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Enhancement of charge carrier transport by doping PVK-based photoconductive polymers
with LiNbOj3 nanocrystals
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The photoconductive properties of a hybrid material based on poly(N-vinylcarbazole) (PVK) doped with
nanoparticles of lithium niobate (LiNbO;) have been studied. The experiments were carried out using modu-
lated photocurrent and non-steady-state photo-emf techniques at 633 nm wavelength. The photoconductivity of
the composite increases remarkably with the nanoparticle content. This growth is related to larger drift lengths
of the photoholes at higher nanoparticle concentrations. The reason for this enhancement is an increase in the
effective photohole lifetime due to trapping of electrons on the nanoparticles and creation of recombination

barriers at the polymer/nanoparticle interface.
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I. INTRODUCTION

Nanocrystal technology enables the realization of
inorganic-organic hybrid composites, where nanosized par-
ticles are embedded into a conductive organic matrix.? In
recent years, there has been a substantial rise of interest re-
garding the use of nanoparticles (NP) as dopants in compos-
ites based on polymers or liquid crystals, which may be uti-
lized as a material for photovoltaic devices (solar cells),’
light emitting diodes,* or holographic storage media.>® Such
a composite provides a number of important advantages as
compared with bulk homogeneous materials. First, the prop-
erties of the NPs (Refs. 7-10) can be modified in a wide
range by controlling their composition, size, and interface
with the matrix. Second, the interface area between the poly-
mer and the NP is very large due to the very high surface/
volume ratio of the NPs. This enables efficient exciton sepa-
ration at the interface which, as a consequence, may enhance
charge generation,'" as well as charge transport.'?> Third, the
photoelectric properties of the polymeric phase can be varied
via doping with small organic molecules. Finally, the me-
chanical properties of the hybrid material can be easily opti-
mized by varying the polymer composition.

Here, we report on the investigation of a composite based
on copper-doped LiNbO; embedded into the well studied
photoconductive poly(N-vinylcarbazole) (PVK) matrix.'?
The choice of LiNbOj; as the inorganic component is moti-
vated by its outstanding properties. LiNbOs is a ferroelectric
crystal showing the bulk photovoltaic effect, where the light-
induced electric field, aligned along the crystallographic ¢
axis, can be as high as 10 V/um.'*!5 This induced polariza-
tion can modify the local field around the nanoparticles and
stimulate the separation of photoexcited electron-hole pairs
in the polymer matrix. Furthermore, in poled hybrid material
the LiNbO5; NPs can also act as the electro-optic or nonlinear
optical component instead of the commonly used organic dye
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molecules. This may allow using the composite for photore-
fractive recording'® or optical frequency conversion and, fi-
nally, the piezoelectric and pyroelectric properties of LiNbO5
can lead to additional interesting applications in sensors and
actuators. For all these applications the knowledge of the
physical mechanisms, which governs the charge transport in
such hybrid organic-inorganic composites, is the key issue.
Here we present a study of the photoconductive properties of
a PVK-LiNbO; hybrid material by modulated photocurrent
and non-steady-state photo-emf techniques.

II. EXPERIMENTAL METHODS
A. Sample preparation

The organic host consists of a photoconductor PVK
matrix sensitized with 2,4,7-trinitrofluorenone (TNF). In
order to enable the film preparation, the plasticizer
N-ethylcarbasole (ECZ) was added. In one experiment, in-
vestigating the influence of the acceptor strength, TNF was
replaced by 2,4,7-trinitromalononitrile (TNFM).

LiNbO; wafers were doped with Cu by indiffusion. The
copper concentration and Cu*/Cu?* ratio amount 10" cm™
and 0.2, respectively. Nanocrystalline LiNbO; particles were
obtained by milling of the wafers (ball mill, 20 h milling
time). The size of the nanocrystals was determined by dy-
namic laser-light scattering measurements and is about 20
nm. In order to increase the compatibility of the polar crys-
tals with the relatively nonpolar polymer matrix, the nano-
crystals were treated with dimethyldichlorosilane in 1,1,1-
trichlorethane, a silanization agent, which reacts with the
dangling oxygen bonds on the LiNbOj surface.!” This pro-
cedure ultimately yields a monolayer of the agent on the
LiNbO; surface. For comparison, on a bulk LiNbO; wafer
this treatment leads to a substantial change in the contact
angle for water from ~30° on the untreated to =70° on the
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treated sample, indicating the reduced polarity of the crystal
surface. For mixing, all components were dispersed in
dichloromethane and the solvent was then allowed to evapo-
rate. Uniform films were fabricated by sandwiching the com-
posite between two transparent indium-tin-oxide-coated
glass substrates at elevated temperature using glass spacer
beads to adjust the film thickness to be 105 um.

