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Hybrid organic-inorganic bulk heterojunction (BHJ) photovoltaic devices continue to be a
promising alternative for present semiconductor solar cell technology. However, to become
competitive hybrid devices must improve their currently low efficiencies. A major challenge to
overcome is the control over the hybrid morphology, and more specifically, directing
interpenetrated nano-scale phase separated continuous networks through the active layer. Here
we demonstrate that atomic layer deposition (ALD) can be used to deposit hybrid BHJ
photovoltaic films with exceptional control over film composition and morphology. The BHJ is
prepared by exposing a pre-formed conjugated polymer film to an ALD alternating sequence of
a metal oxide precursor and water. In this study ZnO was grown from cycles of diethyl zinc
(DEZ) and water inside pre-formed P3HT films. We find that DEZ diffuses into the amorphous
regions of the P3HT film, followed by oxidation by water to form ZnO crystalline particles (5-
10 nm). Importantly, the inorganic crystalline phase is formed within the polymer amorphous
regions while the ordered polymer domains are maintained. Investigation of the growth
mechanism and control over the number of ALD cycles allowed us to direct a BHJ morphology
with: I) a continuous ZnO network through the P3HT film; II) a descending concentration
gradient of ZnO from the top surface down to the substrate; and III) a dense ZnO electron
transporting layer on the polymer film surface. The successful morphology-control is
manifested in efficient photocurrent generation, evident from time resolved microwave-
photoconductivity measurements and device performances that are similar to those reported for
intensely optimized conjugated polymer/metal oxide solar cells.
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oxide structures such as nanoparticles,'® nanorods'" '? or a

mesoporous network'? are prepared, followed by spin coating of the
polymer onto the preformed inorganic structures. However, the
mismatch between the chemical nature of the components hinders
the organic phase infiltration into the inorganic nanostructure'®.
Alternatively, an organometallic metal oxide precursor is added to
the polymer solution followed by simultaneous casting and in-situ

Introduction

Organic photovoltaic devices (OPV) have the potential to become a
leading alternative source for renewable energy with the advantages
of low cost processing, flexibility and versatility " >. The optimal
device morphology is a bulk heterojunction (BHJ) where charge
generation is enhanced by the high interfacial area and charge
transport is supported by the continuous pathways of each

component to the respective electrode. Consequently, the device
performance critically depends on the phase separation and film
morphology which are challenging to control due to their sensitivity
to preparation and operation conditions." ** Alternative promising
systems are hybrid organic/inorganic photovoltaic devices (HOPVs)
consisting of an inorganic acceptor network embedded in a
conjugated polymer donor matrix. Such systems still exploit the
advantages of organic electronics, but also offer enhanced electron
conductivity, improved chemical stability and better morphological
control endowed by the inorganic component.>®

Most commonly used inorganic acceptors for HOPV are metal
oxides, specifically TiO,” ® and ZnO.*° Several methodologies have
been used to prepare hybrid BHJs. The first method generally
involves a two-step processing sequence: initially nano-scale metal
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conversion of the precursor to the metal oxide inside the polymer
film. However, these processing conditions limit the control over the

nano-scale donor/acceptor morphology and the interfacial intimacy.
6,8, 15

An alternative technique for the deposition of metal oxides is Atomic
Layer Deposition, ALD. In general, ALD is used to grow conformal
metal oxide coatings on -OH and -NH, terminated surfaces using
sequential, self-limiting reactions of a reactive organometallic
precursor and an oxidizing agent.'® ' Accordingly, Moghaddam et
al. end-functionalized poly(3-hexylthiophene-2,5-diyl), P3HT, with
acid carboxylic groups to serve as reactive sites for the growth of
ZnO sheets.'® Interestingly, attempts to deposit Al,O; using ALD on
polymer films with CH3 termination, such as polyethylene and
polystyrene, revealed that the absence of the reactive groups on the
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surface lead to the diffusion of the organometallic precursor into the
polymer film and its in-situ conversion to the inorganic cluster.'
These results inspired us to suggest the general use of ALD for the
deposition metal oxide networks inside conventional conjugated
polymer films.

