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We use graphene nanoflakes (GNFs) to greatly enhance the charge extraction out of a photoactive

blend in inverted hybrid poly(3-hexylthiophene):(6,6)-phenyl C61 butyric acid methyl ester (P3HT:

PCBM)/ZnO-nanorod photovoltaic cells. Instead of a continuous film, solution processed GNFs with

dimensions less than 200 nm � 200 nm are homogeneously scattered on top of the well-aligned ZnO-

nanorods. Those GNFs play key roles, they serve as an electron drain to collect electron flow out to

ZnO-nanorods, enhance the carrier mobility of the device and promote holes to drift toward the surface

in contact with the cathode. As a result, there is a large enhancement in photocurrent and photovoltage

of 35% and 27%, respectively, leading to an improved cell efficiency by up to about 100%.
Introduction

Graphene, a class of new 2D crystals, has gained great attention

in the fields of materials science and condensed matter physics

recently. Due to its exceptionally high carrier mobility1 and high

conductivity,2 the merging of graphene into electronics applica-

tions is underway. Successful use of graphene/graphene oxide as

an active component in a field effect transistor,3,4 an anode in

a dye-sensitized2 or an organic solar cell,5 and an acceptor in an

organic photovoltaic device6 has been demonstrated.

Inverted photovoltaic cell configuration incorporating an

inorganic semiconductor and a high work function electrode

overcomes the stability problems of the conventional cells such

as the corrosion of poly(3,4-ethylene dioxythiophene):poly

(styrene sulfonate) (PEDOT:PSS) on indium-tin oxide (ITO) due

to its acidic nature7,8 and the oxidation of Al electrode upon

exposure to air. ZnO is an environmental friendly low-cost

semiconducting material and can be made in various forms with

low temperature simple processing methods. Utilizing nano-

structured ZnO in the form of nanorods9–11 and nano-ridges12 in

inverted photovoltaic cells enlarges the charge carrier collection
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surface and offers ordered carrier transport pathways.13 Poly(3-

hexylthiophene):(6,6)-phenyl C61 butyric acid methyl ester

(P3HT:PCBM) blend is the most prominent photoactive mate-

rial used in the inverted device structure as in the conventional

one. In inverted hybrid polymer blend/nanorod cells, the pho-

toactive layer thickness is typically more than 300 nm,9–11 which

is almost double the height of the embedded inorganic nano-

structure. Excitons generated among the nanorods can be split

and then collected at the metal oxide surface within their diffu-

sion length. However, for those above the nanorods, charge

recombination before reaching the metal oxide is unavoidable for

the long transport pathways (>100 nm). Though the use of

a thick photoactive layer absorbs greater than 95% of the inci-

dent light over the wavelength range of 450–600 nm,14 which in

turn enhances the power conversion efficiency,15,16 the carrier loss

in the thick film limits the collected charge flows. Therefore, it is

essential and critical to effectively extract charges out of the

excess photoactive layer while the photon absorption capability

is enhanced.

Herein, we provide an alternative solution to overcome the

above difficulty by introducing graphene nanoflakes (GNFs) into

the hybrid P3HT:PCBM/ZnO photovoltaic cells. It is found that

the presence of GNFs largely enhances the cell efficiency by

about 100%. Instead of a continuous film, incomplete coverage

of the ZnO-nanorod growth surface by GNFs is able to lead to

large increments in photocurrent and open circuit voltage. Those

GNFs are spatially isolated from each other and each forms

a three-dimensional electron potential well with the surrounding

polymer blend. The built-in electric field drives the photo-

generated electron flows to go through those conducting flakes to

reach the ITO electrode. The electron transport path thus

becomes more well-defined and is of lower resistivity leading to

enhanced carrier mobility. Additionally, a relatively higher
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Morphology of GNFs/ZnO structure and illustration of device

configuration. (a) Top view FESEM image of GNFs on well aligned

ZnO-nanorod arrays grown on the ITO coated glass substrate and (b) the

distribution of GNFs on ZnO-nanorod arrays. (c) The schematic

configuration of the ITO/ZnO/GNFs/P3HT:PCBM/Ag device.
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concentration of photogenerated holes reaches the surface in

contact with the cathode revealing the reduced intermolecular

recombination due to improved electron mobility. Consequently,

a larger amount of photogenerated carriers is extracted out

resulting in improved photovoltaic cell performance.

