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The influence of interface modifires based on perylen imide dyes and naphthyl phos-
phonic acid on MEH-PPV/nc-ZnO nanocomposite films morphology was stydied. The
better phase compatibility between MEH-PPV and nc-ZnO was obtained if (PI1) and (PI2)
were used as the IMs. Use of the IMs led to decrease the fluorescence lifetime quenching
('tl) and to increase the quenching efficiencies (7]) It was demonstrated that all IMs
increase J g, and V. -

UccnenoBano Baumsinue UHTepPdeCHBIX MOAN(PUKATOPOB HA OCHOBe TepujeHa W HaQTHUI
docdonoroit KucmoTel Ha Mopdosoruo mreHok MEH-PPV/ne-ZnO. Hawayumas dasosas
coBMecTuMocTh Habaozanack giaa MEH-PPV u ne-ZnO npu mCcnoabs30BaHAN MOLAMDUEATOPOB
(PI1) u (PI2). UcnonbsoBanue MOIU(DUKATOPOB IMPUBOAUT K CHUMKEHUIO TYIIEHUS BPEMEHU
musHN (payopecnennuu (T;) 1 yBenwueHHI0 3())EeKTUBHOCTH IIEPEHOCa 3apAaa (n ). ITokasa-
HO, UTO MCTOJb30BaHUE BCEX MOAM(PUKATOPOB MPUBENO K YBEJIUUEHUIO J oo U VOC

Bnaue modudirayii noeepxni Hanoxpucmanié ZnO na cmpyxmypy ma (Homoeonv-
maiuni eénacmueocmi Hanoxomnozumnux nnieox MEH-PPV /nc-ZnO. H.B.ba6aescvka,
10.M .Casgin, O.0.Mamsienro, B.B.Bapuenuro, O.Il. Kpuwumans, M.®@.IIpodanos, 10.0.I'ypra-
neuro, B.B.Bawenko, B.Il.Ceminoxenro.

Hocaimxeno Bunus inTepdeiiciux MoaudikaTopiB Ha ocHOBI nepuneny ta HadTuadochomo-
BOI KucymoTy Ha Mopdosorito maisok MEH-PPV/ne-ZnO. Halikpamia ¢aszoBa cyMicHicTs cmoc-
repiraerocsas gaa MEH-PPV i nc-ZnO npu Bukopucramni mozudikaropis (PI1) i (PI2).
Bukopucranus moxudikaropis mIpusSBOAUTL IO SHIMKEHHS raciHHda uacy KuUrrd (uyope-
crieHIii (171) Ta 30inblIeHHI0 ePEeKTUBHOCTI ImepeHocy sapany (1 ) ITorkasano, mo BUKOpPUC-
TaHHA ycix Moau(ikaTopiB MpusBeso 0 36iMbIeHHA of g, Ta VOC
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1. Introduction

A bulk heterojunction (BHJ) photovoltaic
(PV) device on the base of hybrid photoac-
tive films comprising the photosensitivity
polymer (donor) and semiconductor
nanocrystals (acceptor) are of great interest
as an alternative for Si based energy
sources [1]. BHJ photovoltaic cells usually
include a large number of donor/acceptor
interfaces for charge separation at the ex-
pense of discontinuous transport pathways
by hopping. In these hybrid photovoltaic
cells the recombination occurs almost exclu-
sively at the heterojunction and the exciton
dissociation efficiency is strongly dependent
on the type of nanocrystals dispersion or
phase segregation in polymer matrix, which
are thereby crucial for the PV device per-
formance. Thus, one of the key issues for
fabrication of the efficient photovoltaic de-
vices is morphology control of the BHJ ac-
tive layer [2-5].

Usually these processes can be controlled
by nanoparticles surface modification with
suitable surfactants (interface modifiers,
IMs) [6, 7]. Structure of the typical IMs
consists of polar thiol-, amino-, mercapto-
or phosphonic heads as anchoring groups,
and conjugated molecular backbone [8]. Role
of the IMs reveals in enhancement of the
chemical compatibility between polymer and
semiconductor nanoparticles, increasing the
excitons separation efficiency at the poly-
mer/nanoparticle interface and subsequent
charge transfer rate into the nanoparticle
bulk, reduction of interfacial recombination
and improvement of a charge transport in
polymer matrix as a result of the macro-
molecules ordering in the polymers [9].