In this report we show a new and general approach for processing
HOPVs using ALD which does not require chemical modifications
of the conjugated polymer host and is not limited to polymer films
with preferable precursor reaction sites. The generality of the
approach is demonstrated ALD of a ZnO network from DEZ and
water precursors inside the most commonly used pristine P3HT.
Moreover, we show that the different deposition sequences of these
precursors can be used to control the desired organic/inorganic BHJ
morphology and to produce hybrid films with homogenous lateral
metal oxide distribution throughout the organic layer. Finally, we
integrate the ALD processed BHJ as active layers in photovoltaic
devices and show that the control over the deposition parameters is
manifested in the photovoltaic performance. These results establish
that ZnO deposition via ALD is a promising technique for
processing hybrid BHJ morphologies.

Experimental

1,2-dichlorobenzene (DCB) and diethylzinc (DEZ, -cylinder-
packaged for use in ALD deposition systems) were purchased from
Aldrich and used as received. Poly(3-hexylthiophene-2,5-diyl)
(P3HT, Mw=50,000 gr/mol, 95% regioregularity) was purchased
from Reike Metals, Inc. U.S.A and used as-received. An aqueous
dispersion of poly(3,4-ethylendioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), was acquired from Haraeus
(CLEVIOSTM P VP AL 4083) and was filtered through a 0.45pm
PTFE filter before use.

Substrates used in this study include quartz, silicon and ITO covered
glass. All substrates were cleaned thoroughly by sonication in
acetone, methanol and isopropanol for 15 min each. For devices ITO
substrates were held in ozone atmosphere for 15 min prior to spin
coating a PEDOT:PSS solution, followed by a heat treatment on a
hot plate for 15 min at 100°C.

150 nm-thick P3HT films were spun from a 37 mg/ml DCB solution
at 1000 RPM for 120 seconds under ambient conditions, the coating
was followed by an annealing treatment at 170°C for 1 hour (heating
rate of 3°C /min) in vacuum in order to enhance crystallization and
ensure complete solvent outgassing. ZnO was ALD deposited in an
Applied Microstructures MVDI100E system with an integrated
oxygen plasma module. Deposition temperature was set to 60°C and
alternating 1 torr pulses of DEZ and water were applied. The
precursor reaction time was limited to 1 sec for both DEZ and water
in every cycle. The reaction chamber was purged with nitrogen
between different precursor pulse injections.

Device fabrication was completed by thermal evaporation of a 95
nm-thick Al layer on glass/ITO/PEDOT:PSS/P3HT:ZnO films,
followed by post-evaporation annealing for 5 min at 100°C in an N,
atmosphere. Current-density—voltage (J-V) curves were measured
under 100 mW/cm*> AM 1.5G illumination (Newport Inc. 67005
150W Xe arc lamp solar simulator) using a Keithley 2400 source-
meter.

Optical absorbance measurements of films on quartz were performed

using a Varian Cary 100 Scan UV-Vis spectrophotometer in the 250-
800 nm range. Grazing incidence X-ray diffraction (GIXRD)
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measurements (o=3°) of films on silicon substrates were conducted
on a D/MAX-2500 series, RIGAKU system with Cu Ko radiation
(A=1.5418 A).  Scanning electron microscopy (HRSEM)
micrographs of films on silicon were acquired using a Zeiss Ultra-
Plus FEG-SEM operating at 2 KeV and the EDS measurements were
conducted at a 4KeV operating voltage. EDS measurements include
Ka signals of sulfur, carbon and oxygen as well as the Lo signal of
zinc. The Si (substrate) signal was observed in all EDS
measurements to ensure that the interaction volume was larger than
the film thickness. High-resolution transmission electron microscopy
(HRTEM) micrographs of films on Si were acquired using a FEI
Titan 80-300 KeV FEG-S/TEM operating at 200 KeV. Cross section
samples for HRTEM examination were done using a Focused Ion
Beam integrated in the Strata 400 STEM Dual Beam system of a
Field-Emission Scanning Electron Microscope (FE-SEM).

