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ABSTRACT: A theoretical model is developed for the dynamic
characterization of hybrid polymer-based solar cells (HPSCs) based
on vertically aligned ZnO/CdS-core/shell nanorod arrays (ZC-
NAs) by intensity modulated photocurrent spectroscopy (IMPS).
The model describes the effects of CdS shell formation on charge
generation and transport dynamics. Particularly, an analytical
expression for the ineffective polymer phase model in nanoarray
solar cells is developed and introduced into IMPS model for the
first time. The main expectations of the IMPS model are confirmed
by the experimental data of the polymer/ZC-NA cells with the CdS
shell thickness (L) of 3−8 nm. It is shown that the contributions
from CdS absorption ( f1) and polymer absorption ( f 2) to charge generation are determined by the core/shell nanoarray
structure and the intrinsic polymer property, while the optimal CdS shell thickness (Lopt) depends on the interspacing between
ZnO core nanorods and the exciton diffusion length of the polymer. The photocurrent generation is dominantly the competitive
results of f1 and f 2 contributions subjected to the change in L, with the polymer as a dominant absorption material. Fittings of the
measured IMPS responses to the IMPS model reveal that the L-dependence of photocurrent generation dominantly originates
from f1, f 2, and the polymer exciton dissociation rate S at the polymer/CdS interface. Moreover, the first-order rate constants for
the surface defects to trap and detrap the injected electrons in ZnO core nanorods are found to decrease with CdS shell growth
and become saturated at Lopt. Furthermore, it is demonstrated that the effective electron diffusion coefficient De in the ZnO
nanorods reaches a peak value at Lopt as the result of the largest photogenerated electron density in conduction band. Those
results provide a guide to the design of efficient HPSCs based on the core/shell nanoarrays with complementary properties.

1. INTRODUCTION

Hybrid polymer-based solar cells (HPSCs) that combine
conjugated polymer as the electron donor (D) with semi-
conductor nanocrystals as the electron acceptor (A) have
received great attention due to their attractive advantages, such
as low cost and easy processability.1,2 HPSCs normally adopt a
bulk-heterojunction (BHJ) architecture in which a large D/A
interface area in the photoactive layer is created for the exciton
dissociation into free charge carriers and the issues due to the
limited exciton diffusion length (LD) of common conjugated
polymers are addressed by formation of a bicontinuous
interpenetrating network of D and A phases.3−5 Ideal BHJ
devices can be produced by using vertically aligned one-
dimensional (1-D) inorganic nanostructure arrays instead of
the disordered A phase channels formed by individual
nanoparticles dispersed in a conjugated polymer matrix.6,7

Such an aligned BHJ structure has extraordinary advantages
such as the stabilized spatial distribution of the D/A interfaces
with a high area for exciton dissociation, the straightforward
nanochannels for electron transport with reduced charge

recombination, and the low reflectance due to light scattering
and trapping.8 Due to nontoxicity, high electron mobility, and
facile synthesis at low temperature, ZnO nanorod/nanowire
arrays (ZnO-NAs) have been widely used to prepare
HPSCs.9−11 However, the overall performance of polymer/
ZnO-NA devices is not satisfying yet, with the mostly reported
power conversion efficiencies (η) between 0.2−0.5%.10−15
Growth of a shell layer on the ZnO nanorods in ZnO-NAs to

form core/shell nanoarrays is an effective way to improve the
performance of polymer/ZnO-NA devices.16−18 Recently, we
prepared ZnO/CdS-core/shell nanoarray (ZC-NA) by deposit-
ing polycrystalline CdS shell onto the ZnO nanorod in ZnO-
NA, and infiltrated poly(1-methoxy-4-(2-ethylhexyloxy)-p-
phenylenevinylene) (MEH-PPV) into the ZC-NA to fabricate
MEH-PPV/ZC-NA solar cells.18 The device configuration and
charge transfer processes in the MEH-PPV/ZC-NA devices are
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depicted in Figure 1. In MEH-PPV/ZC-NA devices, both
polymer and CdS absorb photons for exciton generation. As the

binding energy of excitons in CdS is about 180 meV,19 much
larger than the thermal energy at ambient temperature (kBT ∼
26 meV, where kB is the Boltzmann constant and T is the
temperature), the excitons generated by CdS absorption need
to dissociate at the CdS/ZnO interface after diffusion rather
than take a bulk dissociation inside the CdS layer. The band
level alignments (Figure 1b) between MEH-PPV and CdS are
favorable to the electron transfer from MEH-PPV to CdS, as
confirmed by the significantly quenched photoluminescence
(PL) of MEH-PPV when the polymer is incorporated into the
ZC-NAs.18 Moreover, the alignments are also favorable to the
hole transfer from CdS to MEH-PPV, similar to that from CdSe
or CdS quantum dots to organic dye molecules.20,21 Therefore,
the excitons generated in the polymer phase dissociate at the
polymer/CdS interface by injecting electrons into CdS and
further into ZnO, with holes remaining in the polymer, the
excitons generated in CdS dissociate at the CdS/ZnO interface
by injecting electrons into ZnO with holes injected into the
polymer, and all of the photogenerated electrons are eventually
transported toward the collection electrode (i.e., ITO) by ZnO-
NA for photocurrent generation. In comparison to the
counterpart solar cells based on ZnO-NA, the MEH-PPV/
ZC-NA devices exhibit a significantly increased open-circuit
voltage (Voc) resulted from the passivation of the surface
defects on ZnO nanorods by CdS shell formation and also a
remarkably improved short-circuit current (Jsc) due to the
supplementary light absorption of CdS.18 Our results clearly
indicated that application of core/shell structured nanoarrays
with complementary properties (e.g., defect passivation and
supplementary light harvesting) is promising for fabricating
efficient HPSCs. However, the mechanistic understanding of
the shell effects on the charge generation and transport
dynamics for photocurrent generation in photovoltaic
processes, which is crucially important for the optimization of
device performance, is still a challenging issue.22−25

Intensity modulated photocurrent spectroscopy (IMPS), a
powerful tool for investigation of charge generation and
transport dynamics, is a kind of dynamic photoelectrochemical
method and has been successfully used in dye-sensitized solar
cells (DSCs)26−28 and HPSCs.29−31 IMPS mainly provides the
periodic response of photocurrent to a small sinusoidal light
perturbation (Iac = I0δe

iωt) under short-circuit condition, where

I0 is the steady-state background light intensity, δ is the
modulation depth, and ω = 2πf is the variable modulation
frequency. We have established an IMPS model for polymer/
ZnO-NA devices by considering key photovoltaic steps and
device architecture, and got insight into the charge generation
and transport dynamics affected by ZnO nanorod length.31

