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Dopant-free heterojunction opens new doors to highly efficient silicon solar cells with interdigitated back-
contacts (IBC) via an easy hard-mask processing. However, the existence of inevitable overlap between the
hole- and electron-transport layers may cause edge leakage and recombination, which will deteriorate the power
conversion efficiency. Here we unambiguously determined the edge recombination and recombination losses
quantitatively, in combination with detailed comparisons in photovoltaic parameters, dark and light current-
voltage (I-V) curves, partially illuminated I-V curves, of the hard-mask processed and the lithography pro-
cessed IBC devices. Without the interfacial passivation layer, the solar cells fabricated by the hard-mask method
suffer severe edge recombination with loss of 3 x 10~ A and a quite poor fill factor (FF) of ~66%, suggesting
that the edge recombination could be another important issue affecting the FF besides the series resistance. With
the clear understanding of the edge effect, we finely control the edge overlap, and finally obtained silicon dopant-
free solar cells (with of intrinsic amorphous silicon as passivation layer) with over 20% efficiency and 73% FF

either by lithography or by hard-mask methods.

1. Introduction

The record power conversion efficiency (PCE) of single-junction
crystalline silicon (c-Si) solar cells so far reaches 26.7% [1]. This de-
vice combines the interdigitated back-contact (IBC) structure with het-
erojunction of doped/intrinsic amorphous silicon (a-Si:H) [2,3], called
IBC-silicon heterojunction (IBC-SHJ) solar cell. Because both the posi-
tive and negative electrodes are put on to the rear side of the solar cells,
the electrode shading loss is completely eliminated and the parasitic
absorption loss relating to the front doping layer is reduced. These two
advanced aspects endorse an extremely high short circuit current den-
sity (Jsc). In addition, the IBC-SHJ cells also benefit from the excellent
passivation quality provided by the intrinsic a-Si:H layer, and a prom-
ising open circuit voltage (V) is thus ensured by the SHJ design.
However, current studies on IBC-SHJ cells do stop at a laboratory scale
because the developments towards large-scale industrial-level produc-
tion are heavily limited by the complex fabrication process and the huge
investment on facilities. The lack of cost-effective patterning method of
the interdigitated electrode stacks is a primary constraint. In particular,
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the steps, including a-Si:H deposition and the subsequent patterning for
isolations, during the fabrication of an IBC-SHJ cell, highly relies on
expensive facilities including chemical vapor deposition, photolithog-
raphy, dry etching, etc [4].

In this context, dopant-free heterojunction emerges as a hot topic as
it can be deposited by simple methods, such as evaporation and spin-
coating [5-7]. The formation of dopant-free heterojunctions relies on
the work functions of the functional materials themselves, so additional
doping is not required. This technology is a more cost-effective alter-
native to the conventionally doped a-Si:H. The carrier transport layers
can be divided into hole transport layer (HTL) and electron transport
layer (ETL) according to which type of carriers is transported. So far, one
kind of the most successful HTL materials are transition metal oxides
(TMOs), including molybdenum oxide (MoOy) [8,9], vanadium oxide
(VOy) [10] and tungsten oxide (WOy) [9], and all possess high work
function property that benefits hole transportation. Oppositely, metal
oxides like magnesium oxide (MgOy) [11], titanium oxide (TiOy) [12,
13], salts like magnesium fluoride (MgFyx) [14], lithium fluoride (LiFy)
[15], are all low work function behavior and have small barrier offset
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with the conduction band of n-Si, always serving as ETL materials.
Furthermore, it is of great reference value for fabricating a novel IBC
silicon solar cell with dopant-free heterojunction (we name it as
IBC-DFHJ).