As promising candidates for conjugated
backbone groups, oligoarenes and organic
dyes can be considered. However, only sev-
eral research groups modified the surface of
metal-oxide nanoparticles with different
dyes: mercurochrome [10], N719 dye [11], as
well as 2-amino-1-methylbenzimidazole [8],
2-naphthalenethiol (2-NT) [9], anthracene-9-
carboxylic acid (ACA), tetracarboxy phthalo-
cyanine copper (II) (CuPc-dye) and N3-dye [12],
oligothiophenic phosphonic acids [13] and
peryleneimide dyes (PIs) [14-17]. As a re-
sult, substantial improvement in short-cir-
cuit current density (Jgo), open-circuit volt-
age (Vo) and fill factor (FF) of the modi-
fied device were obtained. Influence of the
chemical structure of phosphonic acid con-
taining interface modifiers of TiO, on pho-
toinduced properties of the layered-junction
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TiO,/IMs/PSHT was investigated in [13].
Both photoluminescence (PL) and PL life-
time measurements suggested that the pho-
toinduced transfer of electrons from P3HT
to TiO, increased as the conjugation length
of molecular backbone increased or as the
nonconjugated chain-length in IMs de-
creased. Moreover, molecular structure of
the IMs strongly affected the photovoltaic
cell performance of the layered device
ITO/TiO,/IM/P38HT/Au through their en-
ergy levels and charge transfer ability. The
Jgc increased and V- reduced as number of
thiophene rings increased and length of the
insulating chain in the IMs decreased.

Peryleneimide dyes represent one of the
most widely studied classes of organic semi-
conductors for applications in solid-state
dye-sensitized solar cells (DSSCs) [14, 17].
It is known that the majority of organic
conducting materials are p-type semiconduc-
tors whereas Pls are n-type semiconductors
[18]. Such materials possess high electron
mobility [19], specific carrier injection-tun-
ing properties [20], large molar absorption
coefficients [21] in combining with excellent
photo [22] and thermal stabilities [23].
Physical properties of PI dyes can be tuned
by introduction of appropriate substituents
in imide or bay positions, which is impor-
tant in design of the new materials for PV
applications [15, 16]. A perylene derivative
was used to enhance the photoelectric effi-
ciency of the hybrid poly(3-hexylthio-
phene)/ZnO bulk-hetercjunction solar cells
[17].

Although most of the cited above works
are devoted to application of the PI dyes as
sensitizers in DSSCs, effect of the PI dyes
as the IMs on the active layer morphology
and photovoltaic properties of solar cells
was not studied practically. We know one
work only devoted to the effect of perylen
dye (perylenetetracarboxylic acid diimide)
ligand shell formed on Au nanoparticles on
morphology of the active layer and photo-
voltaic properties of solar cells [24].

In this work, we study the effects of the
interface modifiers formed at ZnO
nanocrystals surface on the MEH-PPV /ZnO-
nanocrystals morphology, luminescence and
photovoltaic properties of the photoactive
layers in polymer-inorganic BHJ photovol-
taic cells.

2. Experimental

Colloid solution of ZnO nanocrystals sta-
bilized with methanol (native ligand shell)
(nc-ZnO(Nat)) in cholorobenzene was ob-
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Fig. 1. Structures of IM: a — PI1, b — PI2 and ¢ — NPA.

tained using method described previously
in [25], the nanocrystal average size
was ~ 3.5 nm, as was determined by TEM.
Concentration of nc-ZnO(Nat) in the colloids
was 60 mg-ml~l. Photosensible conjugated
polymer MEH-PPV, chlorobenzene and ITO
glass substrates were purchased from
Sigma-Aldrich, Inc. The polymer had the
number average molecular weight, M, =
40,000-70,000 and polydispersity (M ,/M,)
of about 5.

