. indicated that the for-
mation of a SiO; layer is likely related to the chemical reaction with
the TMOs during deposition and the maximum interlayer thickness
is 2.8 nm (WOs3), 2.5 nm (MoQ3), and 2.2 nm (VzO5).(’6 Further
increasing the thickness of the SiOx interlayer demonstrated a negli-
gible influence on the surface passivation instead of introducing an
increased contact resistivity.”” As shown in Fig. 11, an efficiency over
16% has been obtained with the structure of MoOy/SiOyx/n-Si.***’

An additional ultrathin a-Si:H(i) interlayer between the c-Si
surface and the TMO has frequently been investigated to further
decrease the interfacial recombination.”'******”!' An inferior effec-
tive carrier lifetime of below 500 ys was measured when the MoOy

(a) 30 102 (b) 3.0 10
N, | © 2
18 e E 10" 2 .
i . e = 2.8 5 FIG. 9. Annealing temperature depen-
g, \ o 2 F B dence of the O/Mo ratio and the conduc-
g 20 Iz = 0 = tivity of the MoO3 film in (a) N2 and (b)
= _ . 'm-*: = 246 2 0,. Reprinted with permission from Lin
S24p ° }_ = O 104 © et al, Adv. Funct. Mater. 255(6), 3868
S | (2009). Copyright 2009 Elsevier.
2.2 - 1055 2.4 i i 108 i
200 300 400 500 200 300 400 500

Annealing Temperature (°C)

b)

10.nm

Annealing Temperature (°C)

FIG. 10. HR-TEM images of the ITO/TMO/n-Si heterostruc-
tures showing an interlayer between n-Si and (a) MoO,*®
and (b) V,05.5 (a) Reprinted with permission from Zhang
et al., J. Appl. Phys. 124(7), 073106 (2018). Copyright
2018 AIP Publishing LLC. (b) Reprinted with permission
from Gerlin et al., Energy Procedia 124, 584 (2017). Copy-
right 2017 Author(s), licensed under a Creative Commons
Attribution 3.0 Unported License.
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films were directly deposited on the Si surface by thermal evapora-
tion. However, over 1 ms of lifetime and over 700 mV of V. would
be obtained if an intrinsic a-Si:H passivation layer was adopted to
form the MoOx/a-Si:H stack.”**"’

C. High efficiency TMO/n-Si HSCs
1. Asymmetric heterocontacts

A power conversion efficiency of 22.5% has been achieved
for the HSCs with an MoOx hole-selective layer. An unsatisfied,
doped-layer, i.e., a-Si:H(n), was still involved as a back surface field
(BSF)."* The dopant-free asymmetric heterocontact (DASH) solar
cells based on TMOs usually adopt a both-side contacted front-
junction structure. Bullock et al first fabricated the DASH cell
with an MoOy/a-Si:H(i)/n-Si/a-Si:H(i)/LiFy structure, showing an
efficiency approaching 20%.” The latest reported conversion effi-
ciency is 20.7%, with a structure of TCO/MoOx/a-Si:H(i)/n-Si/a-
Si:H(i)/TiOx/LiF/Al, as shown in Fig. 12." Imran’s numerical sim-
ulation demonstrated that the theoretical efficiency for a both-side
contacted DASH solar cell can be as high as 28%, with a Vo of
772.7 mV, Ji of 43.63 mA/cm’, and FF of 82.99%."

(LT
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FIG. 11. (a) The J-V characteristic
of the MoOx/n-Si device with surface
B, texture, under the AM 1.5G illumina-
tion conditions. (b) The band diagram
for the MoOx/a-SiOx(Mo)/n-Si device,
at the open circuit state (nonequilib-
rium state) and under the illumination
case. Reprinted with permission from
Gao et al., ACS Appl. Mater. Interfaces
10(32), 27454 (2018). Copyright 2018
The American Chemical Society.
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2. Interdigitated back contact (IBC)

