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O
rganic photovoltaics (PVs) have re-
ceived intensive attention due to
their promising features, such as

low cost, light weight, low-temperature pro-
cess, and large-area production.1 To im-
prove the power conversion efficiency (η)
of the pure organic PVs, an alternative is the
class of organic�inorganic hybrid solar cells
(HSCs), where the heterojunction with a
large interfacial area is formed between
organic polymers and inorganic semicon-
ductors, facilitating fast electron transport
with strong complementary absorption of
organic semiconductors.2�6 Due to very
small diffusion length of the excitons
(<15 nm), a thin polymer layer is needed.
However, thin polymer layers could lead to
very low absorption efficiency since the
penetration length of incident light for the
polymer is typically over 100 nm. For boost-
ing the efficiency of HSCs, typically, inor-
ganic nanowires/nanorods are synthesized
and infiltrated with the polymers to form a
planar solar cell.3,4 Since the interdistance of
nanowires/nanorods and the thickness of
polymer layers are much larger than the
diffusion length of the excitons in polymer
layers, most of the excitons are not able to
reach the interface, giving rise to an energy
loss in the case of HSCs with a flat air/solar
cell interface.7,8 This means that polymer
layers need to be very thin when consider-
ing hole mobilities that are low in conduct-
ing polymers (∼10�4 V cm�2 s�1).9

From the aforementioned discussion, to
better meet the exciton diffusion length in
polymers, further optimization of the HSC
geometries is still necessary to guarantee effi-
cient light absorption and charge separation

since the thickness of the organic layers in
HSCs plays an important but opposite role in
light absorption and exciton dissociation. That
is to say, in terms of the low conversion
efficiency, there are currently twomajor funda-
mental aspects making HSCs unsuitable for
practical applications: (i) inefficient carrier se-
paration, (ii) lack of sufficient light absorption.
To aim at (i), different methods to reduce
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ABSTRACT A novel strategy employing core�shell

nanowire arrays (NWAs) consisting of Si/regioregular poly-

(3-hexylthiophene) (P3HT) was demonstrated to facilitate

efficient light harvesting and exciton dissociation/charge

collection for hybrid solar cells (HSCs). We experimentally

demonstrate broadband and omnidirectional light-harvesting characteristics of core�shell NWA

HSCs due to their subwavelength features, further supported by the simulation based on finite-

difference time domain analysis. Meanwhile, core�shell geometry of NWA HSCs guarantees

efficient charge separation since the thickness of the P3HT shells is comparable to the exciton

diffusion length. Consequently, core�shell HSCs exhibit a 61% improvement of short-circuit current

for a conversion efficiency (η) enhancement of 31.1% as compared to the P3HT-infiltrated Si NWA

HSCs with layers forming a flat air/polymer cell interface. The improvement of crystal quality of

P3HT shells due to the formation of ordering structure at Si interfaces after air mass 1.5 global (AM

1.5G) illumination was confirmed by transmission electron microscopy and Raman spectroscopy.

The core�shell geometry with the interfacial improvement by AM 1.5G illumination promotes

more efficient exciton dissociation and charge separation, leading to η improvement (∼140.6%)

due to the considerable increase in Voc from 257 to 346 mV, Jsc from 11.7 to 18.9 mA/cm2, and FF

from 32.2 to 35.2%, which is not observed in conventional P3HT-infiltrated Si NWA HSCs. The

stability of the Si/P3HT core�shell NWA HSCs in air ambient was carefully examined. The

core�shell geometry should be applicable to many other material systems of solar cells and thus

holds high potential in third-generation solar cells.