Unsymmetrical substituted perylene
imide dyes N-(2-ethylhexyl)-N’-(6-phos-
phono-hexyl)-1,6,7,12-tetrachloro-perylene
-3,4,9,10 -tetracarboxylic acid bisimide
(PI1) and N-(2-ethylhexyl)-1,6,7,12-
tetrachloroperylene-3,4,9,10-tetracarboxylic
acid-3,4-anhydride-9,10-imide (PI2) were
synthesized starting from 3,4,9,10-tetracar-
boxylic acid-3,4,9,10-dianhydride similarly
to described in [26]; details of the synthesis
and isolation of target compounds will be
published elsewhere. We used 1-naphthyl
phosphonic acid (NPA) (Sigma-Aldrich) also
to compare effect of small conjugative mole-
cules without a long alkyl chains. ZnO
nanocrystals with modified surface (nc-
ZnO(IM)) were obtained via heating of nc-
ZnO colloids with an excess of appropriate
surfactants (IM) at 50°C for 20 h similarly
as it was described in [27].

Blend films were prepared by adding col-
loid solution of modified nc-ZnO(IM), to
MEH-PPV solutions in chlorobenzene at
concentration of 6 mg/ml. The mass ratio
of MEH-PPV/nc-ZnO was of 1:2. A typical
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MEH-PPV/nc-ZnO(IM) film thickness was
70-80 nm.

Reduction E,,; and oxidation E , poten-
tials of the IMs were determined by cyclic
voltammetry (CV) measurements (CH in-
struments (797 VA Computrace)) at a scan
rate of 0.1 V/s at the room temperature.
Morphology of the MEH-PPV/NC(IM) blend
films with ZnO-IM nanocrystal was studied
by transmission electron microscopy (TEM),
using Selmi TEM-125 microscope. Photolu-
minescence spectra were recorded using
SDL-2 (LOMO, Russia) double-monochroma-
tor spectrometer. Fluorescence lifetimes
were detected by a sub-nanosecond kinetic
spectrometer, consisting of MDR-12 mono-
chromator (LOMO, Russia), TimeHarp 200
TCSPC device, PLS 340-10 picosecond LED
driven by PDL 800-B device (PicoQuant
GmbH, Germany) and Hamamatsu H5783P
PMT (Hamamatsu, Japan). J-V charac-
teristics were measured on the photovoltaic
cells with the architecture ITO/PEDOT-
PSS/photoactive layer/Al with Amper-volt-
meter W7-35 under 100 mW-cm~2 illumina-
tions from a 100 W tungsten-halogen lamp.
All measurements were performed at the
ambient conditions.

3. Results and discussion

Structures of the studied interface modi-
fier molecules (PI1, PI2 and NPA) are dis-
tinguished in the length of spacer, nature
of anchoring group and expansion of conju-
gated m-electronic system (see Fig. 1).
order to reduce the tendency of perylenic
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Table 1. Results of cyclic voltammetry

IM E . i» eV | Eg eV | Eryyos | Egomor
eV eV
PI1 -0.72 2.14 -3.67 -6.10
P12 -0.51 2.23 -3.89 —-6.23
NPA -1.01 3.78 -3.88 -7.8

IMs to aggregates formation [28], and
thereby to enhance the photoelectron trans-
fer injection from the IMs to nc-ZnO and
consequently to increase the Jgo values [29,
30], the structures of the chosen dyes con-
tain four chlorine atoms in the bay position
and branched terminal alkyl chain.

In order to determine the IMs reduction
potential (E,,;) the cyclic voltammetry
measurements were performed. HOMO and
LUMO values of the IMs were estimated
using equations [31]: Epypyo = [(Eeq —
E1/2(ferrocene)+4'8] and Egopo = Erumo —
E_, where E1/2(ferrocene) is the average of
the oxidation potential of ferrocene as an
external standard. Results of the cyclic vol-
tammetry are presented in Table 1.

