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ABSTRACT

Charge trangport in compodgtes of inorganic nanorods and a conjugated polymer is
investigated using a photovoltaic device dructure.  We show that the current-voltage (I-V)
curves in the dark can be moddled usng the Shockley equation modified to include series and
shunt resigtance a low current levels, and usng an improved modd that incorporates both the
Shockley equation and the presence of a pace charge limited region at high currents. Under
illumingtion the efficiency of photocurrent generation is found to be dependent on applied bias.
Furthermore, the photocurrent-light intensity dependence was found to be sublinear. An andysis
of the shunt resstance as a function of light intengty suggests that the photocurrent as well as the
fill factor is diminished as a result of increased photoconductivity of the active layer a high light
intengty. By studying the intendty dependence of the open circuit voltage for nanocrystas with
different diameters and thus band gaps, it was inferred that Fermi-level pinning occurs & the

interface between the auminum e ectrode and the nanocrysa.



|. INTRODUCTION

Semiconductor nanocrystals are attractive as components of eectronic devices because
many of ther physcad properties can be controlled through modification of the diameter and
shapes of these particles. Optodectronic devices such as photovoltaic cdls and light-emitting-
diodes take advantage of the dependence of the band gap of nanocrystds on particle radius b
absorb and emit light, respectively, with tunable wavelengths. Furthermore, a concentration of
the dengty-of-dates into quantized energy levels results in high oscllator srengths for high
absorptivity or emissvity as compared with bulk vaues. Extensive devdopment of the synthesis
of colloida nanocrystas, especidly of CdSe, permits particles to be prepared with high yield and
qudity a reativey low temperatures (~300°C) in a wide range of diameters, aspect ratios and
shapes™ 2. Control of the surface passivation of the nanocrystas with organic ligands alow for
the particles to be dissolved in a variety of solvents and dispersed in numerous polymers. The
ease of processing nanocrydas is an advantage in the low cogt fabrication of devices via spin
cading, inkjet and screen printing, and other coating techniques from solution. Conjugated
polymers share the same processng advantages with nanocrystds while further dlowing for
mechanicd flexibility of the device film. Polymers have been used previoudy in photovoltaic
cdls, but the low dectron mohilities of most conjugated polymers only dlows them for use as
the hole transporting component in a blend with other materids, such as fullerenes®, organic
dyes ° or in the present case with rmnocrystas. In these composite materias, the photocurrent is
typicdly increased by severd orders of magnitude with regard to polymer only devices. By
going from colloidd quantum dots to quantum rods the eectron trangport and hence the
photocurrent can be further increased. Quantum rods dlow for efficient one-dimensond

eectricd trangport, which, as seen in S nanowires, can reach carrier mobilities comparable to



bulk vdue. By combining nanorods with the conjugated polymer poly(3-hexylthiophene)
(P3HT), we have obtained high efficiency solar cells with an Air Mass 1.5 Globd (A.M. 1.5G)
power conversion efficiency of 1.7%’.

In order to develop and improve device architectures that can be incorporated into useful
electronic devices, it is necessary to understand i) the fundamental physical properties of the
nanocrysta building blocks in composites with conjugated polymers and ii) the operating
principles of such dternative devices At the nanoscade many quantum mechanica processes
become important and the application of these properties can lead to behavior tha is not
observed in bulk devices. For example, solar cdls made of nanocrystals can absorb nearly dl of
the incident solar radiation for wavelengths above ther absorption onset with a film of only
200nm thickness as a consequence of the increase in oscillator strength brought about by
quantum confinement. In contrast, devices made of bulk inorganic semiconductors are generaly
severd micronsin film thickness

The transport properties in thin film device structures made of conjugated polymers have
been wdl characterized usng space charge limited current models with fidld dependent
mobilities®. For the regioregular form of P3HT that is used in this study mobilities between 10
and 0.1cn?Vls? have been measured®!?, depending on the regioregularity of the polymer and
the degree of order within the film. They cannot be fully described within the framework of the
band modd vaid for bulk semiconductors'® *. Nanocrystals are discrete particles, which can be
physicaly separated from one another ether by the surrounding medium or by a ligand shdl. In
fact, the temperature dependence of the conductivity in films of nanocrystals has been observed
to be themadly activated, which suggedts that an activated hopping trangport model can be used

to describe the transport of carriers'®. This is similar to the hopping model described for organic



conductors, but in this case, energetic disorder arises from the sze digribution of the particles
and geometric disorder from the separation of particles spatialy or by ligands. Unlike most
conjugated polymer, nanocrystals can trangport both eectrons and holes with comparable
mohilities™.

Although, the individua transport properties of both nanocrystals and polymers have been
studied separately in various eectronic devices'™ 47, the carrier trangport behaviour of these
composite materids in composte devices, in paticular photovoltaic cells, has not been
aufficiently characterized. It is of particular interest to study trangport in films of nanorod-
polymer composites, as these systems represent a combination of the disordered transport in
organic materials and the band like transport in inorganic semiconductors. Unlike the hopping
charge transport that occurs between discrete nanocrystals, band conduction occurs within a
gngle nanorod for an dectron that is in the conduction band. The man effect of radid
confinement in 1-D transport systems is enhanced scattering a the particle boundary, which
reduces the carrier mohility. In this work, we investigate the trangport of eectrons and holes in
CdSe nanorods and P3HT blend photovoltaics and provide a quantitative explanation for the

obsarved dectrica characteristics of these devices.