B. Modulated photoconductivity

The photoconductive properties of the polymeric matrix
were studied by means of modulated photocurrent and non-
steady-state photo-emf techniques. In modulated photocur-
rent experiments the dc biased sample is homogeneously il-
luminated by a laser beam of a periodically varied intensity
(oscillation frequency ). A modulated photoconductivity is
created, and application of an external electric field E|, yields
the modulated photocurrent density with the amplitude:'®

1

@ = Eyop——. 1

Jph = £o OV1+92 2 (1)
Here og=egut is the average photoconductivity of the
sample, e is the elementary charge, g is the charge carrier
generation rate, u is the free-carrier mobility, and 7 is the
photocarrier lifetime. The characteristic time 7, is the pho-
toconductivity response time, which in some cases (e.g., in
the presence of shallow traps) may differ from the photocar-
rier lifetime. Thus, measuring the frequency response of the
photocurrent J& yields the photoconductivity response time.

C. Non-steady-state photo-emf

A detailed description of the non-steady-state photo-emf
technique, based on detection of an alternating current in-
duced in a photoconductive sample by a vibrating interfer-
ence pattern, can be found, e.g., in Ref. 19. Illumination of
the photoconductive sample with a sinusoidal interference
pattern with period length A and effective contrast m gives
rise to a grating of photoexcited mobile carriers, e.g., holes.
Such an interference pattern can be obtained by superimpos-
ing two coherent plane waves. Redistribution of the mobile
charges through drift or diffusion and their subsequent trap-
ping by deep centers yields a spatially inhomogeneous
space-charge field E . inside the sample. In addition, a sinu-
soidal phase modulation with amplitude A and frequency ()
is introduced in one of the recording beams. This causes an
oscillation of the interference pattern. The interaction of the
relatively stable space-charge-field grating with the moving
free-carrier grating generates an alternating current that flows
through the short-circuited sample. The maximal current
density amplitude®®

o _ 2 Ji(8)Jp(A)
p-emf — 2

Ep(1 + K’L}) — KLyE,
Loy
O (1+ K22+ KL

(2)

is observed when the oscillation frequency of the interfer-
ence pattern is larger than the reciprocal space-charge grating
buildup time T;CI, but smaller than the reciprocal photocarrier
lifetime 77, i.e., in the frequency range Ts_c] <O <7 Here
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J10(A) is the Bessel function of the corresponding order, Ey
is the external dc field, Ep=K(D/w) is the so-called diffu-
sion field, K=27/A is the spatial frequency of the interfer-
ence pattern, D is the diffusion coefficient of mobile holes,
and Lp=(D7)™"? and Ly=u7E, are the diffusion and drift
lengths of the photocarriers. Note that the above expression
was derived for a monopolar photoconductor with a single
deep trap center, neglecting the dark conductivity and assum-
ing no trap saturation.

Measuring the experimental dependences of the photo-
emf current J;?—emf on the external dc field, the drift lengths of
the photocarriers can be determined. Indeed, it can be seen
from Eq. (2) that the photo-emf signal amplitude drops to
zero when the diffusion and drift components of the space-
charge grating compensate each other, i.e., when the condi-
tion

Ep(1 + K’L}) = KLyE, (3)

is met. For large spatial periods of the interference fringes
(KLp<1) this condition reduces to the equality of the drift
and diffusion lengths Lp=L,. Assuming the validity of the
Einstein relation between the mobility and diffusion coeffi-
cient D/ u=kgT/e (here kg is the Boltzmann constant and
T is the absolute temperature), the mobility-lifetime product

u7 can be obtained from the position of the minimum E|
kgT 1
= T/J/T'

D. Experimental procedure

In modulated photocurrent and photo-emf experiments the
sample was illuminated by a He-Ne laser (A\=633 nm) beam
through the transparent electrodes. The size of the spot on
the sample surface was 1.5 mm in diameter. Photo-emf ex-
periments were performed in reflection geometry when two
counterpropagating beams with nearly equal intensity illumi-
nate the sample, creating an interference pattern with the
period A=\/2n=0.19 um. Our previous measurements of
the diffusion length in PVK:TNF-based composites?! show
that the condition KL, =1 is fulfilled in this configuration. A
sinusoidal phase modulation with the amplitude A=0.5 rad
was introduced by an electro-optic modulator. The modu-
lated photocurrent Jf}h and photo-emf current Jfﬁemf signals
were detected by a lock-in amplifier as a voltage drop at the
load resistance R;.

