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A B S T R A C T

Nanostructured silicon (Si) can provide improved light trapping capacity in Si/organic hybrid solar cells (HSCs)
due to its low light reflectance compared with planar Si. However, the poor contact of nanostructured Si/organic
interface and serious recombination on the uncovered Si surface can result in an inferior open-circuit voltage
(VOC) and fill factor (FF) for HSCs. Here, we have designed and fabricated a novel cone-shaped Si nanoholes
(SiNHs) structures to form a superior interface contact between SiNHs and organic layer by using an advanced
metal assisted chemical etching method. In addition, a Cs2CO3 layer was also introduced on the Si back surface
to reduce the contact resistance as well as to suppress the surface recombination for the HSCs. With such im-
provements, a power conversion efficiency (PCE) up to 13.5% was achieved for Si/organic hybrid solar cell with
the back passivation layer. This work provided a new strategy to improve the junction quality and performance
of nanostructured Si/PEDOT:PSS HSCs.

1. Introduction

Recently, environment-friendly renewable energy has been widely
investigated because of concerns with global warming and depletion of
fossil fuels. Solar energy is one of the most abundant renewable energies
and solar photovoltaic (PV) power generation is one of most scientific
and sensible ways to utilize solar energy [1,2]. Crystalline silicon (Si)
solar cell has played an important role in PV market due to its excellent
optical properties, long-term stability and high power conversion effi-
ciency (PCE). However, the severe demands of high vacuum and high
temperature lead to a high cost of commercial Si-based solar cells and
thus limit their use [3,4]. In order to reduce the cost, Si/organic hybrid
solar cells (HSCs) have been developed in the past decade because they
take advantage of the low cost processing for the organic materials [5].
Meanwhile, they have superior electrical properties such as high charge
carrier mobility of the Si [6–11]. And the conducting polymer of poly
(3,4-ethylenedioxythiophene):-polystyrene (PEDOT:PSS) is a suitable
organic material to act as hole transporting and optical window as well
as antireflection layer for the HSCs. It also serves as passivation layer
[12]. When the spin-coated PEDOT:PSS thin films is used for HSCs, it
can achieve noticeable performance including high open-circuit voltage
(VOC), short-circuit current density (JSC) and fill factor (FF) [13,14].

Over past years, various methods have been utilized for improving the
performance of HSCs, such as the modification of PEDOT:PSS layer
[15,16], the addition of passivation layer at the interface [17,18]. How-
ever, the high reflectivity of planar Si limits the devices performance.
Construction of different silicon nanostructures such as silicon nanowire
arrays [12,19–22], silicon nanocones [23–26], hierarchical structure
[27–29], was applied to allow more light absorption. An enhanced JSC is
usually obtained for the nanostructured Si-based solar cell [30,31]. Un-
fortunately, the quality of nanostructured PEDOT:PSS/Si SINH is poor,
resulting in a serious electron-hole recombination and thus a low VOC.

Also, the PEDOT:PSS film is hard to penetrate into the gaps of the Si
nanostructures due to the large surface tension of PEDOT:PSS, resulting in
poor contact between Si and organics [22]. Consequently, it is extremely
important to explore the optimal surface morphology including Si na-
nostructures density, multiscale texture and novel Si structures [21,27]. A
strategy is to insert a layer of small molecules between textured Si and
PEDOT:PSS layer to partially passivate the uncovered Si [32,33]. Sun
et al. have developed a series methods for the modification of the Si
nanostructures, including the density reduction of Si nanowires via using
restructured Si with tetramethylammonium hydroxide (TMAH) [21], the
contact improvement between Si and PEDOT:PSS layer by adding 3-gly-
cidoxypropyltrimethoxydsilane (GOPS) [34]. He et al. have reported a
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cell that the PCE was improved to 16.2%, because the junction quality
was promoted by a conformal diethyl phthalate (DEP) coating [35].
Traditionally, the Si-metal ohmic contact is synthesized by high doping at
high temperatures (up to 1000 °C) to form the back surface field. This
process requires the use of hazardous doping gases and poses operational
and environmental issues. Additionally, a Schottky barrier at the metal/Si
interface will be formed when the metal electrode was contacted with
moderately doped-Si directly. The cesium carbonate (Cs2CO3) is an ef-
fective electron selective contact layer or hole-blocking layer at the
cathode interface in hybrid solar cell to suppress the recombination of
back surface [36]. From the above analysis, we reap a harvest that new
strategies and insights are needed to improve the junction quality and
performance of nanostructured Si/PEDOT:PSS HSCs.

