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Charge separation and transport in conjugated-polymer/semiconductor-nanocrystal composites
studied by photoluminescence quenching and photoconductivity
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We study the processes of charge separation and transport in composite materials formed by mixing
cadmium  selenide or cadmium sulfide nanocrystals with the conjugated polymer
poly(2-methoxy,5¢2’ -ethyl)-hexyloxyp-phenylenevinylene(MEH-PPV). When the surface of the nanocrys-
tals is treated so as to remove the surface ligand, we find that the polymer photoluminescence is quenched,
consistent with rapid charge separation at the polymer/nanocrystal interface. Transmission electron microscopy
of these quantum-dot/conjugated-polymer composites shows clear evidence for phase segregation with length
scales in the range 10—-200 nm, providing a large area of interface for charge separation to occur. Thin-film
photovoltaic devices using the composite materials show quantum efficiencies that are significantly improved
over those for pure polymer devices, consistent with improved charge separation. At high concentrations of
nanocrystals, where both the nanocrystal and polymer components provide continuous pathways to the elec-
trodes, we find quantum efficiencies of up to 12%. We describe a simple model to explain the recombination
in these devices, and show how the absorption, charge separation, and transport properties of the composites
can be controlled by changing the size, material, and surface ligands of the nanocrystals.
[S0163-18296)03048-3

I. INTRODUCTION electron to transfer onto the second material. Examples of
such materials include &,'°** cyano-substituted conju-
Composites of organic polymers and inorganic nanocrysgated polymers}*® and various small organic molecufés.
tals are particularly interesting materials in the study of elecSince the diffusion range of singlet excitons in conjugated
trical transport. The band gaps and offsets of typical semiPolymers is typically in the range 5-15 iy, it is nec-
conducting polymers and nanocrystals are such that charg@§sary to have a large area of interface between the two
will separate across an interface between them. This papdpaterials in order to achieve a high quantum efficiency for
explores the extent of such charge separation, and the natJfBarge separation. Furthermore, the charge separation pro-
of charge transport in polymer/nanocrystal blends. cess must be fas} compargd to the.radlatl\'/e and nonradl'atlve
Electronic processes in conjugated polymers are currentfecays of the _smglet exciton, which typically occur_W|th
the subject of intensive study, both because of fundament jme constants in the range .100_1000 ps. In composite ma-
interest in the nature of the electronic excitations in theséerlals where charge separation can occur, the photolumines-

“one-dimensional” semiconductors, and because they have. <o is found to be strongly quenched, since the singlet
' y &xciton is no longer able to decay radiatively to the ground

