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Here, an investigation of three-dimensional (3D) morphologies for bulk

heterojunction (BHJ) films based on regioregular poly(3-hexylthiophene)

(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is reported.

Based on the results, it is demonstrated that optimized post-treatment, such

as solvent annealing, forces the PCBMmolecules to migrate or diffuse toward

the top surface of the BHJ composite films, which induces a new vertical

component distribution favorable for enhancing the internal quantum

efficiency (hIQE ) of the devices. To investigate the 3D BHJ morphology, novel

time-of-flight secondary-ion mass spectroscopy studies are employed along

with conventional methods, such as UV-vis absorption, X-ray diffraction, and

high-resolution transmission electron microscopy studies. The hIQE of the

devices are also compared after solvent annealing for different times, which

clearly shows the effect of the vertical component distribution on the

performance of BHJ polymer solar cells. In addition, the fabrication of high-

performance P3HT:PCBM solar cells using the optimized solvent-annealing

method is reported, and these cells showamean power-conversion efficiency of

4.12% under AM 1.5G illumination conditions at an intensity of 100mW cm�2.

� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1. Introduction

Recently, various technologies designed to
generate power by harnessing solar energy
have been gaining interest because of
dwindling supplies of natural resources
and the environmental problems associated
with fossil fuels.[1] Solar-energy generation,
especially that of photovoltaics, has great
potential as a renewable energy source
because of its limitless and non-polluting
properties. However, the high cost of man-
ufacturing conventional silicon solar cells
makes the development of more economic
materials a critical issue in the research on
solar-energy conversion. Fortunately, bulk
heterojunction (BHJ) organic material pairs,
particularly semiconducting polymers and
fullerene (C60) derivatives, have provided an
affordable solution for the low-cost manu-
facturing of large-area photovoltaics as con-
jugated polymer:C60 interpenetrating net-
works exhibit ultrafast photoinduced charge
transfers.[2,3] Recently, several research groups have reported that
BHJ solar cells based on a composite film using poly(3-
hexylthiophene) (P3HT) as an electron donor and [6,6]-phenyl-
C61-butyric acidmethyl ester (PCBM) as an electron acceptor show
a power-conversion efficiency near 5%, which is the best reported
performance for solution-processed polymer solar cells.[4–7]

Ingeneral, theperformanceofBHJsolar cells canbemaximized
by controlling themorphology of the active layer, because efficient
photoinduced charge generation, transport, and collection at each
electrode crucially depend on the nanometer-scale morphology of
the composite films.[8,9] First, the crystallization ofP3HTimproves
sunlight harvesting by extending the conjugation length and
increases holemobility, which is a limiting factor for the transport
balance of charges dissociated from the bound excitons.[10] In
addition, the interpenetrating network of BHJ materials must
generally have periods of optimum length, which depends on the
excitondiffusion lengthof thepolymerusedas the light-harvesting
and hole-transporting material. In the case of a P3HT:PCBM
composite, the optimumdonor/acceptor period has been reported
as approximately 20 nm.[11] An ordered BHJ morphology can be
achieved by the inter-diffusion of each molecule in the composite
films.
Adv. Funct. Mater. 2009, 19, 2398–2406
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Over the last decade, many research groups have systematically
analyzed external treatments, which are typically thermal- or
solvent-annealing treatments, in order to optimize the BHJ
morphology of P3HT:PCBM composite films for high-efficiency
solar cells.[4,5,12,13] These treatments enable both components to
evolve self-organized crystallization and achieve a well-ordered
interpenetrating network of individual materials. In general, the
nanoscale BHJ morphologies of composite films have been
evaluatedusinghigh-resolution transmissionelectronmicroscopy
(TEM).[9,11,14,15] However, conventional TEMmeasurements only
represent the two-dimensional (2D)projection imagesof the three-
dimensional (3D) BHJ morphologies in the composite films. In
order to investigate the 3D phase-separated nanostructures in the
BHJ morphology, it is necessary to analyze the component
distribution in the vertical direction relative to the substrate, aswell
as the lateral phase separation in the active layers of the devices.
Here, we qualitatively and quantitatively analyzed the 3D
morphological changes based on the vertical migrations of
components in the P3HT:PCBM composite films after solvent
annealing. This approach combines novel time-of-flight second-
ary-ion mass spectroscopy (TOF-SIMS) studies of the composite
films with several existing methods to investigate the 2D BHJ
morphology. In addition, we clearly demonstrated that the vertical
component distribution in the composite films has a significant
effect on the performance of BHJ solar cells, which was
comparatively analyzed with the efficiency parameters of the
devices.
Figure 1. a) J–V characteristics and b) IPCE spectra of P3HT:PCBM BHJ

solar cells fabricated with solvent annealing for 0, 5, 30, 60, and 120min.
2. Results and Discussion