KEYWORDS: hybrid solar cells . core�shell . light harvesting . energyharvesting .
nanowire
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recombination and increase charge separation yield in
HSCs were reported employing nanocrystals,10 carbon
nanotubes,11 core�shell metal oxide nanowires,12 and
interfacial modifiers.13,14 To aim at (ii), it has been found
that the antireflection (AR) coatings of inorganic nanowire
arrays (NWAs) exhibit theability to suppress reflectionover
a broad range of wavelengths and incident angles, which
plays an important role in the performance enhancement
of optoelectronic devices.15�18 The efficient reflection
suppression in NWAs is mainly attributed to subwave-
length features, which make the nanostructures behave
like aneffectivehomogeneousmediumwith a continuous
gradient of refractive index, significantly reducing the
reflection through destructive interferences.19�22 Critical
AR features of NWAs, such as broadband, angularly in-
sensitive, and polarization-insensitive characteristics, have
been carefully examined.19�22 Recently, the Si NWA layers
using room-temperature galvanicwet etchingwere found
to effectively suppress not only specular but also diffuse
reflection.21,22 The superior AR characteristics demonstrate
that NWAs can absorb solar light very efficiently and be
potentially applied to PVs.23�25

In this study, we demonstrate a strategy employing
core�shell NWAs consisting of Si/regioregular poly(3-
hexylthiophene) (P3HT) (shown in Figure 1) to elim-
inate a compromise between light-harvesting and
exciton dissociation/charge separation for HSCs. A
core�shell geometry that capitalizes on strong light-
trapping effect at a variety of wavelengths and angles
of incidence (AOIs) increases the amount of photons
reaching the radial junction regions due to the smooth
transition in refractive index at the air/Si interface,
demonstrated by external quantum efficiency (EQE)
and spectral, angle-dependent reflectance measure-
ments. The interaction between the incident light and
the core�shell NWAs is realized through the simula-
tion based on finite-difference time domain (FDTD)
analysis. The P3HT shells with a thickness comparable
to the exciton diffusion length display efficient exciton
dissociation and charge collection, demonstrated by
the internal quantum efficiency (IQE) measurements.
Accordingly, Si/P3HT core�shell NWA HSCs exhibit a
short-circuit current density (Jsc) of 11.69 mA/cm2 for a
η of 0.97%, while the HSCs with thick P3HT layers
forming a flat air/P3HT interface showed a Jsc of 7.26
mA/cm2 for a η of 0.74%. Surprisingly, improved
crystallinity of P3HT after long-time air mass 1.5 global
(AM 1.5G) illumination demonstrated by transmission
electron microscopy (TEM) and Raman spectroscopy
leads to a giant η improvement of Si/P3HT core�shell
NWA HSCs from 0.96% to 2.31%. This is due to the
considerable increase in open-circuit voltage (Voc)
(from 257 to 346 mV), Jsc (from 11.7 to 18.9 mA/cm2),
and FF (from 32.2 to 35.2%), which is not observed in
conventional P3HT-infiltrated Si NWA HSCs with flat
air/polymer interfaces. The stability of the Si/P3HT
core�shell NWA HSCs in air ambient was investigated

systematically. The concept of the core�shell NWA
geometry reported herein is not limited to Si nanowires
and is useful in improving the efficiency or reducing
the material consumption for many other solar materi-
al systems, opening a new avenue for third-generation
solar cells.

RESULTS AND DISCUSSION

In order to emphasize the importance of the core�
shell geometry on the light-harvesting performance,
total reflectance measurement using an integrating
sphere was carried out with three kinds of morpholo-
gies of P3HT/Si HSCs, namely, planar HSCs with flat
interfaces, P3HT-infiltrated Si NWA HSCs with flat air/
polymer interfaces, and Si/P3HT core�shell NWAHSCs,
shown in Figure S1 in the Supporting Information. The
total reflectance spectra were obtained at the incident
angle of 5� and wavelengths ranging from 400 to
1100 nm, as shown in Figure 2. For the planar HSCs
with flat P3HT layers on polished Si, the reflectance
reaches a minimum at around 620 nm but gradually
increases as the wavelength moves toward the UV
regions and NIR regions, indicating the behavior of a
typical λ/4 layer. After introducing Si NWAs into HSCs,
the reflectance is suppressed over the broadband
ranges. Si NWAs embedded in P3HT layers play the
role of a graded layer, alleviating the drastic change in
the refractive index between air and Si substrates.
However, the deposition of thick P3HT layers leads to
optically flat interfaces between air and P3HT, still

Figure 1. Schematics of Si/P3HT core�shell NWA HSCs.