To assure the optimal modulation frequency regime in
photo-emf measurements, i.e., 7, <Q <7, the Jgemf(ﬂ)
dependence was obtained, and the two characteristic cut-off
frequencies were determined: ,/27=0.21 Hz at the
0.95 W/cm? average light intensity and ,/27=15 Hz. In
the following photo-emf experiments we used an intermedi-
ate modulation frequency (}/27=2.0 Hz located between
these two.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Modulated photoconductivity

The electric field dependences of the photocurrent mea-
sured in PVK:TNF:NP composites are depicted in Fig. 1. It
can be seen that the photocurrent Jﬁl grows superlinearly as
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FIG. 1. (Color online) Experimental dependence of the ac pho-
tocurrent J]?h (Q/27w=1 Hz, 1,=0.95 W/cm?, R,=1 M) on
the dc field E, for different concentrations of LiNbO; NPs: [ 0;
0001, ®@0.1;, A1, V2, &5 wt%.

E(l)'5 for all concentrations of LiNbO; nanoparticles, indicat-
ing a dependence of the photoconductivity parameters on the
electric field, either that of the generation rate due to the
field-enhanced separation of geminate electron/hole pairs®?
or that of the carrier mobility,!® which is typical for poly-
meric photoconductors.”®> The photocurrent amplitude in-
creases for higher concentrations of NPs. It is worth to men-
tion that no photocurrent was detected in samples which
contain only PVK and LiNbO; NP, i.e., without TNF. When
TNF was replaced by TNFM, the increase in the photocon-
ductivity in the presence of the particles was strongly re-
duced (ca. factor 4).

The qualitative behavior of the photocurrent frequency
dependence (Fig. 2) measured at Ey=3 V/um and I
=0.95 W/cm? is well described by Eq. (1). The signal is
frequency independent at low modulation frequencies and
then starts to decay after some characteristic frequency ()
=T;ﬁ. The decay at high modulation frequencies (1> (),

—_
I
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FIG. 2. (Color online) Dependence of the photocurrent Jf}h
on the modulation frequency Q/27 (Ey=3 V/um, I,
=0.95 W/cm?, R,=1 MQ) for different concentrations of
LiNbO; NPs M 0.001, A 1; ¢ 5 wt % normalized to the zero-
frequency photocurrent value. The straight lines describe the
asymptotic behavior at low and high frequency.
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FIG. 3. (Color online) Modulated photocurrent J% vs the aver-
age light intensity I/, (Q/27=1 Hz, Ey=2 V/um, R;=1 MQ)
in the sample which contains 5 wt % of LiNbO5; NPs.

however, is proportional to Q7% at least within the fre-

quency range (limited by the small signal-to-noise ratio at
high frequencies) where the experiment could be carried out.
Such sublinear decay rate is slower than the linear Q™' de-
crease in the signal as predicted by Eq. (1), and it is typically
observed in photoconductors where bimolecular recombina-
tion takes place. But measurements of the dependence of the
photocurrent on the average light intensity I, (Fig. 3) show
an almost linear (0<18'9) growth which indicates that bimo-
lecular recombination is unimportant in our sample. The
slow frequency decay can be explained by a dispersion of the
characteristic times due to the hopping transport typical for
amorphous organic and inorganic materials.”* The important
observation is that the characteristic frequency (), decreases
for higher NP content, which corresponds to an increase in
the photoconductivity response time 7,,. Variations in 7, can
be explained usually by two factors:? either an influence of
shallow traps—they increase the mean time which carriers
contribute to the photoconductivity due to the process of
trapping and thermal re-excitation—or a larger free-carrier
recombination time. However, the first factor also affects the
effective mobility of the free carriers in such a way that the
w7 product and as a consequence also the photocurrent am-
plitude remain unchanged,? which is in contradiction to our
experimental data (Fig. 1). This allows us to presume that the
presence of the LiNbO; NPs enlarges the recombination time
of the photocarriers.

