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The nanorod arrays of ZnO incorporated with lithium atoms show specific crystallinity,

photoluminescence and absorption properties, which are promising for the improvement of photovoltaic

performance of hybrid solar cells based on ZnO/poly(3-hexylthiophene). Li ions can be incorporated into

ZnO crystals during the hydrothermal growth of the nanorods. The presence of Li in ZnO crystal was

confirmed through X-ray diffraction analysis and by the photoluminescence spectra obtained. The

difference in photovoltaic properties brought about by Li doping were determined from concentrations of

the precursor solution. It was determined that appropriate Li doping improves both the short circuit

current density (/i) and open circuit voltage (V,.). The quenching of photoluminescence of Li-doped

ZnO nanorods/P3HT films indicates effective charge transfer at the interface due to oxygen-enrichment

I3

surface, corresponding to the enhancement of J.. The improvement of V. was due to the suppression of

the charge injection from the electrode brought about by the increase in barrier height at the ITO/ZnO

interface as the work function of the ZnO nanorods was reduced after Li ion doping. However, further

substitution of Li to Zn (Liz,) lead to increased reverse current densities of minority carriers decreasing

V. after the maximum value at 5 atom% incorporation. The maximum power conversion efficiency of

20 0.37% was obtained at 5 atom% doping, although improvements in photovoltaic performances through Li

doping was still be seen up to 20 atom% doping.

Introduction

Hybrid polymer-metal oxide solar cells have been widely
investigated in recent years due to their low-cost manufacturing.
»s However, the power conversion efficiencies of hybrid devices are
commonly low. Efforts to improve device performance have
focused on the fabrication of inorganic nanostructured materials,l
the modification of the interface’ between the polymer and the
metal electrode and band-offset engineering.” One of the most
30 widely studied inorganic semiconductors for electronic devices is
zinc oxide because of its wide band gap, good carrier mobility
and great variety of morphologies.* The vertically-aligned ZnO
nanorods structure has great potential for hybrid solar cells and
other photo electronic devices. Of the various methods to prepare
35 ZnO nanostructures, hydrothermal growth has been favored since
it is simple, inexpensive, and prepared at low temperatures. One
of the challenges in hydrothermal preparation is to dope foreign
atoms into well-aligned ZnO nanorods during growth to improve
their electric properties. Here, we introduce lithium atoms and
40 confirm their presence in the crystal of ZnO nanorods. Because
the acceptor level of Li has a small binding energy (Liz,)’ and Li
is highly soluble in ZnO®, the incorporation of Li atoms into ZnO
nanorods can be possible. However, lithium can easily occupy
interstitial position (Li;) due to its small ionic radius. This Li; acts
45 as donor’ and can compensate the acceptor action.”

Most of the hybrid inorganic-organic devices have low
photovoltaic performance due to the large band offset between
the electron donor and acceptor materials > and inefficient charge
generation and charge transport at their interface. In our previous

so work, we introduced the modification of the surface of the metal
oxide by N719 dye, which resulted to the enhancement of
electron injection from polymer to metal oxide.? In this context,
we have now succeeded in doping Li atoms into ZnO crystal
during hydrothermal growth. Li incorporation is promising to
ss improve  the power efficiency of hybrid
polymer/metal oxide solar cells constructed from vertically-

conversion

aligned ZnO nanorod arrays as the electron transporting layer and
poly(3-hexylthiophene) (P3HT) as the donor. We establish
properties of Li-doped ZnO nanorod arrays prepared through a

60 hydrothermal method and examine the influence of Li impurities
on photovoltaic performance of hybrid solar cells.

