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Hybrid photovoltaic structures made of P3HT and branched CdSe nanocrystals (NCs)
with 50 wt%—90 wt% ratio were investigated. Charge Extraction by Linearly Increasing
Voltage (CELIV) mobility and temperature dependent (photo-)conductivity measure-
ments were used to analyze the charge transport. The samples with 50 wt% were
photosensitive, but just a minor PV effect was observed. The photovoltaic phenomenon
was pronounced in the samples containing 75 wt% or more of NCs. The Open Circuit
Voltages up to 1 V were obtained. The recombination of the generated carriers was fast
and could be a limiting factor of the cell current. Carrier mobility was up to (3—4) x
10~* cm?/Vs. From the fitting of mobility data the best carrier transport conditions were
found in the samples with 75 wt% and 83 wt% of NCs.

Keywords P3HT; CdSe; nanocrystals; hybrid solar cells; mobility; charge transport

Introduction

Blends composed of organic polymers and inorganic nanocrystals are of high interest
in the field of photovoltaic cells. Hybrid organic/inorganic photovoltaic cells comprise
of an organic matrix with inorganic nanocrystals (NCs), which behave as electron ac-
ceptors in bulk heterojunction structure. These hybrid material systems have indeed sev-
eral advantages as, e.g., solution phase processing, flexibility, their shape can be var-
ied, enabling tuning of the percolation threshold, their HOMO and LUMO levels can
also be varied, tuning the absorption spectrum [1]. Notable energy conversion efficien-
cies () up to 4.1% have been reached recently on P3HT:CdS [2] based solar cells.
Other promising results have been obtained with CdSe nanocrystals mixed with different
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conjugated polymers like poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-
dithiophene)-alt-4,7-(2,1,3-benzothiadiazole) (PCPDTBT) (n = 4.7%) [3], poly[2,5
thiophen-2-yl)thieno[3,2-b]thiophene and thieno[3,4-c]pyrrole-4,6-dione] (PDTTTPD)
(n =2.9%) [4] or P3HT (n = 2.7%) [5]. However, the efficiency of such systems remains
low compared to that obtained with the same polymers blended with PCBM ([6,6]-phenyl-
Ce1-butyric acid methyl ester) instead of nanocrystals (e.g., 5% for PCPDTBT [6], 5.1%
for PDTTTPD [7], 5% for P3HT [8]). This difference in efficiencies points out that the con-
cepts derived from polymer:PCBM blends are not easily transposable to organic/inorganic
hybrids and that our understanding of these hybrid systems has still to be improved. In
the case of P3HT:CdSe blends, the solar cell efficiency has been proved to be slightly
enhanced by using branched NCs (e.g. tetrapods) instead of nanodots [5, 9]. This is due to
a better electrical connectivity between the branched NCs leading to more efficient charge
collection within the active layer [10].

In this paper, we focused on the electrical properties of hybrid blends made of P3HT
and branched CdSe NCs. To evaluate the impact of the NCs content in the blend on the
device performance and its origins in the charge transport mechanism, we screened dif-
ferent weight proportions from 50 wt% (16 vol%) to 90 wt% (63 vol%). We utilized the
Charge Extraction by Linear Increasing Voltage (CELIV) and temperature dependent con-
ductivity measurements to analyze the charge mobility, energetical and positional disorder
parameters, and activation energy.

Synthesis and Experimental

The poly(3-hexylthiophene) (P3HT) (from Merck) was fractioned and its characteristics
are M, = 28.5 kDa, M, = 46.4 kDa, PDI = 1.63, regioregularity index 95.9%. The solution
of P3HT was prepared in chloroform (CHCl3) at a concentration of 15 mg/mL. The CdSe
NCs synthesis is described in [11]. To obtain branched nanostructures, the synthesis was
adapted by using a lower injection temperature. Trioctylphosphine (TOP, 200 mL) and
selenium powder (0.08 mol) were mixed in a flask in the glovebox and stirred overnight to
obtain 200 mL of TOP-Se at 0.4 M. Cadmium stearate (8 mmol), stearic acid (184 mmol),
oleylamine (280 mL) and octadecene (186 mL) were introduced into the 2 L reactor,
degazed for one hour and finally put under argon atmosphere. The mixture was then heated
to 230°C and mechanically stirred. When the reaction temperature was reached, 200 mL
of TOP-Se were rapidly injected by means of a peristaltic pump and the injection tail was
stopped rapidly by closing a valve. When the temperature of the mixture reached 230°C
again, the reaction was left to take place for 18 minutes. The heat was then turned off.
After cooling the reaction mixture to 80°C, 500 mL of acetone were introduced, then
200 mL of ethanol when the temperature reached 70°C and finally 300 mL of acetone when
the temperature reached 50°C. The NCs were precipitated by addition of methanol, and
recovered by centrifugation for 25 minutes at 11 000 rpm. Finally, NCs are redispersed
in hexane. The obtained NCs were branched (a mixture of bipods, tripods and tetrapods),
with average arm and core diameters of 3.8 nm and average arm length of 6.3 nm. In this
protocol, the temperature control is very important since if the temperature is set to 250°C,
the resulting NCs have a spherical shape. For spherical NCs, energy levels were determined
at —3.57 eV for the LUMO and —5.67 eV for the HOMO, so the electronic gap was 2.1 eV.