B. Non-steady-state photo-emf

Figure 4 represents typical dependences of the non-
steady-state photo-emf current on the external dc field at dif-
ferent NP content. It is seen that the photo-emf signal has a
well pronounced minimum at low dc field, and then in-
creases with growing E(. We observe also that the minimum
position shifts to lower dc fields at higher content of the
LiNbO; NPs. Following Eq. (3), and for KL, <1, these data
indicate that the drift length L, of the photoholes increases
with a growing NP content. Figure 5 shows that both, pho-
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FIG. 4. (Color online) Non-steady-state photo-emf current
J?_emf vs the external dc field E, for different concentrations of
LiNbO; NPs B 0.001, A 1, & 5 wt% (Q/27w=2 Hz, I,
=0.95 W/cm?, R;=10 M{). The photo-emf signal is normalized
to the zero-field value. The solid lines are guides for the eyes.

tocurrent and drift length, increase in a similar way with the
NP content, so it is clear that the main contribution to the
increasing photoconductivity is due to a growth of the w7
product rather than due to an improved quantum efficiency
of charge generation.

IV. MODEL OF CHARGE GENERATION AND TRANSPORT
IN A PVK:TNF POLYMER COMPOSITE DOPED
WITH LiNbO3; NANOPARTICLES

A. Main experimental facts

Our experimental observations can be summarized as fol-
lows: (1) The presence of LiNbO; NPs enhances the photo-
current in the hybrid material. (2) This enhancement occurs
due to an increased recombination time of the dominating
photocarriers, which are holes in our material.?! (3) The pro-
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FIG. 5. (Color online) Concentration dependence of the nor-
malized photocurrent amplitude J&/ J&R (at Ey=3.5 V/um aéld
Q/2=1 Hz) and of the normalized drift lengths Ly/Lgg. Here Jonr
and Ly are the values of photocurrent and drift length measured in
the reference material without LiNbO5 NPs.
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cess of charge generation is unaffected by the presence of the
NPs. Based on these facts we will discuss the processes re-
sponsible for charge generation and transport, which take
place in the composite material.

B. Charge excitation

We will start from the last point (3) which indicates that
the contribution of free charges generated inside the NPs to
the photoconductivity of the composite is negligible. This is
not surprising considering the absorption spectra of LiNbO3
(E,=3.8 eV) (Ref. 26). Fundamental (band-to-band absorp-
tion) takes place in the UV. Regarding the extrinsic absorp-
tion from the impurity levels, previous measurements of the
absorption spectra!” of a dispersion of Cu doped LiNbO;
nanoparticles show an absorption peak at 425 nm, and at 633
nm the absorption is very low. Hence, upon illumination by
visible light, generation of free charge carriers takes place
mainly inside the organic matrix. The absorption of photons
there leads to excitation of electrons at the PVK-TNF
charge-transfer complex, followed by their transfer to the
TNF molecule and generation of the hole on the PVK trans-
port manifold.'?

Once generated, the charges are separated due to drift
and diffusion. It is known that the mobility of holes in a
PVK:TNF mixture is orders of magnitude higher than the
mobility of electrons, mainly due to the fact that the concen-
tration of TNF molecules is too low to constitute an efficient
charge transport manifold. It is usually assumed that mobile
holes contribute to the conductivity, while slow (but still mo-
bile) electrons—in other words negatively charged anion
radicals—act as recombination centers.

C. Energy levels

As it is shown by the above experimental data, the incor-
poration of NPs enlarges the drift lengths of free holes due to
an increased recombination time. In order to figure out the
mechanism responsible for this effect, the electron and hole
energy levels in the polymer host and in the nanocrystals as
well as at the polymer-nanocrystal interface are needed. The
spectrum of the organic component is determined by the po-
sition of the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO), while
for the crystalline component the relevant energy levels are
the conduction band (CB) and the valence band (VB). The
separation of HOMO and LUMO levels from vacuum level
E, for organic constituents in our composite is well known
from the literature: PVK HOMO=5.85 eV, TNF LUMO
=43 eV.?” The PVK LUMO Ilevel, as well as the TNF
HOMO, is of no interest here because there are no charged
species there. In the following discussion we will represent
the organic PVK:TNF mixture as a homogeneous semicon-
ductor, where PVK HOMO and TNF LUMO play the role of
valence (VB) and conduction band (CB,), respectively.