To investigate the direct correlation between the morphology
evolution of active layers and device performance, P3HT:PCBM
BHJ solar cells were fabricated using an elaborate solvent-
annealing method. The solvent-annealing time was controlled by
slowing the rate of solvent evaporation, which was accomplished
by adding small amounts of solvent (ortho-dichlorobenzene,DCB)
into a glass jar to keep the films wet until they had completely
solidified. The glass jar containing the composite films was tightly
sealed with a locked cover to prevent rapid evaporation of the
solvent and penetration of outside N2 gas into the jar, which was
necessary to maintain uniform annealing conditions. The details
of the annealing conditions are described in the Experimental
Section. The optimized solvent-annealing time (120min) was
determined by comparing the current density–voltage (J–V)
characteristics and the incident photon-to-current conversion
efficiency (IPCE) spectra of solar-cell devices based on active layers
Table 1. Efficiency parameters estimated from the J–V curves under one-sun
(Fig. 1b).

Annealing time [min] From J–V curves

Voc [V] Jsc [mAcm�2] FF heff [%] R

0 0.63 5.09 0.39 1.24

5 0.61 8.50 0.60 3.14

30 0.61 9.34 0.62 3.51

60 0.60 9.75 0.63 3.68

120 0.61 10.25 0.65 4.05

Adv. Funct. Mater. 2009, 19, 2398–2406 � 2009 WILEY-VCH Verl
formed with different annealing times, as shown in Figure 1.
Table 1 shows the improvement in the efficiency parameters as a
function of annealing time from 0 to 120min. These were
estimated from the J–V curves under one-sun illumination
(Fig. 1a) and in the dark (see Supporting Information, Fig. S1), and
from the IPCE spectra (Fig. 1b). Extending the annealing time
beyond 120min did not result in further improvement of heff or
IPCE (not shown here) data.

Controlling the solvent-annealing time of the P3HT:PCBM
composite film improves sunlight absorption, by extending the
conjugation length, and charge-transport balance, by increasing
the hole mobility of P3HT. These results can mainly be attributed
to the improved crystalline morphology of P3HT, which can easily
self-organize into well-ordered chains during solidification from a
wet film. Generally, the degree of crystallinity in the P3HT films
can be evaluated by examining the UV–vis absorption spectra, in
illumination (Fig. 1a) and in the dark (Fig. S1), and from the IPCE spectra

From IPCE spectra

s [V cm2] Rsh [MV] EQE at 520 nm [%] Integrated Jsc [mA cm�2]

8.022 6 25.64 3.35

2.667 31 56.23 7.41

2.004 116 58.76 8.29

1.663 152 61.52 8.76

1.268 292 64.16 9.49

ag GmbH & Co. KGaA, Weinheim 2399
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Figure 2. Effect of solvent annealing for different times on P3HT:PCBM composite films with

respect to a) UV-vis absorption spectra and b) their peak intensities at 520 nm, and c) XRD

spectra with d) their relative peak intensities at 2u¼ 5.48.

Figure 3. a) Absorption efficiency (hA,a) and b) internal quantum efficiency

(hIQE) spectra of P3HT:PCBM BHJ solar cells fabricated with solvent

annealing for 0, 30, and 120min.