However, the previous model cannot be applied directly to
polymer/ZC-NA devices. First, in the polymer/ZnO-NA
devices, photogenerated excitons only come from the polymer
absorption, and the invariant interspacing between ZnO
nanorods leads to an unchanged exciton population in the
polymer phase between the ZnO nanorods in a given
illumination depth; in contrast, in the polymer/ZC-NA devices,
both polymer and CdS absorption contribute to exciton
generation between ZnO core nanorods, which will depend
strongly on CdS shell thickness (L) in a given illumination
depth. Moreover, in the polymer/ZC-NA devices, the inorganic
CdS shell serves as an additional photon absorber and its
absorption and excitonic properties are significantly different
from that of the polymer. Thereby, the exciton generation and
dissociation in polymer/ZC-NA devices are much more
complicate than in polymer/ZnO-NA devices, and the previous
IMPS model is not able to provide a complete description for
polymer/ZC-NA devices.
In this paper, we develop an IMPS model for the HPSCs

based on polymer and core/shell nanorod arrays, in which the
exciton and charge generation from both polymer and shell
absorption and the shell effects on electron transport dynamics
are fully considered. Experimental IMPS responses of MEH-
PPV/ZC-NA devices are satisfactorily fitted to the analytical
expression of the model, providing new insight into the
structure-related electron transport dynamics and device
performance therein.

2. EXPERIMENTAL SECTION

As described previously,18 the ZC-NAs with the CdS shell
thickness of L = 3−8 nm were synthesized by using successive
ion layer adsorption and reaction (SILAR) technique with
ZnO-NA on ITO substrate as template, and the MEH-PPV/
ZC-NA devices with Au as counter electrode with area of 3 × 3
mm2 were fabricated. Results showed that the CdS layer was
continuously formed on ZnO nanorod even though the CdS
layer thickness was quite small.18 Steady-state current−voltage
(J−V) curves, dynamic IMPS, and intensity modulated
photovoltage spectroscopy (IMVS) spectra of solar cells were
measured with a controlled intensity modulated photo
spectroscopy (CIMPS; Zahner Co., Germany) in ambient
conditions,31 in which the incident monochromatic light
intensity (I0 = 15.85 mW/cm2) was illuminated on the solar
cells through ITO side by a blue light-emitting diode (LED)
(BLL01, λmax = 470 nm, spectral half-width = 25 nm, Zahner
Co.). In the dynamic measurements, the small sinusoidal
perturbation Iac = I0δe

iωt was applied in the frequency range
from 1 Hz to 15 kHz with a modulation depth of δ = 0.10.
During the steady and dynamic measurements, the illumination
was limited to the overlapped area (3 × 3 mm2) between ITO
and Au by a photomask attached to each device.

3. THEORY

Following our previous method,31 the core/shell nanorods are
assumed to be in a shape of hexagonal prism with a flat top, and
aligned vertically and hexagonally on the dense layer. Given the

Figure 1. (a) Architecture in MEH-PPV/ZC-NA solar cells. (b) Band
level (eV) alignments in the solar cells, where the arrows show the
charge transfer of electrons and holes. Surface defects on ZnO
nanorods can influence electron transport by trapping (k1) and
detrapping (k2) processes. Note, when the CdS shell layer is removed,
the architecture and the charge transport processes are actually for the
polymer/ZnO-NA devices.
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core nanorods have an average radius r and interspacing l, and
the shell layers have a thickness L, a unit cell is defined by two
core/shell nanorods and covers the ITO substrate surface
within the triangle area ΔABC with an area of (√3(l + 2r)2)/
12, as depicted in Figure 2a. The IMPS model is developed on

the basis of the characteristic dimensions in the unit cell shown
in Figure 2b, where d is the core nanorod length, L1 is the
thickness of the ZnO dense layer for ZnO nanorod growth, and
L2 is the thickness of the polymer layer over nanorods.
Therefore, three kinds of interfaces in the unit cell exist at three
kinds of locations (Figure 2b). One kind of interfaces is at the
U1 location that originates from the side face of a core/shell
nanorod, the second kind of interfaces is at the U2 location
over the ITO layer between two core/shell nanorods, and the
third kind of interfaces is at the U3 location that exists on the
top face of a core/shell nanorod. Clearly, each of the three
kinds of locations (U1, U2, and U3) involves both CdS/ZnO
and polymer/CdS interfaces. For a convenient discussion,
CdS/ZnO and polymer/CdS interfaces are here classified by
their locations. For instance, CdS/ZnO and polymer/CdS
interfaces appearing at the U1 location are referred to as CdS/
ZnO-U1 and polymer/CdS-U1 interfaces, respectively. Accord-
ingly, there also exist in a unit cell the CdS/ZnO-U2 and
polymer/CdS-U2 interfaces at the U2 location, as well as the
CdS/ZnO-U3 and polymer/CdS-U3 interfaces at the U3
location.
Calculations by using the IMPS model for MEH-PPV/ZnO-

NA devices31 showed that the photocurrent generation in the
aligned devices dominantly correlates with the charge
generation at the MEH-PPV/ZnO interfaces formed by the
ZnO nanorod side faces (Figures S1 and S2 in Supporting
Information). Accordingly, for simplicity, here we only consider
the photocurrent generation ΔJ1(ω) from the interfaces at the
U1 location in the unit cell of MEH-PPV/ZC-NA devices, by
ignoring the charge generations from the interfaces at the U2
and U3 locations (i.e., ΔJ2(ω) = 0 for the interfaces at the U2
location, and ΔJ3(ω) = 0 for the interfaces at the U3 location).
According to the CdS/ZnO-U1 and MEH-PPV/CdS-U1
interfaces from one ZnO/CdS-core/shell nanorod, there are
actually two subdevices in a tandem structure at the U1 location
during photocurrent generation, that is, the CdS/ZnO-NA-U1
subdevice with CdS shell serving as donor and ZnO nanorod as
acceptor generates the photocurrent Δj11(ω) on the ITO area
of S1 = √3r2/8 (i.e., within ΔADE), and the MEH-PPV/CdS-
ZnO-NA-U1 subdevice with MEH-PPV as donor and ZnO/