Photoconductance measurements on the P3HT:ZnO films were
carried out using the photo-induced time-resolved microwave
conductance (TRMC) technique. This technique was previously used
to study the charge transport properties in a wide range of materials
including organic and hybrid organic inorganic blend films.?*%,
Briefly, a quartz substrate with the active layer is mounted in a
home-built, sealed X-band (8.4 GHz) microwave cell filled with N,.
The activelayer is then photo-excited with a 3 ns laser pulse from an
optical parametric oscillator pumped by a Q-switched Nd:YAG laser
(Vibrant II, Opotek) operating at 10 Hz. The overall response time of
the setup, including the electronics used for detection, is ~18 ns.

Photo-excitation of the active layer results in the generation of
mobile charge carriers effectively modulating its conductance (AG).
Because there are no electrodes, the photo-generated charges decay
with time via recombination and/or trapping processes. The change
in conductance with time (AG(t)) results in a variation of the
normalized reflected microwave power (AP(t)/P) from the loaded
cell and is given by:*

AP(t)
T=—KAG(f) (1)

where K represents a sensitivity factor that is determined from the
dimensions of the microwave cell and the geometrical properties of
the media in the microwave cell. The time-dependent change in
conductance (AG(t)) can be expressed in terms of the yield of photo-
induced electrons and holes (@) and the sum of their mobilities (Xp).
If the decay of the photo-induced charges is longer than the time
resolution of the detection system, then the maximum change in
conductance (AG,,) with respect to the incident light yields the
following equation:

AGmax
QY pj=——"
7 BelyFy @)

Here, I, is the incident light intensity per pulse and FA is the fraction
of incident photons absorbed, P is the ratio between the broad and
narrow internal dimensions of the microwave cell and e is the
electron charge.

Results and discussion

The feasibility of metal oxide deposition into P3HT by ALD was
first examined on relatively thick films of 0.5 pm to establish the
diffusion viability and penetration depth. Figure 1A shows a back
scattering (BSE) HRSEM cross section image of the P3HT film after

This journal is © The Royal Society of Chemistry 2012
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100 alternating cycles of DEZ and water. The bright domains
represent the higher density nanoparticles dispersed in the P3HT
matrix (dark contrast). The image clearly shows a descending
concentration gradient of the nanoparticles down to the substrate,
and a uniform continuous dense layer on the P3HT surface.
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Figure 1: (A) Cross section BSE HRSEM micrograph of a P3HT
film on a silicon substrate, after 100 ALD alternating cycles of DEZ
and water. (B) GIXRD patterns of a pristine P3HT film before (black
line) and after 75 DEZ/water ALD cycles (red line).

Grazing incidence Xray diffraction (GIXRD) was performed on
films prior and post the ALD sequence to characterize the particles
deposited in the P3HT film. The GIXRD pattern of pristine P3HT
(black line in Figure 1B), shows three peaks corresponding to the
(100), (200), (300) reflections associated with the 1.6 nm lamellar
distance typical in crystalline P3HT domains.'" Previous studies
reported that ALD alternating cycles of DEZ and water ALD, even
at relatively low temperatures <200 °C, results in the deposition of
highly crystalline ZnO wurtzite with little to no hydroxides and/or
amorphous regions.”® Indeed, GIXRD patterns after the ALD process
show four new peaks, all in very good agreement with the first four
wurtzite reflections of ZnO (red line in Figure 1B).?” Furthermore,
signals associated with a Zn(OH), phase are not observed in the
GIXRD pattern. The general increase of the background signal after
the ALD process (low angle range) is due to the increased total
reflection from the higher density ZnO-rich sample surface.?®
Therefore, the GIXRD results demonstrate that a simple ALD
process of DEZ and water pulse sequence results in the successful
deposition of nanocrystalline ZnO particles inside the P3HT film.