In 2016, Um et al. [16] used MoOy and LiFy as HTL and ETL,
respectively, to prepare IBC-DFHJ solar cells with the efficiency of
15.4%. Compared to the traditional IBC-SHJ solar cells, the simple
preparation process attracts great attention. For example, Wu et al.
further simplified the method by using a hard-mask method instead of
lithography and fabricated IBC-DFHJ solar cells [17]. They compared
the performances of cells with different HTL materials of MoOy, WOy
and V,0y, and finally obtained the best PCE of 16.6% from the device
with V204/Si heterojunction. In 2017, Masmitja et al. [18] obtained a
PCE of 19.1% by applying V2O as HTL and Aly03/TiO2/Mg/Al as ETL in
their IBC-DFHJ solar cells. In 2018, Wu et al. [19] successfully realized
22.2% PCE of IBC-DFHJ solar cells by adding a thin passivation layer of
intrinsic a-Si:H in between the carrier transport layers (MoOy as HTL and
MgFy as ETL) and the c-Si substrate. At the same time, our group re-
ported IBC-DFHJ solar cells that were constructed by either
solution-processed poly(3,4-ethylenedioxythiophene): polystyrene or
evaporated metal oxides [20,21].

It is well known that, even for conventional front-back contacted
solar cells, the edge quality of p-n junction will greatly affect the
photovoltaic characteristics [22-24]. Because of the influence of edge
recombination, the efficiency of silicon solar cells with a small area is
often lower than that with a large area (a larger average distance from
the edge region). In the IBC solar cells, the edge region of p-n junction is
even longer in the interdigital structure of positive and negative elec-
trodes. So the carrier recombination current at this region, caused by
junction recombination, would largely reduce the PCE of IBC solar cells.
Through the good suppression of this recombination, most of the devices
would show obvious improvements in photovoltaic (PV) performance.
For example, Muller et al. [25], found an increase in PCE of
diffused-junction IBC cells by 2% absolutely after reducing the
second-diode recombination current density (Jo2) from 82 to 12
nA/cm?.

Concerning the IBC-DFHJ solar cells, especially for the cells fabri-
cated by hard-mask method, the relatively rough overlapping area be-
tween the HTL and ETL (naming gap region), may cause additional
problems including edge leakage and recombination. In fact, unsatisfied
fill factor (FF) has been found in our previous IBC-DFHJ solar cells
fabricated by hard-mask method. Attributing the low FF straightfor-
wardly to series resistance cannot well explain all experimental phe-
nomena, as lower FFs were also shown in the IBC devices with extremely
low contact resistance. The lack of study on the edge effect in IBC-DFHJ
solar cells does not only restrict our understanding in the above phe-
nomena, but also hinders us to improve the efficiency of this kind solar
cells in future. Therefore, it is essential to quantitatively analyze the
quality of edge region and study the influence of edge recombination (or
edge effect) on the photovoltaic performance of IBC-DFHJ solar cells.

Here, we figured out the reason for low FF by comparing the IBC-
DFHJ devices that were constructed by either hard-mask method or
well-defined lithography technique. We quantitatively analyzed the
recombination and determined the location of the recombination
through a modified Cox and Strack method (CSM) and partial illumi-
nation method. It is shown that the lithography method with AlyO3
passivation layer at gap region suppresses the edge recombination well,
making the recombination current (Iyy) below 5 x 10719 A, while the Ipy
reaches 3 x 10~ A in the cells fabricated with a hard-mask method
without gap passivation. The FF of the solar cells increases from ~66%
of the hard-mask method to >75% of lithography method. This suggests
that the edge recombination is another important issue affecting the FF
besides the series resistance. According to above experimental data, we
further proposed a simulation model and successfully explained the
process of edge effect in hard-mask processed IBC-DFHJ devices. Based
on the above understanding, we finally obtained IBC-DFHJ solar cells
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(with a-Si:H layer passivation layer) with over 20% efficiency and 73%
fill factor by using both lithography and hard-mask methods.