Experimental details

Materials preparation

P3HT and PCBM were purchased from Lum Tec Co. Ltd

(Taiwan) and used as received. The polymer blend solution was

formed by mixing 25 mg P3HT (Mw ¼ 40 kDa, PDI ¼ 1.3, RR¼
99.5%) and 15 mg PCBM in 1 mL dichlorobenzene solvent. The

whole solution was stirred at 1000 rpm for one day. The GNF

solution was prepared by exfoliation of graphite in surfactant–

water solutions according to ref. 17 and used after passing

through a 0.22 mm filter. The oriented ZnO-nanorods are grown

vertically to the indium-tin-oxide (ITO) coated glass substrate by

using the hydrothermal method.18,19 A 30 nm ZnO seed layer was

spin-coated onto the patterned indium tin oxide (ITO) coated

glass from a 0.35 M solution of zinc acetate dihydrate (Ridel-de

Hag€en) in the mixed solvents of monoethanolamine (Merck) and

2-methoxyethanol (Acros)18 at a rate of 3000 rpm. The film was

then annealed at 200 �C for an hour to remove the residual

organic solvents. The oriented ZnO-nanorod arrays were

subsequently grown from the ZnO seed-coated substrates sus-

pended in an aqueous solution of 35 mM zinc nitrate (Acros, 98%

purity) and 35 mM hexamethylenetetramine (Acros) at 90 �C for

70 min in an oven.19 The preparation of the aligned ZnO-nano-

rod arrays was finished by dipping the substrate into deionized

water to remove the residual salts and dried in N2 gas flow. The

resulting ZnO-nanorod length is �120 nm.

Sample fabrication

Photovoltaic cells were fabricated based on the oriented ZnO-

nanorod arrays. Initially, graphene sol–gel solution (5 mg mL�1)

after passing through the 0.22 mm filter was spin-coated onto the

ZnO-nanorod arrays at a rate of 3000 rpm for 30 seconds. The

whole structure was subsequently annealed at 180 �C for 4 min to

remove the residual surfactant followed by the deposition of the

P3HT:PCBM photoactive layer from o-dichlorobenzene solution

at a spin rate of 400 rpm. After one day drying in air, the

thickness of the resulting photoactive layer is in the range of 590–

680 nm. Finally, a silver layer (�100 nm) was deposited ther-

mally on top of the photoactive layer to complete the ZnO/

GNFs/P3HT:PCBM/Ag photovoltaic devices. Typical active

areas for photovoltaic devices are 3.0 mm2. Samples for UV-vis

and Kelvin probe force microscopy (KFM) measurements have

the same fabrication procedures as photovoltaic devices without

metal deposition.

Characterization details

The current–voltage characteristics of the finished photovoltaic

devices were evaluated by using a Keithley Model 2400 source

meter under an illumination intensity of 100 mW cm�2 from

a solar simulator (Newport Inc.) with an AM 1.5G filter. The

UV-visible absorption spectroscopy was performed by using
This journal is ª The Royal Society of Chemistry 2011
a JASCO Model V-630 UV-vis spectrophotometer. The charge

extraction in a linearly increasing voltage (CELIV) technique

was performed in the dark by using a Textronic Model AFG3101

function generator to apply voltage pulses from �0.4 to 3 V and

back to �0.4 V and the dynamic response of mobile carrier

extraction was recorded simultaneously from a load of 83 U

resistor in series to the photovoltaic cell by an Aligent Model

DS05054A oscilloscope. Kelvin probe force microscopy (KFM)

measurements were conducted in the dark and under illumina-

tion of a halogen lamp (Royal Philips Electronics, 139, 50 W) by

using the Veeco Instruments Multimode AFM with an extender

electronics module operating in the lift mode (typical lift height

20 nm) by a silicon cantilever with a PtIr surface coating. All

characterizations are performed in air.
Results and discussion

Fig. 1(a) shows the top view field emission scanning electron

microscopy (FESEM) image of graphene nano-flakes (GNFs) on

oriented ZnO-nanorods. The hexagons are the ZnO-nanorods

with a diameter of �30 nm and the semitransparent nano-sheets

(marked by red arrows) are GNFs. Since the nano-flakes are less

than 200 nm � 200 nm, those flakes can stand on top of ZnO

nanorods with 30–40 nm rod-to-rod spacing. The distribution of

GNFs on ZnO-nanorod arrays exhibits discontinuous but

homogeneous arrangement (Fig. 1(b)). There is approximately

10% coverage of the ZnO-nanorod growth area by GNFs. After

the subsequent polymer blend infiltration and a layer of silver

metal deposition steps on the GNFs/ZnO structure, the photo-

voltaic cell is completed as the schematic device configuration

shown in Fig. 1(c).

