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In order to further study doping-free asymmetric heterojunction (DASH) solar cells, we used AFORS-HET software to

optimize the structure of Al/SnOy/a-Si:H (i)/c-Si (p)/a-Si:H (1)/NiO,/Ag. In a certain adjustment range, a series of

simulations were carried out on the band gap, electron affinity, thickness and work function (WF) of NiO,, thickness
and WF of SnO,, and the thickness of a-Si:H (i). After the above optimization, 21.08% efficiency was obtained at
300 K. This study shows that the solar cells with this structure have good light absorption properties in a very wide

spectrum. The present simulation provides instructive suggestions for follow-up experiments of DASH solar cells.
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Currently, the development of crystalline silicon cells has
led to two important technical solutions: changing the
absorption rate of incident light, and improving the se-
lective contact of carriers. Both solutions improve the
performance of solar cells. Interdigitated back contact
(IBC) solar cells are configured to improve the absorp-
tion rate of incident light. Although the current efficiency
of IBCs has reached 26.7%, the fabrication process is
complex and requires multiple lithography to determine
the dimensions of the hole transport layer (HTL) and
electron transport layer (ETL). Therefore, IBCs are not
conducive to large-scale production. Moreover, the
manufacture processes require a high temperature that
causes problems such as carrier recombination. To im-
prove the selective contact of carriers, researchers have
developed various kinds of silicon-based solar cells, such
as silicon heterojunction (SHJ) and tunnel oxide pas-
sivated contact (TOPCon) solar cells. However, the
HTLs and ETLs in these cells are realized by doping of
amorphous silicon (or polycrystalline silicon layers),
which brings multiple problems. First, doping easily
forms defect trap centers, resulting in serious recombina-
tion of carriers. Second, the amount of dopant must be
precisely controlled. If the doping is too small, the carrier
transport is inhibited because amorphous silicon is poor
in conducting. Conversely, excessive doping causes se-
vere carrier recombination and a high defect density.
Third, the narrow band gap of amorphous silicon is
prone to serious parasitic absorption''’. For these reasons,
replacements of amorphous silicon doped HTL/ETL are

now being sought.

Dopant-free asymmetric heterojunction (DASH) solar
cells appeared. In 2014, BATTAGLIA et al”! directly
deposited a 15-nm-thick MoO, layer on crystalline sili-
con (c-Si (n)) as a hole-selective contact using the ther-
mal evaporation method, and an efficiency of 14.3% was
obtained. In 2016, BULLOCK et al' passivated the front
and rear surfaces of silicon substrate by depositing in-
trinsic hydrogenated amorphous silicon (a-Si:H (i)) on
both sides of silicon substrate. Then, the hole-selective
contact was MoQ, and the electron-selective contact was
LiF,. The open circuit voltage and efficiency were
Vo=714 mV and #=19.4%, respectively. In 2018,
BULLOCK et al” inserted a layer of TiO, between
amorphous silicon and LiF, to realize a device with
20.7% efficiency. They found that TiO, played not only a
passivation role, but also a stabilizing role. In 2019,
ZHONG et al**! grew MoO, by thermal evaporation and
reported a large band gap and an improved work function
(WF). Covering ZnO films with LiF/Al can improve the
electron selectivity and suppress parasitic infrared ab-
sorption, boosting the efficiency to 21.4% . This effi-
ciency is the highest yet reported for undoped asymmet-
ric solar cells.

DASH solar cells retain the advantages of HIT cells
while improving the shortcomings of HIT amorphous
silicon doping®*!. The intrinsic amorphous silicon pas-
sivation layer in DASH solar cells prevents both carrier
recombination and the energy band mismatch between
the metal oxide and the monocrystalline silicon substrate
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on which it resides. The amorphous silicon doped
HTL/ETL is replaced with oxides, fluorides and other
materials with low WFs. The different WFs of the con-
tacting materials ensure the extraction and transport of
carriers and prevent the serious recombination of carri-
ers, poor conductivity, and complex process caused by
doping. A structure with both high and low WFs also has
a relatively wide band gap that reduces parasitic light
absorption.