2. Results and discussion

Fig. 1a-b shows the rear side photographs of the two types of IBC
devices fabricated by hard-mask method and lithography method. The
width of HTL, ETL and gap region are set as 1500 pm, 500 pm and 100
pm, respectively. Fig. lc—d exhibit the corresponding cross-sectional
schematic diagram of IBC-DFHJ solar cells with a pitch. Here, n-type
silicon was selected as the substrate, random pyramid was used as the
anti-reflection textures on the front surface, Al,O3 and SiNy films were
served as the passivation layer and anti-reflection layer, respectively. On
the rear side of the solar cells, interdigitated MoOy/Ag and LiF/Al were
deposited to form the HTL and ETL, respectively. A 4-nm a-Si:H film
would be inserted as passivation layer if required. The area between the
HTL and ETL is called gap region, and the corresponding magnified
schematics of this region are showed in Fig. le-f. As shown in Fig. le,
the thickness of MoOx film becomes thinner gradually at the edge, which
is caused by the evaporation method with rotation. Note that the reason
why we must apply this rotation method is to prevent the sequential Ag
layer from directly contacting with silicon at the edge, which may
generate a serious leakage channel. By contrast, the edge of MoOy layer
keeps the same thickness as other region and shows a distinct boundary
line (Fig. 1f) in the situation of lithography method, because of the
protection of photoresist. Using the hard-mask method, an ~10 pm wide
transition region with Ag particle was observed in the SEM images,
while it does not exist on such area in the sample fabricated by photo-
lithography (Fig. S1). The corresponding light current density-voltage
(J-V) curves and photovoltaic performance of the IBC-DFHJ solar cells
produced by these two methods are shown in Fig. 1g and Table 1,
respectively. The efficiency descent of the hard-mask processed device
in comparison with the one fabricated by lithography could be mainly
caused by the degraded FF. In the case of 0 nm a-Si:H, the FF decreased
from 76.2% (lithography) to only 67.7% (hard-mask). The series re-
sistances for both kinds of devices derived at open-circuit voltage (Vyc)
point are almost the same and obviously cannot be a reasonable expla-
nation for such a large difference in FF. Meanwhile, the difference of
shunt resistance (Rg,) derived at Js. point, decreased from the 5.8 kQ
cm? (lithography) to 0.7 kQ cm? (hard-mask), indicating a possibly large
leakage current at the p-n junction in the hard-mask processed IBC solar
cell. However, from the further analysis of light J-V curve in Fig. S2, the
real Ry, (representing the leakage current of p-n junction) of this hard-
mask processed IBC-DFHJ solar cells is good enough, reaching at ~4
kQ cm?. This indicates that the low Rgy, at Jy is not caused by the leakage
current of the p-n junction. When the passivation layer of 4 nm a-Si:H
was introduced, the average PCE of lithography processed IBC solar cell
approaches 20.2% (FF = 73.2%) while that of hard-mask method is still
below 19% (FF<71%).

It is well known that a strong inversion layer forms when MoOx layer
contacts with n-type silicon, yielding a heterojunction that plays a
similar role of p-n junction in conventional solar cells. The edge quality
of such junction does greatly affect the photovoltaic characteristics,
especially in the IBC-DFHJ structure, where the edge region of the
heterojunction is longer than that of conventional one due to the
interdigital structure of HTL and ETL. The edge recombination could be
the main reason leading to the large FF loss in hard-mask processed IBC-
DFHJ solar cells. Fig. 2 shows the edge recombination problem of IBC-
DFHJ solar cells prepared by hard-mask method. Fig. 2a and b are the
enlarged SEM image of the dotted black box in Figs. la and 2a,
respectively. The inset in Fig. 2b shows the normalized profiles of the
deposited MoOy and Ag films. From Fig. 2b, it reveals that the thickness
of MoOy film becoming thinner gradually at the edge region, and the
width of this gradient region is more than 120 um (see the normalized
contour lines of MoOy film in the inset). To better understand the in-
fluence of edge recombination on the PV performance, an equivalent
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Fig. 1. Comparison of IBC-DFHJ solar cells fabricated by hard-mask method (a,c,e) and lithography method (b,d,f). (a,b) The photograph of the device’s rear side. (c,
d) The schematic diagram of solar cell structure. (e,f) The corresponding close-up of the gap region marked by black dashed boxes in (c) and (d), respectively. (g) The

light J-V curves of IBC-DFHJ solar cells with 0 or 4 nm a-Si:H films.