Fig. 2 presents the current(J)–voltage(V) characteristics of

photovoltaic devices before (standard) and after GNF deposition

under an illumination intensity of 100 mW cm�2. The perfor-

mance of the standard device yields a short circuit current (JSC)

of 7.5 mA cm�2, an open circuit voltage (VOC) of 0.44 V, a fill

factor (FF) of 0.38, and a power conversion efficiency (PCE) of

1.26%. After incorporating GNFs, a remarkable enhanced device

performance with a JSC of 10.1 mA cm�2, VOC of 0.56 V, FF of
J. Mater. Chem., 2011, 21, 17462–17467 | 17463
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Fig. 2 Current–voltage characteristics of standard and GNF-modified

photovoltaic cells under one Sun illumination with an AM 1.5G filter.
Fig. 3 UV-visible absorption spectra of ZnO, GNFs/ZnO, P3HT:

PCBM/ZnO, and P3HT:PCBM/GNFs/ZnO structures.

Fig. 4 CELIV measurements of photovoltaic cells in the dark. (a)

Triangle-shaped voltage pulse with the application voltages from �0.4 to

3 V and back to �0.4 V. The corresponding charge extraction response

for (b) standard (595 nm thick) and (c) GNF-modified (680 nm thick)

devices.
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0.41, and PCE of 2.33% is obtained. Apparently, the perfor-

mance enhancement comes from the large improvement in both

JSC and VOC. Approximately 35% and 27% increments in JSC
and VOC, respectively, are achieved for the best performance

obtained.

We have tried to fabricate devices with various GNF

concentrations and found out that PCEs for devices with GNF

modification are enhanced (ESI†, Fig. S1 and Table S1). In this

article, we focus on the case of optimal concentration for

studying the mechanism. Moreover, the device performance

varies from batch to batch and the variation is controlled within

10% based on 12 devices for each type. For the similar rod length

used as this study, the reported13 PCE is �2% for devices of

414 nm thick active layer and >30 nm thick seed layer. Our

standard device has lower PCE because of a much thicker active

layer (�600 nm) and a slightly thinner seed layer (�30 nm) used.

The hole blocking effect is reduced for the thin seed layer and

additional series resistance could lower the photocurrent in the

case of thicker photoactive layer.13 Comparing to the parameters

for a good device as reported,13 there are still �16% and �10%

increments in JSC and VOC, respectively, for the GNF-modified

device here. Thus, the effects of GNFs on the polymer–ZnO

nanorod interface are real, but could lead to moderate

improvements if a good device served as a baseline.

We point out here that we do not compare the performance of

our standard device with Huang et al.11 because the additional

KG5 filter used in their calibration effectively enhances the

photon flux in the visible regime, which raises up JSC.

Since the use of a small amount of GNFs at the polymer–ZnO

interface leads to the noticeable improvement in solar energy

conversion, GNFs play a critical role in enhancing the charge

collection capability. A systematic study for identifying the

function of GNFs is carried out in the following.

Fig. 3 shows UV-vis absorbance of ZnO-nanorod arrays,

GNFs/ZnO, P3HT:PCBM/ZnO, and P3HT:PCBM/GNFs/ZnO

structures in the wavelength range of 300–800 nm. The pristine

ZnO-nanorod arrays show an absorption edge at 375 nm and the

characteristics of the spectrum remain after GNF deposition. In

the P3HT:PCBM/ZnO structure, there are three pronounced

absorption peaks at 515, 550, and 600 nm, which correlate with

the vibronic state transition of the P3HTmolecule between p–p*

bands20 due to the strong p–p interaction among polymer

chains. The result indicates that P3HT is in a highly ordered state

in the blend.16,21 As GNFs are introduced, the obtained spectrum
17464 | J. Mater. Chem., 2011, 21, 17462–17467
shows negligible changes in both the optical density and features

suggesting a similar volume of effective photoactive substance

and nonapparent change of polymer chain ordering in an origi-

nally high crystalline order state. GNF, therefore, has no direct

or indirect contribution to light absorption, which affects JSC.