2400
which thewell-organized structureofP3HTis confirmedby a large
red-shift in the film absorption, apparent vibronic shoulders near
the wavelengths of 550 and 600 nm, and increased absorption
intensity.[6,16] Figure 2a shows that the red-shift and vibronic
shoulders in the spectra of the composite films increased with
solvent-annealing timebut became saturated beyond an annealing
time of 30min. In addition, as shown in Figure 2b, the intensity of
the UV-vis absorption peaks at 520 nm, which is close to the
absorption maximum of the P3HT films, followed a similar
pattern. The intensity gradually increased for composite filmswith
annealing times of up to 30min, but became saturated when the
solvent-annealing time was extended further. The crystallinity of
the P3HT in the composite films can also be evaluated by
comparing the relative intensities at a specific position (2u¼ 5.48)
of the X-ray diffraction (XRD) spectra of the composite films. The
peak position corresponds to the (100) orientation of the P3HT
crystallite.[17] As shown in the XRD spectra in Figure 2c and the
changes in the relative intensities at 2u¼ 5.48 in Figure 2d, the
degree of crystallinity of P3HT continuously increased up to
annealing times of 30min, and stayed at thismaximum for longer
annealing times. However, the J–V characteristics and IPCE
spectra, previously shown in Figure 1, demonstrate that further
increasing the annealing time from 30min to 120min still
improves the device efficiency. Clearly, in Table 1, the devices
fabricated with solvent-annealing times of 60 and 120min show
better performances than the device annealed for 30min. This
inconsistency suggests the existence ofmore complicated changes
in the BHJmorphology that occur at those longer annealing times.

In solar-cell devices, the external quantumefficiency (hEQE), also
known as the IPCE, is the ratio of the measured photocurrent
(electrons) to the incoming light intensity (photons) per unit area
and time of the device. In addition, hEQE of donor/acceptor
heterojunction solar cells is represented by the product of the
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
efficiencies of four sequential steps for charge
generation:[18]

hEQE ¼ hAhEDhCThCC ¼ hAhIQE (1)

where hA, hED, hCT, and hCC are the efficiencies
of photon absorption to generate an exciton,
exciton diffusion to the donor/acceptor inter-
face, exciton dissociation by charge transfer,
and charge collection at the electrodes,
respectively. The internal quantum efficiency
(hIQE), which crucially depends on the com-
posite morphology of the photoactive layers in
BHJ solar cells, can be obtained from hEQE by
considering the light absorbed in the
device.[19] However, in the case of polymer
solar cells, hA should be carefully determined
for the accurate measurement of hIQE because
absorption in the electrodes of these devices,
such as indium tin oxide (ITO), poly(3,4-
ethylenedioxythiophene):poly-(styrenesulfo-
nate) (PEDOT:PSS), and Ca/Al, does not
contribute to generating the photocurrent.
In addition, the thin photoactive layers of the
polymer solar cells allow the incoming light to
Adv. Funct. Mater. 2009, 19, 2398–2406
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Figure 4. TEM images of P3HT:PCBM composite films after solvent annealing for a) 0, b) 30, and

c) 120min.
also reach the back electrode as expected from the UV–vis
absorption spectra of Figure 2a, which indicate that the
P3HT:PCBM composite layer has a maximum absorption of
around 88% in a sample annealed for 120min. When the total
amount of the incoming light in the device is given as the
summation of absorbance (A), reflectance (R), and transmittance
(T), the total amount of the light absorbed in the device can be
estimated by only reflectance in the device (A¼ 1�R), because
the metal electrode (Ca/Al) of the devices is opaque enough to
obtain zero transmission of the incident light. Consequently, the
light absorbed in the photoactive layer (Aa) is related to reflectance
in the device (Rd) and in the electrodes (Re) according to:

Aa ¼ 1� Rd

Re
(2)
Figure 5. a) Surface profiles of P3HT:PCBM composite films after solvent annealing for different

times. b–d) AFM tapping-mode height images (surface scan area: 5mm� 5mm) of the composite

films after solvent annealing for b) 0, c) 30, and d) 120min. The height profiles correspond to

horizontal lines across the images.

Adv. Funct. Mater. 2009, 19, 2398–2406 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
Therefore, the absorption efficiency in the
photoactive layer only (hA,a) can be calculated
from Rd and Re (see Supporting Information,
Fig. S2), and hIQE is in its turn calculated using
hIQE¼ hEQE /hA,a from Equation 1. Figure 3b
shows hIQE spectra calculated using the hA,a
data from Figure 3a and hEQE data from the
IPCE spectra in Figure 1b. Notably, hIQE

continuously increased, although the UV-vis
absorption peaks became saturated and did not
further increase when the annealing time was
extended from 30min to 120min.