Experimental

Materials

Zinc acetate (Zn(CH;COO),), zinc nitrate hexahydrate
65 (Zn(NO3),6H,0), lithium acetate (Li(CH;COQ)), lithium nitrate

(LiNOy), monoethanolamine (H,NCH,CH,0H), and

chlorobenzene (C¢HsCl) were purchased from Wako Pure
Chemical Industries, Japan. Hexamethylenetetramine (C¢H;,N4)
and 2-methoxyethanol (C,HgO,) were bought from Aldrich.
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P3HT was purchased from Rieke Metals. Indium tin oxide (ITO)-
coated glass (10 Q cm™®) was purchased from Geomatec, Japan.
The substrates were cleaned prior to use by ultrasonic agitation in
distilled water, acetone and isopropanol.

Synthesis of Li-doped ZnO Nanorods

Zn,Li,O (x = 0 - 0.25) nanopowder thin films that served as
seed layers were deposited on ITO substrates by spin coating Zn,.
xLiy acetate solution (0.3 M). This solution was prepared by
controlling the molar ratio of zinc acetate to lithium acetate with
monoethanolamine (0.3 M) as the complexing agent and 2-
methoxyethanol as the solvent. Note that the value of x in this
literature refers to the concentration of the dopant precursor.
Then, the films were annealed at 300 °C for 10 min. This process
was repeated twice, yielding films with thicknesses of
approximately 30 nm. The hydrothermal growth of Li-doped ZnO
nanorod arrays was performed by suspending the as-prepared
ZnLiO substrates in a polypropylene container filled with
aqueous solution of zinc nitrate hexahydrate, lithium nitrate and
hexamethylenetetramine (50 mM). The container was then aged
in an oil bath at 90 °C for 25 min. The substrate was carefully
rinsed by distilled water for several times and finally annealed at
150 °C for 10 min to remove organic residues from inorganic
materials.

Fabrication of Hybrid Solar Cells

A solution of P3HT in chlorobenzene (30 mg ml'') was spin-
coated on top of ZnO nanorods, yielding a thickness of P3HT
(including the length of the nanorod) about 230 nm.
Subsequently, the films were annealed at 150 °C in an Ar-filled
glove box for 3 min. Finally, the Ag top electrode (100 nm) was
thermally evaporated using a vacuum evaporation system.

Characterization

An electron energy-loss spectrum in a scanning transmission
electron microscope (STEM-EELS) was recorded to investigate
the distribution and confirm the presence of Li element in ZnO
nanorods. X-ray diffraction spectrometer was preformed to
crystalinity  of  Li-doped  ZnO
Photoluminescence studies were carried out using a He-Cd laser
operating at the wavelength of 325 nm. Photo-electron yield
spectrometer (PYS) in air was carried out on a Riken Keiki model
AC-2. The photocurrent-voltage characteristics were measured
under ambient atmosphere and simulated solar light, AM 1.5, 100
mW c¢m on CEP-2000 (Bunkoh-Keiki). A photo mask with the
area of 0.0503 cm” was used to define active area of the device
irradiated by the light. Transmissions and adsorptions spectra
were obtained from a UV-vis spectrophotometer (UV-2450
Shimadzu).

analyze nanorods.

Results and Discussions
Properties of Li-doped ZnO nanorods

The Zn;,Li,O (x = 0 - 0.25) nanorods thin films were prepared
by sol-gel-hydrothermal growth form a solution of Zny,Li,
acetate and Zn,_Li, nitrate with a proper molar ratio. The Zn,.
«LixO nanorod arrays deposited on ITO substrates were
investigated with electron energy-loss spectroscopy in a scanning
transmission electron microscope, STEM-EELS, (Fig. S1, ESIY)
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Fig. 1 The variation of a) (002) peak intensity, b) lattice parameter ¢, and
¢) crystal size of ZnO nanorods doped by various Li concentration.

in order to determine the distribution of Li element in ZnO
nanorods. The Li element mapping images confirm the
incorporation of Li into ZnO crystals during hydrothermal
growth, and indicate a Li-rich phase on the top of ZnO nanorods.
It can be suggested that the formation of ZnO crystals dominates
over Li incorporation at the beginning of the growth. But when
the concentration of Zn ions in solution decreases, the reaction
rate slow down, allowing for the Li ions to diffuse into the ZnO
crystals.