Figure 2. Total reflectance of planar HSCs, P3HT-infiltrated
Si NWA HSCs, and Si/P3HT core�shell NWA HSCs.
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yielding unsatisfactory light-trapping ability. The superior
light-trapping performances of the core�shell structure
are demonstrated in Figure 2 and canbe attributed to the
additional grading in the effective refractive index profile
contributed by thin P3HT shells, which makes the air/Si
interfaces less abrupt and therefore facilitates more
photons traveling from air to the Si/P3HT NWAs. These
results lead us to conclude that the morphologies of the
HSCs affect significantly their light-trapping ability.
To estimate the efficiency of converting absorbed

photons to collected electrons, current density�
voltage (J�V) curves of the three kinds of HSCs under
the illumination of an AM 1.5G solar simulator at 100
mW/cm2 were measured immediately after the se-
quential fabrication processes, including formation of
Si NWAs, polymer coating, and contact metal deposi-
tion, as shown in Figure 3. The photovoltaic character-
istics are listed in Table 1. As compared to a η of 0.22%
from HSCs with planar Si, HSCs based on P3HT-infil-
trated Si NWAs with flat air/P3HT interfaces achieve a η
of 0.75%, indicating that the morphology of the het-
erojunction is important, as such HSC devices with Si
NWAs increase interfacial areas. Under AM 1.5G illumi-
nation, the P3HT-infiltrated Si NWA HSCs show a Jsc of
7.26mA/cm2, aVoc of 371mV, and an FF of 27.5% for a η
of 0.75%, while Si/P3HT core�shell NWAHSCs exhibit a
Jsc of 11.69mA/cm2, a Voc of 257mV, and an FF of 32.2%
for a η of 0.97%. A Jsc up to 11.69 mA/cm2 obtained
with core�shell NWA HSCs indicates that the geome-
try of core�shell nanostructured HSCs contributing to
more sufficient light absorption offers an advantage
over the conventional hybrids with a flat air/P3HT
interface using thick P3HT layers. This optical enhance-
ment will be discussed using the simulation and the
EQE measurements later. Moreover, Si/P3HT core�
shell NWA HSCs with the thickness of P3HT layers
comparable to the exciton diffusion length provide
efficient charge separations, also contributing to the
enhanced Jsc.

26 In contrast, for the P3HT-infiltrated
NWA HSCs, a flat air/P3HT interface is obtained and

the P3HT thickness is much larger than the exciton
diffusion length, giving rise to high reflection loss, few
excitons successfully diffusing to the junctions, and
only a fraction of the dissociated excitons collected by
the electrodes. Note that a high reverse saturation
current obtained with core�shell HSCs (in Figure S2
in the Supporting Information) produces a reduction in
Voc.

27 Increased reverse saturation current is suspect-
edly due to nonconformal deposition of the metal
electrodes over a high aspect-ratio surface of core�
shell HSCs.
It is important to gain insight into the correlation

between Jsc enhancement and optical absorption/
carrier collection enhancement in the active layer.
The maxima of EQE values of Si/P3HT core�shell
NWA and P3HT-infiltrated Si NWA HSCs reach 29.94%
and 17.22%, respectively, while 7.22% is achieved for
the planar Si-based HSCs, as shown in Figure 4a. A
broadband EQE spectrum (400�1100 nm) of the pla-
nar Si/P3HT devices shows that a photocurrent is
generated by both of P3HT and Si. The enhancement
in EQE values after introducing NWA structures implies
a pronounced light-trapping ability in subwavelength

Figure 3. J�V curves of the three kinds of HSCs under the
illumination of an AM 1.5G solar simulator in air ambient
measured immediately after the sequential fabrication
processes.