Il. EXPERIMENTAL METHOD

Nanocrysds were syntheszed using pyrolysis of organometalic precursors in a mixture
congging manly of trioctylphosphine oxide (TOPO) and tributyl- or trioctylphosphine and
smdl amounts of various phosphonic acids® % 8. The recovered product was dispersed and
washed three times in methanol to remove excess surfactant. Pyridine treatment of the
nanocrystals to remove the surfactant used in the nanorod synthesis was accomplished by

disolving the particles in pyridine and subsequent precipitation in hexanes. Whereas TOPO



coated CdSe nanocrystas are soluble in hexanes, pyridine-coated particles are insoluble in
hexanes. Repeeting the pyridine trestment two to three times can effectively replace more than
95% of the TOPO on the nanocrystd surface with pyridine’®. The nanocrystas were
characterized with trangmisson eectron microscopy (TEM) using an FEI Tecnai 12 120kV
microscope. Thin films of CdSe-P3HT blends approximatey 50-100nm in thickness were
investigated usng TEM by cadting a film on a NaCl IR window, floating the film in waer and
picking it up with a copper TEM grid. FIm thicknesses were determined via aomic force

microscopy (AFM) in tapping mode using a Nanoscope [H1afrom Digitd [nstruments.

PV devices were fabricated by spin casting a solution of CdSe nanocrystds and P3HT in a
pyridine-chloroform  solvent mixture onto an indium tin oxide (ITO) or poly(ethylene
dioxythiophene) doped with polystyrene sulfonic acid (designated PEDOT) on ITO coated glass
substrate in an inert amosphere, pumping for 12 hours under <10°mbar and evaporating
duminum on top to obtain the dructure depicted in Fig. 1. Photocurrent measurements were
completed using a 250W tungsten light source coupled to an Acton SP150 monochromator as an
ilumination source and a Keithley 236 Source Measure Unit to obtain current and voltage. The
light intengty was measured with a cdibrated Graseby dglicon photodiode. The temperature
dependence of the current-voltage characteristics was measured in vacuo at a pressure of about
10°mbar. Temperature was measured with a thermocouple that was in direct contact with the
sample. For the intensity dependence of the PV response, an argon ion laser set a a wavelength

of 514nm was used.



1. THEORY

A. Equivadent Circuit Diagram

Within a smple gpproach, a nanocrysta-polymer blend PV cdll can be modelled as a diode
in series with a resstor (the series resstor), and in pardld with a congtant photocurrent source, a
capacitor and another resigtor (the shunt resistor) (see Fig. 1). For steady State measurements, the
capacitance can be neglected.

Fig. 1

The shape of the 1-V curve is srongly influenced by the vaue of the series resstance and
the shunt resstance. Assuming that at high applied bias, the series resstance dominates and that
there are minima effects from space charge, which would decrease the applied fidd, the series
resstance can be determined using Eqg. 1. We can aso cdculate the shunt resstance usng Eq. 2
in the case that the shunt resstance is substartidly higher than the series resstance, which is the

case for the devices discussed below.
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A low series ressance means that high currents will flow through the cdl a low applied
voltages and a high shunt resstance reaults if there are no shorts or leaskages of photocurrent in
the device. Contributions to the series resstance include contact resistances between the
electrodes and the semiconductors as well as the bulk resstance of the blend in the PV device.
To obtan a high fill factor for efficient power converson, a series resstance gpproaching zero

and a shunt resistance gpproaching infinity is desrable.



B. Simple Shockley Mode

Depending on the nature of the contacts, a number of mechanisms can affect the current-
voltage characterigtics of a PV cell. Contacts between a metal and a semiconductor can either be
ohmic or non-ohmic. The mogt important non-ohmic contact is a Schottky barrier. For a
semiconducting device with one ohmic and one Schottky contact we can describe the current-

voltage characteristics by the Shockley equatior?® %2,

@glle ¢
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where |, is the saturation current, g the magnitude of the dectronic charge, V the applied voltage,
n the idedity factor, k Boltzmann's constant and T the absolute temperature. The idedlity factor n
takes account of recombination and tunnding processes and lies between 1 (ided diode) and 2
(mainly recombination processes) for contacts between a meta and an inorganic semiconductor.

If we now replace the voltage V in the Shockley equation by Vout - loutRs and include series

and shunt resistance, we obtain

é e a8l (Vout- qulRS)g 0 [:I
| = R, &,Gef M s 1j+£q (4)
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C. Improved Shockley Model using Space Charge Approach

At higher dectric fidds there is a high current levd resulting from injection of charges. If
the charge carrier mobilities are low, space charge effects may become important. This space
charge creates a field that opposes the applied bias and thus decreases the voltage drop across the
Schottky diode. Using a modified Shockley equation similar to that used by Tagmouti et al.??
which incorporates the decrease in dectric field due to space charge, we obtain the following

equation:
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Theterm V), accounts for both series res stance and space charge as follows,
_ 2
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In the above expression, B accounts for the trgp dendty Q and the carrier mohbility min a thin
film with contact area a, thickness d, and permittivity e. This model can aso be used to describe

nanocrystal-polymer devices for nanocrystals of various diameters and aspect ratios.

D. Space Charge Limited Model

In the case that the mobility of the active layer of the PV cdl is very low, space charge
effects are dominant throughout. Furthermore, for organic semiconductors the field dependence
of the charge carrier mobility has to be taken into account as well®. The following equation for

the space charge limited current with field dependent hole mobility is obtained®

| = BeSV/dy 2 ®)

where B and C are temperature dependent parameters (B as defined above) and d is the thickness

of the device.