The saturated BHJ nanoscale morphology
after 30minof annealingwas also confirmedby
looking at the high-resolution TEM images as a
function of annealing time. In the TEM images of Figure 4, the
bright and dark regions indicate P3HT crystals and PCBM
nanocrystals, respectively, and this contrast can be attributed to the
difference in density (P3HT: 1.1 g cm�3, PCBM: 1.5 g cm�3).[14]

Comparing the TEM image of a composite filmwithout annealing
(Fig. 4a) with that of a sample annealed for 30min (Fig. 4b) it is
clear that for the annealed sample a well-ordered nanoscale BHJ
morphology and highly crystalline P3HT fibrils can be observed.
However, an apparent improvement in the nanoscalemorphology
was not detected after further annealing (up to 120min) (Fig. 4c).
These results indicate that apart from the improvement in
crystallinity and the well-ordered lateral BHJ morphology of the
components, increased annealing time seems to affect another
factor that encourages a favorable BHJ morphology of the
composite layers.

As mentioned above, the TEM measurements only represent
2D projection images of the 3D BHJ morphologies in the
P3HT:PCBM composite films. Therefore, the
continuous improvement in device perfor-
mance after a saturated evolution of composite
morphology may reflect the fact that conven-
tional investigation methods such as TEM
measurements do not contain information
about changes in the film morphology in a
vertical direction, that is, perpendicular to the
substrate. In addition, morphological changes
in the vertical directionwere also indicated by a
continuous increase in surface roughness
despite the unchanged TEM images as a
function of annealing time. Figure 5a shows
the top surface profiles of the P3HT:PCBM
composite films after solvent annealing for
various times. These profiles indicate that the
top surfaces gradually became rougher as the
annealing time increased. For a more detailed
investigation of the top surface, height profiles
and root mean square (rms) roughness values
in a surface scan area of 5mm� 5mm were
measured using atomic force microscopy
(AFM). The AFM results including height
profiles, corresponding to horizontal lines
across the images, clearly show that the top
surface of the P3HT:PCBM composite films
become increasingly more rough with anneal-
Weinheim 2401
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Figure 6. Schematic illustrations of the vertical component distribution in a cross-sectional

P3HT:PCBM blend film, as predicted from the distribution of PCBM crystals in the P3HT polymer

matrix.

2402
ing treatment. The rms roughness was mea-
sured as 0.64 nm in a pristine film (Fig. 5b),
6.47 nm in a film annealed for 30min (Fig. 5c),
and 17.40 nm in a film annealed for 120min
(Fig. 5d). Interestingly, the roughness continu-
ously increased even for annealing times
higher than 30min, when both the P3HT
crystallization and nanoscale lateral BHJ mor-
phology were saturated.

Recently, several different methods have
been used to investigate the vertical component

distributions of polymer composite films, including analysis using
Auger electron spectroscopy (AES),[20] dynamic secondary-ion
mass spectrometry (SIMS),[21] X-ray photoelectron spectroscopy
(XPS),[22] andvariable-angle spectroscopic ellipsometry (VASE).[23]

Notably, vertical segregation of components with concentrated
PCBM molecules at an electron-collecting electrode has been
demonstrated to increase device efficiency, because the contacts
are more selective in transporting the charge carriers in favorable
directions. In the ideal case, the active layer containing the P3HT
and PCBM molecules may form a vertical gradient distribution,
with a PCBM-rich region near the cathode, while preserving a
well-ordered 3D nanoscale interpenetrating network of the two
materials inside the film. In this case, photogenerated charges can
be efficiently collected at each electrode with reduced charge
recombination and current leakage, which is regarded as the
ideal 3D composite morphology, maximizing the hIQE of the BHJ
solar cells.