TABLE 1. Device Characteristics of Planar HSCs, P3HT-

Infiltrated Si NWA HSCs, and Si/P3HT Core�Shell NWA

HSCs

device JSC (mA/cm
2) VOC (mV) FF (%) η (%)

planar 2.93 309 24.3 0.22
P3HT-ifiltrated Si NWA 7.26 371 27.5 0.74
Si/P3HT core�shell NWA 11.69 257 32.2 0.97

Figure 4. (a) EQE and (b) IQE spectra of planar HSCs, P3HT-
infiltrated Si NWAHSCs, and Si/P3HT core�shell NWAHSCs.
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nanostructures, which is consistent with the results
from reflectance measurements (shown in Figure 2).
For understanding light-trapping effects in nanostruc-
tured HSCs, the numerical simulations will be applied
later. The IQE measurement is useful in HSCs to in-
vestigate if excitation of excitons, exciton diffusion/
separation, and carrier collection occurring in the
active region are effective. Considering the fraction of
the actually absorbed photons by the active layers, the
EQE can be converted into the IQE, which is the ratio
between the measured Jsc and the number of ab-
sorbed AM 1.5G photons per unit area and time. As
shown in Figure 4b, the increase in IQE values after
introducing NWA structures indicates the efficiency
enhancement of exciton excitation, exciton diffusion/
separation, and carrier collection with increased inter-
facial areas.28�33 The further improvement in IQE
between 400 and 800 nm obtained for Si/P3HT core�
shell NWA HSCs mainly results from the enhanced
photocurrent derived from P3HT shells. The reason is
that the diffusion length of the exciton in P3HT is lower
than 15 nm, and only excitons generated in P3HT
within 15 nm of the P3HT/Si interface could possibly
diffuse to the interface.23 A significant amount of the
excitons in the P3HT shell of Si/P3HT core�shell NWA
HSCs could reach the organic/inorganic interface to
undergo charge separation because of the thickness of
the P3HT shell being comparable to the exciton diffu-
sion length and thereby enhancing the photocurrent.

In contrast, for the devices with a continuously thick
P3HT film, only part of absorbed light can generate a
photocurrent because of the limited exciton diffusion
length in P3HT. In short, the core�shell morphology
results in the increase in EQE and IQE, showing that not
only are more photons absorbed, but these photons
are also more efficiently transferred into collected
photocarriers. Moreover, the high carrier mobility in
Si reduces the difference in IQEs and EQEs between
P3HT-infiltrated Si NWA and Si�P3HT core�shell NWA
HSCs at IR wavelength ranges.
To verify that the remarkable photocurrent genera-

tion is a result of the core�shell geometry, the light
propagation within the HSC structures was simulated
by FDTD analysis. The grid sizes are Δx� Δy = 0.006�
0.001 μm2 in the space domain, and the time step for
every calculation is 0.01 fs. Boundaries in x and y

directions are surrounded by the 0.5 μm perfectly
matching layers to absorb the electromagnetic waves.
The excitation source, with an infinite width like that of
the periodically extended simulated device structure,
is placed at 1 μm from the upper boundary of the HSCs.
The wavelength for all simulations is selected to be
500 nm, which is at the strongest irradiance region in
the solar spectrum. Details of the simulated structures
can be found in Figure S3 in the Supporting Informa-
tion. Figure 5a�c visualize the time-averaged TE-
polarized electric field intensity distributions, |Ez|, with-
in the three kinds of HSCs with different morphologies

Figure 5. Time-averaged, normalized TE electric field distribution (|Ez|) of (a) planar HSCs, (b) P3HT-infiltrated Si NWA HSCs,
and (c) Si/P3HT core�shell NWA HSCs simulated by FDTD analysis. (d) Optical absorption integrated over the 15 nm thick
P3HT which is near the junction for the three kinds of Si�P3HT morphologies.
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of Si�P3HT. Details of simulated structures and param-
eters can be found in Figure S3 in the Supporting
Information. All of the calculated values are normalized
to the ones of the excitation source. One can see that
the NWA structure has a great influence on the light-
trapping effect. Similar to the results of the total
reflectance measurement, FDTD analysis shows that
Si/P3HT core�shell NWA HSCs exhibit excellent optical
confinements. For P3HT-infiltrated Si NWA HSCs with
thick P3HT layers, a high absorption coefficient of P3HT
(∼104 cm�1) causesmost of photons to be absorbed at
the interface between air and P3HT instead of at the
P3HT/Si junctions, leading to insufficient excitons dif-
fusing to the junction successfully and thus inadequate
photoexcited carriers collected.34 For Si/P3HT core�
shell NWA HSCs (Figure 5c), the P3HT shell shows an
excellent light-harvesting characteristic through not
only preventing the incident waves from bouncing
back to the free space but also effectively facilitating
the light absorption near junction regions, leading to
the enhanced photocurrent. Figure 5d shows normal-
ized, integrated optical absorption for the P3HT re-
gions of 15 nm in thickness near the junctions at the