In this paper, a simple method has been developed to adjust the
diameter and density of irregular cone-shaped Si nanoholes (SiNH) with
large opening area and shallow depth by using metal assisted chemical
etching (MACE) method. In addition, a back passivation layer of Cs2CO3

was introduced to suppress the recombination of back surface. Through
these structural improvements such as increasing the junction area and
the light trapping capacity and reducing the recombination, a PCE of
13.5% was obtained with a JSC of about 33 mA cm−2, demonstrating a
43% increase compared with the planar Si HSCs.

2. Experimental section

One-side polished n-type Si (100) wafers (phosphorus-doped,
0.05–0.1Ω cm) with a thickness of 300 µm were cut into 10 mm× 10 mm
pieces. Then it was ultrasonically cleaned in acetone, ethyl alcohol, and
deionized water for 20 min, respectively. Finally, the wafers were im-
mersed in a diluted 5% HF solution for 3 min to remove the native oxide,
receiving H termination and then washed with deionized water and dried.

Nanostructured Si was prepared via using a MACE process. First, Ag
nanoparticles were deposited on Si wafers by immersing Si in a mixed
solution of 5 M HF and 0.0 1 M AgNO3, and then it was transferred into
HF/H2O2 solution for 30 min at room temperature. The etched wafers
were dipped into nitric acid for 20 min to remove Ag nanoparticles, and
then rinsed with deionized water followed by dipping into 5% HF so-
lution for 3 min, and the whole process was repeated 4 times. Finally,
the samples were dried by a steam of N2. We have also investigated the
affection of deposition time and concentration of H2O2 on the mor-
phology of nanostructured Si.

A conductive PEDOT:PSS (Clevios PH1000) solution mixed with the
ethylene glycol (7 wt%) and Zonyl (0.1 wt%) was then spin-coated at a
spin rate of 3000 rpm on the Si plat structure and 6000 rpm on the SiNHs
structure for 40 s. Then the samples were annealed on a hot plate at 140 °C
for 20 min to remove the solvents and formed the highly conductive p-type
organic thin film. Then the Cs2CO3 and polyethylenimine (PEI) were dis-
solved in 2-methoxyethanol with concentrations of 0.5 mg mL−1 and

1 mg mL−1, respectively, and a solution mixture of Cs2CO3/PEI (v/v =
1:1) used for the electron selective layer was spin coated onto the rear of Si
structures. Finally, the Ag electrode was thermally evaporated on the top of
the PEDOT:PSS layer, and a 300 nm-thick Al film was thermally evapo-
rated onto the rear Si as back contact.

3. Results and discussion

Fig. 1 presents the schematics of c-Si/PEDOT:PSS HSCs with different
configurations of front surface texturing and back passivation layer. The
conventional nanostructured (conventional-SiNHs) SHCs is shown in the
Fig. 1(a), The SiNHs are not covered with the PEDOT:PSS completely, which
is due to the high density and small diameters of these holes , result in the
PEDOT:PSS can’t be penetrated in gaps. Thus it can introduce a large
number of recombination centers in the SiNHs. Meanwhile, the small con-
tact area between the PEDOT:PSS and Si implies few paths for photo-gen-
erated carriers separation and transportation, which indicates that the
electrons and holes have a high probability to recombine at the interface,
resulting in the deterioration of the cells photovoltaic performance in-
cluding VOC, JSC and FF. In order to reduce the surface recombination, cone-
shaped SiNHs with larger sizes can be fabricated via changing the H2O2

concentration from 0.4 to 4 M, which enable PEDOT:PSS to penetrate into
SiNHs and form a conformal cladding as shown in Fig. 1(b). Similarly, the
back surface of c-Si also has a high density of surface traps, which results in
a high surface recombination, a large reverse saturation current, and a de-
teriorated ideal factor of the Si/PEDOT:PSS junction. Also, it can lead to an
increase in contact resistance and thus a decrease in both FF and VOC. In this
paper, we introduce a Cs2CO3 passivation layer between the Si and the
back-side metal electrode to solve these issues as shown in Fig. 1(c).