Table 1
Photovoltaic performance of dopant-free IBC solar cells showed in Fig. 1g.
Thickness of Methods® Voc” Jie FF° PCE” Rsat Vo Ry at Ji”
-Si:H? _ - =
sl W (mA/cm?) ) ) (@cm?) (kQ-cm?)
0 nm Hard mask 0.560 36.5 67.7 13.8 1.6 0.7
(0.558 £ 0.005) (36.2 £ 0.4) (65.7 £ 2.4) (13.5 £0.2) (1.7 £ 0.1) (0.8 +£0.6)
Lithography 0.591 35.4 76.2 15.9 1.4 5.8
(0.584 + 0.008) (34.8 £0.8) (75.5 £ 0.9) (15.2 £0.7) (1.6 +£0.2) (42+1.2)
4 nm Hard mask 0.651 41.6 70.8 19.2 2.1 3.1
(0.643 £+ 0.011) (41.3 £0.3) (70.7 £1.1) (18.8 £ 0.6) (2.1 +0.2) (1.8 £0.9)
Lithography 0.666 41.6 73.2 20.3 2.4 21.3
(0.662 + 0.006) (41.5£0.3) (73.3£0.7) (20.2 £0.2) (2.5+0.3) (24.2 £15.3)

@ Data and statistics based on five cells of each condition.
b Numbers in bold are the champion values of each condition.

circuit and the corresponding J-V curves of the solar cells with and
without edge recombination are given in Fig. 2c and d. In the equivalent
circuit, the dotted red box marked as H presents the high recombination
contribution caused by edge effect. The distance from the edge to the
collection electrode, leads to a resistance term, Roy. Therefore, it in-
cludes the high recombination current density (Joy) and Roy [26-29].
After the introduction of serious edge recombination (Fig. 2d, parame-
ters are showed in the inset), although both solar cells have the nearly
same V. and Jg, the filling factors of the solar cells are greatly reduced
from the original ~72% to below 66%. The conversion efficiency of the
solar cells was thus greatly reduced. More importantly, this curve well
coincides with the experimental data in Fig. S2, in which the Ry, at Jg is

apparently smaller than the real Ry, (extracted by the slope of the J-V
curves at negative bias of -0.6~-0.4 V).

We exhibited the edge recombination and calculated the J-V curves
based on the assumed parameters of Joy and Roy (Fig. 2). Unfortunately,
there are no available methods to extract the value of edge recombi-
nation experimentally for this newly developed IBC-DFHJ solar cell.
Here, a traditional measuring method, Cox and Strack method (CSM),
which is commonly used to measure the contact resistance [30,31], was
modified by us to make it suitable for extraction of the edge recombi-
nation of MoOy/n-Si heterojunction. Fig. 3a shows the schematic testing
configuration of devices for edge recombination. The MoOy and Ag thin
films were deposited on the n-Si wafer to form disk-like MoOy/n-Si
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Fig. 2. Effect of edge recombination in IBC-DFHJ solar cells. (a) Amplified SEM image of black dashed boxes in Figure (a). (b) Amplified SEM image of black dashed
boxes in (a). The inset is the normalized contour lines of Ag (red line) and MoOy (black line) films. (c) The equivalent circuit for normal solar cells considering high
recombination loss. (d) Illumination J-V curves of devices with and without high recombination loss (H). The inset is the table of simulation parameter.