E. Numerical Methods

To describe the experimentd data presented in section 1V usng the three models outlined
above leest Jquare fits were obtained numericdly. Both Shockley modds have three didinctive
voltage regimes. At low gpplied bias the current was dominated by the shunt resstance Rq,; a
intermediate eectric fidd the basc Shockley equation given above in Eg. 3 is goplicable, fixing

the values of the saturation current b and the idedity factor n; a high dectric fidds either series



ressance for the smple mode or the combined effect of the series resstance Rs and space
charge limited currents for the improved modd dominate. As a result the number of free
parameters in each regime is less than or equd to 2 in spite of an overdl number of 4 fitting

parameters (5 for the improved moddl).

F. Modeling the Intensity Dependence of the Photocurrent

To obtan information about the current limiting mechanism under illumination, it is useful
to invedigate the photocurrent as a function of incident light intendty. A smple moded that
describes the intendty dependence of the photocurrent in terms of the various modes of carrier
recombination can be derived®. The density of photogenerated excitons n is proportiona to both

the incident light intengity | and the absorption of light in the materid, so we have
n=gx

where g is a congant proportiond to the absorption of light in the materid. Exciton decay is
proportional to the densty of bound eectron-hole pairs (monomolecular recombination).
Collection of both eectrons and holes by the eéectrode is dso a monomolecular process. In
contrast, the recombination of an eectron and a hole semming from different eectron-hole pairs
will be proportiond to the product of the dectron and hole dendty. Charge recombination is
therefore likely, if (i) the charge dendties are large and (ii) if the dendty of dectrons is on the
same order of magnitude as the dengty of holes, which implies smilar charge mohilities, given
that electrons and holes are produced in equa numbers from a photo-excited exciton. If we
assume that the dectron mobility is equa to the hole mohility, the likelihood of non excitonic
recombination is proportiona to the square of the dengty of dectron-hole pairs present, as every

electron-hole par can interact with al other dectronhole pars present (this is caled
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bimolecular recombination). Given that 1/k and 1/j are the monomolecular and bimolecular
lifetimes, respectively, the change in dectron-hole pair densty is

dn .
— =g - kn- jr?
a g J

Usng the deady date approximation, which is vaid for current measurement under equilibrium
conditions, the change in carrier dendity is zero. Thus,
gx - kn- jn*=0

If n, which is proportiona to the photocurrent, is smal,

Thus, for amdl light intendties a linear current-intengty relationship is predicted. For large n,

i.e. for kn « jn?, weobtain

-
l

In the case of large light intendties, we thus expect a square-root current-intendty

rel ationship indicating the occurrence of bimolecular recombination.

V. RESULTSAND DISCUSSION

A. Charge Transport in the Dark

Fig. 2 shows TEM images of the two shapes of CdSe nanorods that have been used in
devices. Fig. 3 shows the dark FV curve for a 90% by weight (wt.%) 7nm by 60nm CdSe in

P3HT device with PEDOT and auminum as electrodes (designated Al:PEDQT).
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Fig. 2

1. Smple Shockley Model
We can fit the dark 1-V characterigtics of a nanorod-polymer device usng the Shockley
equation modified to take account of the series and shunt resistance for the low voltage range as
shown in Fig. 3(a). Above 0.7V thefit deviates strongly from the data Fig. 3(a).

Fig. 3

2. Improved Model

The fit of the |-V characterigtics of the nanorod-polymer device usng the smple Shockley
model is poor a high applied bias where there is a high current leve resulting from injection of
charges. Using a modified Shockley equation similar to that used by Tagmouti et al.?* which
incorporates the decrease in dectric field due to space charge (Eg. 5), we can more effectively
model the dark -V curve of the nanorod-polymer device as can be seen in Fig. 3(b). Thus, space-
charge effects are important for quantitatively describing the -V characterigics a high bias
indicating that low charge carier mohilities limit trangport of charges out of the device. The
onset of space charge effects, arising from low carrier mobility within the film, crestes a fidd
that opposes the applied bias and thus decreases the voltage drop across the Schottky diode. Note
that the Shockley equation does not only apply in the case of a smple Schottky diode, but adso if
there is recombination via tragps (eg. on the surface of the nanocrystals) in the depletion region
(Shockley-Hdl-Read recombination), or if the eectron and hole charge densties are of the same
order of magnitude?”.

From the model, we obtain for the idedity factor, n, a vaue of 1.65. While an idedlity factor
of 1 indicates that there are no current loss mechanisms, an idedity factor of 2 corresponds to

current dominated by losses such as direct recombination or recombination via trgps or mid gap
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states (bimolecular recombination)®. In red devices, loss mechanisms are important to consider,
and avdue of n = 1.65 for our device is smilar to vaues for n found for photovoltaic cells made
of bulk inorganic semiconductors. For bimolecular recombination to occur, the dectron and hole
densties have to be of dmilar order of magnitude in andogy to the discusson of the
photocurrent intengty relationship in section 1ll.LF, with the difference that in the dark the
charges are not produced from photo-excited excitons. In the case of nanorod-polymer films
bimolecular recombination is likely to be caused by the presence of both holes that are injected
from the PEDOT €dectrode into P3HT and dectrons injected into the nanocrystds from the
duminum dectrode. Within the interpenetrating network, the two opposte charge cariers are
likdy to meet a a polymer-nanocrystd interface, where they can recombine non radiatively.
Furthermore, structurdly trapped dectrons resulting from incomplete nanorod pathways provide
non radiative recombination Sites.