The morphology and crystallinity of the ZnO particles is also evident
from the cross section bright filed TEM micrographs in Figure 2. In
these images, the darker contrast represents the denser ZnO-rich
areas and the bright contrast is the P3HT matrix. The low

This journal is © The Royal Society of Chemistry 2012
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magnification image, Figure 2A, shows ZnO-rich areas dispersed
throughout the hybrid film reaching down to the substrate with a
descending concentration gradient. In the high magnification
micrograph, Figure 2B, the lattice image and typical size of
individual ZnO nanoparticles, 5 to 10 nm, are identified. The
selected area FFT analysis shows distinct diffraction spots in a
circle-like pattern, Figure 2 inset, confirming that the ZnO particles
are crystalline and suspended in the film with no preferred
orientation. The crystallinity of the ZnO particles is also apparent
from the presence of an optical transition at ~350 nm in the optical
absorption spectra of all films exposed to the ALD cycling (Figure
3A). This transition corresponds to the optical bang gap of ZnO, %
and increases with the number of ALD cycles. Importantly, the
agglomerated ZnO nanocrystals form a pseudo-interconnected
network through the film which would be able to support charge
transport in a corresponding photovoltaic device®.

Figure 2: Low (A) and high (B) magnification cross section bright
filed TEM micrographs of a P3HT film on a silicon substrate 75
DEZ/water ALD cycles. Inset: the corresponding FFT analysis.

The penetration of DEZ into the P3HT film followed by its in-situ
conversion to ZnO could potentially reduce the crystallinity of P3HT
and/or its conjugation length, which in turn would reduce the hole
conductivity and light absorption in a corresponding photovoltaic
device.*® The effect of ZnO deposition on the P3HT host was studied
by comparing the absorption spectra of the films before and after the
ALD process. Figure 3A shows that all absorption spectra measured
after the different ALD processes include the typical P3HT intra-
molecular vibronic transitions, at 518 and 552 nm; and the shoulder
at 605 nm, indicative of ordered P3HT domains.’! Yet, a closer look
at the absorption spectra reveals that the polymer chain’s
morphology is slightly affected by the ZnO incorporation. This
effect becomes evident by normalizing the data in Figure 3A to
resolve the changes in the location and breadth of the P3HT
transitions (Figure 3B). A minor broadening of the P3HT spectra to
higher energies with increased ALD cycles (red arrow in Figure 3B)
implies a somewhat shorter average conjugation length.** Moreover,
after the extensive deposition sequences of 75 and 100 cycles, the
intensity of the 605 nm transition is slightly reduced (black arrow in
Figure 3B) associated with only a minor decrease in P3HT order.
The small effect of ZnO deposition on the P3HT ordered domains
could indicate that the ZnO deposition occurs selectively in the
amorphous regions of the semicrystalline P3HT. We speculate that
the DEZ diffuses into the amorphous regions followed by their in-
situ conversion to ZnO. These results demonstrate that, in contrast to
all other processing methods, ALD can be used to introduce the ZnO
particles within the disordered domains with little to no deterioration
of the P3HT crystallinity and optical properties.
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Figure 3: As is (A), and normalized (at 518 nm) (B), absorbance
spectra of P3HT films subjected to DEZ/water cycles: Black-
pristine P3HT, red — 25 cycles, blue- 38, magenta- 50, olive- 62,
navy- 75, green- 100

After confirming that ALD can be used to deposit crystalline ZnO
nanoparticles inside P3HT films, we studied the growth mechanism
to allow the correlation between the deposition process and the final
film morphology. To do so we compared the cross sections HRSEM
images of P3HT films subjected to a variety of DEZ/water ALD
cycles, as shown in Figure 4. The images clearly show a strong
correlation between the number of cycles and the volume fraction of
ZnO in the film. More specifically, after 25 ALD cycles (Figure 4A)
there is no clear evidence of ZnO in the organic film, in a good
agreement with the optical measurements (Figure 3A). However,
after 38 ALD cycles initial ZnO spots are noticed evenly distributed
throughout the film (Figure 4B). The number and size of the ZnO
particles is increased after 50 cycles (Figure 4C). Notably, as the
deposition progresses the particles at the polymer surface grow and
finally merge into a continuous ZnO layer covering the top of the
P3HT film (Figure 4 D, E and F).