The charge extraction in a linearly increasing voltage (CELIV)

technique22–24 was conducted in a dark environment to directly

measure the carrier mobility of a photovoltaic cell. A reversed

triangle-shaped pulse voltage bias was applied to the photovol-

taic cell and the dynamic response of mobile carrier extraction

was recorded simultaneously. By knowing the time for the

extraction current reaching its maximum (tmax), the thickness of

the photoactive layer (d), the capacitive displacement current

(j(t ¼ 0)), and the maximum extraction current (Dj(t ¼ tmax)), the

carrier mobility (m) is then estimated22 using m ¼ 2d2/[3t2max (1 +

0.36Dj(t ¼ tmax)/j(t ¼ 0))]. In the present study, the voltage

applied was from �0.4 to 3 V at a ramping rate of 0.225 V ms�1
This journal is ª The Royal Society of Chemistry 2011
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and then back to �0.4 V (Fig. 4(a)). The corresponding charge

extraction dynamic responses during the voltage ramping period

were recorded for both types of devices accordingly (Fig. 4(b)

and (c)). The device mobilities were calculated to be 2.6 � 10�4

(standard) and 5� 10�4 cm2 V�1 s�1 (GNFs-modified). In a blend

system, the CELIV technique probes the mobility of more mobile

species.25 Huang et al.26 reported that the electron and hole

mobilities of the P3HT:PCBM film are similar (�10�4 cm2 V�1

s�1) for the ratio studied here. Later, Baumann et al.27 pointed

out that the electron mobility (�10�4 cm2 V�1 s�1) is 10-fold larger

than the hole mobility of the blend. Thus, we assign the only

carrier species detected here to be the electron.

Fig. 5 illustrates the atomic force microscopy (AFM) images of

the polymer blend on ZnO-nanorod arrays and GNFs/ZnO

structures. Apparently, the surface texture of the P3HT:PCBM

layer changes from fiber-like (Fig. 5(a)) to granular-like structure

(Fig. 5(b)) after GNF deposition. The r.m.s. surface roughnesses

of the 20 mm � 20 mm surface area are of 9.0 (standard) and

10.2 nm (GNF-modified). We used the surface-area calculation

function in our AFM program and found out that there is�0.1%

more surface area of GNF modified film than the standard one.

Thus, the rough surface effect can only be considered as a minor

effect for the device improvement, not able to lead to �100%

increment in cell efficiency.

The GNF solution used was prepared in surfactant–water

base. It is highly possible that there are residual surfactants on

the ZnO-nanorod surface during processing. Both residual

surfactants and GNFs presenting on the ZnO-nanorod surface

can affect the surface morphology. By considering this point, we

have no strong evidence showing the existence of surfactants on

the ZnO-nanorod surface from the measured the UV-vis

absorption spectrum (ESI†, Fig. S3). The result may be because

the little amount of residual surfactants is below the instrument

detectable limit. On the other hand, we also measure the

morphology of the P3HT:PCBM blend on higher GNF

concentration modified surface and found that clusters form on
Fig. 5 AFM images of P3HT:PCBM blend on (a) ZnO-nanorods and

(b) GNFs/ZnO.

This journal is ª The Royal Society of Chemistry 2011
the blend surface (ESI†, Fig. S4). The dependence of morphology

feature on GNF concentration suggests a higher impact of GNFs

on morphology than surfactants.

In a GNF-free condition, the device is of moderate perfor-

mance and of a carrier mobility of 2.6 � 10�4 cm2 V�1 s�1. By

modifying the ZnO-nanorod surface with 5 mg mL�1 GNF

solution, the performance of the device can be increased by up to

100% with an enhanced mobility value of 5 � 10�4 cm2 V�1 s�1.

Obviously, the presence of GNFs can effectively improve the

device performance under such conditions. However, by further

increasing the GNF concentration, the distribution of GNFs and

the morphology of the corresponding upper active layer change

leading to a decreased device performance (see ESI† for details).