CdS-core/shell nanorod as acceptor generates the photocurrent
Δj12(ω) on the ITO areas of 2S1 = √3r2/4 (i.e., within ΔADE
+ ΔBD/E/). Note, ΔJ1(ω) = 2Δj11(ω) + Δj12(ω) is the
combined contribution from the subdevices defined by the
interfaces at the U1 locations within the ITO areas of √3r2/4
(i.e., within ΔADE + ΔBD/E/) in a unit cell. Therefore, the
total ac photocurrent density ΔJ(ω) generated by a unit cell is
the weighted average of the photocurrent densities [i.e.,
ΔJ1(ω), ΔJ2(ω), and ΔJ3(ω)] from the subdevices defined by
the interfaces at the U1, U2, and U3 locations (Figure S3 in
Supporting Information) when given ΔJ2(ω) = ΔJ3(ω) = 0.
It is a fact that the CdS and MEH-PPV absorptions in the

unit cell are changed with increasing L. Hence, the
contributions of the CdS/ZnO-NA-U1 and MEH-PPV/CdS-
ZnO-NA-U1 subdevices to photocurrent generation in the unit
cell must correlate with the L value. Since the CdS exciton
diffusion length is on a centimeter scale,32 all of the excitons
generated in the CdS with a L on nanometer scale can diffuse
to the CdS/ZnO interface for dissociation and thereby
contribute effectively to photocurrent generation. Moreover,
the population of the effective excitons in CdS shell layer
increases with increasing L according to the Bouguer−
Lambert−Beer law.33 Assuming that the interfaces at the U1
locations in the unit cell are parallel to each other,31 the
maximum CdS shell thickness (Lmax) equals reasonably to l/2
(Figure 2). Here, we define a parameter f1 = 2L/l (0 ≤ f1 ≤1) to
describe the percentage of the effective CdS exciton population
in the CdS/ZnO-NA-U1 subdevice with a CdS shell thickness
of L in respect to its maximal value in the unit cell. Actually, the
f1 means the percentage of the maximal contribution from
effective CdS excitons in CdS/ZnO-NA-U1 subdevice has been
realized by the formation of the CdS shell with a thickness of L.
Extremely, f1 = 0 means no CdS shell is formed on ZnO
nanorods, and f1 = 1 means the CdS exciton contribution to
photocurrent generation reaches maximum as the interspacing
between two ZnO nanorods has been completely filled by CdS
subjected to the formation of two l/2-thick CdS shells on each
of ZnO nanorods. Clearly, a larger f1 in the range of 0 < f1 < 1
indicates an increased CdS exciton contribution to photo-
current generation as a result of increasing L.
On the other hand, the exciton diffusion length in MEH-PPV

(LD = 5−8 nm)34,35 is rather short, and only the excitons
generated within the LD of the D/A interface are effective for
photocurrent generation. Moreover, the interspacing l between
the ZnO nanorods in our experiment is statistically averaged to
be l ≈ 25 nm,18 in agreement with the previous reports by
others.36 Since LD ≪ l/2, there exists an ineffective region
(Exin) in the polymer phase between two adjacent ZnO
nanorods in MEH-PPV/ZnO-NA devices, and the excitons in
the Exin region are actually ineffective for charge generation
because they cannot reach the MEH-PPV/ZnO interface for
dissociation within their lifetimes. Due to the presence of the
Exin region, the increase in L within a certain range will not
influence the polymer contribution by only reducing the
ineffective polymer amount until the L reaches an optimal CdS
shell thickness (Lopt) (inset to Figure 3).18 In order to translate
the ineffective polymer phase model into a mathematical
expression in the present IMPS model, we introduce a factor f 2
(0 ≤ f 2 ≤ 1) to describe the percentage of the remaining
effective exciton population in polymer phase after formation of
CdS shell in the MEH-PPV/CdS-ZnO-NA-U1 subdevice with
respect to the maximal effective polymer exciton population in

Figure 2. (a) Top view of CdS/ZnO-core/shell nanoarray on ITO
substrate. (b) Unit cell for the model, where only the ZnO nanorod
side face at U1 location is considered for exiton dissociation as the
result of ignorable contributions from other faces provided by the ZnO
nanorod top face and the dense ZnO layer. The red part between
nanorods represents the polymer.
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the interspacing between two ZnO nanorods (i.e., L = 0;
Figures S4 and S5 in Supporting Information),
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where A (s−1) is a frequency constant, g (nm/s) is the CdS shell
growth rate, ε (no dimension) is a constant depending on the
intrinsic property of the polymer. Note, the parameter g is
introduced in order to change the variable influencing f 2 from
time t into CdS thickness L (Supporting Information).
Therefore, f 2 correlates tightly with the nanoarray structure
(l, L) and the intrinsic polymer properties (ε, LD) in the MEH-
PPV/CdS-ZnO-NA-U1 subdevice. Clearly, f 2 is merely L-
dependent as the polymer and the original interspacing l in
ZnO-NA are specified. The typical f 2−L curve takes a “Z”
contour shown in Figure 3. The curve displays three
characteristic regions. In region I, f 2 = 1 exists until increasing
L up to Lopt, showing that the increased CdS shell thickness in
the range of L ≤ Lopt does not influence the population of
effective excitons generated by polymer absorption. In region II,
f 2 dramatically drops down to zero with further increasing L up
to the maximal CdS shell thickness (Lmax) when there is no
polymer phase between ZnO/CdS-core/shell nanorods. The
region III theoretically means that f 2 always equals to 0 for L >
Lmax = l/2, which will not be the case in practical devices.
Obviously, f 2 is a parameter to describe the change in the
effective exciton population in the polymer phase after
formation of CdS shell in the MEH-PPV/CdS-ZnO-NA-U1
subdevice.
The f 2−L curve clearly shows that the effective excitons

generated in polymer will decrease significantly for L > Lopt.
Our calculations showed that, when the original nanoarray
geometry (i.e., l) and the polymer excitonic property (i.e., LD)
are specified, the value of Lopt depends dominantly on A and ε,
but almost not on g (Figure S6 in Supporting Information). On
the basis of the LD in MEH-PPV and the averaged l in ZnO-
NA, our previous results demonstrated Lopt ≈ 6 nm in MEH-
PPV/ZC-NA solar cells.18 Moreover, the typical time of
growing the CdS shell with L = 6 nm needs about 4200 s

during SILAR process (calculated from the summed times for
adsorbing Cd2+ and S2− ions multiplied by SILAR cycle
numbers), thus the value of parameter g is estimated to be 1/
700 nm/s. With the experimental value of Lopt = 6 nm as a
reference, in combination with g = 1/700 nm/s, the parameters
A = 9 × 109 s−1 and ε = 17.5, and Lmax ≈ 12.5 nm as well, are
obtained for the MEH-PPV/CdS-ZnO-NA-U1 subdevices
(Figure S7 in Supporting Information). These values of
parameter A, ε, and g are used for the calculations in the
present IMPS model.
Additional assumptions are made as reported previously,31

that is, (1) excitons are only generated in the D phase and
dissociate at the D/A interface,37,38 (2) photocurrent from the
hole contribution is ignored,39 (3) trapping (k1) and detrapping
(k2) processes (Figure 1b) occur when the electrons trans-
porting in the ZnO core,40,41 (4) electric field effect is not
considered,30,42,43 (5) the exciton dissociation at the CdS/ZnO
and MEH-PPV/CdS interfaces proceeds at the average rate of
S0 and S, respectively.29