MoO,/Ag Edge rg

Fig. 3. Measuring method for the edge recombination of dopant-free hetero-
junction. (a) Schematic diagram of the test method. (b) The principle diagrams
of measuring edge recombination.

heterojunctions with various diameters. With the measurement of I-V
curves of those disks, the edge recombination can be defined through the
analysis of experimental data. Fig. 3b shows the schematics of the
amplified disk for analyzing the components of recombination current,
which includes center recombination current (Ib) and edge recombina-
tion current (Iy"). Obviously, the center recombination current should be
linearly proportional to the area of disk, while the edge recombination
current should be linearly related to the perimeter of the disks [32-34].
Therefore, the Iy = Iy’+ I” (1) can be written as

(r-d2/4)-Jo = (x-d2/4)-Jy'+ (m-d)-Jo” @)

and after dividing (1-d%/4) at both sides of equation, we can get Joy =
Jo’+ (4/d)-Jo” (3), where the Ij is total recombination current, J rep-
resents the current density and d is the diameter of the disks. According
to the equation (3), we can easily quantify the edge recombination by
changing the diameter of disks.

With this method, we began to measure the edge recombination of

MoOy/n-Si heterojunction. Fig. 4a shows the schematic of test structure
fabricated by hard-mask method and lithography method, respectively.
Al,03 was introduced as passivation layer at the edge region in lithog-
raphy method, and therefore it can be used for the comparison of the
edge recombination of MoOx/n-Si heterojunction with and without
passivation in edge region. More details on the fabrication of testing
samples are given in the experiment part. Fig. 4b presents the dark I-V
characteristics of above two types of samples with three different di-
ameters, 0.24, 0.12 and 0.06 mm. The data is plotted in three ways,
current/area vs voltage (J-V), current/perimeter vs voltage (I/P-V) and
local ideality factor vs voltage (m-V). When the voltage is lower than
0.35 V (Fig. 4b), the I/P-V curves of three diameters overlapped
together, which represents a linear relationship between the recombi-
nation current and the perimeter. The ideality factor m = ~2 was
derived around 0.3 V according to the linear dependence of recombi-
nation current on the exp(V/2Vy) in Exp.1, where Vr is the thermal
voltage. In contrast, m = ~1.3 in Exp.2. It’s well known that, the closer
of the m value to 1, the more ideal of the junction is. Oppositely, it
represents a high recombination in depletion-region when the value of m
is closer to 2. It plotted the Jo; (m = 1), Jog (m = mgy), and 1/Rg as a
function of 4/d in Fig. 4c, d, and e, respectively, and according to the
equation (3), the recombination or shunt resistance from edge region
can be extracted from the slope of the fitting line in Fig. 4c-e. Appar-
ently, with the help of passivation at the edge region, the edge recom-
bination and current leakage can be well suppressed, with Jo;”
decreasing from 65 fA/cm to 3.8 fA/cm, Joy” decreasing from 3.8 nA/cm
to 5.7 pA/cm, and Rgy,” increasing from 3.4 x 108 Q.cm to 7.6 x 10° Q
cm. According to above date, the recombination current (Ipy”) from the
edge region can be easily calculated. For an example, in the IBC-DFHJ
solar cells fabricated by hard-mask method, the Ipy can reach ~2 x
1077 A (3.8 nA/cm x 44 cm, where 44 cm is the perimeter of MoOyx/n-Si
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Fig. 4. Analysis of measuring results using the method in Fig. 3. (a) Schematic of test structure fabricated by hard-mask method (Exp.1) and lithography method
(Exp.2). (b) J-V, I/P-V and m-V curves for the test structure in Figure (a). (c—e) Calculations of Jy” (c), Jou” (d) and Ry, (e) contributed by edge region.

heterojunction in the real IBC solar cells showed in Fig. 1a).