potentla! ?pp"c?‘“ons_g” arange of electronic devices such ag ;e "I the absence of an electric field to remove the sepa-
light-emitting Q|ode§. Conjugated polymers have the afj' rated charges, there must exist a nonradiative process by
vantage of being easy to process to form large-area devicegich recombination occurs between electron and hole on
and their energy gap and ionization potential can readily bgyiacent materials. Although this process is not well under-
tuned by chemical modification of the polymer ch&fh. stood, it is likely to be much slower than the decay of the
Large-area thin-film photovoltaic devices based on conjusinglet exciton. The lifetime of the charge-separated species
gated polymers are also of interest, although devices fabrin composites of pol§2-methoxy,5¢2’-ethyl-hexyloxy-
cated using a single layer of polymer have been found tg-phenylenevinylene(MEH-PPV) with Cg, has been esti-
have low efficiencies of conversion of incident photons tomated to be of the order of milliseconds at 80°KThe
electron€~? Efficient collection of charge carriers requires problem of transport of carriers to the electrodes without
that the neutral excited statésinglet excitonsproduced by recombination is a more difficult one to solve, since it re-
photoexcitation be separated into free charge carriers, amglires that once the electrons and holes are separated onto
that these carriers are then transported through the device thifferent materials, each carrier type has a pathway to the
the electrodes without recombining with oppositely chargedappropriate electrode without needing to pass through a re-
carriers. The possibility that conjugated-polymer/nanocrystagiion of the other material. The transport must also be suffi-
composites may have the desired attributes of charge sepeiently fast for the carriers to be removed from the device
ration and transport motivates the present work. before significant nonradiative recombination can occur at
Charge separation in conjugated polymers has been fourttie interface between the two materials. Encouraging results
to be enhanced at the interface with a material of highehave been obtained using mixtures of polymers with differ-
electron affinity where it is energetically favorable for the ent electron affinities that phase separate on a length scale
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suitable to give effective charge separation whilst providing
efficient charge transport to the electrod&® Recently, /—C/7
high photovoltaic efficiencies have been reported in g
Ceo/MEH-PPV MEH-PPV composites with high &
content?! In these composites, derivatization of thg, @ol- M
ecule with a flexible alkyl group has been found to give & of n
optimum photovoltaic performance, although the detailed TOPO 7 MEH-PPV
morphology of these composites has not yet been reported. \ / - AN
Nanometer-sized crystals of inorganic semiconductors are i
another interesting class of low-dimensional materials with
useful optical and electronic properti&s>>When the size of
the nanocrystal is smaller than that of the exciton in the bulk
semiconductor, the lowest energy optical transition is signifi-
cantly increased in energy due to quantum confinement. The
absorption and emission energy can thus be tuned by chang-
ing the size of the nanocrystal. High-quality samples of
nanocrystals of II-VI semiconductors such as CdS and CdSe
can now be prepared by chemical methods. The surface of o
the nanocrystal is typically capped by an organic ligand FIG. 1.. Schematic Q|agram of MEH-PPV/nanocryste.d compos-
which ensures solubility and passivates the surface electroniieS: Showing the chemical structure of MEH-PPV and trioctylphos-
cally. By changing the size from 6 to 2 nm, the energy ga hineoxide(TOPO. (a) CdSe nar_locrystals with surfaces coated by
can be tuned from 2.6 to 3.1 eV in CdS and from 2.0 to 2.6 OPO.(b) CdSe nanocrystals with naked surfaces.
eV in CdSe*??*The ability to tune the electronic structure of _
the nanocrystals makes them interesting optical material@nd €ither CdS or CdSe nanocrystals. The nanocrystals may
however, making contact to the nanocrystals for electricafither be in direct contact with the polymer, or, alternatively,
measurements is more difficult. Nanocrystal/conjugatedthe surface of each nanocrystal may be coated with a surfac-
polymer composites offer the prospect of allowing electricalt2nt molecule, trioctylphosphineoxid€ OPQ), which forms
access to the nanocrystals. The electron affinity of CdS ang barrier of 11 A thickness between the nanocrystal core and
CdSe nanocrystals is in the range 3.8—4.7 eV, hence they afae polymer. The structure of MEH-PPV, and schematic dia-
suitable materials to act as electron acceptors when con@f@ms of the TOPO-coated and noncoated nanocrystals are
bined with conjugated polymers, where the electron affinityS"oWn in Fig. 1. In polymer/nanocrystal composites when
is in the range 2.5-3.0 eV. In contrast tg,Cthe optical the nanocrystal surface is not coated with TOPO, we find
energy gap of these nanocrystals lies conveniently in the vissignificant quenching of the luminescence, indicating that
ible region, and it is thus possible not only to study electrorcharge transfer occurs at the polymer/nanocrystal_ interface.
transfer from polymer to nanocrystal, but also to study hole/Ve also study 'ghe effect_ of nanocry_s'gal concentration o_n_the
transfer from nanocrystal to polymer after excitation in thePhotoconductivity, and find that efficient photoconductivity
nanocrystal. The nanocrystal surface ligand can be chang&@n Pe achieved at high nanocrystal concentrations when
without altering the intrinsic electronic properties of the léctrons and holes can be transported, respectively, through
nanocrystal, hence it is possible to control the charge transfdf€ nanocrystal and polymer components of the composite
between polymer and nanocrystal, and from nanocrystal tghaterial. Through_out the paper, we support our_lnterpretatu_)n
nanocrystal. The surface ligand is also important in deter®f the photophysical measurements with detailed transmis-
mining the morphology of the polymer/nanocrystal compos-Sion electron microscopeEM) studies of the morphology
ite. Charge separation at the interface between organic moff the composite materials.
ecules and nanocrystals is currently of great interest,
p_articularly sincg the report by O’'Regan anq"ﬁm of effi- Il. EXPERIMENTAL METHODS
cient photovoltaic devices based on organic dyes adsorbed
on TiO, nanocrystalline film&® In these devices, the large ~ MEH-PPV was synthesized by the base-induced polymer-
area of TiQ surface allows a high optical density of dye ization of 2,5-bigchloromethy)-1-methoxy-4¢2’-ethyl
molecules to be achieved, whilst maintaining efficient chargéhexyloxybenzene in tetrahydrofuran. The product was puri-
separation. An electrolyte solution is required to remove thdied by precipitation with methanol, and was then dissolved
holes from the organic dye after charge separation. Charge chloroform. CdS and CdSe nanocrystals were synthesized
transfer between CdS nanocrystals and the hole-transportirgn a gram scale using a modification of a previously reported
polymer polyN-vinylcarbazolg¢ has previously been studied; synthesig®?° A solution of dimethylcadmium and tribu-
however, the CdS nanocrystals were at low concentratiortylphosphineselenide or bis-trimethylsilanesulfide in tribu-
and acted primarily as a sensitizer, with charge transport odylphosphine was injected into tri-octylphosphineoxide
curring through the polymer, rather than from nanocrystalTOPO at 360 °C, followed by heating at 300 °C to give the
to nanocrystaf® Electroluminescence in blends of CdSerequired size. Full experimental details are given
nanocrystals and pol{-vinylcarbazol¢ has been studied by elsewheré®?°The nanocrystals had a good size distribution,
Dabbousiet al?’ with 0<<10%. In order to prepare samples where the surface
In this paper, we study the photoluminescence and photoFOPO was completely removed, after washing three times in
conductivity of composite materials formed with MEH-PPV methanol the nanocrystals were three times dissolved in the
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FIG. 2. Absorption spectra of 4-nm-diameter CdS nanocrystals
(solid line), 5-nm-diameter CdSe nanocrystésguaresy and MEH- FIG. 3. Absorption spectra of blends of MEH-PPV with 5-nm-
PPV (dashed ling Also shown is the photoluminescence spectrumdiameter CdSe nanocrystals, containing F%elid line), 65%
of MEH-PPV at room temperature, with excitation at 476.1 nm(dashed ling and 90% CdSécircles by weight.
(circles. The nanocrystals were in toluene solution, and the MEH-
PPV was a solid film on a glass substrate. emission spectrum of MEH-PPV is also shown. The photo-