3.1. Photocurrent Δj11(ω) for CdS/ZnO-NA-U1 Sub-
device. In the CdS/ZnO-NA-U1 subdevice, we define the
effective exciton transport in the x direction normal to CdS/
ZnO-U1 interface and the electron transport direction along y
axis (Figure 4). Therefore, the excitons are generated in the

CdS phase within the region of 0 ≤ x ≤ L and 0 ≤ y ≤ (d + L).
Note, the excitons generated in the region of 0 ≤ x ≤ L and d ≤
y ≤ (d + L) are regarded as additional ones to those in the
region of 0 ≤ x ≤ L and 0 ≤ y ≤ d; they diffuse vertically to the
later region, then diffuse laterally toward the CdS/ZnO-U1
interface, and their contribution can be considered directly as a
part of the excitons generated within 0 ≤ x ≤ L and 0 ≤ y ≤ d.

3.1.1. Exciton Generation. During the IMPS measurements,
the modulation illumination function imposed on a device is
expressed as

δ= + ωI x y t I I e( , , ) i t
0 0 (2)

where I0 is the steady-state background light intensity (i.e.,
photon flux per m2) and δ is the modulation depth. The
continuity equation for the exciton density p(x,y,t) at the
position (x,y) in the region of 0 ≤ x ≤ L and 0 ≤ y ≤ (d + L)
(Figure 4) under modulation illumination I(x,y,t) from ITO
side is written as31

Figure 3. Typical f 2−L curve in the MEH-PPV/CdS-ZnO-NA-U1
subdevice with a given l for ZnO-NA and LD for MEH-PPV. Inset
illustrates the presence of Exin between ZnO nanorods with a
interspacing of l nm and the absence of Exin between ZnO/CdS-core/
shell nanorods at L = Lopt. Note, Lopt is the optimal CdS shell thickness
above which the effective polymer exciton population starts to
decrease, and Lmax is the maximal CdS shell thickness at which the
polymer excitons are absent.

Figure 4. 2-D coordinate system for CdS/ZnO-NA-U1 subdevice. The
position of CdS/ZnO-U1 interface is x = 0. The arrows represent the
effective diffusion for excitons (p) in CdS and electrons (e) in ZnO
nanorod under the illumination from ITO side.
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where α0 is the absorption coefficient of CdS, θ is the quantum
efficiency of exciton generation upon photon absorption, Dp0
and τp0 are, respectively, the diffusion coefficient and lifetime of
excitons in CdS. The exciton density under the modulated
illumination can be written in the form of

= + Δ ωp x y t p x y p x y e( , , ) ( , ) ( , ) i t
0 (4)

where p0(x,y) is the steady-state exciton density and Δp(x,y)eiωt
stands for the ac component of exciton density. Substituting eqs
2 and 4 into eq 3, then
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where S0 (cm/s) is the exciton dissociation rate at CdS/ZnO-
U1 interface, and S0Δp(0,y) is the annihilation flux density of
excitons at the CdS/ZnO-U1 interface. With the two boundary
conditions, the ac component of exciton density Δp(x,y) is
obtained from eq 5 in the form of
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Considering that the effective CdS exciton generation has a
percentage of f1 = 2L/l in the unit cell, the ac component of
effective exciton density [Δp/(x,y,t)] generated in CdS shell in
the CdS/ZnO-NA-U1 subdevice is expressed as

Δ = Δ = Δω ωp x y t p x y e p x y f e( , , ) ( , ) ( , )i t i t/ /
1 (14)

3.1.2. Electron Generation. Since the exciton diffusion
coefficient in CdS is rather high (Dp0 ∼ 102 cm2/s),32 it takes
about 10−14 s for the excitons in CdS to diffuse across the CdS
shell with L = 10 nm according to the relationship t = L2/Dp0.

Therefore, the time delay between exciton generation and
electron generation can be ignored in CdS/ZnO-NA-U1
subdevice, similar to the case in DSCs.26 Given that the
excitons generated at the position (x,y) in CdS phase dissociate
at position (0,y) (0 ≤ y ≤ d) with the ratio of injected electrons
to dissociated excitons is 100%, the electron density n/(x,y,t) in
ZnO nanorod is described as31
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Substituting eqs 9−14 into eq 15, then
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3.1.3. Electron Transport and Collection. To reach ITO
substrate for photocurrent generation, the electrons injected
into ZnO need to diffuse through ZnO nanorod (0 ≤ y ≤ d)
and ZnO dense layer (−L1 ≤ y ≤ 0; Figure 4). Moreover, we
use the electron injection rate (vth) to describe the electron
injection from ZnO nanorod to ZnO dense layer at the
nanorod/dense layer interface (y = 0) and use a constant rate
kext to describe the electron extraction from the ZnO dense
layer into ITO substrate. With the electron density n/(x,y,t)
generated by CdS absorption, the ac component of the
photocurrent Δj11(ω) in CdS/ZnO-NA-U1 subdevice can be
obtained by solving equations for the electron transport and
collection processes as described in polymer/ZnO-NA
devices.31 In order to provide a complete description of the
electron transport and collection dynamics in the CdS/ZnO-
NA-U1 subdevice that is actually a novel inorganic case, here
we provide the continuity equations and related solutions for
these processes in details.
In ZnO nanorod (0 ≤ y ≤ d), the excess electron densities in

the conduction band (i.e., n(x,y,t)) and in the trap states (i.e.,
N(x,y,t)) are described as31
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where De = Dcbk2/k1 is the effective diffusion coefficient of
electrons with Dcb being the diffusion coefficient of electrons in
conduction band, k1 and k2 are the first-order rate constants for
trapping and detrapping, τe is the electron lifetime in
conduction band, and n0 is the equilibrium electron density
in the dark. The excess electron density n(x,y,t) in the
conduction band of ZnO nanorod under the modulated
illumination can be separated into a steady-state density
n0(x,y) and an ac component Δn(x,y)eiωt,