MoO,, WO3, V,0s, and NiO, are materials with high
WFs, whereas TiO,, ZnO, and SnO, have low WFs.
Nickel oxide is a p-type direct band gap semiconductor'™
with a wide band gap, high WF, low electron affinity,
and high hole mobility!®. It is further advantaged by high
optical transmittance, sufficient electrical conductivity,
high chemical stability, an effective electron blocking
layer, and low cost. Accordingly, NiO, has been widely
used in novel optoelectronic devices and p-n heterojunc-
tions. NiO, has an energy band gap in the range of
E,=3.6—4.3 eVl an electron affinity in the range of
7=11—1.7eV® and a WF in the range of
WF=5.0—5.6 V.. All of these parameters are adjust-
able. NiO, films exist in mixed forms with Ni (OH),,
NiOOH, Ni,05 (Ni** species)!'”, NiO, Ni, and (NiSi,)!"".
NiQ, itself exists in three phases, namely Ni, Ni**, and
Ni*'2 Puyrely stoichiometric NiO is a typical
Mott-Hubbard insulator but exhibits charge transfer
properties!”. SUN et al''* proposed an oxygen-enriched
preparation method for films with interstitial oxygen,
which generates Ni*" vacancies and facilitates the forma-
tion of Ni’" ions. The presence of Ni'* ions increases the
p-type conductivity of NiO, films. Meanwhile, the con-
ductivity of NiO, can be adjusted by optimizing the sur-
face modification or processing method'”. Most of the
existing perovskite solar cells are based on NiO, and
their performance exceeds 20%. Therefore, we introduce
a NiO, thin film as the HTL of our solar cell structure.

When selecting the ETL material, we considered the
four requirements of the ETL in an optoelectronic de-
vice, including high charge transfer and hole blocking
ability, high electron mobility, high transmittance to re-
duce optical loss, and high chemical stability!"*'*!. Tin
oxide offers the additional advantages of excellent opti-
cal properties, high electrical conductivity, deep conduc-
tion and valence bands, and a wide band gap. To date, the
highest efficiency of perovskite solar cells with a SnO,
ETL is 25.2%!"®. Therefore, our configuration includes
SnO, as the ETL. The electron affinity of undoped SnO,
is 4 eV. The direct band gap of SnO, is 3.59 eV, but here
we use the experimentally measured band gap of SnO,,
namely, 3.6eV!'". The WF varies from 3.9eV to
4.46 eV depending on the processing method and sur-
face modification technique. Therefore, we selected
SnO, as the ETL in our solar cell structure.

At present, the mechanism of DASH solar cells re-
mains unclear. Proposed models have shown only a close
relationship between the cell mechanism and the per-
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formance of the cell materials. To clarify this situation,
we simulated a DASH solar cell using AFORS-HET
software. The efficiency of the DASH solar cell was op-
timized by adjusting the electron affinity, band gap,
thickness, WFs of the HTL and ETL, intrinsic amorphous
silicon thickness, device test temperature, and other pa-
rameters. Our work provided effective approaches for
optimizing DASH solar cell structures and improving the
cell performance.

Fig.1 shows the structure and energy band diagram of
the DASH solar cell simulated using AFORS-HET soft-
ware. The model is based on one-dimensional Poisson
equation and continuity equation. The structure of the
simulated solar cell is Al/SnOy/a-Si:H (i)/c-Si (p)/a-Si:H
(1)/NiO,/Ag and the corresponding parameters are listed
in Tabs.1 and 2. The surface recombination velocities of
the holes and electrons were both set to 1.0x10” cm/s.
AML.5 solar spectrum light source was used, the operat-
ing temperature was set to 300 K, and the reflectivity of
the front and rear surface was set to 0.1 and 1, respec-
tively.

In this simulation, we investigated the effect of the
NiO, energy band gap E, (3.6—4.3 eV) on the perform-
ance of the DASH solar cells. (a)—(d) of Fig.2 plotted
the open-circuit voltage (V,.), short-circuit current den-
sity (Jsc), fill factor (FF) and conversion efficiency # of
the solar cell as a function of E,.