The XRD patterns (Fig. S2, ESI{) of ZnO nanorods with
different Li-doping concentration on ITO substrates were
collected. The (100), (002) and (101) peaks of ZnO indicates that
the sample is polycrystalline. The (002) peak shows a strong
intensity along with very weak (100) and (101) peaks,
corresponding to the wurtzite phase of ZnO. Either metallic zinc
or lithium characteristic peaks are not observed from the XRD
spectra.

The variations of intensity of (002) peak, lattice parameter and
crystal size were analyzed (ESIT) and are shown in Fig. 1. The
intensity of (002) peak (Fig. la) decreases with increasing Li
content, indicating that the crystallinity of the samples is
degraded with the presence of Li impurity in the ZnO crystal. At
5 atom % Li-doping concentration, a significant decrease in
lattice parameter could be expected when the large Zn>* ions
(radius of 0.074 nm) are replaced by the smaller Li* ions (radius
of 0.060 nm).> ° For higher Li-doping concentration, the lattice
parameter increases but is still smaller than that of pure ZnO

s nanorods. This may be due to either interstitial incorporation of

Li* ions (Li, donor) into the lattice® or the formation of
electrically inactive Liz,-Li; pairs explained by Wardle et al.’

The optical properties of Zn; ,Li,O nanorods were investigated
by photoluminescence (PL) spectroscopy. Room temperature PL
spectra of all the samples (Fig. S3, ESI}) show two bands in the
ultraviolet emission at ~410 nm, which are related to near band-
edge excitonic emissions'® and broadband emission in the range
of 500 to 800 nm, which is related to the defects in the ZnO
crystal. To investigate the defect-related emission and compare
the relative changes of the defects after Li doping, the PL spectra
were normalized by the PL intensity near band-edge emissions
(410 nm). Then, the normalized PL spectra for 0, 5, and 10
atom% doping were divided into five regions using a Gaussian
function. The emissions can be seen in the ultraviolet (P1: ~350-
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Fig. 2 The normalized of room temperature photoluminescence for Zn,4LixO nanorod films on glass substrates for a) undoped, b) x = 0.05, and ¢) x = 0.10.
The gray solid lines present the experimental data. The P1-P5 (dot lines) denotes the ultraviolet emission, blue emission, green emission, yellow emission,
and red emission, respectively. The black solid line is the summation of P1-P5.
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Fig. 3 The first ionization energy (IE) of Zn,,Li O nanorod films.
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450 nm), blue (P2: ~380-500 nm), green (P3: ~480-600 nm),
yellow (P4: ~550-650 nm) and red (P5: 580-800 nm) regions, as
shown in Fig. 2. The blue emission and green emission have been
10 reported to arise from Zn ions at interstitial sites (Zn;) of ZnO
crystals,'™!! and oxygen vacancy (Vo),'> '** respectively. These
emissions were confirmed in the spectra of the pure ZnO sample
(Fig. 2a). The red emission, on the other hand, is commonly
attributed to excess oxygen on the ZnO surface'> *"'7 The yellow
15 emission for undoped ZnO nanorods prepared through
hydrothermal growth can be due to the Zn(OH), or OH group.'®
The increase in the relative intensity of yellow emissions as the
doping concentration of Li was increased to 5 and 10 atom% can
be due to both Liz, and Li; in the ZnO crystal. The transitions
20 from donor levels in the crystal (can be both from V, or Li;) to
Liz, acceptor levels releases yellow emissions.” '
At 5 atom % doping, the peaks of the native defects (Zn; and
Vo) of ZnO remain relatively unchanged. Thus, the change in
yellow emission intensity confirms the replacement of Zn by the
»s smaller Li atom in the crystal. This is supported by the decrease
of lattice parameter and ZnO crystal size as observed by XRD
analysis (Fig. 1b,c). On the other hand, at 10 atom % doping, the
green emission of the crystal significantly decreased and the
yellow emission continued to increase. This indicates the
30 reduction of Vg and a proliferation of Li impurity in the crystal.
Li ions cannot substitute for O (Lip) in the crystal lattice due to
the high formation energy.’ The Li ions can diffuse into the
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Fig. 4 The plot of absorption coefficient () versus photon energy (V)
35 for Zn;4LiyO nanorod films (x = 0-0.25) on glass substrates. The open
symbol and solid line denote the experimental data and fitted curve from
equation (ESI})