= + Δ ωn x y t n x y n x y e( , , ) ( , ) ( , ) i t
0 (19)

and the same to n(x,y,t), the N(x,y,t) can be written as

= + Δ ωN x y t N x y N x y e( , , ) ( , ) ( , ) i t
0 (20)

where N0(x,y) is the steady-state density and ΔN(x,y)eiωt is the
ac component density. Based on eqs 15−20, the continuity
equation for the excess electron density Δn(x,y) in the
conduction band of ZnO nanorod is expressed as
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For the electrons with a density of Δn(x,y) transport along y
direction toward the dense layer, two boundary conditions are
given as
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where vth is the injection rate (cm/s) of electrons from the ZnO
nanorod into the dense layer at position (x,0) (−r ≤ x ≤ 0).
Accordingly, with the above boundary conditions, the solution
of eq 21 takes the form
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In the region −L1 ≤ y ≤ 0, the exciton generation in CdS is
no longer existing to affect the transport dynamics, and the
excess electron density [n1(x,y,t)] in the ZnO dense layer is
injected from the ZnO nanorod at an electron injection rate of
vth (cm/s; Figure 4), the continuity equation for the electron
density n1(x,y,t) and the electron density [N1(x,y,t)] in the trap
states of ZnO in the dense layer are expressed as
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With a transform of electron density of n1(x,y,t) and N1(x,y,t)
into steady-state and ac components, we obtain,

= + Δ ωn x y t n x y n x y e( , , ) ( , ) ( , ) i t
1 10 1 (31)

= + Δ ωN x y t N x y N x y e( , , ) ( , ) ( , ) i t
1 10 1 (32)

where both n10(x,y) and N10(x,y) are the steady-state densities,
and both Δn1(x,y)eiωt and ΔN1(x,y)e

iωt are the ac component

densities. Based on eqs 29−32, the continuity equation for the
excess electron density Δn1(x,y) in the conduction band of
ZnO dense layer is expressed as
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As the electron density at the nanorod/dense layer interface
(y = 0) is determined by the electron injection rate vth, and the
electrons in the ZnO dense layer are extracted into ITO
substrate at the dense layer/ITO interface (y = −L1) with a
constant rate kext, the boundary conditions are obtained as
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Accordingly, the solution of eq 33 is
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With a large enough kext value for the electron extraction, the
solution for the diffusion-limited short circuit can be obtained
from eq 36, and the ac component of the photocurrent in CdS/
ZnO-NA-U1 subdevice is given by
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3.2. Photocurrent Δj12(ω) for MEH-PPV/CdS-ZnO-NA-
U1 Subdevice. In the MEH-PPV/CdS-ZnO-NA-U1 sub-
device, we define the effective exciton transport along the x
direction normal to MEH-PPV/CdS-U1 interface and the
electron transport direction along y axis (Figure 5). Therefore,
the excitons are generated in the MEH-PPV within the region
of 0 ≤ x ≤ l − 2L and L ≤ y ≤ d + L + L2. Note, the excitons

Figure 5. 2-D coordinate system for MEH-PPV/CdS-ZnO-NA-U1
subdevice with MEH-PPV as donor and ZnO/CdS-core/shell nanorod
as acceptor. The arrows represent the effective diffusion for excitons
(p) in MEH-PPV and electrons (e) in CdS shell and ZnO nanorod
under the illumination from ITO side.
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generated in the region of 0 ≤ x ≤ l − 2L and d + L ≤ y ≤ d +
L + L2 are regarded as additional ones to those in the region of
0 ≤ x ≤ l − 2L and L ≤ y ≤ d + L; they diffuse vertically to the
later region followed by a diffusion laterally toward the MEH-
PPV/CdS-U1 interface, and their contribution can be
considered directly as a part of the excitons generated within
0 ≤ x ≤ l − 2L and L ≤ y ≤ d + L.
3.2.1. Exciton Generation. The continuity equation for the

exciton density pp(x,y,t) at the position (x,y) in the MEH-PPV
phase under the illumination from the ITO side is expressed
as31
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where αp is the absorption coefficient of MEH-PPV, Dp and τp
are the diffusion coefficient and lifetime of excitons in MEH-
PPV. Assuming that the polymer excitons dissociate at the
polymer/CdS interface with a rate of S (cm/s), the ac
component of exciton density Δpp(x,y) can be obtained by
solving eq 40 under appropriate boundary conditions
(Supporting Information). In order to get a comprehensive
evaluation of the CdS shell thickness on the population of
effective excitons in polymer, the f 2 factor is considered for the
effective exciton density pp(x,y,t) in the polymer phase, and the
ac component of effective exciton density [Δpp/(x,y,t)] in the
MEH-PPV/CdS-ZnO-NA-U1 subdevice is expressed as

Δ = Δ = Δω ωp x y t p x y e p x y f e( , , ) ( , ) ( , )i t i t
p
/

p
/

p 2 (41)

3.2.2. Electron Generation, Transport, and Collection.
Different from the CdS/ZnO-NA-U1 subdevice, the time delay
between exciton generation and electron generation cannot be
ignored in the MEH-PPV/CdS-ZnO-NA-U1 subdevice due to
the quite low exciton diffusion coefficient (Dp ∼ 10−3 cm2/s)44

in the polymer phase, and it will manifest itself as a phase shift
in a form of ϕn(ω) = π(ω/ω0)

N, where ω0 (rad/s) is a constant
correlating with the exciton diffusion property of polymer and
the configuration of devices, and N is the ideality factor
correlating with the device structure.31 On the other hand, since
the time for electrons to diffuse across the CdS shell with a
thickness of 10 nm is approximately within 10 ns18 and the
electron injection from CdS into ZnO normally occurs on a
time scale from picoseconds up to nanoseconds.45,46 It is
reasonable to ignore the transit time for the electrons generated
by the polymer absorption to diffuse across the CdS shell
toward ZnO core nanorod in the MEH-PPV/CdS-ZnO-NA-U1
subdevice; moreover, ZnO/CdS-core/shell nanorod can be
simply regarded as the ZnO nanorod for electron transport
with a radius increased up to r + L nm. Therefore, after
obtaining the effective exciton density (eq 41), the transport
and collection dynamics of the electrons injected into ZnO
nanorod for photocurrent generation in MEH-PPV/CdS-ZnO-
NA-U1 subdevice are the same to that in polymer/ZnO-NA
solar cells described previously.31 With the exciton density
Δpp/(x,y,t), the ac component of the photocurrent Δj12(ω) in
MEH-PPV/CdS-ZnO-NA-U1 subdevice is obtained by solving
equations for the generation, transport, and collection processes
of photogenerated electrons, as described in polymer/ZnO-NA
devices (Supporting Information).