wavelength of 500 nm, as we assume that only ex-
citons generated in P3HT within 15 nm of the P3HT/Si
interface could reach the interface, where charge
separation takes place, and contribute to the photo-
current.23 The steady-state absorption values for P3HT
layers on planar Si, thick P3HT layers on Si NWAs, and
P3HT shells on Si NWAs are 2.71%, 15.39%, and 31.76%,
respectively. The results indicate that the number of
the photons reaching the active region can be drasti-
cally increased by introducing a Si/P3HT core�shell
structure, further supporting the enhancement of Jsc of
Si/P3HT core�shell NWA HSCs.
Since the incident sunlight impinges from different

directions during a day, a desirable AR coating must
eliminate the reflection over wide AOIs efficiently,
which is called omnidirectionality. To demonstrate
the omnidirectionality of the core�shell geometry of
HSCs, the specular reflectance spectra on HSCs with
the three kinds of Si�P3HT morphologies was mea-
sured at AOIs ranging from 5� to 80�. At every AOI, the
incident wavelength was varied in the range 350�
1100 nm. The measurement schematic and the results
are presented in Figure 6a�d. For the HSCs using
planar Si, the reflectance at most wavelengths is
noticeably increased for the AOI above 50�, as shown
in Figure 6b, indicating that surface reflection cannot
be suppressed at high AOIs. It is noted that a slight
oscillation of reflectance for HSCs with P3HT film-
coated planar Si occurs. This is attributed to the inter-
ference between the light reflected at the air/P3HT and
the P3HT/Si interfaces, which constitute a Fabry-Pérot
microcavity.35 The high-AOI reflectance ismitigated for
the thick P3HT-infiltrated Si NWA HSCs (Figure 6c); the
reflectance is effectively reduced for the AOI up to 60�,
but only for wavelengths below 850 nm. For Si/P3HT
core�shell NWA HSCs (Figure 6d), the AOI limit is
further pushed to 75�, below which the reflectance is
less than 5% for all the wavelengths. The results in
Figure 6b�d clearly demonstrate that the core�shell
geometry of HSCs can suppress the undesired Fresnel
reflection for not only broadband ranges but also a
wide range of AOIs.
Figure 7a shows the illumination time-dependent

J�V curves of Si/P3HT core�shell NWA devices under
the illumination of an AM 1.5G solar simulator in air
ambient, which were obtained immediately after the
sequential fabrication processes. We recorded η, Voc,
Jsc, and FF as a function of AM 1.5G illumination times,
as shown in Figure 7b�e, respectively. Si/P3HT core�
shell NWAHSCs show a considerable improvement in η
from 0.96% to 2.31% after long-time illumination, due
to the increase in Voc (from 257 to 346 mV), Jsc (from
11.7 to 18.9 mA/cm2), and FF (from 32.2% to 35.2%).
The increase of 34.6% in Voc could be due to the
improved crystallinity of P3HT layers during the
AM 1.5G illumination, which results in a more effi-
cient charge collection by improving built-in electric

Figure 6. (a) Schematic of AOI-dependent specular reflec-
tance measurement. AOI-dependent specular reflectance
spectra on (b) planar HSCs, (c) P3HT-infiltrated Si NWAHSCs,
and (d) Si/P3HT core�shell NWA HSCs at AOIs ranging from
5� to 80� and the wavelength range 350�1100 nm.
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fields.36,37 Improved crystallinity of the P3HT shell
layers (i.e., the higher ordering of intrachain interac-
tions in P3HT) will be further confirmed by high-
resolution TEM observation and Raman spectroscopy
later. Similarly, the improved crystallinity of the P3HT
layers during long-time AM 1.5G illumination increases
the Jsc by 61.5%, suggesting that more charges are
extracted from the solar cells due to the improved
efficiency in the exciton dissociation and the carrier
collection. The efficiency of HSCs is significantly influ-
enced by the mobility of conjugated polymers.38 Since
the hole mobility in conjugated polymers is much
lower than the electron mobility in inorganic materials
for HSCs, the hole accumulation in the device and thus
space-charge effects occur.31 The hole mobility of
conjugated polymers increases when becoming more
crystalline.39 An improved FF value under the illumina-
tion suggests an improved balance of electron and
hole transport in the HSCs due to increased hole
mobility caused by the increased crystallinity degree
of the P3HT layers.31 As shown in Figure 7f, the series
resistance of core�shell NWAHSCsmeasured from the
J�V characteristics is reduced from 16.7 to 12.1 mΩ-cm2