Typically, the P3HT:PCBM composite film in BHJ solar cells is
sandwiched between an ITO glass coated with PEDOT:PSS as a
bottom electrode, that is, the hole-collecting anode, and thermally
evaporatedmetals as a top electrode, that is, the electron-collecting
cathode. The active layer, spin-coated from a well-dissolved blend
Figure 7. TOF-SIMS spectra of P3HT:PCBM composite films a) before and b) after solvent-

annealing for 120min. The peaks at m/z¼ 31 and 720 are characteristic of CH3O
� and C60

�,

respectively, in PCBM, and the peak at m/z¼ 81 is characteristic of C4HS� in P3HT.
solution, can be assumed to have a homo-
geneous distribution of P3HT and PCBM.
However, some research groupshave suggested
that the distribution can be influenced by the
surface-energy difference between the compo-
nents. PCBM, for instance, has a higher surface
energy than P3HT and is therefore more
compatible with the hydrophilic PEDOT:PSS
layer in the absence of external treatments, such
as annealing.[21–23] This suggests that the
component distribution in P3HT:PCBM com-
posite films fabricated without annealing is
unfavorable for selective charge transport in
solar cell devices because the region on the top
surface is relatively PCBM poor. It is important
to note, however, that the film components can
more freely migrate or diffuse under solvent-
annealing treatments, because the annealing-
assisted conformational motion of the P3HT
chains would force the PCBM molecules to
move in the composite film.[9,24,25] In fact, if the
annealing process is carried out before the
deposition of the metal electrode, a readily
mobile component such as PCBM is likely to
diffuse toward the free surface rather than
toward the confined bottom layer because of the
� 2009 WILEY-VCH Verlag GmbH &
relatively low glass-transition temperature (Tg) near the free
surface in polymer films.[26–28] Therefore, various vertical
component distributions in the cross-sectional active layer of
the composite film could be induced depending on the solvent-
annealing conditions, as shown in the schematics in Figure 6; a) a
homogeneous distribution, b) a PCBM-rich, and c) a PCBM-poor
distribution near the top electrode.

To confirm that the device efficiency continuously improved
because of the migration of PCBM molecules in a favorable
direction after the annealing treatment, it was necessary to analyze
the distributions of P3HT and PCBM at the top surfaces of the
composite films, both before and after the annealing treatment.
Figures 7a andb show the time-of-flight SIMS (TOF-SIMS) spectra
of the P3HT:PCBM composite films before and after solvent-
annealing for 120min, respectively. In these spectra, the peaks at
m/z¼ 31 and 720 (CH3O

� and C60
�) are characteristic peaks of

PCBM fragments, and the peak at m/z¼ 81 (C4HS�) is
characteristic of P3HT; these peaks were assigned based on the
negative mass spectra of pristine P3HT and PCBM films (see
Supporting Information, Fig. S3). As shown in the spectra, the
peaks corresponding to PCBM on the surface are higher after
annealing than before annealing. This indicates that the major
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2398–2406
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Figure 8. TOF-SIMS images of P3HT:PCBM composite films a,c) before and b,d) after solvent

annealing for 120min. A 500mm� 500mm area was examined for each sample. In images (a)

and (b) the spots denote C60
� (m/z¼ 720), corresponding to the PCBMmolecules, with the white

spots indicating a relatively strong intensity of C60
�. In the overlaid images (c) and (d) the blue

and red spots denote, respectively, C4HS� (m/z¼ 81) in P3HT and C60
� (m/z¼ 720) in PCBM.
change in the component distribution on the top surface of the
composite films after annealing was an increase in the PCBM
content. The quantitative change in the PCBM content at the top
surface was confirmed by comparing the integration of the TOF-
SIMS spectra (corrected intensity, CI) corresponding to PCBM
before and after annealing. Based on the change inCI values of the
C60

� peaks from 17.65 to 25.62 counts/chn and that of the CH3O
�

peaks from 19.79 to 28.06 counts/chn, annealing increased the
PCBM content at the top surface of the composite film by 45% or
42%, respectively. Despite the increase of more than 40% in the
PCBMcontent at the top surface after annealing, theP3HTcontent
was only reduced by about 2%, based on the change in CI values of
the C4HS� peaks from 253.51 to 247.73 counts/chn after
annealing. Here, we note that the larger CI values of the C4HS�

peaks, as compared to those of the C60
� peaks, do not necessarily

indicate that theP3HTcontent is greater than thePCBMcontent in
the top surface, because the two materials have different
probabilities of negative ionization. In this quantitative analysis,
it is only possible to compare the relative content of the same
material before and after annealing. As a result, the relative PCBM
quantity in the polymer matrix after annealing for 120min was
Adv. Funct. Mater. 2009, 19, 2398–2406 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
estimated to increaseby43%,basedonaratioof
CI values for C60

�/C4HS� between 0.07 and
0.10.