The growth mechanism of ZnO by ALD from DEZ/water alternating
cycles onto OH terminated surfaces is widely studied and well
established. The accepted mechanism suggests that the substrate's
surface hydroxyl groups act as nucleation sites for the first DEZ
pulse according to the reaction shown in equation 3. The following
exposure to water results in substitution of the ethyl group (equation
4) and re-generation of a hydroxyl rich surface. Repeating the
successive DEZ and water cycles, therefore, leads to the self-limiting
layer-by-layer growth of a ZnO film.*?

4| J. Name., 2012, 00, 1-3
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Figure 4: Cross section BSE HRSEM micrographs of P3HT films
after 25, 38, 50, 62, 75, 100 DEZ/water ALD cycles.

However, this simple mechanism is unsuitable for describing the
ALD growth of metal oxides onto polymer surfaces. In the study by
Wilson et al." attempts to ALD deposit a uniform ALO; coating
onto polymer films resulted in metal oxide growth inside the
polymer films. It was suggested that due to the lack of the precursor-
surface reaction, the metal oxide precursor diffuses into the organic
layer, followed by a sequential reaction with water inside the film.
We suggest that the lack of reactive hydroxyl groups on the P3HT
surface also results in DEZ diffusion into the polymer film. In the
next step, the P3HT film that retained some of the DEZ molecules is
exposed to a water pulse. Although the film is originally highly
hydrophobic, several studies have reported the diffusion of organic
molecules varying in hydrophobicity through conjugated organic
films.**37 Very recently Friend et al. reported the diffusion of
methanol through a 200 nm all-organic BHJ down to the
PEDOT:PSS layer. In addition, the high reactivity of the DEZ and
water reaction further encourages water diffusion into the P3HT
towards the incorporated DEZ molecules. The diffusing water
molecules react with the retained DEZ in the P3HT film forming the
primary ZnO clusters (Figure 4B). Successive alternating DEZ and
water cycles generate additional ZnO clusters inside the P3HT
(Figure 4C). At a certain stage, particle growth is faster than particle
nucleation because growth requires the diffusion of one precursor
only, either DEZ or water, while nucleation requires the diffusion of
both (Figure 4D). Importantly, due to this growth mechanism, the
ZnO particles close to the polymer surface grow faster than those
that are embedded deeper in the polymer film. Therefore, after
extensive cycling a continuous ZnO layer fully covers the P3HT
surface. This ZnO layer now acts as a substrate for the conventional

This journal is © The Royal Society of Chemistry 2012
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self-limiting layer-by-layer growths described above for surfaces and
described in equation 3 and 4 (Figures 4 E and F).
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300nm
—

Figure 5: (A) The Zn/S wt% ratio after 25, 38, 50, 62, 75, 100
DEZ/water deposition cycles calculated from the EDS
measurements. (B, C) Cross section BSE HRSEM micrographs of
pre-treated P3HT films after 75 DEZ/water deposition cycles. (A)
The P3HT film was exposed to high humidity prior to the ALD
process. (B) P3HT film was exposed to an oxygen plasma treatment
prior to the ALD process.