In BHJ devices the hybrid films morphol-
ogy is one of the key parameters in achiev-
ing the device optimal performance. The
TEM pattern for the blend films is different
essentially for various IMs (see Fig. 2a—2d).
When nc-ZnO coated with the native ligand
shell (i.e. as synthesized) are used (nc-
ZnO(Nat)), the phase segregation in MEH-
PPV/nc-ZnO(Nat) films is observed, i.e. nc-
ZnO form the aggregates comprising close-
packed nanoparticles (Fig. 2a). The distance
between these aggregates exceeds consider-
ably the exciton diffusion length L, ~
10 nm in MEH-PPV polymer [32]. In the
MEH-PPV/nc-ZnO(NPA) blend film the
phase segregation also takes place (Fig. 2b).
However, the adjacent ZnO nanocrystals in
the aggregates are separated by thin poly-
mer layer of ~ 6 nm thickness which is less
than Lj. In contrast to the both above-men-
tioned blend films, in the case of MEH-
PPV/nc-ZnO(PI2) blend films the phase seg-
regation occurs on a nanometer scale
(Fig. 2d), i.e. the small sized rod-like aggre-
gates of nc-ZnO are formed which are dis-
tributed homogeneously in the polymer ma-
trix. Finely, the random distribution of nc-
ZnO(PI1) is observed for the
MEH-PPV/nc-ZnO(PI1) blend films. It can
be assumed that the bulkier molecules of
PI1 and PI2, in comparison with NPA, pro-
vide an effective interaction with polymer
host and thus prevent the nanocrystals ag-
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et A A
Fig. 2. TEM image of MEH-PPV/nc-ZnO(IM

blend films, containing ZnO nanocrystals
with different interface modifiers: a —
IM(Nat); b — IM(NPA); ¢ — IM(PI2); d —
IM(PI1).

gregation and macroscopic phase separation
in course of the film preparation. Thus, the
phase states of polymer/nc-ZnO(IM) blend
films can be controlled with the balance be-
tween number and size of aliphatic and aro-
matic fragments in the IMs molecules.

To examine the effect of interface modi-
fication on charge carrier transfer, the
time-resolved photoluminescence (TRPL)
and photoluminescence quenching measure-
ments in the bulk (BHJ) and bilayer (BLHJ)
heterojunction device configurations were
performed. Using the BLHJ configuration
allowed to eliminate influence of the phase
segregation and charge collection effects
[33] and to study the effect of the IM
chemical structure on exciton decay in
MEH-PPV /nc-ZnO(IM) heterostructures only.

In order to elucidate the relaxation dy-
namics in our blend films the TRPL meas-
urements were performed. The data ob-
tained by the least-squares fit revealed that
all PL transient traces for MEH-PPV/nc-
ZnO(IM) films with different IMs decay as
bi-exponential function I(¢) = I;y-exp(—t/T;)
+ I9p-exp(—t/t5), where 1; and 19 are fluo-
rescence quenching lifetimes corresponding
to two relaxation processes: a fast decay (1)
due to exciton dissociation at the MEH-
PPV /nc-ZnO(IM) interfaces and a slow decay
(t9) due to their direct recombination in the
polymer bulk [34]. Presumably, the presence
of pure MEH-PPV regions (free of nc-ZnO)
with sizes bigger than Lj, is the origin of
Iys quenching component in I(f) and
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Table 2. Time-resolved photoluminescence and photoluminescence quenching characterictics of
bilayer (BLHJ) and bulk (BHJ) heterojunction MEH-PPV/ZnO-NC containing ZnO nanocrystals

with different IMs

Active layer Typ_e of _hetero etaBZ ZA ¢ | NBEJ/MBLE> Ty, PS I,0/159, a.u.
junction a.u. a.u.
MEH-PPV/NC(Nat) BLHJ 0.17 - 348 -
MEH-PPV/NC(Nat) BHJ 0.21 1.23 350 2.21
MEH-PPV/NC(NPA) BLHJ 0.45 - 334 -
MEH-PPV/NC(NPA) BHJ 0.59 1.31 319 3.02
MEH-PPV/NC(PI1) BLHJ 0.38 - 312 -
MEH-PPV/NC(PI1) BHJ 0.94 2.57 301 10.64
MEH-PPV/NC(PI2) BLHJ 0.47 - 218 -
MEH-PPV/NC(PI12) BHJ 0.87 1.82 207 27.4