after long-time AM 1.5G illumination, indicating that
the efficiency of charge transport and/or collection is
improved after 90min AM 1.5G illumination. This result
is consistent with the previous discussion as well
because a lower series resistance is expected for a
more ordered P3HT film.
As shown in Figure 8, after the 90 min illumination, a

significant increase in EQE values in the wavelength

range 400�1100 nm and a slight red-shift of the EQE
peak were observed. The increase in EQE values in-
dicates that excitation of excitons, exciton diffusion/
separation, and carrier collection are more effective
due to improved crystallinity of P3HT shells.28�33 A
slight red-shift of the EQE peak values is also attributed
to the improved crystallinity since the better ordering
of intrachain interactions in P3HT shells leads to more
delocalized conjugated π electrons, reduction of the
band gap between π and π*, and increase of the
optical π�π* transition.10 Moreover, the improved
crystallinity of P3HT gives rise to enhanced EQE values
in NIR regions as well due to the effective collection of
photocarriers contributed from Si cores.
The speculation about the improved crystallinity of

P3HT after AM1.5G illumination is further supported by
TEM observations and Raman spectroscopy, which
provide structural information on the P3HT shells.
Figure 9a shows the as-synthesized core�shell nano-
wire structures with around 25 nm thick P3HT shells
before AM 1.5G irradiation. The high-resolution TEM
image of the as-synthesized core�shell HSCs
(Figure 9b) shows the amorphous nature of the P3HT
shells, which can be identified as a culprit for inferior
initial photovoltaic characteristics. Figure 9c indicates
the presence of a 5 nm thick fringe structure made of
oriented crystalline lamellae of P3HT at the interface of
Si nanowires after AM 1.5G irradiation for 90 min. The
fringes are indicative of a stacked structurewith an out-
of-plane spacing of the polymer chain layers.40,41 From
a kinetic point of view, it is easier to crystallize at the
heterointerface of Si/P3HT as the energy barrier for the
nucleation is low, and thus the nucleation rate in-
creases at the heterointerface, which is called hetero-
nucleation. To further support the TEM observation
about the reorganization processes of the P3HT layers
occurring during AM 1.5G illumination, Raman spec-
troscopy was utilized to observe the nanoscale change
in the P3HT layers by ex situ monitoring of the vibra-
tional modes. It has been reported that Raman shifts
correspond to the degree of π-electron delocalization
along the main chain axis and the interchain
interaction.33,42�44 The characteristics of the �CdC�

Figure 7. (a) J�V characteristics as a functionof theAM1.5G
irradiation time for Si/P3HT core�shell NWA HSCs. (b) Voc,
(c) Jsc, (d) FF, (e) η, and (f) series resistance (Rs) as a function
of the AM 1.5 G illumination time extracted from (a).

Figure 8. EQE spectra of Si/P3HT core�shell NWA HSCs
before and after AM 1.5G illumination for 90 min.
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symmetric stretching band (νCdC) correlate with the
changes in the P3HT conformation and the conjuga-
tion length. For example, it was found that the in-
creased crystallized size and better internal order
within the P3HT domains obtained after annealing
result in narrowing and weakening νCdC.