The hybrid solutions were prepared by blending the P3HT solution in CHCl; at
15 mg/mL with NC solution at the adequate concentration to obtain NC weight fractions
of 90 wt%, 83 wt%, 75 wt% and 50 wt%, and stirred for 2-3 hrs at 40°C. ITO substrates
were etched with aqua-regia to pattern electrodes and cleaned by successive sonications in



Downloaded by [University Town Library of Shenzhen] at 03:55 02 January 2016

176/[432] V. Kazukauskas et al.

1 0'10 1 A L 1 . 1 A 1
1

Figure 1. IVs of the sample with 50 wt% of NCs measured at different temperatures in the dark
(dashed lines) and upon light illumination (solid curves).

trichloroethylene, acetone and isopropanol baths. The hybrid solutions were spun in air in 3
consecutive steps: 10 seconds at 500 rpm (acceleration 200 rpm/s), 40 seconds at 1,500 rpm
(acceleration 200 rpm/s) and 60 seconds at 2,500 rpm (acceleration 200 rpm/s). Finally,
samples were annealed under primary vacuum in a Buchi oven for one hour, with slow
temperature ramps up to 130°C and down to room temperature. Finally, an Al cathode was
evaporated (150 nm). The sample thicknesses were around 300 nm, and the electrode area
was 4 mm?,

Carrier mobility measurements were performed by the photo-CELIV (Charge Extrac-
tion by Linearly Increasing Voltage) method, Current-Voltage characterizations at different
temperatures were used to investigate carrier injection and photovoltaic properties, and tem-
perature dependent (photo-) conductivity measurements were done to evaluate the effective
thermal activation energy values.

Results and Discussion

The fraction of CdSe NCs influences strongly the transport characteristics in the hybrid
blends. Figures 1 and 2 show current/voltage (IV) characteristics for samples containing
50 wt% and 75 wt% of NCs, respectively.

Dark IV characteristics did not exhibit a rectifying behavior for any of the samples:
IV curves are linear and symmetric at both voltage polarities. This can be explained by the
high volume resistivity of the materials themselves, dominating over the contact injection
in forward bias. Moreover, the dark current demonstrates a clearly thermally activated
behavior, i.e., the exponential dependence of this sample volume resistance R; on the
inverse of the temperature. The thermally activated behavior could be due to the thermal
generation of carriers or to the increase of the charge mobility with the temperature 7'

€EA

Ry, = Rypexp (k_T) , (D

here E, is the effective thermal activation energy value of sample resistance, and k is
Boltzmann constant. In all samples these thermal activation energy values measured in the
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Figure 2. IVs of the sample with 75 wt% of NCs measured upon light excitation at different
temperatures.

dark were very similar: 0.14-0.18 eV, the higher values being characteristic for the samples
with the higher NC content (see Table 1).

The rectifying behavior above about 1 V becomes evident upon illumination (Fig. 1).
Meanwhile below that value leakage current /I is prevailing. The exponential behavior of
current /(U) on applied voltage U can be described by the Schottky barrier model as in
[12]. This general diode equation describes the I-V characteristics of both p-n junctions
and Schottky diodes:

— I(U)R
I(U) = I |:exp (—%) — 1} +1;, ¥))

here I, is a saturation current, R is a serial resistance of the sample volume, # is the ideality
factor, T is temperature, e is elementary charge. n is unity in the Shockley theory for p-n
junctions in the absence of recombination, as well as for thermionic emission theory and
diffusion theory for Schottky diodes. The ideality factor and the saturation current can be
obtained from the slope and the intercept, respectively, obtained by extrapolation of the

Table 1. Thermal activation energy values of sample conductivities measured in the dark
and upon light excitation in both voltage polarities

NC content in wt% — in vol%. Dark reverse Dark forward Light reverse Light forward

90-63 0.18 eV 0.16 eV 0.38 eV 0.24 eV
83-49 0.18 eV 0.16 eV 0.33 eV 0.165 eV
75-36 0.16 eV 0.15eV 0.22 eV 0.14 eV

50-16 0.15eV 0.14 eV 0.102 eV 0.106 eV
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Figure 3. Temperature dependencies of V. in the samples with different content of CdSe NCs.

linear part of the semilogarithmic plot of / vs U. The saturation current density is given by:

ECDB
s = A*T? —-—, 3
J ew( T ) 3)

here A* is the Richardson constant and ®g is a contact potential barrier. The slow growth
of the reverse current with voltage could be due to the field-assisted thermionic injection
over the image force barrier (Schottky effect) [13]:

= AR 24

j=AF exp<2 T ) 4)
here F is electric field, y = &2 /16meeokT, and A(F) = const. Unfortunately this model,
though explaining the field dependence of the reverse current, does not give any numerical
values characterizing the barrier.