For the conventional MACE process, the Ag particles were first deposited
on the Si surface, and the etching process was initiated once the sample was
transferred into the etchant solution of 5 M HF and 0.4 M H2O2. On the
contrary, in our study, a novel MACE process with 4 M H2O2 was used to
avoid the formation of the SiNHs with small diameter and high density.

We have also investigated the effect of Ag deposition parameters
and H2O2 concentration on the morphological characteristics of Si na-
nostructure. Firstly, the deposition time was explored with 15 s, 30 s,
45 s, 180 s, 10 min and 30 min. After deposition, the samples were
transferred into etching solutions, containing 5 M HF and 4 M H2O2.
The top view and cross section samples was measured by SEM as shown
in Figs. S1–S4. We selected 45 s as the optimal deposition time, and Si
was etched and formed the structure with diameters of about 300 nm,
which is superior to that with other deposition times.

When samples deposited Ag was etched in an aqueous solution
containing HF and H2O2, it can be found that cylindrical pores were
generated in the direction perpendicular to the surface. Fig. 2. shows Si
nanoholes structures with various concentration of H2O2. There is Si
nanoholes with the size of 50 nm when the H2O2 concentration was

Fig. 1. Schematics of the device structures of c-Si/PEDOT:PSS HSCs with surface texturing by using metal assisted chemical etching method with different H2O2 concentrations. (a)
Conventional SiNHs etching with 0.4 M H2O2, (b) cone-shaped SiNHs etching with 4 M H2O2 and (c) cone-shaped SiNHs etching with 4 M H2O2 combined with the back passivation layer
of Cs2CO3.
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0.4 M. The diameter of SiNHs was matched suitably with the Ag size as
shown in Fig. S1(c). With increasing concentration of H2O2, the hole
diameter became large and then the cone-shaped holes were formed.
And the bottom diameter of the pore is identical to the Ag nanoparticle
size, whereas the opening diameter of pore become large when 4 M
H2O2 was used, as shown in Figs. 2(c) and 3(c). While a smooth surface
at the macroscopic level was obtained when concentration was in-
creased to 6 M. Si etching in presence of HF and H2O2 is based on lo-
calized microscopic electrochemical processes. The schema of these
processes are shown in Fig. 4, and the reaction is as shown in Eq. (1):

+ + → + + −Si 6HF n
2

H O H SiF nH O 4 n
2

H2 2 2 6 2 2 (1)

where n is the number of holes per dissolved Si atom. This equation is
written in a general form that accounts for the two dissolution regimes
contained isotropous and anisotropic etching processes, as the

Fig. 2. Si nanostructures etching with HF/H2O2 solution by dif-
ferent concentration of (a) 0.4 M, (b) 2 M, (c) 4 M, and (d) 6 M.

Fig. 3. The cross section of Si nanostructures etched by HF/H2O2

with the concentration of (a) 0.4 M, (b) 2 M, (c) 4 M, and (d) 6 M.

Fig. 4. Schematics of the potential reaction for the dissolution of silicon in the etch so-
lution.
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reactionⅠandⅡshown in Fig. 4, respectively. This reaction is proceeding
in a similar way of the chemical dissolution of Si in HF/HNO3 [28–31].
When n = 2, H2O2 oxidizes the silver nanoparticles directly and form
Ag+, and in turn cycles back Ag+ is reduced to Ag through the local
oxidation of Si as shown in Fig. 4 of the reactionⅡ, resulting in mor-
phology of nanoholes. As show in Fig. 4, with the exception that H2O2

reacts with silver nanoparticles forming Ag+, reactionⅠ that direct
peroxide reaction on Si surface is occurred when the concentration of
H2O2 was 6 M. Therefore, the bulk etching predominates decreasing the
height of nanoholes and increasing nanowire taper as seen in Fig. 2(d).