It should be added that we found some batch-to-baich difference in the Shockley fits
resulting in vaues for n ranging from 1.5 to 1.9. For a single device however the qudity of the fit
was much more sendtive to the vdue of n, with dmilar qudity fits fdling typicdly in the

interval n+ 0.02.

3. Space Charge Limited Device
By usng Au and ITO as dectrodes instead of Al:PEDOT, we observe a dramatic change in
the shape of the dark FV curves (Fig. 4(a). The resulting -V curve cannot be modded with the
Shockley equation. However by usng the space charge limited current modd with fied
dependent mobility described in Eg. 6, a reasonable fit of the experimentd data is obtained (Fig.
4(a)). As both Au and ITO are close to the highest occupied molecular orbital (HOMO) energy

level of PBHT and far below the conduction band leve of the nanocrystds (see Fig. 10(b)), it can

13



be assumed that in the AulTO device the transport is dominated by holes through the polymer
(Fg. 4(b)). Hole transport through P3HT in the present device therefore seems to follow the
same mechanism as observed and extensvely sudied for other conjugated polymers such as
poly(phenylene vinylene) (PPV)8.

Fg. 4

As the AuITO and the AI:PEDOT devices do not show the same behaviour and the only
difference between them is the posshbility of eectron injection from Al into the nanorods for the
latter electrode combination, the transport of eectrons seems to be respongble for the current
voltage behavior of the device in Fig. 3. Though, even if the efficiency of trangport in nanorod-
polymer PV devices is enhanced over dl-organic devices, the dectron mobility is il limited by
gpace charge effects a higher applied voltage (see Fig. 3(b)). In the case where a nanorod serves
as a continuous pathway for dectron transport, space charge effects are likely to be minimd.
However, because the nanorods are randomly digpersed within the polymer and ther length is
gmdler than the device thickness, the particles do not span the entire thickness of the film and
electrons are required to hop between nanorods. Space charge effects may be important in the
case that hopping trangport occurs, as the eectron mobility is relaively low compared to bulk
trangport in this case To redize the full potentid of high carier mobility in nanorods, it is
necessary to synthesize longer rods and dign them perpendicular to the substrate plane, such that

electronstravel directly to the eectrode.

4. Temperature Dependence of Dark Current
To determine the dependence of the dark FV characteristics on temperature a PV device using a
composte of 90 wt% CdSe nanorod in P3HT was invesigated under high vacuum at

temperatures between 298k and 453k. The temperature dependence of the dedity factor n and
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the saturation current 1o which were obtained from fits to the +V characterigtics usng Eq. 4 are
showninFg. 5.

Fg.5

We can see that n is temperature dependent decreasing linearly throughout the temperature
range investigated. As the eectron mobility is likely to be thermdly activated® (due to hopping
transport between nanorods), the trandt time of the charges should decrease with increasing
temperature resulting in less charge recombination and thereby a decrease in the idedity factor.
We dso obsarve an increase in photocurrent with temperature, which further suggests that
recombination decreases with temperature. We note that this is in contrast to the Langevin type
recombination that is observed in many polymeric semiconductors, which results in an idedity
factor that increases with temperature®.

The corresponding Arrhenius plot of 1o vs. temperaure is thermaly activated (see Fig. 5(b))
with two activation energies and a trangtion at around 385k (1.47eV and 0.35eV). The larger of
the two is close to the band gap of the CdSe nanorods used in this study (~1.7€V), whereas
0.35eV may be explained by the presence of trap levels in CdSe. Further work is needed to

assign these activation energies with certainty.

B. Charge Transport under Illumination

With the knowledge of the dark |-V characterigics, we can dready make some statements
about the I-V characterigtics under illumination. Under photovoltaic operation, the photocurrent
results from absorption of a photon and subsequent creation of a weskly bound eectron-hole
par, or exciton which then has to be split up into the free carriers, which in the present case
occurs a the nanocrysta-polymer interface, and both the eectron and the hole have to be

transported to the respective eectrodes. Both charges have to be collected to maintain charge
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neutrdity of the device and the lower mobility of the two carriers limits the photocurrent. From
the results of the previous section we can infer that the transport of holes in P3HT & limited to a
greater extent (judging from the predominance of space charge effects) than the eectron
transport through the nanorods. For if the hole mobility in P3HT were larger than the dectron
mobility in the nanorods, the bipolar Al:PEDOT device woud not show Shockley type
behaviour and ingead would have a smilar characterigic as the hole only Au:ITO device. We
would therefore expect that the photocurrent of the PV device is space charge limited just like
the carier with the lower mobility (the hole). Furthermore, this leads us to conclude that these
hybrid polymer nanorod PV devices are limited by the hole maobility in the polymer, which is not
the case in other polymer based photovoltaic cdls. In these cells charge transport is limited by
the electron mohility, which is typicdly extremdy low for conjugated polymers due to the

presence of ubiquitous electron traps such as oxygert®.