As mentioned before, the samples with 50 wt% of NCs were photosensitive, but their
photovoltaic properties were absent or weak (see Fig. 1 or Fig. 3 respectively). This is
related to the low content of NCs, as 50 wt% only corresponds to 16 vol% of NCs in the
hybrid blend (as a comparison, 50 wt% of PCBM molecules corresponds roughly to 50
vol%). Hence, here, we are probing very low NC contents and the absence of photovoltaic
properties is expected: the small donor-acceptor interfacial area and the lack of percolation
pathways both lead to poor photo-generation of carriers and important recombination.
Moreover, in 50 wt% samples, the thermal activation energy of the conductance decreased
upon illumination relative to the dark activation energy (see Table 1). This is once again
characteristic of the photogeneration phenomena prevailing in the sample volume rather
than being caused by charge carrier injection at the contacts.

In Fig. 2, I'Vs of the sample with 75 wt% of NCs measured upon light excitation are
presented. The photovoltaic properties are seen with high V¢, but still very low currents.
Similar behavior was observed for all samples with higher content of NCs. Temperature
dependencies of V¢ in the samples with different content of CdSe NCs are presented in
Fig. 3. The highest V. values were measured for the samples with 75 wt% of CdSe NCs
or more. For these high NC contents samples, V,. increased with increasing temperature.
This observation is consistent with an efficient thermally-activated hopping transport that
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Figure 4. Temperature dependencies of I in the samples with different content of CdSe NCs.

outcompetes recombination [14]. The growth of V¢ upon ageing was also observed in
[15].

The photo-current at short circuit also depends on temperature, as shown in Fig. 4.
Thermally-assisted carrier photo-generation becomes more important as the NC content
increases. In contrast in the samples with low content of NCs at about 50 wt% upon the
illumination nearly no thermal activation takes place, indicating the prevailing role of big
amount of the light-generated carriers, which are screening the existing small numbers of
junctions and/or potential barriers.

Altogether, Figs. 3 and 4 show that the photovoltaic characteristics are improved for
higher NC contents in the hybrid blends. This is consistent with the weight ratios used in
efficient hybrid devices (once again, these weight ratio are larger in hybrids than in all-
organic solar cells due to the large density difference between inorganic NCs and PCBM).
This also matches the optimal content of NCs determined by Time-of-Flight mobility
measurements as detailed in [11].

We now turn to time-resolved measurements in order to characterize recombination
and to quantify mobilities in the hybrid blends. In all samples the light-induced carrier
generation and recombination was quite fast (shorter than second) even at low temperatures
(Fig. 5), which is surprising, because we usually observe long-lasting (hundreds to thou-
sands seconds) relaxation in disordered materials. It is obvious that the fast recombination
of the light generated carriers diminishes charge transport. As the photoconductivity is best
expressed at low temperatures we have measured its kinetics namely in the cooled samples.
It can be seen from Fig. 5 that the current growth and decay are very fast. Such fast re-
combination prevents observation of the Thermally Stimulated Currents caused by trapped
carriers, which is usually useful and informative method for studying trapping phenomena
[16].

Carrier mobility dependencies in the samples were measured by the Charge Extraction
by Linearly Increasing Voltage (CELIV) method depending on the electric field strength
at different temperatures, as, e.g., in [17]. Examples of characteristic CELIV traces are
presented in Fig. 6 at different temperatures. It can be clearly seen that at low temper-
atures, the extraction of the carriers takes significantly longer times (note the different
time scales). This results from lower mobilities at low temperatures, consistently with the
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Figure 5. Current kinetics upon cooling of the sample, its light excitation and the following heating.

thermally-activated transport mechanism discussed above in the presentation of steady-
state measurements. On the other hand in both cases generation of the extracted carriers
during the first pulse occurs quite fast as already discussed above.

The carrier mobilities as a function of the electric field strength at different temperatures
are given in Fig. 7 for the sample with 90 wt% of NCs. First, it can be seen that in the
investigated sample the mobility increases with increasing temperature, as expected from
the picture of thermally-activated transport. Second, the usual mobility increase with electric
field prevails in contrast to the so-called negative mobility behavior has been observed in
highly spatially inhomogeneous materials [17, 18].