3.3. Photocurrent ΔJ(ω) Generated by Unit Cell. The
ac photocurrent density ΔJ1(ω) generated by the interfaces at
the U1 location is the combined contribution from CdS/ZnO-
NA-U1 and MEH-PPV/CdS-ZnO-NA-U1 subdevices, that is,
ΔJ1(ω) = 2Δj11(ω) + Δj12(ω). The total ac photocurrent
density ΔJ(ω) generated by a unit cell is the weighted average
of photocurrent densities generated by the subdevices defined
by the interfaces at the U1, U2, and U3 locations according to
the ITO areas occupied by them, even though the ΔJ2(ω) and
ΔJ3(ω) generated by the subdevices at the U2 and U3 locations
are defined to be zero (Figure S3). The ac photocurrent
conversion efficiency φ(ω) is given by φ(ω) = ΔJ(ω)/(I0δθq).
Considering the RC attenuation effect F(ω) = (1 + iωRC)−1 of
the electrode on experimental IMPS responses,26,29,47 the
measured IMPS response Φm(ω) is expressed as

ω
ω

δθ ω
Φ =

Δ
·

+
J

I q i RC
( )

( ) 1
1m

0 (42)

where R and C are the resistance and capacitance of collection
electrode, respectively.

3.4. Theoretical Expectations. The dependences of IMPS
responses on CdS shell thickness L calculated from eq 42 are
shown in Figure 6. All of the calculated IMPS responses appear

in the fourth quadrant (positive real, negative imaginary) of the
complex plane, similar to the MEH-PPV/ZnO-NA devices.31

For all the calculations in this paper, θ = 1, δ = 0.1, vth = 104

cm/s, kext = 106 cm/s, R = 20 Ω, L1 = 40 nm, and q = 1.6 ×
10−19 C are given by referring to the previous report,31 and the
experimental d = 400 nm, r = 14 nm, and l = 25 nm are
obtained from the ZnO-NA for preparing the ZC-NA
structure;18 moreover, Dp = 1.1 × 10−3 cm2/s and τp = 455
× 10−12 s,34 and αp = 105 cm−1 for MEH-PPV,48 while Dp0 =
0.41 × 103 cm2/s and τp0 = 3.2 × 10−3 s,32 and α0 = 104 cm−1

for CdS49 were adopted from literature.
The crossing point of the IMPS responses with the positive

real axis at low frequency is referred to as IPCE point which
provides a direct estimation of the incident photon-to-current
conversion efficiency (IPCE) as the photocurrent is divided by
photon flux, and that at high frequency to as the Phigh point that
gives an evaluation of the exciton diffusion effect (i.e., ϕn(ω))
on the electron transport.29,31 The calculated IPCE first
increases with increasing L up to 6 nm; however, further

Figure 6. Calculated IMPS responses upon different L values with
calculating frequency from 1 Hz to 15 kHz. The parameters for
calculation are ω0 = 2.37 × 105 rad/s, N = 0.6, S = 400 cm/s, C = 23
μF, De = 5 × 10−4 cm2/s, k1 = 5 × 105 s−1, k2 = 5 × 103 s−1, and τe = 2
ms. Moreover, S0 = 0 for L = 0 nm, S0 = 1500 for L ≠ 0 nm. The inset
magnifies the IMPS spectra around Phigh points; the solid symbols on
the plots identify the fmin (=320 Hz) points.
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increase in L up to >6 nm results in a decreased rather than
increased IPCE, suggesting the presence of Lopt = 6 nm for
MEH-PPV/ZC-NA devices. At the first glance, the Phigh point
location does not change remarkably with increasing L, but a
magnified view (inset to Figure 6) shows that the Phigh point
location actually moves toward the origin as L increases,
inferring a decreased phase shift ϕn(ω) effect on electron
transport dynamics.31 The decreased phase shift ϕn(ω) effect
with increasing L can be understood by the fact that the
increased CdS layer reduces the diffusion time (or distance) of
the excitons in polymer phase.
Figure 7a shows the dependences of calculated IMPS

responses on S and S0. Increasing the exciton dissociation

rate S at the MEH-PPV/CdS-U1 interface leads to a slightly
enhanced phase shift ϕn(ω) effect with the Phigh point biasing
away from the origin and a larger IPCE, which is similar to the
findings in MEH-PPV/ZnO-NA devices.31 Different from the
S, however, the exciton dissociation rate S0 at the CdS/ZnO-U1
interface does not evidently affect the shape of IMPS responses
(Figure 7b), indicating that S0 can be assigned an arbitrary value
during calculation. Further calculations showed that the IMPS
responses are also independent of S0, even when assuming the
absorption coefficient of shell layer is as high as α0 ≥ 105 cm−1,
for example (Figure S8 in Supporting Information), only with a
remarkably increased IPCE for the increased α0 from 104 to 105

cm−1. The unchanged shape of the IMPS responses upon
changing S0 suggests that the electron transport dynamics and
the photocurrent generation in the MEH-PPV/ZC-NA solar
cells are not affected by the exciton dissociation at the CdS/
ZnO-U1 interface, for which the reason is probably due to the
good exciton diffusion property in the shell layer. The
calculated dependences of IMPS responses on S and S0
demonstrate that the IPCE of MEH-PPV/ZC-NA solar cells

are dominantly relevant to the polymer exciton dissociation but
not affected by the CdS exciton dissociation.

4. RESULTS AND DISCUSSION
4.1. Comparison between Calculated and Experimen-

tal Results. The MEH-PPV/ZC-NA devices with L = 0−8 nm
were fabricated for experiments. The steady-state J−V
characteristics (Figure S9 and Table S1 in Supporting
Information) under monochromatic illumination (15.85 mW/
cm2) showed that the device Jsc first increases with increasing L
up to 6 nm, then decreases by further increasing L up to 8 nm,
while the Voc increases from 0.348 to 0.766 V with the increase
in L from 0 to 6 nm and further increase in L only leads to a
slight increase in Voc. The J−V results under the mono-
chromatic illumination are identical to that obtained under AM
1.5 illumination (100 mW/cm2).18 The dynamic IMPS
responses of these solar cells are shown in Figure 8. Clearly,

the measured IMPS responses appear in the forth quadrant of
the complex plane, the IPCE initially increases within L = 0−6
nm but decreases with further increasing L to 8 nm, and the
Phigh points approach the origin with increasing L (inset to
Figure 8); all of the changes in the shape of experimental IMPS
responses confirms well the model expectations (Figure 6). The
good accordance between the experimental and calculated
IMPS results suggests that our model has captured the main
characteristics of photovoltaic process in polymer/ZC-NA
devices and can provide mechanistic understandings of the
charge transport dynamics and device performance under the
formation of core/shell-structured electron transport channels.