Regarding the inorganic component, represented by
LiNbO; nanocrystals, the separation between CB; and VBy,
i.e., the forbidden gap E,=3.8 eV, is also known.?® The re-
sulting energy scheme now depends on the separation of CB;
from the vacuum level, i.e., on the nanocrystals electron af-
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FIG. 6. [(a)-(d)] Energy scheme of the polymer: NP composite
for different NP electron affinities; (e) electron affinity is the same
as in case (d), but now the LUMO layer of the sensitizer is lowered.

finity xc. Some literature data indicate that pure bulk
LiNbO; exhibits in vacuum a rather low electron affinity
(=1.1 and -1.5 eV).?%?° However, one has to be careful try-
ing to apply directly this literature data to our material sys-
tem. Indeed, Refs. 28 and 29 dealt with undoped bulk
LiNbO; having a cleaned surface. In our case all these fea-
tures are different: the sample is doped, the size is rather
close to the limit where the structure and as a consequence
the material parameters can be affected by low dimensional-
ity, and the crystal surface is chemically pretreated.3*3! The
above-mentioned factors, as it was shown in Ref. 29, can
alter the value of the electron affinity of the material signifi-
cantly. In addition, one has also to keep in mind that LiNbO5
is a polar material, i.e., there will be a significant difference
of the electron affinity of the plus and minus faces orthogo-
nal to the polar axis of this material. All this, in our opinion,
renders direct application the above literature data to our
system questionable. For this reason we will assume in the
following analysis that the electron affinity of the inorganic
component is unknown.

Figures 6(a)-6(d) illustrate four situations differing in the
relative position of CB; and CB(y: in the subfigures (a) and
(b) the CBy edge is located above, in subfigure (c) at the
identical position, and finally in (d) below the CB. Note the
difference of the width of the CB; and VB; in crystalline NP
(where it amounts to 1 eV approximately), and of the CBg
and VBg in organic components (where due to the weak
intermolecular bonding the widths of the transport bands are
at least 1 order of magnitude smaller).

The situation represented by Figs. 6(a) and 6(b) could
apply, if we assume that the electron affinity of the NPs
corresponds to that reported in literature for pure bulk
LiNbO;.2%2° However, in this case the NPs would constitute
potential wells for holes, acting as extended hole traps. This
would result in a reduced concentration of mobile holes,
which is in clear contradiction to our experimental data.

In the case represented by Fig. 6(c), i.e., when the CB;
and CB( are aligned, the NPs would have no effect on the
hole transport, which does not explain the observed increase
in the recombination time. In contrast, the situation illus-
trated in Fig. 6(d), when LiNbO; CBy lays below the TNF
LUMO, may lead to the observed effect of a recombination
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FIG. 7. Band bending effect and creation of the drift and recom-
bination barriers in the polymer-nanocrystal composite under
illumination.

time increase.’%33 Indeed, in this case the NPs act as ex-
tended traps for electrons and represent a potential barrier for
holes, leading to spatial separation of charges.

D. Charge transport

The key assumption of our analysis is that in the presence
of the LiNbO; NPs the electrons from TNF~ anion radicals
can be transferred to the adjacent NPs. If the edge of the CB;
of LiNbOj is located below the CB, [Fig. 6(d)], this transi-
tion is energetically favorable. The captured electrons give
rise to the accumulation of negative charge Q on the NPs.
This charge is screened by an equal number of holes on
carbazole units in the direct vicinity of a NP. The character-
istic screening length is rp=\eeoksT/e*Ny and it is deter-
mined by the concentration of traps Ny in the polymer ma-
trix. The charge separation leads to a bending of the band at
the polymer/NP interface (Fig. 7). The amplitude of band
bending V,, varies logarithmically*?

Vo = kgT In(l/rp) (4)
with the average distance between nanoparticles /=N""3,
where N is the NP content. Due to the Coulomb interaction
between electrons trapped inside the negatively charged NP
and positively charged holes, the HOMO level of PVK
bends, which leads to the creation of a drift barrier for holes
A, (Fig. 7) with a height approximately equal to the band
bending amplitude A,=V,. As a result, the hole mobility
decreases as u,*exp(~A,/kzT). The negatively charged NP
and the positively charged cloud of holes around it form a
compact core-shell structure.