For greater clarity, the lateral PCBM dis-
tributions in the top surface before and after
annealing can be represented in images
generated from the TOF-SIMSmeasurements,
as shown inFigure 8.By comparing the spots in
Figure 8a (before annealing) and b (after
annealing for 120min), which correspond to
thePCBMmolecules (m/z¼ 720,C60

�),we can
verify that the PCBM content in the top surface
increased after annealing for 120min. In
addition, we note that thewhite spots represent
a relatively strong intensity of C60

�, and that
Figure 8b shows more white spots than
Figure 8a. The overlaid images in Figure 8c
(before annealing) and d (after annealing for
120min) show the distribution of P3HT (blue)
and PCBM (red) in the top surface before and
after the annealing process, respectively. As
demonstrated previously by comparing the ion
mass spectra and CI values of the two samples,
the relative amount of PCBM molecules after
the annealing process seems to be higher than
the amount before annealing in the top surface
of the composite film.

Figure 9a shows the J–V characteristics,
measured in the dark and under illuminated
conditions, of a high-performance P3HT:
PCBM solar cell fabricated by optimized
solvent-annealing. We prepared 30 devices,
which showed a mean heff of 4.12% (ranging
between 3.92% and 4.37%) and a mean fill
factor (FF) of 0.65 (range: 0.62–0.69) after
calibration using reference silicon solar cells
certified by the National Renewable Energy
Laboratory (NREL). To measure more accurate
device efficiencies, we compared the short-circuit current density
(Jsc) obtained from J–Vcurves with the value calculated from IPCE
spectra of the devices. On the basis of the test results, we corrected
the Jsc values obtained by our J–Vmeasurements. The higher Jsc
value (ca. 5%) obtained from the J–Vmeasurements compared to
that fromthe IPCE spectra canbe attributed to a slightmismatchof
reference/source spectra irradiance and/or a different spectral
responsivity of reference/test solar cells.[29] In particular, although
the thickness of the active layer (ca. 290 nm) is larger than that of
conventional devices, as shown in a TEM cross-sectional image of
the device (see inset of Fig. 9a), these cells showed very low series
resistance (Rs) values (ca. 1.2V cm2), obtained from the J–V curve
under dark conditions (see Supporting Information, Fig. S4). In
addition, the high rectification ratio (ca. 107 at� 2V) and large
shunt resistance (Rsh ca. 500MV) indicate that these devices have
acceptable diode characteristics. In addition, Figure 9b shows the
hA,a,hEQE, andhIQE spectra obtained from the reflectance and from
the IPCE spectrum of the device, and from Equation 1 using hA,a
and hEQE, respectively. Notably, the average hIQE is around 78% in
the wavelength range of main absorption of the photoactive layer
(400–600 nm). According to the theoretical calculation by transfer-
Weinheim 2403
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Figure 9. a) J–V characteristics under dark and illuminated conditions of a

high-performance P3HT:PCBM solar cell fabricated by controlled solvent

annealing for 120min (Inset: TEM cross-sectional image of the device).

b) The hA,a, hEQE, and hIQE spectra of the device.

2404
matrix formalism (TMF), theP3HT:PCBMsolar cell devicewith an
active layer thickness of 400 nm should have Jsc values of 10.2 and
12.8mA cm�2 at average hIQE values of 80 and 100%,
respectively.[30] Therefore, considering that the active layer of
our device has a thickness of around 300 nm and the IPCE
spectrum in Figure 9b yields a Jsc value of 10.63mA cm�2, the
average hIQE value of 78% should be regarded as reasonably high
Table 2. Optimized conditions for the fabrication of high-performance P3HT:P
and IPCE spectrum shown in Figure 9, compared with the best reported de

W. Ma et al. [4]

D/A Weight ratio 1:0.8

Active layer thickness ca. 100 nm

Metal cathode Al

Pre-annealing condition N/A

Post-annealing condition 150 8C, 30min

Solvent-annealing time N/A

Rs [Vcm2] 7.9

Voc [V] 0.63

Jsc [mAcm�2] 9.5

FF 0.68

heff 5% at 80mW cm�2

IPCE ca. 60% at 500 nm

� 2009 WILEY-VCH Verlag GmbH &
for this typeofP3HT:PCBMBHJsolar cell. Table2 summarizes the
efficiency parameters of the device shown in Figure 9, together
with the optimized conditions for its fabrication. The table also
compares the performance and fabrication conditions of the
P3HT:PCBM solar cell in this study with those of the best reported
devices fabricated by thermal and solvent annealing.