Um et al. fabricated IBC solar cells by selectively deposit-
ing MoOy and LiFy films on the rear surfaces of the Si absorber
and achieved a peak-to-correlation energy (PCE) of 15.4%.”* With
a very low temperature fabrication procedure, the Ni/V,Ox stack
was used to form the n-Si IBC HSC architecture. This Ni/V,Ox-
based IBC cell resulted in Vo, Jsc, and FF values of 656 mV,
40.7 mA cm?, and 74.0%, respectively, leading to a PCE as high
as 19.7%.°” Shen and co-workers investigated the electrical proper-
ties of typical TMO-based emitters in dopant-free n-Si IBC HSCs.
Notably, the author only used two hard masks to complete the
whole rear-sided processes and demonstrated a 22% efficiency by
applying MoOy and MgFy as hole- and electron-selective contact
layers,”" respectively. This hard mask processing method shows
huge potential for the simplification of the procedure over tradi-
tional doping techniques. As shown in Fig. 13, Shen et al. further
presented a TMO/metal/TMO (TMT)">’° structure as a dopant-
free hole-selective contact to reduce contact resistivity.”* The effi-
ciency of 19.2% and 15.8% was achieved by using V,Ox (8 nm)/Au
(4 nm)/V,0x (VMV) and CrOx (5 nm)/Au (4 nm)/CrOx as an
emitter, respectively.
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FIG. 12. DASH cell record. (a) Structure of the DASH cell, (b) 1-sun light J-V behavior of the champion DASH cell, and (c) external quantum efficiency (EQE), internal
quantum efficiency (IQE), and reflection of the champion DASH cell; the inset shows a photograph of the cell design and the integrated Js; value. The white scale bar is ~1
cm. Reprinted with permission from Bullock et al., ACS Energy Lett. 3(3), 508 (2018). Copyright 2018 American Chemical Society.
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D. Stability of TMO/Si HSCs

An efficiency of 22.5% has been achieved with a 7 nm MoOx
layer that was thermally evaporated on the a-Si:H(i) passivation
layer. However, in that paper, 130 °C was found to be the upper limit
on the processing temperature.'’ To circumvent the potential degra-
dation from the following metallization process, a room temperature
Cu electroplating metallization process was required to replace the
traditional screen-printed Ag. Recent studies indicated that the per-
formance of HSCs with TCO/MoOy/a-Si:H(i) stacks degraded after
annealing at temperatures from 130 °C to 200 °C, i.e., FF dropped
from 76.6% to 69.7%'* or PCE dropped from 12.6% to 11% because
of hydrogen diffusion. Neusel et al.”’ found that degradation in
selectivity by MoOx after annealing is caused by the reduction in the
work function. This might be ascribed to the chemical or adsorption
reactions of the samples with water and oxygen species. Masmitja
et al.”’ found that the V,0,/Si sample exhibited a better long-term
surface passivation by coating a 10 nm Ni capping layer. However,
subjecting as-fabricated solar cells with Ni and TCO capping layers
to annealing at temperatures higher than 130 °C does cause negative
effects on performance, which may be caused by interfacial reactions
between V,0y and the Ni layer.

Zhang et al.”*""" researched the materials of MoOy during
postdeposition annealing by in situ XPS/UPS investigations. They
found that the MoOy film degraded gradually with the increase
in annealing temperature and the density of oxygen vacancies
increased consequently. In addition, the degradation was found to
be strongly dependent on the underlying layer.

IV. ALTERNATIVE MATERIALS FOR HETEROJUNCTION
CONTACT

A. Graphene/Si

As a 2D material, graphene (Gr) has attracted significant
attention in the development of high-performance photoelec-
tronic devices due to its universal absorbance and extremely high

MAM/AI deposition
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FIG. 13. (a) Schematic illustrating the MLBC solar cell metal patterning fabrication process. (b) The two metal patterning masks. (c) The structure of a completed MLBC
solar cell. (d) SEM image of the results of metal mask patterning. Reprinted with permission from Wu et al., RSC Adv. 7(38), 23851 (2017). Copyright 2017 Royal Society of
Chemistry.

carrier mobility.””** Graphene films can be combined with Si to

form Schottky junctions; hence, it can be used in Si-based solar cells.
The Gr/Si solar cell was first reported by Wu et al. in 2010, as shown
in Fig. 14. Figure 14(a) shows the energy diagram of the forward-
biased graphene/n-Si Schottky junction upon illumination. Their
Gr/Si solar cell achieved a photoelectric conversion efficiency of only
0.65%.""