4.2. CdS Shell Effects on Photocurrent Generation.
The IPCE values of the solar cells can be directly obtained from
the IMPS responses. As shown in Figure 9, the IPCE values
obtained from the dynamic IMPS measurements are close to
that obtained from the steady-state J−V measurements (Figure
S9 and Table S1) under monochromatic illumination. More-
over, the L-dependence of IPCE data from the IMPS and J−V
measurements agrees with those from the IPCE curves at 470
nm (Figure S10 in Supporting Information). Figure 9 also
compares the correlations between the L-dependences of the
experimental IPCE data and the calculated f1 or f 2 values (refer
to Table 1). Increasing L from 0 to 8 nm leads to an always
increase in the CdS contribution (i.e., f1), but an unchanged
MEH-PPV contribution (i.e., f 2) within L ≤ 6 nm followed by a
significantly decreased f 2 with further increasing L up to 8 nm.
Clearly, the increase in IPCE, and Jsc (Figure S9 and Table S1)

Figure 7. Calculated IMPS responses upon different S (a) and S0 (b)
values with calculating frequency from 1 Hz to 15 kHz. The
parameters for calculation are L = 6 nm, ω0 = 2.37 × 105 rad/s, N =
0.6, C = 23 μF, De = 5 × 10−4 cm2/s, k1 = 5 × 105 s−1, k2 = 5 × 103 s−1,
and τe = 2 ms. S0 = 1500 cm/s and S = 400 cm/s are used for
calculations in (a) and (b), respectively. The solid symbols on the
plots identify the fmin (=320 Hz) points.

Figure 8. Measured IMPS responses of the MEH-PPV/ZC-NA
devices with different L values. The inset magnifies the IMPS spectra
around Phigh points; the solid symbols on the plots identify the fmin
points.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp509369n | J. Phys. Chem. C 2014, 118, 28462−2847328469



as well, within the range of L ≤ 6 nm is mainly due to the
increased absorption contribution to photocurrent generation
from the CdS shell that imposes no influence on MEH-PPV
contribution, but the decreased IPCE (Jsc) for further increasing
L up to 8 nm is due to the remarkably reduced MEH-PPV
absorption contribution to photocurrent generation. These
results quantitatively demonstrate that polymer is the dominant
absorption material in the MEH-PPV/ZC-NA solar cells, in
agreement with our previous conclusion.18

4.3. Fitting IMPS Responses. The mean transit time (τD)
for the electron transport through the ZnO nanorod to
collection electrode was calculated from the frequency fmin of
the lowest imaginary component of experimental IMPS
response by the relation τD = 1/(2πfmin). The transit time τD
is given in Table 1. To get a deep insight into the charge
generation and transport dynamics, the experimental IMPS
responses are fitted to the model (eq 42). Because the phase
plot can provide a sensitive diagnostic analysis of the electron
transit time τD, electron diffusion coefficient De, and ϕn(ω)
effect,26,29 the best method to fit an experimental IMPS
response is to use its corresponding Bode plots rather than its
complex plane form. The fitting processes were done by three
steps as described previously.31 First, the S is directly evaluated
from the IPCE points of the measured IMPS responses
according to eq 42. Second, the ω0 (10

6 rad/s) for the MEH-
PPV/ZnO-NA device31 is applied as a temporary value to the
MEH-PPV/ZC-NA devices, and the order of magnitude is
taken to be 105 s−1 for k1, with k1 > k2,

50 the De value is
obtained with N = 1 after inserting other parameters (α0, αp,
Dp0, Dp, τp0, τp, vth, kext, τe, l, d, r, L1, q, I0, δ, θ) into eq 42, and
simultaneously varying De, R, and C until a good accordance
with the experimental fmin value and the magnitude plot in the
whole frequency range is obtained. At last, with changing N and
ω0 values simultaneously, the phase angle plot in the whole
frequency range gets satisfactorily fitted. Figure 10 shows the
fitted IMPS responses. Note that, as S0 does not affect the
IMPS response (Figure 7b), the S0 for the MEH-PPV/ZC-NA
devices was defined as 1500 cm/s according to the relation S0 ≈
ReS, in which Re is the ratio of the exciton binding energies

between MEH-PPV (∼600 meV51) and CdS (∼180 meV19);
moreover, the τe value in each device (Table 1) was measured
with IMVS (Figure S11 in Supporting Information) and used
for fitting. Also, noticeably, the Bode plots clearly show that all
the experimental IMPS responses are altered at 6.1 kHz, which
is possibly due to the slow detrapping of electrons in
comparison to the modulation frequency.26,50 All of the fitted
parameters are collected in Table 1.

4.3.1. CdS Shell Effects on Electron Transport. It has been
demonstrated that the CdS shell may provide additional
absorption to increase the charge generation but reduce the
effective polymer excitons for charge generation, resulting in a
charge generation strongly correlated with CdS shell thickness
in the MEH-PPV/ZC-NA devices (Figure 9). The fitted S for
the MEH-PPV/ZnO-NA (L = 0 nm) devices is almost the
same to that for the MEH-PPV/ZC-NA (L = 3−8 nm) ones,
which suggests that ZnO and CdS are similarly effective for
dissociating the polymer excitons, in a good agreement with our
previous PL results.18

During the electron transport to collection electrode, the
surface defects on the ZnO nanorods will affect the transport
dynamics by trapping (k1) and detrapping (k2) processes,52,53

as depicted in Figure 1. Shown in Figure 11 are the L-

Figure 9. L-Dependences of the experimental IPCE data from IMPS
and J−V measurements and the calculated f1 and f 2 values from the
model.

Table 1. Fitted Parameters for the MEH-PPV/ZC-NA Devices with Different L Values

L (nm) f1
a f 2

a τD
b (ms) τe

c (ms) ω0 (rad/s) N S (cm/s) De (cm
2/s) k1 (s

−1) k2 (s
−1) C (μF)

0 0.00 1.00 0.61 0.76 2.21 × 106 0.425 550 2.81 × 10−4 1.35 × 105 6.14 × 103 25.78
3 0.24 1.00 0.49 0.95 2.68 × 106 0.403 556 11.32 × 10−4 0.68 × 105 2.89 × 103 21.31
6 0.48 0.99 0.31 1.87 3.41 × 106 0.360 557 18.37 × 10−4 0.17 × 105 0.71 × 103 18.29
8 0.64 0.61 0.39 2.35 3.62 × 106 0.380 557 13.12 × 10−4 0.13 × 105 0.59 × 103 20.61

aThe values of parameter f1 and f 2 are calculated from the structure of core/shell nanoarray and the intrinsic polymer property. bThe electron transit
time measured with IMPS. cThe electron lifetime measured with IMVS.

Figure 10. Measured and fitted IMPS responses in the form of Bode
plots for the devices with L = 0 (a), 3 (b), 6 (c), and 8 nm (d). The
arrows on the plots identify the datum points of 6.1 kHz.