Since many research groups have optimized the process
conditions for the fabrication of high-performance P3HT:PCBM
solar cells, annealing processes are regarded as a ‘‘magic’’
treatment to achieve an optimized BHJ morphology. The
morphology evolution, under certain annealing conditions, is
accomplished by the inter-diffusion and self-organization of each
material to a structure favorable to the application of solar cell
devices. As previously demonstrated, solvent annealing induces
the 3D BHJ morphology through proper crystallization, an
interpenetrating network, and vertical migration of the compo-
nents. Although someBHJmaterial pairs have shownundesirable
device performance, which can mainly be attributed to an
unfavorable evolution of the composite morphology under the
annealing conditions, P3HT:PCBM seems to be an ideal material
pair for the evolution of 3D BHJ morphology. However, we also
observed that the device performance decreased eventually after
annealing times longer than 120min. Although the high-
resolution TEM images of the samples remained unchanged,
the AFM measurements, however, revealed that the rms rough-
ness of the top surface continuously increased, even after 120min.
This result indicates that excessive diffusion of PCBM molecules
to the top surface can induceunfavorabledeviceperformance.This
may be because of the poor interfacial contact between the rough
top surface of the composite film and the evaporated metal
electrode. Therefore, it is critical to optimize the annealing process
for the fabrication of high-performance BHJ solar cells, consider-
ing the surface morphology as well as the 3D BHJ morphology of
the active layer.
3. Conclusions

This study reports on the fabrication of a high-performance
P3HT:PCBM solar cell using an optimized solvent-annealing
method, resulting in a mean heff of 4.12% (4.37%, the highest
achieved thus far in this work) under AM 1.5G illuminated
CBM solar cells and the efficiency parameters obtained from the J–V curve
vices fabricated by other groups.

G. Li et al. [5] This work

1:1 1:1

ca. 210 nm ca. 290 nm

Ca/Al Ca/Al

110 8C, 10min N/A

N/A N/A

ca. 20min ca.120min

1.7 1.6

0.61 0.60

10.60 10.64

0.674 0.684

4.37% at 100mW cm�2 4.29% at 100mW cm�2

ca. 63% at 500 nm ca. 70% at 520 nm
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conditions at an intensity of 100mW cm�2. The relatively high
efficiencies of these devices, especially the enhanced hIQE (ca.
78%), can be attributed to the favorable 3DBHJmorphology in the
composite films. This study analyzed the changes in the 3D BHJ
morphologies, focusing on the vertical component distribution in
the P3HT:PCBM composite films before and after optimized
solvent annealing. TOF-SIMSmeasurements of the top surface of
the composite films confirmed that solvent annealing forces the
PCBM molecules to migrate or diffuse toward the top surface in
the composite films, which induces a vertical component
distribution that is favorable for electrode functioning in the solar
cell devices. The relative PCBM content at the top surface after
optimized solvent annealing was estimated to increase by about
43%,whichwas confirmedby comparing theCI values of theTOF-
SIMS spectra of the composite films before and after annealing.
4. Experimental