1. Field Dependence of Photocurrent

To modd the charge transport characteristics of a conventiond inorganic solar cdl, it is
typicaly possble to use the smple Shockley mode of Eq. 4 and subtract a constant photocurrent
I. from the modified Shockley characteristic on the right hand sde’*. In other words, the
photocurrent for these cells does not depend on the applied bias. One way of measuring the
photocurrent that is cdibrated for the incident light intendty is the externd quantum efficiency
(EQE), which gives the number of eectrons collected in the externd circuit per incident photon.
Fig. 6 shows the EQE as a function of gpplied bias for the Al:PEDOT nanorod-polymer blend
PV device investigated in the previous section. As can be seen, the photocurrent is dependent on
the agpplied bias, which is not the case in conventiond inorganic solar cdls. This can be

explaned in the following way: while in the dark the current voltage characteritics ae
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dominated by eectron transport through the nanorods, both eectrons and holes have to be
transported out of the device under illumination. This means that the photocurrent is limited by
the carrier with the lower mobility, which is dmos certainly the hole transport in the polymer, as
argued above. We therefore expect a photocurrent that, like the hole transporting P3HT, is
dominated by space charge limited currents. Furthermore, the mobility of holes in P3HT is fidd
dependent and 0 is the eectron mobility in the case where eectrons hop between nanorods via
thermally activated hopping®. Under reverse bias, the applied fidd is in the direction of the
bult-in field and thus, the EQE increases. However, under forward bias, the applied voltage
opposes the built-in field. With increesing forward bias, the fiedd for charge separation and
carier mobility is decreased resulting in incressed recombination of charges and, consequently,
the EQE is seen to drop. In order to redize the full advantage of high eectron mobility inorganic
materias, it will thus be necessry to further improve the hole mobilities in the polymer or
replace the polymer with a solution-processible inorganic semiconductor as the hole transporting
component.

Fg. 6

2. Influence of [llumination Intensity on Charge Transport
As the dendgty of charges within the photoactive medium depends on the number of photons
absorbed, charge trangport under illumination may depend on illuminaion intendty. By
investigating the dependence of the most important photovoltaic parameters as a function of light
intengty, we obtan vauable information about the nature of charge transport as wdl as the
mechanism of charge recombination under illumination.
(a) External quantum efficiency and power conversion efficiency. The EQE a 514nm

illumination a various light intendties of the 90 wt% 7nm by 60nm CdSe nanorods in PSHT
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device is displayed in Fig. 7. The high EQE of 54% a the rdaivdy low light intengty of
0.1mW/cn? is only maintained up to an intensity of 10mWi/cnt, above which the EQE decreases
ubgtantidly. Note that sun light intengty according to the AM. 15G dandard (with spectrd
standard, ASTM E892 Global) corresponds to an intensity of 96.4mWi/cn?. From Fig. 7, the
EQE a thisintengity isfound to be only 37%.

A measure for the overdl converson of the light's incident power into eectricd power is
given by the power converson efficiency h, which is cdculated according to the following

equation

oo (1) Ve (1) XFF ()
Rign (1)

h(l')= (7)

where lg, Voc and Pjigne stand for the short circuit current (which equals the photocurrent 1), the
open circuit voltage and the incident light power respectively. | indicates that these quantities
are wavelength dependent; the fill factor (FF) is defined as

_madiv( )V ()}
AR NS EVA(H

(8)

The intengty dependence of photocurrent, open circuit voltage and fill factor will be
discussed separately below.

The power converson efficiency as a function of light intensty sows a dependence that is
smilar to that observed for the EQE (Fig. 7). At a monochromatic intensity of 3mW/cn?, the
device digplays its maximum power conversion efficiency of 7%.

Fg. 7
(b) A simple model for the intensity dependence of the photocurrent. The intensity dependence of

the photocurrent (i.e. the short circuit current) is shown in Fig. 8. A linear fit of the log-log plot
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up to 60mW/cn? yiedlds a dope of 0.96, corresponding to Currentp Intensity®®. Unlike
conventiond inorganic PV cdls, which exhibit a linear dependence for the current with light
intengty, hybrid nanorod-polymer devices show a sublinear-dependence, especidly above
10mW/en? light intensity. Thus, we face both a ron linear intensity dependence as well as a non
linear field dependence of the photocurrent (see Fig. 6) and therefore modes which have been
successfully gpplied to fully polymeric cdls, such as that used in Ref. 27, are not goplicable in
the case of our hybrid cell.

Fig.8

The dmple model described in 1IILF for the photocurrent-intendty relaionship can be
goplied to explan the deviation from the monomolecular recombination mechanism a high
incident light intengty. According to this modd the sublinear photocurrent intengty relationship
suggedts tha bimolecular recombination of cariers plays a more important role a high light
intengties. Non-radiative decay between an dectron and hole produced by different photons at
the nanocrysa-polymer and the nanocrysta-nanocrystd interface becomes more likdy a high
light intengity, because the low mobility of the carriers results in a high dendty of eectrons and
holes in the nanorod-polymer device as the light intendty increases. At illuminaion beow
10mW/c?, monomolecular processes dominate the photocurrent. With the simple modd for
recombination, one cannot distinguish between carier collection by the eectrodes in the
production of a photocurrent, and loss mechanisms such as radiaive and non-radiative decay of
excitons. Nevertheess, since monomolecular loss mechanisms do not cause the EQE to change
with intengty, the decrease in EQE a high intendty obsarved in Fig. 7 may be explaned by
bimolecular recombination, but as we will see in the following section, this is not the only reason

for the decrease in photocurrent. However, from the non-idea Shockley characteristics in the
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dark with n = 1.65 discussed above, we know that bimolecular recombination is important for
explaning charge trangport in these cels. By comparing the current levels in Fig. 3 and Fig. 8,
we obtain smilar dectron and hole dendties in the dark and a high light intengty, assuming
gmilar trangt times. Bimolecular recombination should therefore be important a high light
intengty.