Figure 11. Dependences of De, k1, k2, and τD on CdS shell thickness L.
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dependences of De, k1, k2, and τD. Clearly, a smaller τD is
accompanied by a larger De. The L-dependence of De is similar
to that of IPCE (Figure 9), suggesting a strong correlation
between the electron density in ZnO conduction band and De
in the MEH-PPV/ZC-NA solar cells.54−57 Moreover, both k1
and k2 decrease significantly with increasing L up to 6 nm,
further increase in L hardly changes their values. As k1 is the
first-order rate constant for the surface states to trap electrons,
the L-dependence of k1 indicates that the passivation of ZnO
surface defect gets to the largest extent at L = 6 nm, which is
consistent with our previous PL results.18 The k2 is the first-
order rate constant for detrapping, and the change trend of k2
with increasing L is similar to that of k1, indicating that a slower
trapping rate is accompanied by a slower detrapping process.
Note, the reduced surface defects on ZnO for trapping
electrons, and the reduced charge recombination as well
(Table 1) will allow more photogenerated electrons to
accommodate in ZnO conduction band, also favoring the
increases in the electron concentration therein and the
photocurrent generation in device. For L = 0−8 nm, even
though changed very slightly, the fitted N has opposite L-
dependence to De and IPCE (Table 1), which agrees with the
conclusion that the N value correlates with the concentration of
the electrons that diffuse directly (i.e., DD transport) toward
collection electrode.31

The crucial photovoltaic processes in the HPSCs involve the
diffusion of photogenerated polymer excitons toward the D/A
interface for dissociation into free charge carriers and the
effective transport to collection electrodes of the charge carriers
before recombination. The exciton diffusion in polymer phase
has a phase shift ϕn(ω) effect on electron transport.29,31 Our
previous calculations31 show that S, N, and De can influence the
ϕn(ω) effect, among which either decreased N or an increased
De will cause an enhanced ϕn(ω) effect by making the Phigh
point biasing away from the origin. The experimental IMPS
responses show that the Phigh point moves toward the origin
with increasing L, suggesting a reduced ϕn(ω) effect (Figure 8).
The comparable S for the devices with L = 0−8 nm suggests
that the changed ϕn(ω) effect is not originating from S.
Moreover, with increasing L from 0 to 6 nm, we get the slightly
decreased N and significantly increased De values (Table 1),
which are actually accompanied by a reduced ϕn(ω) effect
(Figure 8), indicating thereby that N and De are also not the
reason for the observed ϕn(ω) effect. Fitted results show that
ω0 has a value of 2.21 × 106 rad/s for L = 0, in agreement with
the value for MEH-PPV/ZnO-NA device.31 With increasing L,
the fitted ω0 gets slightly increased (Table 1). According to
ϕn(ω) = π(ω/ω0)

N, an increased ω0 will lead to a reduced
ϕn(ω) effect under the comparable N values. Intrinsically, ω0 is
a constant correlating with the exciton diffusion property of
polymer. However, we have found that the ω0 value (2.25 × 106

rad/s) for MEH-PPV/ZnO-NA bulk cells31 is much higher
than that for the MEH-PPV/TiO2 bilayer devices (6 × 104 rad/
s),29 indicating that the exciton diffusion property in the
polymer also tightly correlates with device architecture. In fact,
the MEH-PPV/ZC-NA solar cells with L = 0−8 nm actually
have a comparable ω0 due to the similar aligned bulk
architecture in them (Table 1). The reduced ϕn(ω) with
increasing L in the MEH-PPV/ZC-NA solar cells is eventually
attributed to the decreased exciton diffusion time (or distance)
of the excitons in the polymer phase as a result of the increased
L, in agreement with the theoretical prediction (Figure 6).
Moreover, in the IMPS model, the RC attenuation effect of

electrode is considered, where the resistance R is normally
determined by the sheet resistance of the ITO substrate (10−
20 Ω)26,47,58 and thereby is set to be a constant of 20 Ω in the
IMPS fitting. Since RC represents the charging/discharging
time of a device, a smaller RC will result in a smaller transit time
τD,

31 which is confirmed by the L-dependence of the fitted
capacitance values (Table 1).

4.3.2. Remarks. The IMPS model established in this paper
captures the main characteristics of the photovoltaic processes
in polymer/ZC-NA devices and provides new insights into the
structure-related electron transport dynamics and device
performance. Moreover, the IMPS model is expected to find
extended applications to other oxide-based core/shell nano-
array with the shells having different complementary absorption
properties, such as, the shells with a small band gap (e.g.,
CuInS2, Sb2S3, CZTS) for absorbing photons, or the shells with
a wide band gap (e.g., TiO2, ZnO) by which the additional
charge generation in the shells is eliminated. Furthermore, the
polymer used in this model could be replaced by other
excitonic absorption materials, no matter they are organics or
inorganics, after a revised ϕn(ω) = π(ω/ω0)

N effect, depending
on the exciton diffusion properties in the absorption materials.

5. CONCLUSION
In this paper, we have established an IMPS model for dynamic
characterization of the HPSCs based on ZnO/CdS-core/shell
nanorod by considering the main characteristics of photovoltaic
processes, the effective shell absorption contribution ( f1) and
the effective polymer absorption contribution ( f 2). The main
expectations of the model are satisfactorily confirmed by the
experimental data of the MEH-PPV/ZC-NA devices. It is
theoretically demonstrated that the charge generation due to
the exciton dissociation at the D/A interfaces provided by
nanorod side faces dominates the photocurrent generation in
polymer/nanorod array solar cells. The calculations based on
the IMPS model reveal that the IPCE (or Jsc) of MEH-PPV/
ZC-NA solar cells depends dominantly on f1, f 2, and the
polymer exciton dissociation rate S at the MEH-PPV/CdS
interfaces at the ZnO/CdS-core/shell nanorod side faces, but is
independent of the CdS exciton dissociation rate S0 at the CdS/
ZnO interfaces therein; moreover, calculated results quantita-
tively demonstrate that the polymer is the dominant absorption
material in the MEH-PPV/ZC-NA solar cells, in which the
photocurrent generation is dominantly the competitive results
of f1 and f 2 contributions subjected to the change in L. Fitting
the experimental IMPS data of MEH-PPV/ZC-NA solar cells
into the model demonstrates that, the first-order rate constant
k1 for the surface states on ZnO nanorods to trap electrons
remains nearly unchanged after the surface defects have been
passivated to the largest extent. Moreover, the L-dependence of
first-order rate constant k2 for detrapping electrons is similar to
that of k1, which indicates that a slower trapping rate is
accompanied by a slower detrapping process. Furthermore,
there is a strong correlation between the electron density in the
ZnO conduction band and the De during electron transport
process, and the CdS shell formation reduces the exciton
diffusion time (or distance) in the polymer phase to weaken its
phase shift ϕn(ω) effect on the electron transport. In the long
run, our findings may provide theoretical guidance for
fabricating and optimizing the HPSCs based on core/shell
nanoarrays, and the model is expected to find extended
applications to other core/shell nanorods based excitonic solar
cells.
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