The suggested mechanism was corroborated using SEM EDS
measurements by calculating the ZnO mass accumulation as a
function of the number of ALD cycles. Because the P3HT layer
thickness was identical for all films, the total mass of sulfur was
regarded identical and constant in all films. The total mass of Zn, on
the other hand, increases with the number of cycles and, assuming
full DEZ conversion, represents the mass accumulation of ZnO.
Under such conditions, the Zn/S wt% ratio evaluated from the EDS
Ka signal of sulfur and La signal of zinc, is proportional to the total
mass of zinc in each film. For presentation means the calculated
Zn/S wt% ratio for the sample with the highest Zn content (i.e. after
100 cycles) was set to unity and the values calculated for all other
films normalized accordingly (See supplementary information S1).
The normalized Zn/S wt% ratio against the number of cycles, Figure
SA, clearly shows that the ZnO deposition rate increases with the
number of cycles, with an initial gentle slope (up to about 50 cycles)
followed by a steep one. This is in contrast to classical ALD where
the mass accumulation/cycle is constant because each cycle grows a
monolayer on a substrate with a contestant surface area.”® In the case
of ALD inside the polymer film, on the other hand, the first cycles
lead to the nucleation of small ZnO clusters, as evident from the
SEM images in Figure 4. During these first ~50 cycles the ZnO mass
accumulation is slow due to the complicated kinetics of cluster
nucleation. However, once particle growth is faster than particle
nucleation the surface area available for ZnO increases dramatically
with the number of cycles. The significant increase of surface area in
each cycle leads to the observed sharp increase in the rate of ZnO
mass accumulation.

This journal is © The Royal Society of Chemistry 2012
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The final confirmation of the growth mechanism was established by
surface treating the P3HT with OH groups to allow the conventional
layer-by-later ALD of ZnO on the polymer surface. Two methods
for generating OH groups on the polymer surface were applied:
exposure to high humidity or exposure to mild oxygen plasma.
Immediately after the treatment the films were introduced to the
ALD process of 75 DEZ/water cycles. The HRSEM cross section
images of the post-ALD treated films are presented in Figure 5 B
and C. The HRSEM images show that both pre-treatments result in
ZnO growth strictly on the P3HT surface, in strong contrast to the
non-treated film where the ZnO grows inside the polymer film. The
P3HT/ZnO bilayers are formed because both treatments enrich the
surface of the P3HT film with hydrophilic groups, either due to
water adsorption in high humidity conditions or P3HT oxidation due
to the plasma process. In the first DEZ cycle the DEZ reacts with the
hydrophilic surface in a process similar to the conventional initial
ALD process expressed in equation 3. Nucleation of ZnO on the
P3HT's surface blocks the diffusion of the precursors into the film
and the subsequent DEZ/water cycling leads to the self-limiting
layer-by-layer ZnO film growth. It can also be noted that the ZnO
layer grown on the plasma treated sample is considerably smoother
than that grown on the humidity treated film due to a more
homogenous distribution of the hydrophilic groups on the P3HT
surface by the plasma treatment.

Finally, after establishing the ALD mechanism of ZnO in P3HT and
determining the parameters for directing a hybrid BHJ morphology,
we study their suitability for solar cells. Photo induced charge
generation is studied wusing time resolved microwave
photoconductivity (TRMC) which is a contact-less technique and
hence allows us to follow charge generation with no effects of the
contact quality. TRMC measures the change in film conductance due
to photo-excited charge generation using a sensitive microwave
circuitry with nanosecond time resolution. Figure 6 plots the yield of
photo-induced electrons and holes (¢) and the sum of their mobilities
(Zp) as a function of photon flux for P3HT/ZnO films prepared
using 0, 25, 38, 55, and 75 DEZ/water deposition cycles. For all
samples the @Zp values decrease with increasing the photon flux
implying that higher order processes, such as exciton-exciton
annihilation or exciton-hole recombination, are occurring”. We
therefore compare the Zp values obtained for the different samples
for the same photon flux. Generally, the Xp value increases with
the number of ZnO ALD cycles. This increase is due to an increase
in the number of charges and/or their mobility. Because the P3HT
absorbance spectrum does not significantly change with ZnO loading
(Figure 3) we assume that hole mobility is similar in all films.
Accordingly, the increase of the photoconductance is attributed to
two contributions: the yield of free carriers and/or the electron
mobility. The similarity between the correlation of ZnO mass
accumulation (Figure 5A) and TRMC signal (inset of Figure 6) with
the number of cycles implies that the photoconductance is due to the
growing interfacial area between the P3HT and the ZnO. The
carriers are generated at the hybrid interface and hence increase of
the interfacial area is directly translated to an increase in the yield of
carriers. Notably, after 75 ALD cycles the photoconductance reaches
a value of 8x10-3cm2/Vs, similar to that obtained for conjugated
polymer/ZnO films and associated with hopping of electrons
between ZnO particles.® Therefore, we suggest that the high
photoconductance obtained for the 75-cycle ALD films also includes
a contribution of an increase in electron mobility due to the large
volume fraction of ZnO in the films.**,