When the E, of NiO, increased from 3.6 eV to 3.9 eV,
Vo remained unchanged because no splitting of holes
and electrons occurred at the quasi-Fermi energy
(quasi-£Ey) level throughout the device in this band gap
region. The FF and 5 increased from 45.6% to 53.65%
and from 12.26% to 14.71%, respectively. The 5 change
was mainly elicited by FF, which itself might be affected
by charge injection and with the increase of the band gap
width, the Fermi energy level decreased, holes were in-
jected into the adjacent a-Si-H (i) layer, which increased
the hole concentration in the adjacent a-Si-H (i) layer and
reduced the resistivity. Increasing E, of NiO, from
39¢eV to 43¢V caused only a slight change in V..
Meanwhile, J, decreased from 39.51 mA/cm® to
5.916 mA/cm?, FF decreased from 53.65% to 6.248%,
and # decreased from 14.71% to 0.2568%, because the
barrier of hole transport to NiO, increased. Therefore, the
optimal band gap of NiO;, in this solar cell was 3.9 eV,
the optimal V. was 693.8 mV, J;, was 39.51 mA/cm?, FF
was 53.65%, and n was 14.71%. Our simulation results
were consistent with the previously observed insula-
tor-like behavior of NiO, with a band gap of 4.3 eV’

The electron affinity of NiO, was tunable from 1.1 eV
to 1.7 eV and exerts a certain influence on the device
performance. The simulation results were shown in
Fig.3. As y increased from 1.1eV to 1.4 eV, V. de-
creased and partially recovered at y=1.3 eV, remaining
constant thereafter. Meanwhile, J,. increased from
38.02 mA/em’ to 39.51 mA/em’, FF increased from
40.58% to 53.66%, and # increased from 10.72% to
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14.71%. It was presumed that when y increased from
1.1eV to 1.4¢eV, the barrier height decreased and the
migration of minority carriers increased and the reason
for the increase of FF was that with the increase of NiO,
affinity, the Fermi energy level decreases, and holes were
injected into the adjacent a-Si-H (i) layer, so that the hole
concentration of the adjacent a-Si-H (i) layer increased
and the resistivity decreased.

Vaccum level ~ -14ev
a-St:H (1) =
) NiO,
g e 4.1eV-39eV  405eV  -3.9eV :
CSip) % | s
fn i(p)  aSiH ()
A 5 :
a-Si:H (i) ks ey SV SO s3ev
Ag 77V

(a) (b)
Fig.1 (a) Structure and (b) energy band diagram of the

undoped asymmetric heterojunction solar cell
investigated in this study

Tab.1 Parameters of the simulated DASH solar

cells!'®2
a-Si-H c-Si
Parameter Sn0O, . NiO,
O] ()
. Vari- Vari- ; .
Layer thickness (nm) 2.5%10 Variable
able able
Dielectric constant (d) 9 11.9 11.9 10
Electron affinity (y, eV) 4 39 4.05 1.1—1.7
Band gap (Eg, eV) 3.6 1.72 1.124 3.6—4.3
Effective conduction 2.2x 2 2.8x 10
) 3 1 1x10 19 2.8x10
band density (N, cm™) 10 10
Effective valence band 2.2x 2 2.6x 19
density (N, cm™) 10' 110 10" 110
Effective electron
mobility (i, cm?V"' 20 20 1041 12
s
Effective hole mobility
(o, cn?VIS) 10 5 412.9 2.8
P>

Doping concentration

pine . 0 0 5x107  1x10"®
of acceptors (N, cm™)
Doping concentration 1x 0 0
of donors (Ng, cm™) 10"

Thermal velocity of ; , ; ;
4 1x10 1x10 1x10 1x10
electrons (7, cm's™)

Thermal velocity of ; , ; ;
4 1x10 1x10 1x10 1x10
holes (7, cm's™)

Layer density (p,
4 3 vy 2328 2328 2.328 2.328
gem”)

When y was further increased from 1.4 eV to 1.7 eV,
all parameters decreased except V., which remained
unchanged. # decreased from 14.71% to 9.356%, J,. de-
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creased from 39.51 mA/cm’® to 37.71 mA/cm’, and FF
decreased from 53.66% to 35.76%. At y values exceed-
ing 1.4 eV, the energy band could easily form a high po-
tential barrier that blocks hole migration from c-Si (p) to
NiO,. Therefore, we selected y=1.4 eV as the best elec-
tron affinity of NiO; in the cell.