In metal assisted chemical etching process, it is localized at the Si/
metal nanoparticle interface due to the catalytic properties of the metal
for the reduction of H2O2. From the reactionⅡ, it is also clearly that
holes are consumed with the similar size of Ag nanoparticle. It could be
that surface reactions are faster than holes diffusion due to an effective
coupling between the Si valence bonds and the Ag energy levels, or that
a charge depletion layer exists around the Ag particles with a lower
energy barrier for holes at the Ag/Si interface than that at the HF/Si
interface [37–39]. In any case, the fact that local etching occurs in low
concentrated H2O2 solutions indicates that the lack of oxides at the Ag/
Si interface is an important parameter. As a consequence of local
etching, well-separated cylindrical pores are formed with diameter
closely matching those of the nanoparticles (Figs. S1(c) and 2(a)). The
diameters were enlarged with the increasing the H2O2 concentration as
shown in Fig. 2(b), it is ascribed to that oxides is sufficient, the particle
penetration rate decreases. This indicates that more holes are consumed
at the pore walls than that at the pore tips, it makes the pore widening
instead of pore deepening. With the further increase of oxides con-
centration, cone-shaped pores with diameter larger than the Ag nano-
particle dimensions are indeed observed in Figs. 2(c) and 3(c). When
the concentration of H2O2 is 2 M the pore diameter is around 100 nm
and increases up to about 300 nm at the concentration of H2O2 of 4 M.
A possible explanation is as the following. When the H2O2 concentra-
tion increases from 0.4 to 4 M, an oxide layer will be built at the Si/Ag
interface, injected holes may diffuse away from the pore tip. Holes
diffuse to the pore walls as a spread current which is lower than JPS (the
critical current density of metal-assisted chemical etching process),
resulting in the formation of micro-porous Si on the walls. While in
Fig. 2(d), the diameters of pores are suppressed severely, because of the
surplus of oxides besides reactionⅡ,and reactionⅠbegins reacting that
cause a isotropous etching in Si surface. It is also observed in Fig. 3(d).

The cross section images of Si substructure with spin-coated
PEDOT:PSS are shown in Fig. 5. As shown in Fig. 5(c), the PEDOT:PSS
was penetrated in gaps of cone-shaped SiNHs, compared with the
structure of Si nanoholes etched with 0.4 M H2O2 as shown in Fig. 5(b),
which offers more advantageous contact and therefore a high FF, VOC

were obtained.
The current-voltage (J-V) curves of three types c-Si/PEDOT:PSS

HSCs made from the planar Si, the conventional-SiNHs and the cone-
shaped SiNHs under the illuminated and in the dark are illustrated in
Fig. 6(a) and (b), respectively, and the main characteristic of

photovoltaic combined with JSC, VOC, FF, PCE are listed in Table 1. The
planar Si/PEDOT:PSS HSCs display an FF of 69.1% because of the fa-
vorable contact between Si and organic film, but high light reflectance
caused by planar Si delivers an unsatisfactory current density. On the
contrary, the device based on conventional SiNHs shows a higher JSC,
because an excellent light harvesting capacity will be achieved via the
formation of these nanostructures with high density and small dia-
meters after conventional MACE process. Unfortunately, it also leads to
poor FF and VOC due to the PEDOT:PSS film was floated on the Si
surface, which results in an undesirable contact, and there is a mass of
recombination center at uncovered Si surface. The device exhibits a PCE
of 9.43%, which is even lower than that of planar junction solar cell.
These issues were solved via the use of novel MACE process, as shown
in Fig. 6(a) and (b), a satisfactory improvement of all parameters,
especially FF and VOC, are obtained. The enhanced photovoltaic per-
formance can be mainly ascribed to the improvement of junction
quality as shown Fig. 5. Compared with that of the conventional SiNHs
counterpart, A JSC of 32.5 mA cm−2, VOC of 618.1 mV, FF of 64.9% are
obtained and thus a PCE of 13.04% is achieved, which presents nearly
6.9%, 14.1%, 14.5%, 38.3% enhancement of JSC, VOC, FF, and PCE,
respectively. In addition, the J-V curves of four type structures cells
etched by H2O2 with various concentration of 0.4 M, 2 M, 4 M, 6 M, are
shown in Fig. S5, and the main parameters are listed in Table S1.

In addition, the J-V curves of these three types HSCs in dark con-
dition is illustrated in Fig. 6(b). It can be found that the leakage current
will lead to the decrease of VOC, so the reverse saturation current
density (J0) must be reduced to attain a satisfactory VOC. In theory, the
dark J-V curves can be simulated using the Eq. (2):

= ⎡
⎣

⎛
⎝

⎞
⎠

− ⎤
⎦

J V J exp eV
nkT

( ) 1dark 0
(2)

where n is the diode ideality factor, k is the Boltzmann constant, T is the
temperature and e is charge of an electron. The J0 and the diode ideality
factor (n) can be determined using numerical fit to the J-V curves in
dark condition by the least square fitting, and the value of both n and J0
was shown in Table 2. From the Table, the n values of the conventional
SiNHs HSC is 3.35, which higher than that of planar structure (2.86)
and cone-shaped SiNHs structure (1.9), indicating the interface quality
was improved by using the cone-shaped SiNHs structure [40].