Therefore, based on the combination effects of GNFs, surfac-

tants, and morphology, there is a trade-off among them and the

optimal condition is at using 5 mg mL�1 GNF solution.

As the energy band diagram of the device shown in Fig. 6(a),

the work function of GNFs (4.5 eV28) is �0.1 eV lower than the

conduction band edge of ZnO-nanorods (4.4 eV). It was repor-

ted29,30 that the gapless GNFs can open up a gap by water and

other gas molecule adsorption. Yavari et al.29 found that the

bandgap opening depends upon the humidity of the environment

and the corresponding exposure time, and reaches an asymptotic

value of 0.2 eV beyond a critical humidity for 2.5 h exposure.

Due to the possible adsorption of water molecules on GNF

surfaces during processing, a possible bandgap of <0.2 eV can

open in our case as shown in Fig. 6. Electrons in the PCBMphase

can be collected by travelling directly or through GNFs prior to

ZnO-nanorods. Holes travel in the P3HT phase to a silver metal

electrode with the possibility of being trapped at GNFs.

Additionally, spatially isolated GNFs form three-dimensional

potential wells with their surrounding polymer blend for elec-

trons transport (Fig. 6(b)) as those for ZnO-nanorods do. The

GNFs and nanorods are located at the bottom of the potential

wells. Because the dimensions, conductivity, and mobility of

GNFs are much superior to that of semiconducting ZnO, elec-

trons tend to hop to the highly conducting GNF surface. Elec-

tron flows in the PCBM phase favor to gather at those GNFs

instead of directly moving to ZnO-nanorods. In a sense, those

GNFs serve as ‘‘electron drains’’ to collect photogenerated

electron flows and drain them out of the excess blend volume to

the electrode through the underneath ZnO-nanorods as a lower

resistivity pathway for electron transport. Thus, the electron

transport path in the extra photoactive material is directed
Fig. 6 Energy level alignment of the structure studied. (a) Photovoltaic

device structure of ITO/ZnO/GNFs/P3HT:PCBM/Ag. (b) GNFs

with the surrounding polymer blend. The bandgap opening for GNFs is

<0.2 eV.

J. Mater. Chem., 2011, 21, 17462–17467 | 17465
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through highly conducting GNFs resulting in enhanced electron

mobility. The influence of enhanced electron mobility on the hole

motion is reflected on the surface potential analysis.

In order to gain more insight into the impact of GNFs on the

bi-carrier transport properties of the polymer blend, we

employed the Kelvin probe force microscopy (KFM) measure-

ments31 to probe the surface potential both in the dark and under

illumination for P3HT:PCBM/ZnO (Fig. 7(a)) and P3HT:

PCBM/GNFs/ZnO (Fig. 7(c)) structures. In a dark environment,

both images demonstrate the local energy level alignment of

P3HT:PCBM with underneath structures. Upon illumination,

the photogenerated excitons dissociate at the P3HT/PCBM

interfaces. Electrons migrate to the bottom ITO electrode

through PCBM regions and holes diffuse toward the surface

through P3HT regions. Consequently, the contrast between dark

and illumination conditions is enhanced; particularly, there is

a significant enhancement in the GNF-modified structure.

By analyzing the surface potential profile across photon active

and de-active regimes, the values for both structures shift posi-

tively under illumination, suggesting an enlargement of the

surface work function due to hole accumulation. The surface

potential increments are of 30 and 90 meV for P3HT:PCBM on

ZnO (Fig. 7(b)) and GNFs/ZnO (Fig. 7(d)), respectively. Higher

hole concentration is driven toward the surface in contact with

the silver metal electrode in the presence of GNFs. Though the

energy band alignment shows the possibility of carrier recom-

bination at GNFs, the enhanced electron mobility, i.e., fast

transfer of electrons from GNFs to the underneath ZnO-nano-

rod, reduces the electron lifetime on GNFs resulting in lowering

the probability of hole capturing. As a result, the hole concen-

tration in the P3HT phase increases and is reflected in the

enlargement of the surface potential.
Fig. 7 Surface potential images of the P3HT:PCBM blend on (a) ZnO

and (c) GNFs/ZnO structures on a 3 mm� 3 mm surface area obtained by

KFM measurements. Each image contains the result taken in the dark

and under illumination as marked. The surface potential profile across

the photon active and de-active regions is denoted by the straight line

with two red arrows for the P3HT:PCBM blend on (b) ZnO and (d)

GNFs/ZnO.