By making the electron back trandfer rate very dow compared to the forward rate,
bimolecular lifetimes can be increased. The formation of a strong bond between nanocrystd and
polymer through the use of a polymer with sde groups that can bind to the nanocrystal surface
can increase the orhitd overlap between nanocrystal and polymer for fast dectron transfer®® 32,
This and other amilar approaches amed a increesng bimolecular lifetimes in nanorod-polymer
composite PV cdls are currently under investigation within our |aboratory.

Another drategy for decreasing bimolecular recombination is to lower the charge carier
densty within the device. This can be accomplished by increasng the mohility of the carriers.
Increesing the length of the nanorods as wdl as dignment of the particles in the direction of
transport are possble methods for enhancing the eectron mobility. Moreover, the hole mobility
has been shown to increase as the regioregular P3HT chains become more ordered™?.

(c) Fill factor and shunt resistance. The intendty dependence of the two remaining factors that
contribute to the overdl power converson efficiency are displayed in Fig. 9(@). The V. increases
as the power is raised. The FF, on the other hand, rises a low intensty, as the power is increased,

but then decresses again at intensities above 10mw/cnr.

Fig.9

20



A high device shunt resstance and low series resigtance is required for obtaining a high fill
factor. The dramatic decrease in fill factor a high intensty is a detriment to the performance of
nanorod-polymer PV devices under high intengity such as solar conditions.

Fig. 10

A quantitative anadyss of the inverse shunt resstance, or conductance, under increasng
illumination corrected for the shunt resstance in the dark reveds that the photoconductance is
proportiond to the incident light intengty (see Fig. 10(a)). This means that the active materia of
the device behaves as a photoconductor. The presence of polymer or nanocrystd pathways that
connect the anode to the cathode is a source of current leakage or eectrica shorts, depending on
the conductivity of the pathway. Carriers, which are transported to the eectrodes via these
routes, do not contribute to the photovoltage. In the dark, both materids exhibit very low
intringc charge dendties and consequently, the conductivity is low. As the intengty of
illumination rises, the increased number of free dectrons and holes enhances the conductivity of
these pathways. Thus increased photoconductivity of the active layer is responsble for the
decreasing fill factor a high light intensty. The high fill factors (>0.6), a& solar intendties, that
have been observed in bilayer devices made of organic materials can be explained by the absence
of continuous pathways between the two eectrodes®® wheress, single layer polymer devices have
mostly demongrated fill factors bdow 0.3* 3. This is understandable within the framework of
photoconductivity. In an interpenetrating polymer blend, it is difficult to control the number of
pathways that dectricdly short the device in the light and lower the shunt resistance. The
addition of one thin, but continuous layer a the hole-collecting eectrode and another at the
electron-collecting eectrode, as displayed in FHg. 10(b), can prevent the polymer and nanocrysta

from shorting the two dectrodes under illumination. The energy leves for the blocking layers
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must be chosen to dlow for the photocurrent to be collected. A further indicetion in favor of this
explanation is our observation of photoconductive gain in polymer/nanocrystal devices. Work is
currently under way to improve the fill factor with this device structure.

We note that to remain within the framework of the equivaent circuit diagram, we have to
replace the ohmic shunt resstor with a light intensty dependent resstor. From Fg. 1 we can
infer that if the shunt resstance in the light gpproaches the vaue of the saries resistance, a
decrease in the EQE would ensue. This is the case for the device investigated here. From the
photoconductance data, the vaue of the leskage current can be estimated, assuming that the
bullt-in  fiedd is given by the open circuit voltage By correcting the photocurrent data
accordingly, it becomes clear that the photoconductive leskage current only accounts for part of
the reduction of the current a high intengty. Bimolecular recombination, which was discussed in
the previous section, islikely to be the source of the remaining reduction.

By improving the efidency of 7nm by 60nm CdSe nanorod-polymer blend devices a high
intensity and achieving the same EQE and FF as a low intensity, 54% and 0.62 respectively, a
power converson efficiency of 3.6% can be reached under A.M 1.5G solar conditions, which is
about double the value that is achieved a the present time’. Moreover, replacement of CdSe with
CdTe to absorb a higher amount of solar radiation would enable these hybrid devices to reach a
solar power conversion efficiency beyond 5%.

(d) Open circuit voltage. The open circuit voltage is the voltage a which the photogenerated
current is equa to the dark current, which flows in the opposte direction, such that no net
current is detected in the externd circuit. As the incident light intendty increases, the rising
photocurrent produces a higher Voc. The maximum V. is determined by the difference between