luminescence efficiency for pure MEH-PPV films was found

minimum quantity of pyridine and precipitated by hexanes.to be in the range 21-24 %, slightly higher than previously
The final precipitate was redissolved in chloroform withoutreported for this materiaf’ Figure 3 shows the absorption
drying. Concentrations of the polymer and nanocrystal soluspectra of composite films containing 20, 65, and 90 wt % of
tions were obtained by evaporating known volumes to dry-CdSe. These spectra are simply the sum of the absorption
ness and weighing. Thin films were obtained by spin coatingpectra of the constituent parts of the composite films, with
from mixed polymer/nanocrystal solutions containing ano evidence of any additional absorption peaks in the spec-
known ratio of nanocrystal to polymer. Absorption spectratral range measure@50—820 nm These results indicate
were obtained using a Hewlett Packard 8452A diode arrayhat there is negligible ground-state charge-transfer between
spectrophotometer. Photoluminescence efficiencies of thithe polymer and the nanocrystals. Also, there is no evidence
films on glass substrates were measured using an integratifigr any absorption corresponding to a spatially indirect
sphere, as described elsewh&Excitation was provided by charge-transfer transition between polymer and nanocrystal.
an argon-ion laser at 476.1 nm with a typical power of 0.1Since the absorption coefficient of CdSe nanocrystals is
mW. Transmission electron microscodf EM) was per- much smaller than that of MEH-PPV, even at the highest
formed on very thin filmgtypically 20 nm using a JEOL concentration of CdSe the optical density of the nanocrystals
100-CX microscope operating at 80 kV. TEM samples wereat their lowest energy absorption peak is smaller than the
prepared by spin coating from dilute solutions onto NaCloptical density of the polymer at the-7* absorption peak.
substrates. The films were then floated off the NaCl onto thd he film-forming properties of the composite materials were
surface of a water bath, and transferred to holey carbon gridglood, and although a small amount of scattering was seen in

Photovoltaic devices were prepared by spin coating a filnihe most concentrated samples, there was no evidence for
of nanocrystal/MEH-PPV composite onto a glass substratgross phase separation on the scale of the wavelength of
coated with indium-tin oxid¢lTO). Film thicknesses were in visible light.
the range 300—500 nm. Aluminum electrodes were deposited
by vacuum evaporation. The devices were then transferred to B. Photoluminescence efficiencies
a vacuum of approximately I8 mbar for measurement. . )
Current-voltage curves were measured using a Keithley 928, Figures 4a) and 4b) show the photoluminescend®L)

source-measure unit, both in the dark and under iIIumination‘r?'ﬁcICIenCy

Monochromatic illumination was provided either by an Of nanocrysta/MEH-PPV composites as a function of
argon-ion laser, or by the output of a tungsten lamp disperseaanogrystal concentration for cadmium sulfide and cadmium
by a SPEX 270S monochromator. The spectral resolution of¢/€Nide, respectively, with the surface either naked, or
the monochromator system was 3 nm. Spectral responses afgdted with TOPO. The easiest case to analyze is that of
quantum efficiencies were determined by normalizing with ﬂcadmlum sulfide, where the energy gap of the nanocrystals is
calibrated silicon photodiode in the sample position. Quan-arger than that of _the po_lymer. With excitation at 47.6.'.1 nm,
tum efficiencies(electrons/photonwere defined using the ©NY the polymer is excited, and there is no possibility of