Tab.2 Simulation parameter settings of the front and
rear electrodes"

Electrode pa-
Front electrode Black electrode

rameter

Material Al Ag
Thickness 200 nm 200 nm
. . Ag with default n

Optical properties n=1.19; k=7.05 Ak
an

Fig.4 plotted the performance parameters as the NiO,
thickness increased from 1 nm to 9 nm. The band gap of
NiO, was set to 3.9 eV and the electron affinity energy
was set to 1.4 eV, and other conditions remained un-
changed. Increasing the NiO, thickness notably de-
creased the Jy, FF, and 7 from 40.56 mA/cm® to
39.57 mA/em’, from 57.43% to 53.51%, and from
16.16% to 14.69%, respectively, but did not affect the
Voo It was inferred that increasing the film thickness
increased the series resistance, thus worsening the con-
ductivity, hindering the transport of holes, and eventually
reducing the FF and efficiency. The thickness independ-
ence of V. could be explained by the unchanged WF at
the interfaces. In an ultra-thin NiO, film, the WF and
hole concentration will markedly increase and the device
performance will improve. A thin and conductive NiO,
film rather than thick intrinsic insulators was needed
because of its high bonding energy. In such a cell, the
device performance responded to nanometer-scale thick-
ness differences. However, the film deposited on a ran-
domly pyramid shaped device should be at least 1.5 nm
because a thinner film could not fully cover the sur-
face®. In the structure simulated in this study, the a-Si:H
(i) could easily contact the metal, resulting in carrier re-
combination. To meet the performance requirement of
the experiment, the thickness of 1.5 nm was chosen as
the optimal value for NiO, films.

We varied the WF of NiO, from 5.0 eV to 5.6 eV
and investigated its effect on the device performance. As
shown in Fig.5, the V., J, FF, and # initially increased
with increasing WF and eventually flattened. Increasing
the WF of NiO, increased the WF difference between
NiO, and the interface (Fig.6), thus enhancing the bend-
ing of the induced energy band and improving the effi-
ciency. The WF difference could generate a strong
built-in electric field that improved the separation ability
of the photo-generated carriers. The extraction of hole
was enhanced. The eventual flattening of the WF at
5.4—5.6 eV could be explained by bending and match-
ing of the high potential barrier generated in NiO, and
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its interface, which hinders the electron backflow. present'?], we selected 5.5 eV as the WF of NiO, in
As the WF of NiO, could not exceed 5.5¢eV at subsequent simulations. Under this condition, we
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obtained V,.=697 mV, J.=41.24 mA/cm’, FF=62.28%,
and 7=17.91%.
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SnO, constitutes the window and electron transport
layer in solar cells and its thickness greatly influence the
device performance. As shown in Fig.7, increasing the
thickness of the SnO, layer gradually decreased the de-
vice performance. An internal structure analysis revealed
several advantages of a very thin, dense ETL: fast ex-
traction of electrons, a short diffusion length that sup-
presses carrier recombination, and high transmittance of
the window layer, which enhanced the number of
photo-generated carriers and hence improved the device
performance. In the DASH solar cell, a 1-nm-thick SnO,
layer yielded the highest efficiency (26.67%) and the V.
of 723.4 mV, the Jy. of 43.8 mA/cm?, and the FF of 18%.
When the SnO, thickness increased to 10 nm, the V., J.,
and FF decreased to 697 mV, 41.24 mA/cm® and
62.28%, respectively, and n was 17.91%. The V. is
mainly affected by the reverse saturation current density,
which was mainly determined by junction recombination
and surface recombination. The carrier recombination
was affected by the interface properties and energy band
differences. Here, the change in V. could be explained
by the lengthened diffusion length of SnO,, which in-
creased the recombination rate of carriers and thereby
reduced the device performance. The Jy, depended on the
number of photo-generated carriers. A thicker window
layer reduced the light transmission and hence the num-
ber of photo-generated carriers, so the J;. decreased. A
thin dense layer increased the Ji. by reducing the series
resistance. However, if the SnO, layer was too thin, pin-
holes were easily generated in the experimental prepara-
tion. As pinholes leak charged'¥, they increased the like-
lihood of carrier recombination. To minimize the pin-
holes and series resistance, the thickness of SnO, film
should be around 2 nm!'*’. We therefore set the SnO,
thickness to 2 nm in the simulation study.