workfunctions of the dectrodes duminum and PEDOT as wdl as the difference between the
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lowest unoccupied energy leve in the CdSe nanocrystd and the highest occupied energy leve in
P3HT®. This difference is governed by the diameter as well as the shape of the nanocrystal®.
Given that the difference in workfunctions between PEDOT and duminum is about 0.7V, it is
expected that this would dso be the maximum V... However, open circuit voltages of up to
0.78V ae obsarved in Fig. 11 for 3nm by 60nm nanorods, suggesting that the Fermi level of
aduminum is partidly pinned to the surface dates close to the lowest unoccupied energy levels of
CdSe. In many bulk inorganic semiconductors and metd junctions, the Fermi leved of the meta
is pinned to the surface states of the semiconductor within the band gap?l. As a consequence, the
observed barier height, formed when two materids with differing Fermi levels are joined, for a
Schottky contact between the metd and semiconductor does not vary with the workfunction of
the metal. For a HOMO level of 5.1eV in P3HT and a Fermi level for PEDOT at 5.1eV*, we can
cdculae the effective workfunction for duminum forming an inteface with nanorod-polymer
blends from the maximum open circuit voltage obtained for each nanocrystd Sze in Fg. 11 (see
Table 1). The observed trend in Vo agrees with the decrease in the band gap with increasing
nanocrystal diameter and increesing nanorod length. The data for sphericd nanocrystals (not
shown) dso fdls within this trend with an upper limit to the open circuit voltage a 0.85V.
RPinning of the metd cathode to the lowest unoccupied molecular orbitd (LUMO) leve of the
polymer in organic optodectronic devices is often observed and explained in terms of surface
states and/or bonds between the organic and metal formed a the eectrode interface®®#2. The V.
in some polymer-based PV cdls has adso been found to be independent of the workfunction of
the metd and more closdy linked to the difference between the HOMO leved of the dectron
donor and the LUMO level of the dectron acceptor™: 43 44,

Fig. 11
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Increasing the Vo by increasing the nanocrystd band gap is a the expense of expanding the
device absorption into the far red. By decreasing the diameter of nanorods from 7nm to 3nm, an
11% increase in Vo is obtained. However, 7nm nanorods absorb 25% more solar radiation than
3nm nanorods. Thus, higher efficiency can be gained through optimizing the absorption rather

than the V¢ in CdSe.

Nanocrysta Dimenson  Effective Al Fermi level

3 nm by 60 nm 4.32eV

7 nmby 60 nm 4.40 eV

TABLE

Because the internd field within the device is equd to zero a an gpplied voltage equd to the
open circuit voltage, the field dependence of the photocurrent is of no importance and we can use
the Shockley equation to modd the \,e under various illumingtion intengties by the addition of a
congtant photocurrent term I to EQ. 3. Resolving for V at | equa to zero, i.e. a the open circuit

voltage, we obtain:

5
V,, :n—lengl +13 ©)
q I0 g

Thus, if I/lp » 1, a logarithmic reaionship between open circuit voltage and the
photocurrent can be expected, which is what we find in Fig. 9(b). By evauaiing the logarithmic
fit of the data we obtain n = 1.57. This vdue is reativey close to the vaue of n = 1.65 obtained
usng the Shockley fits in the dark, disdlayed in Fig. 3. This can be seen as an independent
veification of the vadue of the idedity factor and in more generd terms of the vdidity of the
Shockley modd.
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3. Thickness Dependence of the Photoresponse

As the film thickness increases from 100nm to 350nm, the corresponding increase and
subsequent decrease in EQE shown in Fg. 12(a) does not aise soldy from an increase in
absorbed light. The shape of the gspectra depends on the thickness of the device and the
photoresponse in the red regions of the spectra increases with thicker films. This can be
atributed to a week filter effect that results from pat of the film not contributing to the
photocurrent and acting as an opticd filter®®. In thick films networks of physicaly touching
nanorods transport dectrons with low carrier mobility, compared to transport contained entirely
in one particle, and eectrons generated near the PEDOT eectrode must traverse many nanorods
to reach the collecting duminum eectrode. As a result blue light, which is absorbed closer to the
transparent electrode, does not strongly contribute to the photocurrent® “°.  In addition, the
electric fidd across the device responsible for charge separation is decressed a a given built-in
voltage bias for athicker film as compared to athinner one.

Fig. 12

The competing effects of grester photon absorption and lower dectric fields resulting in
reduced charge separation efficiency and lower charge transport efficiency in a thicker film
produces a maximum efficiency a 212nm film thickness and opticd dengty of 057 a 515nm
illuminaion (Fg. 12(a)), decreesng sharply at higher thicknesses. Polymer PV devices made by
other research groups from blending a hole transport polymer with smal molecules and other
polymers have an optimized thickness of around 100nm, for a higher film thicknesses the filter
effect becomes substantid. Blends of two polymers™, and Cgp and polyme*’ undergo gross
phase separation above film thicknesses of 100nm to produce inactive layers filter layers. In

nanorod-polymer devices, we can make devices sgnificantly thicker a 200nm to achieve more
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absorption of light because the dispersion characterigtics of the nanorods are well controlled and
the transport properties of the nanorods are more efficient than for the above mentioned organic
meterias*®.

We can dso use the thickness dependence of the photovoltaic performance to study the
sources of series resstance. The dependence of the series resistance on film thickness is not
lineer (Fig. 12(b)), suggedting that the bulk resstance of the film is not the only determining
factor. The dgnificant increase in series resdivity above a thickness of 200nm, corrdates with
the decrease in the overdl EQE a higher film thickness seen in Fig. 12(b). The series resstance
therefore seems to play an important part in determining the photocurrent. Moreover, there is a
donificant contribution from the conductivity of the eectrode, both in terms of a contact
ressance and a bulk resstance of the metads. The saries resstance can be decreased
ggnificantly by decreasng the residivity of the PEDOT eectrode. By decreasing the bulk
resstance of the eectrode by three orders of magnitude from 10 kWcm to 5 Wcem, the series
resistivity of the device with thickness of 212nm could be decreassed from 93 to 50 K\Mcn?. Thus
both the interface to the dectrode as well as the bulk resigtivity of the active layer play a role in

determining the overd| seriesresistance.