spaces in between the lattice (Li interstitial, Li;). The diffusion of
Li; leads to an increase in both crystal size and lattice parameter
40 as seen in Fig. 1. Interestingly, the red emission band, which
relates to excess oxygen at the surface, becomes stronger as the
Li content is increased to 10 atom % doping and decreased
significantly for the heavily doped samples (not shown here). We
believe that Li incorporation into ZnO can induce oxygen-
45 enrichment of ZnO surfaces. The increase in red emission has
also been observed in the case of Li-doped bulk ZnO." In other
words, the decrease in red emission for heavy doping can be
attributed to the degradation of crystallinity as shown by the XRD
spectra.
so  The placement of Li in the ZnO crystal was investigated by
evaluating the first ionization energy (IE, Fig. 3) from the
photoemission yield spectra (Fig. S4, ESIT). An increase of the
IE is observed for 0 < x < 0.15 atom % Li-doped ZnO nanorods.
This is due to the acceptor action of the Liy, in the ZnO crystals.
ss IE decreased upon further Li-doping. This can mean that the
additional Li after 15 atom% is Li;, due to the donor action of Li;.
For all doping concentrations studied, the measured IE is still
higher than that of pure ZnO samples owing to the effect of Liz,.
Increasing the doping concentration further however may lead to
o IE lower than that of the pure ZnO samples due to the effect of
Lil'
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Fig. 5 The photovoltaic parameters, a) PCE, J,., and b) fill factor, V. of
hybrid Zn;4LixO nanorods/P3HT solar cells (x = 0 — 0.25).

The optical band gap of the films was determined from the

s absorption coefficient (Fig. S5, ESIT) of Li-doped ZnO nanorods.

It was determined that the optical band gap of Li-doped ZnO

nanorods is a direct optical transition. The values of the optical

band gaps showed no change at around 3.30 eV as doping

concentration was increased, as shown in Fig. 4. The effect to the
10 photovoltaic characteristics will be discussed below.

Characteristic of hybrid Li-doped ZnO/P3HT solar cells

To observe the effect of Li incorporation into ZnO nanorods
on the electrical properties and band edge of hybrid solar cells,
Zn,,Li,O nanorods/P3HT devices were fabricated. Fig. 5 shows

15 the performance of the devices as a function of Li concentration
under AM1.5, 100 mW cm™ The Li incorporation to ZnO
nanorods resulted to a systematic increase in short-circuit current
density (J,) from 1.13 mA cm™ for x = 0 to as high as 1.53 mA
em’ for x = 0.15, as shown in Fig. 5a. With the further increase

20 of Li concentration, the Jy. dropped significantly. Interestingly,
the open-circuit voltage (V,.) of the device with x = 0.05 have a
significant value of 0.48 eV compared to that of the other
devices. The fill factor (FF) shows no significant changes at low
Li concentration. It starts to fall off after 15 atom%.

25 Correspondingly, the power conversion efficiency (PCE)
improves with increasing Li concentration, then falls off after x =
0.05, as seen in Fig. 5a. The highest PCE of 0.37% (J,. 1.41 mA
em?, V,. 0.48 eV, FF 0.55) was obtained at 5 atom % doping.