Selecting the appropriate WF value was very important
for the ETL, because the PN junction of dopant-free
asymmetric  heterojunction solar cells extracted
photo-generated carriers through the asymmetric sur-
face-band bending generated by the high and low WFs of
the HTL and ETL. The surface energy and of the film with
the lower WF bend downward, enabling smooth flow of
the photo-generated electrons into the ETL. The wide
band gap prevented carrier recombination by blocking the
flow of photo-generated holes, which was called elec-
tron-selective contact. Conversely, the surface energy band
of the film with a high WF bends upward, allowing the
efficient transport of photo-generated holes while blocking
photo-generated electrons. This opposite phenomenon is
called hole-selective contact'!). Therefore, the WF of the
metal oxide in DASH solar cells must be tuned to opti-
mize the energy level shift. Since the electron affinity of
SnO, was set to 4.0 eV in the simulation, the calculated
range of WF was from 4.1 eV to 4.5 eV.

As evidenced in Fig.8, the V., Ji, FF, and 5 de-
creased as the WF increased from 4.1 eV to 4.5 eV. The
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V. decreased noticeably from 705.6 mV to 694.1 mV,
the # reduced from 23.85% to 14.11% owing to losses in
FF and V.. These phenomena could be understood from
the energy band diagrams in Fig.9. As the WF of SnO,
increased, the energy band mismatched between SnO,
and its interface reduced, thus lessening the bending of
the induced energy band and lowering the collection of
photo-generated electrons. The V. was lowered accord-
ingly. The bending amplitude of the energy band was
maximized at 0.42 eV when the WF was 4.1 eV. The
band bending amplitude decreased to 0.18 eV when the
WF increased to 4.5 eV. Therefore, a suitable WF was
essential for the collection of electrons and holes. Here,
the WF of SnO, was selected as 4.1 eV.

As is well known, monocrystalline silicon substrates
contain many defects near the surface. Therefore, the
surface must be modified by a passivation layer that di-
minished the surface defects. The a-Si:H (i) layer pas-
sivates the dangling bonds on the surface of monocrys-
talline silicon, converting them to Si-H-Si bonds and
realizing a long minority-carrier lifetime. Such a condi-
tion was important for maintaining high V.., high effi-
ciency, and an excellent temperature coefficient. Inser-
tion of an a-Si:H (i) layer was the typical passivation
method used in SHIJs, and other solar cells. Therefore,
this excellent passivation structure has also been adopted
in DASH solar cells™*.

697.5
697.0
696.5
696.0

Q=900

d

)

o—9
1 1 1 1 1 1 1
50 51 52 53 54 55 56
Work function of NiO, (eV)
(a)

D

O
w h $ L

N
rr1rrrr1rrr 1 11 1 v T1 T

J. (mA/en’)

40.0+

3951 @

1 1 | 1 1 1L L
50 51 52 53 54 55 56
Work function of NiO, (eV)

(b)

Optoelectron. Lett. Vol.19 No.6

65

60

FF (%)
s
|

50

| | 1 1 | | |
50 51 52 53 54 55 56
Work function of NiO (eV)
()

45

20

18 = PP Y

1 (%)

12 1 | ! 1 I ! !
50 51 52 53 54 55 56

Work function of NiO (eV)
(d)
Fig.5 Performance parameters versus NiO, WF in
DASH solar cells: (a) Voc; (b) Jsc; (¢) FF; (d) n

0F ! TN
| Y
b : E— 0oV
I ! =
3 b | e\ NS 4 ¢
P-c-Si ja-StH (] NiO, | 55¢V]
= ! ¢ —56eV]
L-2 !
> .
20 1
2 .
G-3 [
= | i :
4 ;
i
SE 1 1 1 : 1 : et | 1
00300008 0030001 000300012 00300014 0030001 6 0030001 8

Position (cm)