Actually, the promotion of efficiency on Gr/Si solar cells faces
the following three problems:

1. The relatively low Schottky barrier of the Gr/Si interface.
The high density of graphene defects formed during growth
and transfer.

3. The severe recombination at the Gr/Si interface.

Great efforts were devoted to overcome these deficiencies, and
so far, the device efficiency has been promoted from 1.65% to
16.2%.%

1. Optimization on light harvesting

For the conventional silicon solar cell, texturing and antireflec-
tion (AR) films are used to reduce optical loss. Surface texturing with
nanostructures also have been used in the Gr/Si solar cell.”””' How-
ever, on the Gr/Si device, the graphene is transferred and liable to be
destroyed by textured-Si. In addition, the efficiency of the Gr/Si solar
cell was limited by the severe surface recombination due to a large
specific surface area of Si nanostructures. Therefore, more successful
light management engineering currently comes from antireflection
coating, such as spin-coated TiO,,” V,0s,”” PMMA,” and fluo-
ropolymer.” As shown in Fig. 15, Jie et al. introduced a MgF,/Zn$S
multi-AR coating in the Gr/Si solar cell. An efficiency of 14.6% has
been obtained by this means.”

2. Modification of graphene

At present, there are a large number of grain boundaries
and defects in the graphene film deposited by the chemical vapor
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deposition (CVD) method, and thus, the carrier mobility is far below
the theoretical value. Moreover, they have a low carrier concentra-
tion and sheet conductivity, which greatly limits the performance of
the Gr/Si solar cells. Moreover, the energy potential built by contact-
ing intrinsic graphene with n-type silicon is insufficient, resulting in
a large reverse saturation current Jo and low FF and V..

Gr is sensitive to molecular doping, e.g., it can be p-type
doped with some strong oxidizing or electron attracting substances
(TFSA,””® AuCls,”"” and Au/Pt nanoparticlesmo) to increase the
conductivity and work function. Another dopant such as graphene
oxide (GO) not only provides p-type doping to Gr but also acts as an
antireflection (AR) layer in the solar cell.'”! Ding et al. found that a
several nanometer thick MoOs3 layer increased the work function of
Gr in solar cells from 4.4 to 6.65 eV. As a result, V. of the device
reached 0.57 V.'"”

——MgF,

InS
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-5l
N
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scitation.org/journal/apm

FIG. 14. (a) Energy diagram of a forward-
biased GS/n-Si Schottky junction. (b)
Schematic illustration of the device con-
figuration. Reprinted with permission
from Li et al., Adv. Mater. 22(25), 2743
(2010). Copyright 2010 Wiley.

3. Optimization of the Gr/Si interface

As a heterojunction device, interfacial recombination has
always been one of the most important problems faced by
researchers. Jie et al. performed hydrogen passivation, silicon oxide
passivation (SiOy), and methyl passivation (CH3-Si) on Si to sup-
press carrier recombination at the Gr/Si interface.'”’ Then, a layer
of 3-hexylthiophene (P3HT) film was spin-coated on the silicon
surface, which can block electrons and transport holes, thereby
suppressing interfacial recombination and improving the built-in
potential of the device. Yang et al. prepared a Gr/GO/Si solar cell
with an insulating passivation layer of graphene oxide (GO).""
When the thickness of GO is below 2.4 nm, carrier tunneling is not
hindered, and V. gradually increases as increasing the GO thick-
ness. Quantum dots are the other type optional material as the
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FIG. 15. (a) Schematic illustration of color Gr/Si heterojunction solar cells with MgF,/ZnS films. (b) Photographs of Gr/Si heterojunction solar cells with different colors. (c)
Coordinates of seven colors in CIE chromaticity. Reprinted with permission from Ding et al., Nano Energy 46, 257 (2018). Copyright 2018 Elsevier.
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insertion layer. Kim et al first inserted a layer of p-type
doped Si quantum dots (p-SQDs) at the Gr/Si interface and
received a great improvement in the efficiency. In this type of
device, both p-SQDs and n-Si substrates absorb incident light,
and two junctions effectively separate the photogenerated car-
riers. Finally, they demonstrated a record-breaking efficiency
of 16.2%."