To investigate the origin of the enhancement on Jy, the

30 photoluminescence (PL) of Zn;Li,O/P3HT thin films and the
external quantum efficiency (EQE) of the Li-doped devices were
collected. In Fig. 6a, the quenching in PL intensity indicates
efficient charge transfer at the Zn; (Li,O nanorods/P3HT
interface when x = 0.10-0.15. This is attributed to the oxygen-
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Fig. 6 a) photoluminescence of hybrid Zn,Li O nanorods/P3HT films on
glass substrates (x = 0 —0.15) and b) the EQE of hybrid Zn,4LiyO
nanorods/P3HT solar cells (x = 0, 0.15)

enriched surface, as observed by the change of red emission in
40 Fig. 2. The increase in oxygen concentration at the surface of

inorganic semiconductors improves the performance of hybrid

inorganic/organic solar cells."® This oxygen-enrichment of the

surface is also observed when ZnO nanocrystallite aggregates are

doped by Li atoms and show an improvement of photovoltaic
ss performance for dye-sensitized solar cells.'

The external quantum efficiency (EQE) of the ITO/Zn,,Li,O
nanorod/P3HT/Ag (x = 0, 0.15) devices are shown in Fig. 6b. The
15 atom % Li-doped ZnO nanorods device shows a maximum
EQE of 16.0% at 520 nm, correspondong to J,; of 1.53 mA cm™.

s0 A peak in the EQE spectra at around 520 nm is attributed to
absorptions of P3HT and charge separation at ZnO/P3HT
interfaces as observed by the quenching in PL intensity. A peak
in EQE spectra at 370 nm is caused by the UV light absorption of
ZnO and subsequent transfer of holes to P3HT.?° The samples

ss doped upto 15 atom % show an enhancement in these two peaks.
The quenching in PL intensity and the enhancement of EQE
confirm the effective charge transport at the interface.

The singularity of the improvement in V,,. obtained at 5 atom%
was investigated. One possible cause of V. improvement is an

e upward shift of the conduction band to the vacuum level resulting
from the broadening of the energy gap after Li doping. The
broadening of the energy band gap was previously observed for
the case of a planar bilayer ZnMgO/P3HT system.” The V.
increased because of the larger difference between the conduction

es band of the acceptor and highest occupied molecular orbital
(HOMO) of the donor. However, in our system, a constant optical
band gap for Li-doped ZnO nanorod thin films (Fig. 4) was
observed, thus this could not be the case of the increased V. for 5
atom% Li-doped nanorods.
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Another cause of V. improvement is the upward shift of the
conduction band to vacuum level caused by the lowering of
Fermi energy level.”' The trend of changes in Fermi level follow
the IE trend with Li doping. From Fig. 3, the trend predicted V.
to increase from x = 0 to x = 0.15 and decrease for heavy doping.
However, the actual V. obtained in Fig. 5b did not follow this
prediction accurately. Factors that can cause disparity from the
predicted values are probably injected dark current, minority
carriers in the materials, charge recombination, etc.’

10 To investigate this further, the current density-voltage (J-V)
curves for the hybrid devices were fitted using a single diode

model with the equation:**

J= JO{exp[w]—l}+
nkT /e
where J is the current density, J, is the diode reverse saturation
15 current density, Jy, is the light-generated current density, ¢ is the
electronic charge, V is the applied voltage, A is the device active
area, Rg is the series resistance, n is the ideality factor, k is
Boltzmann’s constant, 7' is temperature, and Rp is the shunt
resistance. The single diode model fitting is an effective method
to investigate the effect of specific aspects in solar cells since the
parameters of the model can be related to different mechanisms in
power conversion. The J-V characteristics for all devices were
found to fit the model well (Fig. S6, ESIf). The parameters
extracted from the fits are shown in Fig. 7.
> The diode reverse saturation current density (Jy) is lower for 5
atom % Li-doped device by a factor of 2.7, compared to pure
ZnO devices. Then, it increased with increasing Li
conconcentration. The origin of J;, can be from the charge
injection at the surface of the electrodes and the presence of
30 minority carriers in the materials.