nonzero Ty at the TRPL measurements as
well residual PL intensity at the PL quench-
ing measurements. As it was found for the
blend films containing surface-modified nc-
ZnO, the parameter 17; depends from the
type of IM molecules. Variation of 14 is ap-
parently attributed to the changing of the
molecular structure of a polymer matrix at
the intercalation of the nanoparticles owing
to polymer/nc-ZnO(IM) interaction [34]. In
addition, the value of I,,/19,, determining
the relative contribution of fast and slow
decay relaxation processes in the TRPL, de-
pends on the IM type essentially. The re-
duced PL-decay lifetime for nc-ZnO(PI2)
relatively nc-ZnO(Nat), ne-ZnO(PI1) and nc-
ZnO(NPA) indicated the more rapid charge
transfer from the polymer to nc-ZnO with
IM(PI2) than with other modifiers.

The PL quenching efficiencies (nq) are
defined as n, = 1-(Ay,/Aq), where Apy, and
A, denote the area under the PL curves of
MEH-PPV/nc-ZnO(IM))/substrate and pris-
tine MEH-PPV /substrate, respectively [13].
The obtained PL quenching efficiency for
BLHJ and BHJ as well lifetimes and ratio
1,0/159 for the studied samples are presented
in Table 2. The greatest nprg(PI2) = 0.47

and Nprpj(INPA) = 0.45 are for PI2 and NPA
molecules, while for Nat and PI1 modifiers
Nprgs are less, 0.17 and 0.88, correspond-
ingly. Therefore, we have concluded that the
transfer carriers efficiency is higher for the
IM(PI2) than for IM(Nat) and IM(PI1), if not
to take into account the effect of NC distribu-
tion in MEH-PPV matrix.

As it follows from Table 2, the highest
and almost equal values of quenching lumi-
nescence efficiency m, for BHJ cells are ob-
served for IM(PI1) 0.94, and IM(PI2) 0.87,
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while PL-decay lifetime 7; = 207 ns is es-
sentially smaller for IM(PI2) than for
IM(PI1). This reveals that despite of the
highest velocity of the charge transfer proc-
ess from MEH-PPV macromolecules to ZnO
nanocrystals with IM(PI2) in comparison
with IM(PI1), the efficiency of an electron
transfer in MEH-PPV/nc-ZnO(PI2) blend
film, comprising the small size rod-like ZnO
aggregates, is smaller than for MEH-
PPV/NC(PI1) blend film, where nc-ZnO are
distributed randomly.

It is worth to note that the decay life-
time 1, values for BHJ and BLHJ cells with
the same IMs are similar in contrast to the
PL quenching efficiencies (nq) which depend
on cell configurations. In the BLHJ cell
configuration the quenching efficiency Ng is
determined by the IM molecular structure
only. On the contrary, in the BHJ cell con-
figuration Ny values depend on the blend
film morphology. The ngg;/MNprys ratio al-
lows to eliminate the contribution in ngg s
of molecular and energy structure of the IM
and evaluate contribution of the film mor-
phology only. From Table 2 is seen that
NerJ/NBLHs Value (2.57) is the highest for
IM(PI1) and corresponds to the homogene-
ous distribution of nc-ZnO. The values of
I,0/150 ratio are in a good compliance with
NerJ/Nprys for the same IMs. For IMs PI1
and PI2 the I,,/I5, ratio is much higher,
than for native surfactant and NPA. This
means that the electron transfer from MEH-
PPV to ZnO-NC gives the primary contribu-
tion in the PL decay process comparing to
contribution of the direct exciton recombi-
nation in the polymer bulk. Thus, in the
both types of MEH-PPV blend films doped
with nc-ZnO(PI1) and nc-ZnO(PI2) a signifi-
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Table 8. Device performances of ITO/PEDOT:PSS/MEH-PPV:nc-ZnO(IMs)/Al hybrid photovoltaic