B. PEDOT:PSS/Si

Conjugated polymer such as PEDOT:PSS is a promising
organic candidate for organic/silicon heterojunction solar cells due
to the excellent transparency, high conductivity (up to 1000 S/cm),
suitable work function(4.8-5.2 eV), and nontoxic property.”'S 108
When the PEDOT:PSS is in contact with n-Si, it will lead to an inver-
sion layer at the side of silicon.'”” """ Therefore, this polymer exists
as a p-type conductive material and a window electrode, which is
similar to the scenario of TMOs.'"”

C. Light management

Suffering from severe optical reflection loss, planar c-Si only has
60% light absorption efficiency.'"” In the device of PEDOT:PSS/n-Si
HSCs, the utilization of light can be enhanced by introduction of the
textured-Si structure''”'"” and exterior antireflection layer,"*"'"”
lowering the overshadowing of the electrode grid'*’"'** and reducing
the parasitic absorption of the PEDOT:PSS.

Parasitic absorption can be suppressed largely by reducing
the thickness of the PEDOT:PSS layer and moderately introduc-
ing additives such as sorbitol. Decreasing the overshadowing of the
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electrode grid'* is an effective method to reduce optical loss. The
morphology of textured-Si is varied, including black-silicon, pyra-
mids, nanocones, and nanowire dual structures,'””'>*"'** in order
to achieve a low reflection. However, effective light trapping struc-
tures bring in disadvantages as well: (1) Enlarged surface area causes
a great deal of defects, leading to deterioration of V.. (2) It is
hard for PEDOT:PSS to form conformal coating at the textured-Si
surface.'”

Researchers devoted to conquer these dilemmas by the
introduction of low aspect-ratio texturing structures, ”’ " sur-
face modification,”” and treatments with appropriate additives
(into PEDOT:PSS solution).”*"**'** As shown in Figs. 16(a) and
16(b), researchers developed a metal-assisted chemical etching
method to recreate the texturing with hierarchically bowl-like
nanopores'”"'**'*" on n-Si, which realizes an omnidirectional light
harvest over a broadband solar spectrum. In addition, transpar-
ent hole transporting organic small molecule SpiroOMeTAD,'*
TAPC,"” TPD,'"" and inorganic layer (TiO;)'"” was spin coated
on Si nanowire (SINW) arrays to infiltrate into the small gaps
among the SINWs and maximize the effective areas of heterojunc-
tion."”” Moreover, the glycidoxypropyltrimethoxysilane (GOPS)
additive was added into PEDOT:PSS to improve the contact prop-
erties between Si and PEDOT:PSS."””"** The device achieved obvi-
ous enhancement in optical harvest and junction quality. Finally,
adding external force was found as an effective method to improve
contact properties as well.”” As shown in Fig. 16(c),""" coating
diethyl phthalate (DEP) onto PEDOT:PSS can stretch PEDOT:PSS
to have a tight contact with n-Si, even at the bottom of the
textured Si.

FIG. 16. (a) The device structures and the J-V curve of thin film c-Si/PEDOT:PSS hybrid solar cells with reconstructed-SiNPs. Reprinted with permission from He et al., ACS
Nano 9, 6522 (2015). Copyright 2015 American Chemical Society. (b) Structure configuration of 20 um PEDOT:PSS/n-Si HSCs with the NC-NP dual-structure as a light-
trapping scheme. Reprinted with permission from He et al., Adv. Energy Mater. 6(8), 1501793 (2016). Copyright 2017 Wiley. (c) (a) Conceptual structure of the heterojunction
solar cell with DEP coating. Cross-sectional scanning electron images of the as-fabricated n-Si/PEDOT:PSS junction on the textured-Si substrate without DEP coating (b)
and with DEP coating (c). Reprinted with permission from He et al., Adv. Mater. 29(15), 1606321 (2017). Copyright 2017 Wiley.
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Table I. Summary of the lasted efficiency of heterojunction solar cells with different hole selective contacts and architectures.