J. Name., 2012, 00, 1-3 | 5
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Figure 6: Product of the quantum yield per absorbed photon (¢) and
the sum of the charge carrier mobilities (3 ) versus incident
intensity normalized to the optical absorption of pristine and
P3HT/ZnO films after 25, 38, 55 and 75 DEZ/water ALD cycles.
The inset presents the same product versus the number of ALD
cycles for the 2.5x10"* photons/em® per pulse flux measurement.
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Figure 7: Intensity normalized photoconductance traces recorded for
P3HT/ZnO films after 0, 25, 38, 55 and 75 DEZ/water ALD cycles.
Optical excitation was done using a 3.5 ns (FWHM) laser pulse at
A = 500 nm with an incident intensity of 8x10'* photons/cm® per
pulse.

Figure 7 shows the microwave photoconductivity transients of the
same films. As no electrodes are used in this technique the decay of
the signal is due to charge carrier recombination or mobility
relaxation. Large variations in charge carrier lifetimes for the
different films can be discerned. The pristine and 25-cycle films the
Ty, values are approximately 0.25 ps, in good agreement with those
previously reported for pristine P3HT layers®. However, after 38-
and 55-cycles the 1y, values are dramatically higher reaching up to
an extensive value of 100 ps. Interestingly, for the sample with the
highest ZnO loading, i.e. after 75 cycles, the t;,, drops to 35 ps. We
speculate that in the 38- and 55-cycle samples electrons are
immobilized in shallow traps preventing their recombination with
holes, and resulting in extensively long lifetimes. However, after 75
cycles a percolation network is formed which supports electron

6 | J. Name., 2012, 00, 1-3

mobility and hence also increases the chances for recombination,
effectively reducing the carrier lifetime.

Finally, the viability of ALD for processing hybrid photovoltaic
films was demonstrated by integrating the P3HT/ZnO films as the
active layer in devices. The solar cells had the general simple device
structure: ITO/PEDOT:PSS/P3HT:ZnO/Al. The current
density/voltage (J-V) curves and device parameters as a function of
the number of ALD cycles are shown in Figure 8 and summarized in
Table 1. The open circuit voltage (V,.) of all devices is independent
of the number of cycles indicating that in all cases the current is
generated at the same type of interface, i.e. P3HT/ZnO. However,
the short circuit current densities (J,.) show a strong dependence on
the number of ALD cycles. Namely, the photocurrent increases with
the amount of ZnO in the film. The low photocurrents from the 25-
and 38-cycles samples are in good agreement with the SEM, EDS
and TRMC results that showed few, small and disconnected ZnO
particles which limit the yield of free carrier generation. After 50
cycles the photocurrent rises due to an increase in the hybrid
interfacial area (SEM and EDS) where more free carriers can be
generated, in good agreement with the increase of the
photoconductance (TRMC). A dramatic increase in J. is observed
for the 75-cycle sample, showing an average value of 0.6 [mA/cm?].
This notable rise is in good agreement with the morphological
changes after 75 deposition cycles (Figure 4 E), showing that the
ZnO fraction in the hybrid film is considerably higher than for the
low cycles samples allowing a much higher yield of exciton to
dissociation. Moreover, the ZnO clusters are significantly larger
forming a pseudo-interconnected inorganic network that could
support electron transport to the top contact. Another crucial
morphological advantage in the 75-cycle sample is the presence of a
continuous ZnO layer on top of the hybrid film. This ZnO layer acts
as an electron selective interlayer at the interface with the top
electrode. The optimal photovoltaic morphology obtained after 75-
cycles is also evident by comparing the increase in photocurrent and
photoconductance when going from 50 to 75 cycles. In contrast to
photocurrent, TRMC is incapable of measuring macroscopic features
such as carrier percolation®® or contact selectivity. Hence, while the
photoconductance is merely 3 times higher in the 75-cycle film
compared to that in the 50-cycle film, the photocurrent is ~20 times
higher. This difference demonstrates that ALD is suitable to both
grow the ZnO network inside P3HT and also control the morphology
to suit the prerequisites of photovoltaic films. Indeed, the best 75-
cycles device showed a V. of 0.46 V, Ji. of 0.9 mA/cm? and power
conversion efficiency (PCE) of 0.12%. These results, although lower
than best preforming hybrid ZnO/P3HT devices, are of the same
magnitude as many previous reports on similar photovoltaic systems,
demonstrating the feasibility of ALD as a processing technique for
hybrid solar cells.'® 4!