total incident flux; reflection losses were neglected. exciton transfer from polymer to nanocrystal by réter
transfer. In the case where the nanocrystal surface is covered

completely by TOPO, no quenching of the polymer lumines-
. RESULTS cence is observed. This result indicates that electron transfer
from polymer to nanocrystal through a layer of TOPO does
not occur with rates which compete with the usual radiative
Figure 2 shows the absorption spectra of the variousind nonradiative decay processes in MEH-PRPWpical
nanocrystal and polymer samples used in this work. Thdime constants for singlet exciton decay in MEH-PPV are in

A. Optical properties
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0.30 with pyridine. With CdSe nanocrystals, there is a good
overlap between the polymer emission spectrum and the
0.25} ‘\ﬁ/‘ nanocrystal absorption spectrum, and we therefore expect ef-
ficient Faster exciton transfer to occur from polymer to
& 0.20} nanocrystal. In contrast to the process of charge transfer,
k5 : Forster transfer does not require wave-function ovettap-
% 0.15} neling between the two materials, and can therefore occur in
5 the presence of a TOPO barrier which we have shown above
0.10 to suppress electron transfer to CdS. The PL quenching ob-
served with TOPO-coated CdSe can therefore be attributed
0.05¢ to Farster transfer of the exciton to the nanocrystal, followed
0.00— , by decay with a radiative efficiency significantly less than
0 10 20 30 40 50 60 70 that of MEH-PPV. The PL spectrum of a composite contain-
weight % CdS ing 90 wt % of TOPO-coated CdSe was found to be similar
to that of pristine MEH-PPV, indicating that the remaining
0.95 luminescence comes predominantly from excitons which de-
) cay radiatively in the polymer, rather than from excitons
which have been created on or transferred onto the
0.20¢ nanocrystals. The PL efficiency for these nanocrystals in
> toluene solution was found to be less than 1%. This low
S 0.15} value is consistent with the absence of significant nanocrys-
S tal emission compared to the remaining polymer emission.
E o.10l With pyridine-treated CdSe nanocrystals, the quenching is
a more effective, suggesting that charge transfer is again tak-
ing place. As with CdS, it is energetically favorable for the
0.05} electron to transfer from polymer to nanocrystal. Alterna-
tively, if the exciton is created on the nanocrystal, or trans-
"SI o oo gl e nanoerytn by wansler e hoe e
weight % CdSe !

charge-separated state with an electron on the nanocrystal
FIG. 4. Photolumi frici { MEH-PPV/CAS and a hole on the polymer. The various electron and exciton
o e fo Otgm'nfscence et |<|:|ency Ot o 1 TOP;- COT't ansfer processes that can occur using pyridine-treated CdSe
posfies as a function of hanoctystal concentration, for coal®lre illustrated in Fig. 5. Even with 90 wt % of nanocrystals,
(circles and pyridine-treatedsquares nanocrystals.(a) 4-nm- . .
diameter CdS nanocrystaldy) 5-nm-diameter CdSe nanocrystals. th? polymer. luminescence is r!ot. completely quenched. In
this composite, 65% of the radiation absorbed at 476.1 nm

the range 200—300 F&33 Where the surface TOPO is re- will directly produce excitons in the nanocrystals, which will

moved by treatment with pyridine, however, there is a Sig_decay with low radiative efficiency. The measure_d EL effi_-
5% therefore corresponds to a radiative effi-

nificant quenching of the PL, implying that the removal of ¢i€Ncy of O.

TOPO allows electron transfer to occur, leading to the for-CI€NCY of 1.5% for excitons produced in the polymer. Again,

mation of separated electron-hole pairs that subsequently rdiS value is consistent with the occurrence of phase separa-
combine nonradiatively. We note that the quenching of thdion. Direct evidence for both electron and hole transfer pro-
polymer luminescence, whilst substantial, is not completeC€SSes In photovoltaic devices will be presented in Sec. Il D.
even at high nanocrystal concentrations. For pyridine-treatet/€ Note that dispersions of nanocrystals in semiconducting
CdS nanocrystals, for example, the PL efficiency levels ouPlYmers, which generally give an alignment of energy lev-
at approximately 6% at high concentrations. This suggestgls, as shown in Fig. ,5' are .goo.d for achieving chgrge Sépa-
the occurrence of phase segregation in the composite matgtion for photovoltaic applications, but are not ideal for
rials, since if the nanocrystals were randomly disperse(?lectrolumlnescence applications, since electrons and holes

throughout the sample, we would expect quenching to b er_ld_ to fem;?“” s_eparated on different materials_, giv_ing low
much more complete. Similar partial quenching behavioreff'c'enc'esz' Devices containing a planar heterojunction be-

was observed in phase segregated polymer/polymer bféndsveen polymer and nanocrystal components can, however,