Above quantitative study only under dark condition is still not
enough to fully reflect the edge effect because of the possible difference
of recombination in dark and light conditions [35], therefore, I-V curves
of IBC-DFHJ solar cells both in dark and light conditions are measured
and analyzed in Fig. 5. The experimental data of dark I-V curve (and
light I-V curve shifted by the short-circuit current Iy [34,35]) are plotted
in Fig. 5a and b, and the corresponding analysis I-V curves according to
the equivalent circuit showed in Fig. 2¢ (includes Rgy, Ip1, Io2 and Ioy),
are plotted by solid line. The quality of junction was reflected by m-V
curves (Fig. 5¢), which can be used to extract the parameters of the
equivalent circuit. After well fitting, the parameters are extracted and
listed in Table S1. For the main recombination items in dark I-V, Iy =

3.2 x 1077 A, is well consistent with the value of Ioyg (~2 x 1077 A)
evaluated in Fig. 4. It should be mentioned that, when mgy = 2 and Ry
= 0 Q, Ipy is equal to Iyy. Therefore, it may difficult to distinguish the
items of Iy, and Iyy, especially when mog = ~2 and Rog = ~0 Q, but both
of them can be recognized together as the recombination in p-n junction.
From the comparison of the dark and light conditions, it is obvious that
Ion increased by nearly 6 orders of magnitude, from 5E-10 A to 3E-4 A
(Table S1), and it has a distinctive hump in the m-V curve (Fig. 5c),
which indicates a huge resistance limited enhanced recombination (very
likely from edge recombination) will occur in light condition. This
means that it suffers a more recombination in light compared with that
in dark. Fig. 5d shows the experimental and fitting light J-V curves,
where Fit 1 and Fit 2 are according to the results from dark I-V and light
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-V curves, respectively. Compared to the situation in dark condition, an
additional recombination item in light lead to even worse FF, with
decreasing from ~73% in dark (Fit 2) to ~66% in light (Fit 1).

To figure out the approximate position of this additional recombi-
nation from, we further developed an analytical method based on local
illumination. The details of the method are schematically shown in
Fig. 6a. The measurement of IBC-DFHJ device under All, ETL and HTL
area illuminations are achieved through using a special opaque mask.
For convenience, we named above measurements as “All”, “ETL” and
“HTL”, respectively. Here, for a fair comparison, we keep the total
illumination area of above measurements as large as possible, and the
actual total illumination area of “All”, “ETL” and “HTL” are 1.0 cm?,
0.81 cm? and 0.81 cm?, respectively. Fig. 6b shows the light I-V curves
shifted by the corresponding I, as well as the dark I-V curve, while the
corresponding light J-V curves as well as m-V curves are shown in
Fig. S3. The corresponding photovoltaic performances are listed in
Table S2. One can see that the I-V curve of “HTL” is close to that of
“Dark”, while that of “ETL” nearly overlaps with that of “All”. This result
proves that the additional recombination mainly affects the collection of
the photon-generated carriers on the ETL region. Because the excess
minority carriers above the ETL region are mainly collected at the edge
of HTL as current, it indicates the additional recombination is most
likely from the edge region of HTL. After carefully fitting the I-V curves,
we also extracted the value of equivalent circuit parameters, which has
been listed in Table S1. Fig. 6¢ shows the calculated FF loss according to
above extracted values (the other PV performance are listed in
Table S2). From that, compared with the FF of “Dark”, the FF for both
“All” and “ETL” decrease to ~66% and ~60%, respectively. While that
in “HTL” is nearly the same as the “Dark”, at ~71%. It also shows that
the FF loss caused by recombination is occupied the most proportion in
all situations. That indicates the main reason of poor FF of this IBC-DFHJ
solar cell does relate to the edge recombination.

Local illumination analysis was further applied to study the IBC-

DFHJ solar cells fabricated by lithography method. As shown in
Fig. 6d and Fig. S3d (the corresponding PV performance are listed in
Table S2), all I-V curves or m-V curves nearly overlapped together,
which indicates the superposition principle is suitable for the IBC de-
vices fabricated by lithography method, and no additional recombina-
tion happens in light condition [36]. At the same time, the extracted
parameters listed in Table S1 indicate a small recombination value in
this structure, echoed by the suppressed Ipy of only 5.0E-10 A (moyg =
~1.3). Finally, as shown in Fig. 6e, all tests reveal quite good FF beyond
75%.