devices with different interface modifiers

Active layer JscB
MEH-PPV/NC(Nat) 8.1 192 20
MEH-PPV/NC(NPA) 23.7 461 23
MEH-PPV/NC(PI1) 13.7 244 20
MEH-PPV/NC(PI2) 26.4 605 24
cant part of the photogenerated excitons w 0.005 1
can reach the nanocrystals interface within o 0.000
their natural lifetime owing to nanoparticle E -0.005 4
dispersion state in the polymer host. De- Z 00104
. @ 3
crease of NpHs/MpLEs Tatio means that 5 -0015]
phase separation arises in the blend system. =
The trend in direct correlation between the gl <0.020 ¢
NprJs/MNpras data and the film morphology S 0.025 1
are also retained for the MEH-PPV films -0.030 A
containing nc-ZnO(Nat) and nc-ZnO(NPA). 0 01 02 03 04 05 06 07
From Fig. 2a and 2b it follows that the nc- Voltage, V
Zn t f in th th
O aggregates are formed in e bo Fig. 3. Jv curves of the

MEH-PPV/nc-ZnO(Nat) and MEH-PPV/nc-
crease when molecules (PI1) or (PI2) are
used as the IMs.

We have also evaluated the overall pho-
tovoltaic ITO/PEDOT:PSS/MEH-PPV:nc-
ZnO(IM)/Al devices performance from the
measured current-voltage (J-V) charac-
teristics (Fig. 3) and results for the best set
of devices are summarized in Table 3.

These results indicate that the photovol-
taic performance is improved considerably
by modifying the interfaces of MEH-
PPV/nc-ZnO with NPA and PI2 ligands.
Among these devices a solar cell that com-
prises nc-ZnO modified by PI2 demonstrates
the best device performance with Jgo =
26.4 uA/cm?, Voo =605 mV, and FF =
24 % . Unfortunately, due to relatively nar-
row spectral absorption range and low holes
mobility in the MEH-PPV host as well
nonoptimized nc-ZnO(IM) concentration and
thick of the nanocomposite active layer, the
power conversion efficiency was rather low
value for all devices.

Comparison of the device performance
results allows to suggest that the large im-
provement in Jgo, Voo obtained using PI2
can be attributed to lower located LUMO
levels than that for Nat or PI1. Lowering of
energy barrier for electron injection be-
tween MEH-PPV and nc-ZnO, when IMs
with lower located LUMO level are used,
result in increase of the current density and
to decrease of V. [14]. Instead, the V.
values increase symbatically with Jgc.
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ITO/PEDOT:PSS/MEH-PPV:nc-ZnO(IM)/Al
cells, containing ZnO nanocrystals in the ac-
tive layer with: a — IM(Nat); b — IM(NPA);
¢ — IM(PI1); d — IM(PI2).

Therefore it can be supposed that PI2 mole-
cules serve as the recombination barriers
[18] resulting in the raise of electron and
hole concentrations at MEH-PPV/nc-Zn0O in-
terfaces. This leads to increase of the dif-
ference between the quasi-Fermi levels of
electrons and holes, and hence to increase in
Voc- At the same time IM can influence on
back recombination kinetics: the IM mole-
cules are more bulky and less planar, the
more effective barrier to the back recombi-
nation take place [35, 36].

4. Conclusions

In this work MEH-PPV/nc-ZnO(IMs)
nanocomposite films have been fabricated as
an active layer for solar cells. The obtained
results show that the nc-ZnO interfacial
modification is crucial for the blend film
morphology and device performance. Spe-
cifically, the IM molecular structure
strongly affected the fluorescence lifetime
quenching (t;) and the quenching efficien-
cies (T]q) of the BLHJ photovoltaic cells by
their energy levels and charge transfer abil-
ity. It is found that the IMs can control the
phase separation degree of donor and ac-
ceptor phases. It is shown that the bulkier
molecules of PI1 and PI2, in comparison
with the native surfactant and NPA, pro-
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vide effective interaction with the polymer
host and thus prevent the nanocrystals ag-
gregation and macroscopic phase separation
in the course of the film preparation. All
studied herein IMs increase considerably the
PCE, suggesting the IMs improve essen-
tially the MEH-PPV/nc-ZnO interface, pro-
moting dissociation of excitons in the poly-
mer matrix.
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