30,31,45,46

Figure 10a shows the Raman spectra of Si/P3HT core�
shell NWAs as a function of the illumination time,
indicating the increase in the Raman shift with the
illumination time. The peaks at 1440�1445 and
1370�1380 cm�1 are ascribed to the �CdC� and
the �C�C� skeletal stretching of the thiophene ring,
respectively.10,23,29,43,45 Illumination time-dependent
peak area and full width at half-maximum (fwhm) of
the νCdC Raman band are shown in Figure 10b and c,
respectively. The decreases in peak area and fwhm of
the νCdC from Si/P3HT core�shell NWAs after the long-
time illumination correspond to the increased

crystallinity within the P3HT layers. The changes in
the Raman spectra correlate with the changes in
photovoltaic parameters, EQE, and TEM observations
of Si/P3HT core�shell NWA HSCs, demonstrating that
AM 1.5G illumination indeed leads to substantial order-
ing in the P3HT shells on Si NWAs. It has been reported
that because the internal P3HT ordering is nonoptimal
after spin coating, altering the ordering of P3HT by
thermal annealing is important for improving the
performance of HSCs; the lamella-type stacking of
the side chains and the stacking of thiophene rings
can affect the absorption, EQE peaks, EQE values, and
Raman spectrum of P3HT.33,37,42�44,47�49 The perfor-
mance enhancement after the light illumination is an
effect of light-induced crystallization, which is similar
to annealing-induced crystallization observed in the
polymer solar cells with heat treatment.31,50�52

To distinguish the importance of improved crystal-
linity of P3HT shells in the photovoltaic performance of
Si/P3HT core�shell NWA HSCs, we compare the illu-
mination time-dependent photovoltaic characteristics
of Si/P3HT core�shell NWA HSCs to those of P3HT-
infiltrated Si NWA HSCs, as shown in Figure S4 in the

Figure 9. (a) TEM image and (b) high-resolution TEM image
of Si/P3HT core�shell NWA HSCS before AM 1.5G illumina-
tion for 90 min. (c) High-resolution TEM image of Si/P3HT
core�shell NWAHSCs after AM1.5G illumination for 90min.

Figure 10. (a) Raman spectra of Si/P3HT core�shell NWA
HSCs as a function of illumination time. (b) Peak area and
(c) fwhm of a carbon double bond of Si/P3HT core�shell
NWA HSCs with the illumination time extracted from (a).
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Supporting Information. Generally, the performance
enhancement of P3HT-infiltrated Si NWAHSCswithAM
1.5G illumination is observed aswell and is significantly
lower than that of Si/P3HT core�shell NWAHSCs. Since
the illumination induces the crytallization of 5 nm thick
P3HT layers from the Si interface, the ratio of ordering
structures of P3HT to entire P3HT layers for Si/P3HT
core�shell NWA HSCs is larger than that for P3HT-
infiltrated Si NWAHSCs. Accordingly, the improvement
of photovoltaic performance is more pronounced in
core�shell NWA HSCs with AM 1.5G illumination. For
example, Jsc climbs rapidly in the core�shell NWAHSCs
as compared with that of HSCs containing P3HT-infil-
trated Si NWAs, which can be assigned to more effi-
cient carrier collection. This is further confirmed by EQE
measurements, as shown in Figure S5 in the Support-
ing Information. After long-time illumination, the EQE
value for P3HT-infiltrated Si NWA HSCs was increased
slightly, while that of Si/P3HT core�shell NWA HSCs
was increased significantly. This is because the thick
P3HT thwarts the exciton dissociation and the hole
transfer/collection by electrodes.31

For practical applications, the stability of the polymer-
based photovoltaic device in air ambient is an important
issue. We stored the Si/P3HT core�shell NWA HSCs in air
ambient in the dark after every illumination time-depen-
dent measurement to evaluate their long-term stability
without encapsulation. Figure 11 shows the decline of
the photovoltaic characteristics, Jsc, Voc, FF, and η, with

storing times. Storing the Si/P3HT core�shell NWA HSCs
in air ambient in the dark after the illumination time-
dependent measurements did not cause significant de-
gradation of device performances for the first day.
Unprotected core�shell NWA HSCs degraded signifi-
cantly for over 1 day, but did not become completely
trivial and still exhibited improved photovoltaic charac-
teristics upon AM 1.5G illumination even after 30 days of
continuous exposure to air; although P3HT degradation
in air ambient was observed, the P3HT self-organization
upon illumination also could be observed. It has been
known that O2 and H2O are responsible for the polymer
degradation observed for the devices under ambient
conditions.53,54