These results are conformed to the PCE value and should be strongly
associated with the density of interfacial states (DIS) between Si and
organic. According to the Yu, the value of DIS should be proportional to
the specific surface of Si nanostructures [41]. Thus it can be deduced
that the cone-shaped SiNHs have introduced lower DIS than that of the
conventional SiNHs, but higher than that of the Planar-Si. For the
conventional SiNHs, the PEDOT:PSS interfaces contain interfacial states
that cause Fermi-level pining, limit the VOC, and poor contact and thus
result in the small shunt resistance between Si and PEDOT:PSS film,
leading to the decrease of FF for device. Since the cone-shaped SiNHs/
PEDOT:PSS solar cell has much low DIS, the band bending near the

Fig. 5. The cross section of Si nanostructures after spin-coating PEDOT:PSS: (a) planar-Si, (b) conventional Si nanostructure using 0.4 M H2O2, (c) cone-shaped Si nanostructure using 4 M
H2O2.
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silicon surface is mainly dependent on the difference of Fermi levels
between Si and PEDOT:PSS, instead of the interface states, which
benefits the decrease of minority carrier (hole) recombination rate at
Si/PEDOT:PSS interface, results in an increase of Voc. Meanwhile, for
the cone-shaped nanoholes, the contact between Si and organic film
still poor than that of planar one, so the FF value for cone-like nano-
holes devices are worse than that of the planar device.

The value of VOC is associated with built-in voltage (Vbi) positively.
As shown in the Fig. 7(a), the Vbi could be deduced by Vbi=(ΦB0 −

Φn)/q, in which ΦB0 is Schottky barrier height and the Φn is the energy
difference between conduction band (EC) edge and Fermi level (EF) of
the Si substrate. It can be deduced that the value of Vbi for the cone-
shaped SiNHs HSCs should have an obvious improvement because of
the suppressed of DIS. In a typical p-n junction, VOC can also be de-
scribed followed equation:

= +V kT
q

J
J

ln ( 1)OC
SC

0 (3)

According to Eq. (3) and the value of J0 in Table 2, it can be deduced
that the VOC for both planar-Si/PEDOT:PSS and cone-shaped SiNHs/
PEDOT:PSS HSCs are larger than that for the conventional SiNHs/
PEDOT:PSS one. Also, the capacitance-voltage (C−2-V) curves were
measured to examine the electronic performance of the devices with
different structures as shown in Fig. 7(b). It can be found that the planar
Si and cone-shaped SiNHs HSCs present a similar Vbi value about
694.2 mV and 686.3 mV, but a value of only 632.2 mV was obtained in
conventional SiNHs HSCs, this result is conformed to the conclusion
from the Fig. 7(a) and Eq. (3).

External quantum efficiency (EQE) spectra of the HSCs with dif-
ferent configurations are measured as shown in Fig. 6(c). The EQE is the
percentage of the number of charge carriers collected at the electrode
under short-circuit condition to the number of incident photos, and for
the HSCs, this ratio value is dependent on four major steps. Thus, the
EQE can be expressed as:

Fig. 6. Photovoltaic characterization of the HSCs with different Si structures (a) under the standard AM1.5 G condition, (b) in the dark condition, (c) external quantum efficiency (EQE)
spectra of these devices, (d) reflectance curves of various Si structure after spin coating of PEDOT:PSS.

Table 1
Photovoltaic characteristics of HSCs with different structures.

Samples JSC (mA cm−2) VOC (mV) FF (%) PCE (%)

Planar Si 28.1 618.3 69.1 11.98
Conventional 30.4 541.5 57.3 9.43
Cone-shaped 32.5 618.1 65.6 13.04

Table 2
List of the ideality factor (n), and the reversed saturation current (J0) obtained from dark
J –V curves based different structures of HSCs.