Except for the difference of passivation layer at the gap region, the
extending of the MoOy in gap region is another obvious character in the
IBC-DFHJ device fabricated by mask method. Therefore, IBC-DFHJ
models with and without emitter (HTL) in the gap region are utilized
to simulate the solar cells fabricated by the two methods (Fig. 7a). To
reflect the actual conditions, the sheet resistance of emitter in gap region
is set as 10* Q/[7], which is derived from the measurement of sheet
resistance of inversion layer through using a transfer length method
(TLM) [37]. As shown in Fig. 7b, with the growth of Sy, (the surface
recombination rate of gap region), the FF in IBC-DFHJ model with
emitter decreases quickly from >80% to <45%, while the FF for the one
without emitter shows unchanged value at ~80%. Two conclusions can
be drawn: (1) the MoOx layer extended to the gap region increase the
edge recombination, leading to the decrease of FF; (2) the recombination
in the none-collection region (gap and ETL region) have negligible effect
on the FF of IBC-DFHJ devices. From the transportation of holes in
IBC-DFHJ devices (Fig. 7c), it shows the holes generated above the HTL
will directly transmit to HTL, while that above the ETL will transmit
across the gap, leading to the highest hole current density at the region
of HTL. For the sample with MoOy in gap (with emitter), this high hole
current occurred at the middle of gap region will cause severe recom-
bination. Finally, as shown in Fig. S4, with the help of a 2-nm passiv-
ation film of a-Si:H, IBC-DFHJ solar cells with efficiency up to 20.6% was
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Analysis of FF loss.
achieved.
3. Conclusion

In this work, we systematically studied the edge recombination in
silicon-based IBC solar cells with dopant-free heterojunction. Firstly, a
modified Cox and Strack method (CSM) was proposed to extract the
edge recombination loss of MoOy/Si heterojunction. The results under-
line that the test device fabricated by hard-mask method reveals obvious
higher edge recombination current density than that by lithography
method, with decreasing Jog” from 3.8 nA/cm to 5.7 pA/cm. Secondly,
the I-V curves of IBC-DFHJ solar cells fabricated by hard-mask method
was tested both in dark and light conditions. It exhibits an additional
recombination channel in light condition in comparison with the case in
dark, which limits the FF below 66%. Thirdly, through using local illu-
mination method, the additional recombination in light was found to be
related to the edge region of HTL. Fourthly, through using simulation
method, HTL extending to the gap region may be another reason for the
deteriorated edge recombination, leading to an even worse FF. With the
guidelines from the above insight, we finally fabricated IBC solar cells
with dopant-free heterojunction reaching efficiency to 20.6% and FF to
75.6%.