At the ITO/Zn,_,Li,O interfaces, charge injection from the ITO
electrode to the ZnO nanorods can occur under forward bias. This
injected current can be suppressed if the barrier at ITO/ZnO is
stronger. The strength of this barrier is increased by the shift of

35 the conduction band upward to the vacuum level. This behavior is
also observed incase of ITO/Zn,,Li,O/Au diodes.”! From the
Fermi level trend, charge injection is expected to decrease for the
case of x = 0.10-0.15 devices, since their work functions are
smaller than that of the x = 0.05 device, but this did not happen.
This irregularity can be explained by the effect of minority
carriers (holes) in ZnO crystals. The presence of Liz, results to
higher hole density. Since the Li element is inhomogeniously
distributed in ZnO, the majority and minority carriers are also
inhomogeniously distributed. Hole carriers can diffuse and drift
ss from the Li-rich region (top of nanorod) to the electrode
(negatively charged) under forward bias, increasing reverse
current density. We believe that the suppression of charge
injection dominates the effect of minority charge in the case of 5
atom % doping, causing its J, to become smaller. The increase of
s0 Jo at x > 0.10 doping reduces the predicted V. values.

The increase of ideality factor with the increase of Li
concentration was observed, as seen in Fig. 7. This indicates an
increase the charge recombination in the devices. The increase in
n value can be due to the occurrence of trap-assisted

ss recombination mechanism,”® wherein a photogenerated electron
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Fig. 7 Reverse current density (Jy) and ideality factor (n) of hybrid
7Zn; 4Li O nanorods/P3HT solar cells (x = 0 — 0.25).

in conduction band falls into a trap, which is caused by the
60 present of Li impurity, and recombine with holes generated by
the defect. This
performance, especially the value of fill factor.

recombination downgrades the device

Conclusions

We have shown a method for the enhancement in photovoltaic
es performance of hybrid solar cells constructed from ZnO nanorods
and P3HT by Li incorporation to ZnO crystal. The difference in
photovoltaic properties brought about by Li doping were
determined from concentrations of the precursor solution by
normalized photoluminescence and first iornization energy
70 analyses. The presence of Liz, in ZnO crystals has been observed
at 5 atom% and the satutration of Liz, was observed at 15 atom%.
The Li; concentration started increasing at 10 atom% and
additional Li atom would tend to be Li; rather than Liy, after 15
atom%. The oxygen-enrichment of ZnO surface caused by Li
75 doping, observed by red PL emission, yields the effective charge
transfer at the interface. This leads to the enhancement of J,.. The
obtained improvement of V. was obtained. This is attributed to
the suppression of the charge injection from the electrode brought
about by the increase in barrier height at the ITO/ZnO interface.
so However, further Liz, leads to increased reverse current densities
of minority carriers decreasing V, after the maximum value at 5
atom% incorporation. The
efficiency of 0.37% was obtained at 5 atom% doping.

maximum power conversion
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A. Energy-Loss Spectroscopy in a Scanning Transmission Electron Microscope (STEM-EELS)
Study

In order to investigate the presence of Li atom in ZnO nanorod arrays, the 25 atom% Li doped ZnO
nanorods was chosen as sample for STEM-EELSs study. The Li element maps, in Figure S1, show that
Li-rich phase is on the top of ZnO nanorods, confirming the Li incorporation into ZnO crystal during

hydrothermal growth.

Fig. S1 The STEM image (left) and Li map (right) of 25 atom% Li doped ZnO nanorods, with scale bar a) 50 nm

and b) 25 nm.
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B. X-ray Diffraction (XRD) Analysis

Page 8 of 23

The XRD patterns of ZnO nanorods with different Li-doping concentration on ITO substrates are

shown in Figure S2.
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Fig. S2 The XRD patterns of Zn; 4LiyO nanorods.