V. CONCLUSIONS

In concluson, we have shown that PV cdls made of nanocomposites of inorganic nanorods
and a conjugated polymer can be quantitatively described usng a Shockley type approach
modified for taking account of shunt and series ressance, as well as gpace charge effects. This
organic-inorganic hybrid system shows both charge transport properties characteristic for low
mobility disordered materids and bulk inorganic semiconductors. The applicability of the

Shockley equation a low applied bias is characteristic for inorganic semiconductor devices,
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while the presence of space charge limited currents indicates that the low mobility of the carriers,
epecidly holes, within the device limits transport and thus the performance of the PV device. In
addition, under illumination the efficiency of photocurrent generdtion is found to be dependent
on the applied bias unlike conventiond inorganic semiconductor devices for which the
photocurrent is a congtant. Furthermore, the photocurrent-light intensity dependence was found
to be sublinear which was explained in terms of a combination of bimolecular recombination and
increased photoconductivity a high charge dendty. An andyss of the shunt resstance as a
function of light intengty suggedts thet the photocurrent as wel as the fill factor is diminished as
a result of increased photoconductivity a the active layer a high light intengty. We suggest that
the photocurrent-intensity relationship can be linearized by bringing the nanocrysds in closer
contact to the polymer in order to make charge trandfer faster in the forward direction, and by
introducing blocking layers on ether sSde of the device to reduce the effects of
photoconductivity. By dudying the intensty dependence of the open circuit voltage for
nanocrysas with different band gaps, it was inferred that Fermi-level pinning occurs a the
interface between the duminum dectrode and the nanocrysta. Moreover, the thickness
dependence of the photoresponse is used to show that the series resstance of the device has
contributions both from the bulk and the interface between semiconductor and metd electrode.
In concluson, this study shows that a theoreticd understanding of the device physcs of
nanocrysta-polymer PV cdls is essentid for improving this dass of maerids for use in high

light intensity applications such as olar cdlls,
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FIGURE CAPTIONS

FIG.1 The equivdent drcuit diagram for a photovoltac cdl under illumination. Within a
ample modd a photovoltaic cdl is a diode with a condant current source in pardld. Ry, stands
for the shunt resdance, R; is the saries redstance, C the capacitance and V/lo: the

current/voltage in the externd circuit.
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FIG.2 TEM image of (& 3nm by 60nm and (b) 7nm by 60nm CdSe nanocrystas. Both

images are a the same scale.

FIG.3 The dark I-V curve for a 90 wt. % 7 nm by 60 nm CdSe in P3HT device with PEDOT
and duminum as dectrodes is fitted with (a) the Shockley equation modified to take account of
shunt and series resstance and (b) the space charge modified Shockley equation. Fits are solid

lines. Also shown are the rd ative difference between the fit and the actud data.

FIG.4 (8 The I-V characteristics of a 90 wt. % 8nm by 13nm CdSe nanocrystals in P3HT
devices heated a 120°C with ITO as the front eectrode and gold as the back eectrode is fitted
with space charge limited current equation. (b) Approximate energy levels of P3HT (dashed) and

CdSe (solid line) and workfunctions for the eectrodes used in this study.

FIG.5 (a) The temperature dependence of the saturation current and the idedity factor n. A
linear fit of the idedity factor is dso shown. (b) The Arrhenius plot of the saturation current vs.
temperaiure with the associated activation energies obtained from fits in the low and high

temperature regimes.

FIG.6 The EQE as a function of gpplied voltage for a 90 wt.% 7nm by 60nm CdSe in P3HT
device with PEDOT and duminum as dectrodes. The EQE was cadculated by subtracting the
dak curent from the light current. The illumination intensty was ~01 mWi/cn?. Lines

connecting the points serve as a guide to the eye.
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FIG.7 Power converson efficiency and EQE as function of 514nm light intengty of the 90
wt. % 7nm by 60nm CdSe nanocrystals in P3HT for the device for which dark current data is

presented in FIG. 3.

FIG.8 Current dengty as a function of 514nm light intengty of the 90 wt. % 7nm by 60nm
CdSe nanocrystals in PSHT device. A power law fit of this plot yields a dope of 0.96. The

rd ative difference between the fit and datais shown in the insst.

FIG.9 (a8 FF and Vo as a function of 514nm light intengty of the 90 wt. % 7nm by 60nm
CdSe nanocrystals in P3HT device. (b) The Vo as a function of photocurrent dengity of the same

device. A fit to the Shockley equation is shown.

FIG.10 (8 Photoconductance given by 1/(Rsh 1ight — Rsh dak) 8 a function of 514nm light
intengty of the 90 wt. % 7nm by 60nm CdSe nanocrystals in P3HT. A linear fit of the data is
shown. (b) Energy levd diagran and device schematic for nanocrysta-polymer photovoltaic cell

with eectron and hole blocking layers.

FIG.11 The Vq: as a function of 514nm light intengty of 90 wt. % CdSe nanocrystals in PSHT
devices for nanocrydas of dimensons 3nm by 60nm (filled cirdes) and 7nm by 60nm (empty

sguares).
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FIG.12 (a) The EQE spectra for a series of 90 wt. % 7nm by 60nm CdSe in P3HT devices
with different film thicknesses. (b) Integrad of the photocurrent spectra for the devices in FIG. 12
and series regdtivity for 90 wt.% 7nm by 60 nm CdSe in P3HT for the dectrode par AI:PEDOT

at various film thicknesses. Lines connecting the points serve as a guide to the eye.

Table| Effective workfunction, cdculaed from the Vo for duminum dectrodes of 90 wt.%

nanocrystas in polymer blend devices for various nanocrystas.
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