Fig.6 Energy band diagrams of NiOx with different WFs

However, as the conductivity of intrinsic amorphous
silicon was sub-excellent, the thickness of the a-Si:H (i)
passivation layer must be properly adjusted. From the
perspective of passivation performance, intrinsic
amorphous silicon was grown by plasma enhanced
chemical 1 vapor deposition (PECVD). The thicker the film,
the better the passivation effect (V). However, an exces-
sively thick film will lead to optical parasitic absorption loss
(Js) and electrical loss (FF). Therefore, in the actual
preparation process, the thickness of intrinsic amorphous
silicon film was controlled to be at least 3 nm. If it is too
thin, the coating property of amorphous silicon on the sur-
face pyramid will be poor and the passivation performance
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will be reduced. An excessively thin layer will incom-
pletely cover the substrate, leaving contact points between
SnO, and the monocrystalline silicon substrate. At these
contact points, serious recombination of carriers occurs.
Meanwhile, an excessively thick a-Si:H (i) passivation
layer will increase the series resistance, resulting in loss of
FF and efficiency. We thus varied the thicknesses of the
front and rear passivation layers from 1 nm to 5 nm and
observed their effects on the performance of DASH solar
cells. The simulation results are plotted in Fig.10. The
parameters were maximized when the front and rear pas-
sivation layers were both 1nm in thick: #=27.03%,
Voi=124.7 mV, J,=44.22 mA/cm?, and FF=84.33%. When
the front and rear passivation layers were 5 nm in thick, #,
Voeo Jooo and FF were reduced to 15.2%, 677.3 mV,
39.51 mA/cm’, and 56.82%, respectively. The reduction of
Vo as the thickness increased from 1 nm to 5 nm could be
explained by the longer diffusion distance in the thicker
a-Si:H (i), which increased the likelihood of carrier re-
combination across the interfaces during the transport
process. Meanwhile, the J;. could be decreased by optical
losses in the front passivation layer as the a-Si:H (i) thick-
ness increased. These losses reduce the number of
photo-generated carriers. Increasing the thicknesses of the
front and rear passivation layers might also increase the
series resistance. To identify the more important of these
two possibilities, we carried out spectral simulations of the
external quantum efficiency (EQE) and internal quantum
efficiency (IQF) in systems with different a-Si:H (i)
thicknesses. The spectra were not obviously changed by
increasing the a-Si:H (i) thickness from 1 nm to 3 nm
(Fig.11), indicat ing that the thickness-dependent effi-
ciency change was driven by excessive series resistance.
Thethickness-dependen t decrease of J, from 4 nm might
reflect the simultaneous influences of both of the
abovementioned possibilities.
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Fig.9 Band diagrams of SnO- with different WFs

If the experimental cell structure was pyramid shaped, it
could not be completely covered by a 1-nm-thick a-Si:H
(1) layer, and current leakages will likely occur. In the ex-
perimental design, we thus chose a 3-nm-thick a-Si:H (i)
passivation layer. After optimizing each layer, we obtained
a DASH solar cell with the V. of 693.1 mV, the J, of
43.34 mA/en’, the FF of 70.17%, and the n of 21.08%.
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The current-voltage (I-V) characteristic of the optimized
cell is plotted in Fig.12.
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Finally, we simulated the performance and stability of
the optimized device in the temperature range of
260—340 K. As shown in Fig.13(a), V,. decreases with
increasing temperature, which may be due to the excita-
tion thermal vibrations of electrons and holes that in-
crease the complexation rate of electron-hole pairs upon
temperature rise, and combined with the analysis of the
efficiency plot in Fig.13(d), the device performs poorly
at high temperatures of 360 K. For most semiconductors,
the band gap decreases with increasing temperature.
Therefore, the solar cell responds to the longer wave-
length region of the solar spectrum, so the short-circuit
current density increases with increasing temperature.
From Fig.13(c), we can see that the FF of the device
decreases sharply at 260 K, thus indicating that the FF
greatly limits the efficiency of the device at low tem-
peratures. Finally, we find that the optimal temperature
suitable for the device structure is 290 K, when V. is
716.1 mV, J,, is 43.3 mA/cm?, FF is 70.01%, and effi-
ciency is 21.71%.

To optimize the structure of undoped asymmetric solar
cells, we simulated an Al/SnO,/a-Si:H (i)/c-Si (p)/a-Si:H
(1)/NiO,/Ag structure using AFORS-HET software and
optimized the band gap energy, electron affinity, thick-
ness, and WF of the hole transport layer. The thickness
and WF of the electron transport layer were also opti-
mized, and the thickness of the a-Si:H (i) passivation

Optoelectron. Lett. Vol.19 No.6 * 0345 «
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Fig.12 I-V characteristic of the optimized DASH solar
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layer was adjusted to improve the efficiency of the

DASH solar cell. After optimization, this solar cell at

300 K has the V,. of 693.1 mV, the J,. of 43.34 mA/cm?,
the FF of 70.17%, and the # of 21.08%.
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