In order to recombine, the electrons must overcome the
recombination barrier A, (Fig. 7) with a height, which is
roughly equal to the energy separation between the edge of
CBg and CB;. At room temperature the probability to be
thermally activated is larger than the probability to tunnel
through the barrier.?® So, the electrons in the LiNbO; CB
which acquire enough energy to reach the barrier edge are
driven outside the NP by the electric field created by the
separated charges. Once outside they can recombine with
holes trapped on carbazoles surrounding the NP. For the
mechanism of thermal activation the barrier increases the
photohole recombination time exponentially:3?
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7, < exp(A,/3kgT). (5)

Thus, there are two factors which influence the photoconduc-
tivity in opposite ways: the presence of a drift barrier tends
to decrease the overall photoconductivity (the drift velocity
drops), while the recombination barrier increases it (the con-
centration of nonequilibrium holes grows). In general, if A,
<A,, their joint influence will result in an increase in the
photoconductivity3>34 as observed experimentally.

Theoretical analysis performed in Ref. 32 reveals that for
wide-gap inclusions, which is the case for LiNbO; with a
forbidden gap E,=3.8 eV larger than the 3.2 eV difference
between PVK HOMO and LUMO levels, the photoconduc-
tivity increases due to the presence of inclusions as N'3,
where N is the concentration of the NP. This occurs because
the drift barrier for holes is reduced due to a decreased height
of the potential profile V, [Eq. (4)] when the NP average
separation distance becomes comparable with screening
length [=r,. The predicted N'/3 growth was observed start-
ing from NP concentrations >1 wt % (Fig. 5). This allows
evaluating rp as 10-15 nm, which for epyx=3 gives as an
estimation of the trap concentration in the organic matrix of
N;y=10" cm™. The PVK:TNF mixture we used in our ex-
periments is also commonly used in photorefractive record-
ing, where the trap concentration Ny can be determined eas-
ily by measuring the photorefractive phase shift.*> The above
estimation of the trap density agrees very well with the lit-
erature value typical for this material class.?’-3

This allows us to presume that the charge separation at the
polymer/NP interface is indeed responsible for the enlarge-
ment of the recombination time with the NP concentration.
At the microscopic level it implies that the electron affinity
X, of LINbO; NPs is larger than —4.3 eV (the LUMO level
of TNF). This value deviates a lot from the literature values
of the electron affinity of pure LiNbO; (-1.1 and —1.5 eV)
mentioned above. Using TNFM as a sensitizer, which is a
much stronger acceptor (LUMO level 0.45 eV deeper than
for TNF), the relative difference between CB; and CBy is
reduced [Fig. 6(e)], and we can expect that the effect of
photocurrent enhancement by NP doping should also be re-
duced. This has been observed (Sec. IIT A), supporting our
assumption.
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The phenomena of separation of nonequilibrium charges
due to an interfacial electric field and creation of recombina-
tion barriers in the system were studied in details in Refs. 32
and 34. As it was pointed out in Ref. 32, due to the fact that
the organic component typically has a lower value of elec-
tron affinity than the embedded inorganic component, the
situation we anticipated here and that is illustrated by the
diagram Fig. 6(d) is rather general for most polymer-based
hybrid composites. Indeed, for the most popular hole-
transporting polymers—including polyphenylene vinylene
(PPV), triphenyldiamine (TPD), and polyvinyl carbazole
(PVK)—the electron affinity ranges from 2.3 to 2.6 eV."’
This is less than typical electron affinities in CdS
(3.8-4.8 V) (Ref. 38), CdSe (~4.0 eV) (Ref. 38), or TiO,
(~4.2 eV) (Ref. 39).

V. CONCLUSIONS

The photoconductive properties of an organic-inorganic
hybrid material based on LiNbO; nanoparticles embedded
into a PVK:TNF organic matrix have been investigated. The
results demonstrate that LiNbO; NPs do not participate di-
rectly neither in charge generation, nor in transport of the
dominating carriers (holes). Nevertheless, incorporation of
NPs improves the photosensitivity due to a prolonged hole
recombination time. This was explained by a model consid-
ering charge separation, followed by trapping on the NP,
leading to the creation of a recombination barrier at the
crystal-polymer interface. The key assumption of this model
is that the relative position of the NP conduction band and of
the LUMO level of the sensitizer (TNF or TNFM) is such
that electron transfer from the surrounding sensitizer mol-
ecules into the nanocrystals is energetically favorable, con-
verting them to extended electron traps. Due to the negative
charge accumulation in the NPs, a recombination barrier for
holes is created and the recombination lifetime of mobile
holes is enlarged resulting in an overall increase in the pho-
toconductivity.
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