Device Fabrication and Characterization: PEDOT:PSS (Baytron P VP AI
4083), regioregular P3HT (4002-E), and PCBM ([60]PCBM) were
purchased from H. C. Starck, Rieke Metals, Inc., and Nano C, Inc.,
respectively. All materials for the fabrication of the polymer solar cells were
used as received. The devices were fabricated as reported in the literature
[9]. The blend solutions of P3HT and PCBM (weight ratio of 1:1, 25mg each
in DCB) were spin-coated onto PEDOT:PSS-coated ITO glass substrates in
an N2-filled glove box. The thickness of the active layer was measured as
250–300nm by a surface profiler (Kosaka ET-3000i), which was determined
to be the thickness resulting in the highest device efficiency for a weight
ratio of 1:1. Ca (25 nm)/Al (100 nm) electrodes were deposited by thermal
evaporation under high vacuum with shadow masks determining the
photoactive areas (4.64 and 16.45mm2). J–V curves and IPCE spectra were
measured in the same manner as reported before [9]. J–V curves were
measured with a Keithley 4200 sourcemeasurement unit under illuminated
conditions at an intensity of 100mW cm�2 using a 1 kW Oriel solar
simulator with an AM 1.5G filter in an N2-filled glove box. For J–V
measurements, the light intensity was calibrated using a radiant power
meter and two reference silicon solar cells certified by the NREL (PVM85
with a BK7 window, PVM188 with a KG5 color-filtered window). For IPCE
measurements, the monochromatic power density and spectral response
were calibrated using a reference silicon photodiode traceable to NIST
(National Institute for Standards and Technology) and reference silicon
solar cells certified by the NREL. When the efficiency parameters obtained
from the J–V curves and IPCE spectra were compared to each other in
several devices fabricated by optimized solvent annealing, the Jsc values
calculated from the IPCE spectra of the devices were around 95% of those
obtained from the J–V curves. In this work, all heff values of the optimized
devices were corrected with the Jsc values obtained from the corresponding
IPCE spectra to obtain a more accurate efficiency.

Solvent Annealing: Solvent-annealing treatments of the P3HT:PCBM
composite films were carried out before the deposition of the metal
electrodes. The annealing time was controlled by maintaining a weak N2

flow (0min) or by keeping the films outside (5min) or inside (30min) a
covered glass jar immediately after spin-coating in an N2-filled glove box.
To further extend the solvent-annealing time (>30min), small amounts of
DCB solvent were added into a jar with a lid in order to prevent rapid
evaporation of the solvent and penetration of N2 gas into the jar.

Optical and Morphological Characterizations: The P3HT:PCBM compo-
site films used for optical and morphological characterization were
prepared using the same method as used for the device fabrication. The
P3HT:PCBM blend solution for UV–vis absorption measurements was
spin-coated onto a transparent glass substrate. The spectra weremeasured
using a Varian Cary 1 UV–vis spectrophotometer. To measure the
reflectance spectra of the devices, samples were prepared using the same
Adv. Funct. Mater. 2009, 19, 2398–2406 � 2009 WILEY-VCH Verl
method as used for the devices fabricated for IPCE measurements, except
for the fact that the metal electrodes were evaporated without a shadow
mask. In order to obtain the absolute spectra of the light absorbed in the
solar-cell devices, the reflectance measurements were carried out with a
UV-vis-NIR Spectrophotometer (PerkinElmer, Lambda 750) and a 60mm
integrating sphere with a sampling spot of 15mm diameter at a specular
included (88 h�1) geometry. XRD spectra were obtained by out-of-plane
XRD spectrometry (Rigaku, RINT 2000) with the composite films spin-
coated on SiO2/Si wafers. To prepare the specimens for the analysis of
TEM top images and SAED patterns, the P3HT:PCBM active layers (ca.
100 nm) were floated on a water surface and transferred to a Cu grid. To
improve the clarity of the images, the thin active layers were fabricated with
a more dilute solution than that used for device fabrication. The samples
were subsequently dried in a vacuum oven overnight. The images and
patterns were obtained using a field-emission transmission electron
microscope (FE-TEM, JEOL JEM-2100F) operating at 200 kV. The TEM
cross-sectional image was measured using an FE-TEM (FEI Tecnai F30 S-
Twin) operated at 300 kV. To vertically cut the complete P3HT:PCBM solar
cell device using a focused ion beam (FIB, NOVA200), a buffer layer of Pt
was deposited on the top surface. AFM images were obtained using a
Digital Instruments NanoScope IIIa in tapping mode. The TOF-SIMS
measurements were performed using an ION-TOF IV spectrometer with
pristine or composite films deposited on a PEDOT:PSS-coated SiO2/Si
wafer substrate. The high-resolution mass spectra and images for each
sample surface were acquired using a 25 keV Biþ ion source within a static
limit, and a 500mm� 500mm area (128� 128 pixels), for which the lateral
resolution is about 4–5mm, was examined in each sample. The peak
signals were obtained from one or two monolayers at the top surface of
each sample.
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