Often when interpreting experimental mobility results in organic and disordered materi-
als, it is found that no theory adequately explains various transport phenomena, particularly
the electric field and temperature dependencies of drift mobility [19-23]. In particular, the
most frequently used approaches refer to hopping transport character in disordered organic
solids and are based either on a modified Poole-Frenkel (PF) model [20] or a Gaussian
disorder model (GDM) [24]. In the Poole-Frenkel model the mobility can be described as
a field and temperature assisted detrapping process of a carrier from the Coulomb potential

j (mAlcm?)
j (mAlcm?)

0 ' 20
t (us)

Figure 6. Examples of the characteristic CELIV traces at 300 K (a) and 220 K (b).
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Figure 7. Mobility dependencies on the applied electric field in the sample with 90 wt% of NCs at
different temperatures. Solid lines represent fitting according to the Gaussian Disorder Model.

of a charged trap. While the Poole-Frenkel model describes both the mobility increase
with electric field strength as well as its decrease, it does not provide any physical clues
about the nature of the processes. In contrast, in the GDM model, transport is driven by
charge hopping within a Gaussian distribution of site energies. The density of states reflects
the energetic spread in the charge transporting levels of chain segments due to fluctuation
in conjugation lengths and structural disorder. Within the Gaussian disorder model the
mobility is given by [24]:

1(F, T) = oo exp [— <32](—(’T)2} exp {c [(%)2 - 22} ﬁ} . (5)

This equation was derived from Monte-Carlo simulations of the hopping processes of
charge carriers in a material with energetic (o) and positional disorder (X) described be
Gaussian distribution functions. (. is the high temperature limit of the mobility and C is
a positive numerical factor (C = 2.9 x 10~* (cm/V)!""? from the simulations that originally
led to the formulation of the GDM). Here we used the GDM model to fit the experimental
data, as shown in Fig. 7 for the case of the 90 wt% sample. The experimental u(7) curves
obtained for each sample were fitted with a single set of parameters, given in Table 2.

Table 2. Fit parameters for the Gaussian Disorder Modeling of the mobility data, for hybrid
blends with various NC weight ratios

90 wt% 83 wt% 75 wt% 50 wt%
[oo(cm?/Vs) 475 x 1073 8 x 1073 1.30 x 1072 1.1 x 1073
b 1.5 2 2 2.4
o (eV) 0.071 0.08 0.08 0.07

C (cm/V)?3 35 x 1074 2 x 107* 4.00 x 10~ 3.8 x 107
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From Table 2 it can be seen that the best charge transport conditions are achieved
in the samples with 75 wt% and 85 wt% of the NCs. First, these samples exhibit high
mobilities (o, values. Second, the values of the energetical disorder parameter o are the
highest, indicating higher potential barriers existing in the system. Meanwhile parameter
of the spatial disorder ) is intermediate: not too high to prevent carrier jumps from site
to site, and not too low to limit recombination. On the other hand the value of the spatial
disorder parameter » _ is relatively small indicating that spatial heterostructure is not well
expressed.

Summary and Conclusions

Electrical charge transport properties of hybrid test structures made of P3HT and branched
CdSe NCs were investigated. The NCs were branched, with average arm and core diameters
of 3.8 nm and average arm length of 6.3 nm. To evaluate the impact of the NCs content
in the blend on the device performance, we screened different weight proportions from
50 wt% (16 vol%) to 90 wt% (63 vol%). We utilized the Charge Extraction by Linear
Increasing Voltage (CELIV) and temperature dependent conductivity measurements to
analyse the charge mobility, energetical and positional disorder parameters, and activation
energy. The photovoltaic phenomenon was observed in the samples with content of NCs
above 75 wt%. The samples with 50 wt% were photoconductive, but no PV effect could
be observed, probably because of the inefficient exciton dissociation at the reduced donor-
acceptor interface and because of the absence of efficient percolation pathways. The thermal
activation energy of carrier generation in the dark was evaluated to be 0.14-0.18 eV; it
decreased upon illumination for the samples showing no PV effect and increased in the
films exhibiting photovoltaic behavior. In the samples with content of NCs above 75 wt%,
Open Circuit Voltages up to 1 V were obtained. Nevertheless fast recombination of the
generated carriers was pronounced and could be limiting factor of the cell current. Carrier
mobility at room temperature was about (3—4) x 10~* cm?/Vs in the samples with 75 wt%
and 83 wt% of NCs, which is higher than the one measured in pure P3HT. The Gaussian
Disorder Model was used to describe the variations of the mobilities with the applied
electric field strength and the temperature. This showed that the transport is optimal in the
samples with 75 wt% and 83 wt% of NCs, as was observed by Time-of-Flight mobility
measurements in similar samples [11].
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