To better approximate the position and the FWHM of XRD peaks, XRD spectra were characterized

using the Peak Fitting module. The crystal size (D) was calculated from the (002) peak width by using

the Scherrer’s equation

094
By, cos(0)

(1)

where D, A, f,,and @ are the mean crystal size, the X-ray wavelength, full-width at haft-maximum

(FWHM) and Bragg diffraction angle, respectively. The lattice parameter of ¢ was calculated using

Equation (2) for the film:

I 5
a

1 4(h* +hk+k?
d* 3

where d is lattice spacing, a and c are lattice parameters.
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C. Room Temperature Photoluminescence of Zn;Li,O Nanorods
Photoluminescence studies were carried out using a He-Cd laser operating at wavelength of 325 nm.
The PL spectra of Li-doped ZnO nanorods at various Li content are shown in Figure S3. These spectra

can be divided by Gaussian fitting.
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Fig. S3 The PL spectra of Li-doped ZnO nanorods at various Li content (0% - 25%)
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D. Photoemission Yield Spectroscopy in Air (PYS) Study
In order to understand the electric conductivity due to the Li incorporation, the PYS were performed
in air with the Riken Keiki AC-2 system, which are shown in Figure S5. Threshold energy of

photoemission corresponds to the first ionization potential.
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Fig. S4 Photoemission yield of Li-doped ZnO nanorods at various concentration of dopant
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E. Optical Energy Gap Measurement
Transmittances and absorbances of Li doped ZnO nanorods coated on glass substrate were collected

using UV-vis spectrophotometer (UV-2450 SHIMADZU), as shown in Figure S4.
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Fig. SS Transmittances and absorbances of Li doped ZnO nanorods at various Li content coated on
glass substrate.
The absorption coefficient (« ) was calculated from Lambert-Beer-Bouguer law ;
1 1
a=t1] G)
where d and T is thickness of the film and transmittance, respectively. The optical band gap of the
films was determined using Equation (4) (S. M. Sze, Physics of Semiconductor

Devices ,Wiley-Interscience, 2006);

a=Ahv-E,)" )

where v, E, and m are wavelength, optical energy gap and constant which determines types of

optical transition ( m = 1/2 for allowed direct transition and m = 2 for allowed indirect transition).
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F. Fitting of Current-Voltage Characteristics by Equivalent Circuit Model
To investigate the effect of Li incorporation into ZnO crystal on photovoltaic performance, the single
diode model (S. Choi, W. J. Potscavage, B. Kippelen, J. Aapl. Phys. 2009, 106) was performed by

Equation (5);

V—JR,A V—JR.A
J=Jgexp| LA gL DA (5)
nkT /e R, A g

where J is the current density, Jy is the diode reverse saturation current density, Jp, is the
light-generated current density, q is the electronic charge, V is the applied voltage, A is the device
active area, Rg is the series resistance, n is the ideality factor, k is Boltzmann’s constant, T is
temperature, and Rp is the shunt resistance. The fitting parameters were Jy, n, Rs, Rp. The J-V

characteristics for all devices were fitted well as shown in Figure S6.
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Fig. S6 Experimental (shapes) and fitted (solid lines) J-V characteristics for hybrid Li-doped ZnO

nanorod/P3HT solar cell under illumination.

Reference
1 B.D. Cullity; S.R. Stock, Element of X-ray Diffraction, 3" ed., Prentice Hall, 2001
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Li-doped ZnO nanorods for hybrid photovoltaic application (ITO/Li-ZnO/P3HT/Ag) as
electron acceptors improved power conversion efficiency from 0.26%(undoped) to 0.37%.
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The normalized of room temperature photoluminescence for Zn1-xLixO nanorod films on glass
substrates for a) undoped, b) x = 0.05, and c) x = 0.10. The gray solid lines present the
experimental data. The P1-P5 (dot lines) denotes the ultraviolet emission, blue emission, green
emission, yellow emission, and red emission, respectively. The black solid line is the summation of
P1-P5.
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