CONCLUSION

With Si/P3HT core�shell NWA morphology using
easily accessible chemical etching and spin-coating
techniques, surface reflection and charge recombi-
nation are substantially inhibited in HSCs. Core�
shell NWA HSCs with thin P3HT layers that are fitted
with effective light-trapping Si NWA systems can
therefore achieve the absorption equivalent to the
HSCs with a much thicker P3HT layer and still retain
their efficient exciton separation/carrier collection
properties, resulting in enhanced EQE and IQE for a η
improvement of 31.1% as compared to the P3HT-
infiltrated NWA HSCs forming a flat air/solar cell
interface. The effect of AM 1.5G illumination on
core�shell NWA HSC performance has been investi-
gated. It was found that for core�shell NWA HSCs
even very thin illumination-induced P3HT ordering
(∼5 nm in thickness) at the junction leads to a giant
improvement in Voc from 257 to 346mV, Jsc from 11.7
to 18.9 mA/cm2, and FF from 32.2% to 35.2% with η

from 0.96% to 2.31%. Although the ideal donor�
acceptor morphology for HSCs is unknown, there are
hints that core�shell nanostructures provide effi-
cient light-harvesting medium and come close to
the optimum in terms of excitation of excitons,
exciton diffusion/separation, and carrier collection.
The present study offers a novel direction for high-
efficiency and low-cost HSCs by introducing the
core�shell geometry.

EXPERIMENTAL SECTION
Single-crystalline n-type Si(001) substrates, 550 μm thick,

with F = 1�10 Ω-cm were used to fabricate NWAs. The
substrates were first cleaned in acetone, followed by a HF dip
to remove the native oxide from the surfaces. The cleaned Si
substrates were then immersed into an aqueous HF solution
containing 0.03 mol/L silver nitrate at 25 �C for 30 min. The
concentration of HF for all the samples was 4.6 M. Residual
aggregated silver particles formed on the Si NWAs could be

removed by immersing into nitric acid, and the substrates were
cleaned with acetone, 2-propanol, and distilled water. Subse-
quently the substrates were dried by N2 gas and treated with O2

plasma [SAMCO UV Dry-Cleaner (model UV-1)] for 10 min to
obtain hydrophilic surfaces for spin coating P3HT uniformly. The
fabricated Si NWAs were used for the fabrication of 3D hetero-
junction hybrid solar cells with P3HT. Before spin-coating P3HT,
bottom ohmic electrodes were deposited by electron-gun
evaporation at a deposition rate of less than 0.1 nm/s with a

Figure 11. (a) Jsc, (b) Voc, (c) FF, and (d) η versus irradiation
time for as-deposited Si/P3HT core�shell NWAHSCs (9) and
those aged in air ambient for 1 (b), 5 (2), 10 (1), 15 ( 1), and
30 ( 1) days.
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chamber pressure of 2 � 10�6 Torr. P3HT was dissolved in
chlorobenzene with a concentration of 15 mg/mL. The P3HT
solutions were spin-coated over vertically aligned Si NWAs with
different spin-speeds in order to form different thicknesses of
P3HT layers and dried in air ambient. Finally, we deposited the
semitransparent 20 nm thick gold electrodes by electron-gun
evaporation to complete our device structures.
A morphological study was performed with JEOL JSM-6500

field emission SEM. Optical measurements were carried out by a
standard UV�visible�NIR spectrometer (JASCO ARN-733) with
an integrating sphere with a noise level of 0.002%. During the
measurements, the wavelength was varied from 380 to
1100 nm. The J�V curves of the solar cells were measured with
a Keithley 4200 source meter under the illumination of an AM
1.5G solar simulator (100 mW/cm2). The EQEs of the HSCs at the
wavelength range 400�1100 nmwere measured by coupling a
halogen lamp to a monochromator. The Raman spectrum was
measured with a Jobin Yvon T64000 triple spectrometer
equipped with charged-coupled devices cooled at 160 K. The
substrate-bound core�shell NWAsweremechanically scrapped
and deposited on carbon-coated copper grids for TEM char-
acterization with a JEOL 3000F TEM.
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