Samples J0 (mA cm−2) n

Planar Si × −1.41 10 6 1.9
Conventional × −7.34 10 5 3.35
Cone-shaped × −1.09 10 5 2.86

Z. Wang et al. Nano Energy 41 (2017) 519–526
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= × × ×η η η ηEQE abs diff diss cc (4)

The scheme of this process is display in Fig. 8. The parameter ηabs
describes the absorption yield of the device, and this represents the
most effective way of increasing the JSC. The ηdiff and ηdiss describe the
efficiency of the photo-generated electrons and holes diffuse to Si/or-
ganic interface and dissociate at interface, this factor is inversely re-
lated to the rate of recombination within the material and interface, and
related to the value of Vbi. The ηcc describes the efficiency of charge
collection at the electrodes. The JSC is directly related to the EQE, and
this relationship can be expressed as:

∫= × ×J
q
c

EQE P λ λ dλ
ℏ

( )SC λ

λ
in

min

max

(5)

From the Fig. 6(c), the devices with cone-shaped structure enhanced
EQE values in the wavelength range from 350 to 1100 nm, especially in
the visible and near-infrared regime, which is ascribed to the increase of
ηabs by the light trapping structure. In the cone-shaped SiNHs cells, the
interfacial recombination between Si and organic is restrained, and
results in a promotion of ηdiff and ηcc, thus the device displays an un-
expected improvement in the wavelength range of 400–900 nm, ap-
proaching an EQE value about 80%. The EQE value of conventional
SiNHs cell is terribly in the range of 350–600 nm, while a JSC of
30.4 mA cm−2 is obtained which higher than that of planar Si cell,

which is due to that the long wavelength has higher photo flux density
under the standard AM1.5 G condition compared with short wavelength
range [42,43].

It is worth noting that the respective reflection values of those dif-
ferent devices are distinguishing distinctly, as illustrated in Fig. 6(d).
The reflectance is decreased enormously in the whole range and show a
value under 20% after etching because of the light trapping capacity of
Si nanostructures. The value of cone-shaped structure is lower than that
of the traditional SiNHs, which is due to that the absorption is increased
by the enlarged diameter of nanoholes in long wavelength range. After
spin coating, the PEDOT:PSS film was floated on conventional SiNHs
surface, while after the formation of cone-shaped structure, the film was
penetrated into these gaps and causes the surface roughly, and this is
other reason why the reflectance was lower than that of the conven-
tional SiNHs structure. Therefore, the enhanced EQE may be mainly
ascribed to the suppression of light reflectance from planar Si to na-
nostructured Si, and the improvement of the junction quality from
conventional SiNHs to cone-shaped structure, as discussed above.

Finally, we further introduced the CS2CO3 passivation layer into the
cone-shaped SiNHs HSCs. As shown in Fig. 7(a), there was a large barrier
between Al and Si, and electron have to pass through this barrier to be
collected by Al. For the Cs2CO3 contact layer, the barrier was dramatically
reduced. In addition, charge recombination was also suppressed. The
cone-shaped SiNHs/PEDOT:PSS HSCs with a Cs2CO3 passivation layer
delivers a best performance contain JSC of a 32.9 mA cm−2, a VOC of
627.9 mV, a FF of 65.8%, and yields a PCE of 13.5%. And the J-V curves
under light and in the dark are shown in Fig. 9(a) and (b). The in-
troduction of the back passivation layer reduces the recombination at the
back surface and results in a promotion of ηcc, thus the HSSs with the back
passivation layer present the improvement of EQE with a value of more
than 80% in the visible and near-infrared regime. The device structure is
shown in Fig. 9(d) which presents the optimal performance.

4. Conclusions

A novel structure of cone-shaped SiNHs has developed to improve

Fig. 7. (a) Band alignment at the Si/PEDOT:PSS interface with dif-
ferent structure, (b) C−2-V plots of the Si/PEDOT:PSS devices with
different structures.

Fig. 8. The schematic of the process that carriers diffuse, dissociate, and collect.
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light trapping and to form an excellent contact between Si and
PEDOT:PSS for HSCs. In addition, a Cs2CO3 layer was also introduced
on the Si back surface to reduce the contact resistance as well as to
suppress the surface recombination for the HSCs. Through these im-
provements, a PCE of 13.5% is achieved with an excellent current
density of 32.9 mA cm−2 for HSCs based the cone-shaped SiNHs. The
improved performance can be ascribed to the predominant optical
property, improved heterojunction quality and the reduced re-
combination on both surface. This study also offers a design guideline
for high performance Si nanostructures HSCs with a superior balancing
in electrical and optical characteristics, which can potentially improve
the performance of HSCs.
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