3.1. Experimental section

3.1.1. IBC-DFHJ solar cells fabrication

One side polished n-type (1-3 Q cm) silicon wafers with 250 pm
thickness were used to fabricate IBC solar cells. Firstly, random-pyramid
textures were fabricated by 80 °C mixed solutions with 2.5 wt% NaOH
and 1.5 wt% isopropanol for 15 min. And to obtain one side pyramid-
textured wafer for fabricating IBC-DFHJ solar cells, a homemade tool
was used to protect the polished side of the wafers in textures process.
Secondly, above one-side pyramid textured wafers and the original
wafers were cleaned by standard Radio Corporation of America (RCA)
cleaning processes, and then were disposed by 4 wt% HF to remove SiO5
on the surface of the wafers. Thirdly, the passivation layer, Al;03 (~15
nm), and the anti-reflection layer, SiNy (~75 nm), were deposited by
atomic layer deposited (ALD) and plasma-enhanced chemical vapor
deposition (PECVD), respectively. To activate the passivation of Al,O3,
the samples were annealed at 450 °C in Ny atmosphere for 30 min. And
then, for the IBC-DFHJ devices inserting intrinsic hydrogenated amor-
phous silicon (a-Si:H) as passivation layer at the rear side, 4 wt% HF was
dipped on the polished side of above sample to remove the Al;O3, fol-
lowed which a-Si:H films with 2-4 nm thickness were deposited by
PECVD, and SiNy film (~80 nm) also be deposited if it is used for
fabricating IBC devices through lithography method. Fourthly, through
using thermal evaporation with the hard-mask or lithography pattern,
MoOyx/Ag (10/400 nm) and LiF/Al (0.5/400 nm) films were deposited
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on the rear side as HTL and ETL, respectively, and more details about the
preparation flow were showed in Fig. S5.

3.1.2. Fabrication of testing devices for extracting the edge recombination

One side polished n-type (1-3 Q cm) silicon wafers with 250 pm
thickness were used to fabricate these testing devices. In order to be
consistent with the actual IBC-DFHJ solar cells, all wafers were cleaned
by standard RCA cleaning processes, followed by a deposition of 15 nm
Al»0s film through ALD and 450 °C annealing in N atmosphere. For the
situation of using the lithography method, positive photoresist was spin-
coated on the polished side of the wafers, and a hard-mask, containing
an array of circular holes with different diameters, called C.S. mask 1,
was used as photoresist mask. After exposure and develop, this array was
transferred to the photoresist. Immersing the samples with photoresist
pattern into 4 wt% HF solutions for 30s to remove the AlyOs3 film of
circular holes. Another hard mask, containing an array of circular holes
with the same diameter (0.36 cm), called C.S. mask 2, was used to isolate
each test pads. With the help of C.S. mask 2, an array of MoOx/Ag (10
nm/400 nm) circular pads was formed by thermal evaporation. At last,
InGa alloys was coated on the rear side of the test wafers by drawknife.
For the situation of using the hard-mask method, the samples were
directly immersed into 4 wt% HF solutions to remove the Al,Oj3 film, and
the array of MoOy/Ag (10 nm/400 nm) circular pads with different di-
ameters were evaporated on the polished side of the testing wafers
through using C.S. mask 1. And then, also, InGa alloys was coated on the
rear side of the testing devices by drawknife.

3.1.3. Characterization

The morphological analysis of the samples was conducted by SEM
(Hitachi S-4800). The I-V curves except for Light -V curves were
measured by a Keithley 4200-scs semiconductor parameter analyzer.

The Light I-V curves of solar cells were measured under a simulated AM
1.5 spectrum sunlight illumination. The solar cells were shielded by an
opaque mask with 1.0 em? effective illumination area, except for the
measurement of “HTL” and “ETL” in Fig. 6 (which were shielded by a
special opaque mask showed in Fig. 6a). The EQE and reflectance
spectra (350-1100 nm) were measured by a quantum efficiency mea-
surement system (QEX10, PV Measurements). The minority carrier
lifetime was measured by Sinton WCT-120 lifetime tester.

3.1.4. Simulation method

Quokka software was employed to simulate the photoelectric per-
formances of IBC-SHJ solar cells. In device simulation, the main pa-
rameters were set as follows: The substrate was n-Si wafers with 3 ms
bulk lifetime. The thickness of n-Si wafers was set as 250 pm, and the
resistivity was chosen as 2 Q cm. The surface recombination velocity of
the front Al;03/Si interface and ETL were set as 5 cm/s and 1000 cm/s,
respectively, while the Jy; of HTL was set as 5 x 107'2 A/cm?. The di-
mensions of the devices’ ETL, HTL and gap were 250 pm, 750 pm and
100 pm, respectively, where it only simulated the half-pitch of the IBC
solar cells.
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