Heterojunction
type Device architecture Area (cm?) PCE (%)
SHJ TCO/a-Si:H(p/i)/n-Si/a-Si:H(i/n)/TCO"' 152 25.1
IBC-SHJ’ ~180 26.6
TMO/Si Cu/TCO/MoOy/a-Si:H(i)/n-Si/a-Si:H(i/n)/Ag"* 3.93 22,5
Ag/TCO/MoOy/a-Si:H(i)/n-Si/a-Si:H(i)/TiOx/LiF/Al’ 4 20.7
Ag/TCO/MoOx/a-SiOx/n-Si/a-SiOx/poly-Si/Al” 1 16.7
MoOx-based IBC” 45 222
V,0Ox-based IBC”’ 4 19.2
V,0x-based IBC"” 16 19.7
Gr/Si Al/Gr/p-SQDs/n-Si/Al* 1 16.2
PEDOT:PSS Ag/bilayer-PEDOT:PSS/n-Si/CPTA/Al (front junction) ' 1 16.7
Ag/SiNy/Al,O3/n*-Si/n-Si/SiOx/PEDOT:PSS/Ag
AR 4 17.4
(back junction)
PEDOT:PSS-based IBC'*! 1 16.3

D. Modification of PEDOT:PSS

The conductivity of the PEDOT:PSS shows anisotropy, *’
which is three orders of magnitude larger in the direction per-
pendicular to the substrate than that in the lateral direction.
This is related to the spin-coating process, i.e., PEDOT enrich-
ing at the bottom side while PSS floating in the above because
of water evaporation.” Typically, addition of dimethyl sulfoxide
(DMSO) or ethylene glycol (EG) to the PEDOT:PSS solution yields
improved conductivity (about 500 S/cm). He et al. provided a high-
conductivity PEDOT:PSS (HC-PEDOT:PSS, 1500 S/cm) by doping
PEDOT:PSS with an ionicliquid of 1-ethyl-3-methylimidazolium tri-
cyanomethanide (EMIM/TCM)."”' The strategies of improving the
work function of PEDOT:PSS were also used to improve the cell
performance, for example, addition of foreign materials (such as
perfluorinated ionomer ) into PEDOT:PSS or coating of high-WF
materials (such as MoO3''° and Cul'*) upon the PEDOT:PSS film.

E. Rear side contacts

Yang et al.'” found that short circuit current is more sensi-
tive to the rear interface than that of the front. The influence of
the back side could be divided into passivation and contact resistiv-
ity. Generally, the n-Si/PEDOT:PSS HSCs are fabricated by directly
depositing Al on the rear side to collect electrons. This will result in
an inescapable Schottky barrier and severe charge recombination. In
the dopant-free concept, an effective approach to realize Ohmic con-
tact is by inserting an interfacial electron-selective layer (ESL). Metal
oxides (e.g., MgO,l‘51 7Zn0,"" and SnOzm’), metal fluorides (e.g.,
LiFy, 7 ¢ Mngw), organic materials (e.g., PEN, '’ N2200,'°"%?
and PTB7'%"), and other low work function materials'®*"'®" have
been reported as ESLs to remove the Fermi-level pinning effect and
significantly enhance the electron extraction from the n-Si to the
Al electrode. The passivating Si film by depositing hydrogenated
amorphous silicon (a-Si:H) before electrode deposition can signifi-
cantly increase the minority carrier lifetime due to a downward band
bending for reflecting holes.'**

V. SUMMARY

This article presents the latest advances in highly efficient Si-
based heterojunction solar cells with various hole selective layers
(HSLs). A record efficiency of 26.6% has been demonstrated by
combining with the a-Si:H layer and IBC structure. A technologi-
cal route combining carrier-selection, passivation contact, and IBC
structure has been established to achieve even higher conversion
efficiency. Beside the wide investigations on SHJ solar cells, the
TMOs (i.e., MoOy, V>0y, and WOy), PEDOT:PSS, and graphene
with high work functions have critical applications in heterojunc-
tion solar cells as promising candidates for replacement of the
a-Si:H(p) layer. These dopant-free HSCs show a great potential
for high efficiency and low-cost. In order to optimize the perfor-
mance of HSL/Si solar cells, great efforts have been comprehen-
sively summarized, including the exploitation of advanced designs
for devices, modification of hole-selective materials (work func-
tion and conductivity), and interfacial passivation. Moreover, TMOs
have been integrated into IBC HSCs, realizing the aim of gentle
fabrication methods and high efficiency. The lasted efficiencies of
heterojunction solar cells were summarized and shown in Table 1.
Despite the rapid progress of dopant-free HSCs recently, there are
still several important issues needed to be solved, e.g., the stabil-
ity of device and the compatibility of TMOs with screen-printed
technology.
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