17466 | J. Mater. Chem., 2011, 21, 17462–17467
The incorporation of GNFs in inverted hybrid P3HT:PCBM/

ZnO devices results in large increases in JSC and VOC. For the

same amount of photons absorbed, there is no reduction in JSC
though there is �10% reduction in the overall charge collection

surface due to GNF arrays coverage. Thus, GNF plays a critical

role in not only compensating parts of the collection surface loss,

but also amplifying the collection effects. As evidenced by

CELIV measurement, adding GNFs enhances the electron

mobility of the device, indicating that efficient and effective

electron pathways are developed in the electron transporting

network. As suggested by the energy band alignment, electron

pathways converge to those relatively large GNFs prior to con-

necting to the ordered nanorod paths. The developed pathways

are of lower resistivity in transporting electrons, which in turn

minimizes possible interfacial recombination events. In addition,

KFM reveals that a large amount of holes move toward the

surface to be extracted. As a result, free electron and hole

concentrations are raised in the constituent transport phase

leading to photocurrent enhancement. Hence, the space charge

inside the device is reduced and the quasi-Fermi level position in

each phase responds accordingly resulting in the increase in

quasi-Fermi level differences. Consequently, the internal voltage

drop is reduced leading to the enhanced VOC. Due to partial

coverage of the ZnO-nanorod growth area, GNFs decrease the

direct contact probability of P3HT with the ZnO buffer layer

for creating short paths through the pinholes in the buffer layer.

The decrease in short paths may contribute to the enhanced VOC

as well.

We mention here that the performance of our GNF-modified

device has not been optimized yet. Further improvement of the

GNF-modified device is possible through developing good

methods to solve the reaggregation problem of GNFs deposited

from high concentration solutions (ESI†, Fig. S2). In addition,

from the energy band diagram shown in Fig. 6, it seems that it is

possible to replace the ZnO-nanorod with GNFs. However,

GNFs lack the hole blocking ability of ZnO-nanorods and they

should be very difficult to completely cover the underneath ITO

electrode to prevent short path creation as well by current pro-

cessing methods. In both cases, direct recombination of holes on

the electron collection ITO electrode is highly favorable and can

result in worse device performance than our standard cell.

Instead of nanorods, we have applied the GNF approach to

the inverted photovoltaic device using ZnO-nanoridges. Those

nanoridges are �100 nm wide, �200 nm thick, and >0.5 mm

apart. GNFs are confined on the planar surface between nano-

ridges. We also observed similar effects of GNFs on this type of

configuration. The GNF-modified cells show higher power

conversion efficiency based on the moderate improvement

(�10%) in JSC and VOC. Thus, the proposed approach is valid in

a planar charge collection film as well.

It should be noted that the newly developed concept of using

GNFs scattered on top of the electron transporting layer in

inverted photovoltaic cells here can improve charge extraction

efficiency quite well. The advantages of our approach include the

use of a low-cost and abundant carbon resource and a simple

room temperature fabrication process. Moreover, the unique

properties of graphene such as high conductivity, high carrier

mobility, and appropriate work function can be fully utilized. We

stress that the use of graphene with nanoscale size to form spot
This journal is ª The Royal Society of Chemistry 2011
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films is in stark contrast with that forming a continuous film used

as an electrode.5 Our approach proposed is valid in a thick

photoactive film case and should be able to be generalized to

other photovoltaic cell systems using different photoactive

blends or configurations as well.

Conclusions

We demonstrate an approach to assist charge extraction out of

the P3HT:PCBM blend in the inverted hybrid photovoltaic cells

by using GNFs. A significant improvement in device perfor-

mance by up to 100% is obtained. Due to the relatively higher

work function and superior electrical properties, those spatially

isolated GNFs serve as electron drains for collecting and trans-

porting photogenerated electrons. Hence, the electron transport

path is modulated and is of lower resistivity, i.e., higher mobility.

Additionally, GNFs promote the photogenerated holes to move

toward the cathode as revealed in the enlargement of the surface

potential. Therefore, a large amount of photogenerated carriers

can be extracted out of the photoactive material and the space

charge inside the device is reduced. Consequently, the device

performance is improved.
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