Table 1. Summary of device performance parameters as a function
of the number of ALD cycles. Measurements are averaged over 24
devices for each deposition.

Page 6 of 9

ALD cycles Vo (V) J. (mA/ecm®) | FF (%) PCE (%)

0 0.3+ 0.04 3.8x107° + 39+1 4x10™ +
0.5x10° 1x10™

25 0.28 + 0.04 4.6%x10° + 37+1 5x10™ +
0.6x10° 1x10*

38 0.310.03 6.4%10° + 36+1 8x10™ +
0.8x10° 1x10™

50 0.27 + 0.06 3.2x107 + 38+1 3x10° +
8x10° 6x10™

75 0.35 + 0.05 0.6+0.1 3741 | 0.11+0.02

This journal is © The Royal Society of Chemistry 2012
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Figure 8: Representative photocurrent density-voltage characteristics
(J-V) under 1.5AM illumination of the different deposition samples.
Black- pristine P3HT, red- 25 deposition cycles, blue- 38, magenta-
50, navy- 75. The inset is an expansion of a selected area of the
figure.

Conclusions

In summary, we have showed that ALD of ZnO into pristine
P3HT films from DEZ and water precursors is a viable and
simple processing technique for the formation of hybrid
organic/inorganic BHJs. The BHJ was formed by diffusion of
the DEZ precursor into the amorphous regions of the P3HT,
followed by in-situ poly-condensation of ZnO nano-crystals
dispersed inside the film. Importantly, we confirmed that P3HT
order and its optical properties were not impaired during the
ALD sequence. The ZnO mass accumulation and its
morphology inside the organic film as a function of the number
of ALD cycles was followed and suggested a two-step
nucleation and growth mechanism. By judicious selection of
the deposition parameters we were able to generate the optimal
BHJ photovoltaic morphology: high organic/inorganic
interfacial area, interconnected ZnO/P3HT networks and a
capping electron transporting layer. Indeed, the photovoltaic
devices comprising the simply processed ALD films showed
promising performances. We believe that optimization of the
deposition parameters could lead to further improvement of the
photovoltaic performance and show significantly higher PCE.
In addition to demonstrating that ALD is suitable and useful for
the fabrication of HOPVs, this study establishes a general new
approach: harnessing the diffusion of small molecules, such as
additives or precursors, into pre-formed organic films (similar
ZnO penetration was observed in MEH-PPV films, see
supplementary information S2) to direct morphologies and
functionalities that are complicated to achieve or even
unattainable in conventional methods.
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ALD ZnO precursors diffuse into the disordered regions of a P3HT film yielding the bulk
heterojunction morphology for hybrid photovoltaics