The subject of phase segregation is discussed in more detsiow efficient electroluminescence when the barriers to elec-
in Sec. Il C. tron and hole transport at the interface are such as to achieve
Using CdSe nanocrystals, there is again substantidt 900d balancing of electron and hole currefits.
guenching of the luminescence in the composite materials
[Fig. 4(b)]. Except for the case of 90 wt % nanocrystals,
excitation at 476.1 nm produces excitation mostly in the
polymer, due to the much higher absorption coefficient of Figure §a) shows TEM images of blends of MEH-PPV
MEH-PPV compared with nanocrystals. In contrast to theand pyridine-treated CdSe nanocrystals, for various concen-
situation with CdS, it can be seen that for CdSe, quenchingrations of nanocrystals. They show the total nanocrystal dis-
occurs even with TOPO-coated nanocrystals, although it i¢ribution projected onto the plane of the film. Since the films
not as effective as with nanocrystals which have been treateare thin enough that only a maximum of three to four layers

C. Transmission electron microscopy
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Figure 8b) shows TEM images of blends of MEH-PPV
and TOPO-coated CdSe nanocrystals, at the same weight

a __l:\electron T
ohoton () transfer percentages of napocrystals as for_ the pyr|d|n.e-coat.ed par-
AVaVaws ticles. At the two highest concentrations, there is again clear
exciton evidence for aggregation of the nanocrystals, consistent with
© the PL quenching data. This aggregation is largely driven by
MEH-PPV] CdSe \ van der Waals interactions between the nanocrystals. In this
b case, the nanocrystal cores within the aggregate are separated
exciton by the surface TOPO layers, which appear as light regions in
AN~ |\ranster electron the TEM images. At the lowest concentration, there is almost
()\\_'_ - —h— = —— no aggregation, in contrast to the case where the nanocrystals
T () hole 4 0 " hoe | were treated with pyridine. This improved solubility of the
o transferT— © _ nanocrystals in the polymer is likely to be due to the reduced
polarity of the TOPO-coated nanocrystals, and to improved
c — mixing of the flexible alkyl chains of the TOPO molecules
with the alkoxy groups of MEH-PPV.
—a
-ASA () D. Photovoltaic devices
I’,Zfsf}~ “ The devices studied comprised a layer of CdSe/MEH-

PPV composite between electrodes of ITO and aluminum.
FIG. 5. Routes for exciton and charge transfer in FOr mostof the devices, the diameter of the nanocrystals was
MEH-PPV/CdSe blends@ Absorption in the polymer, followed 2 NM, and the first peak in their absorption spectrum was at

by electron transfer onto the nanocrystéd) Absorption in the 614 nm. The nanocrystals had been treated with pyridine to
polymer, followed by exciton transfer onto the nanocrystal, fol-remove the surface TOPO. Figure 7 shows the current-

lowed by hole transfer onto the polymeic) Absorption in the  Voltage curve of such a device containing 90 wt % of CdSe,
nanocrystal, followed by hole transfer onto the polymer. Note thafoth in the dark, and under monochromatic illumination at
for CdS nanocrystals, route) is not available since the nanocrystal 514 nm. The active area of the device was 7.3%mm
energy gap is larger than that of the polymer, whereas it would be Figure 8 shows the short-circuit quantum efficierielec-
possible for excitons to transfer from nanocrystal to polymer, fol-trons per photonat 514 nm as a function of nanocrystal
lowed by electron transfer onto the polymer. In the presence of goncentration, at an excitation intensity of approximately 5
TOPO barrier, the electron and hole transfer processes are sugy m~2. For a pure polymer device, the efficiency was only
pressed, and only exciton transfer is possible. 0.014%, consistent with results reported previously for this
kind of device'® Adding 5 wt % of nanocrystal gave a factor

of nanocrystal would be possible, it is easy to resolve thé@f 6 improvement in efficiency. Increasing the nanocrystal
individual nanocrystals. It is clear that, even in dilute blends concentration up to 90 wt % further improved the quantum
the nanocrystals aggregate together to form regions dfffiCiency to avalue of 12%. At3 V and+3 V, this device

densely-packed nanocrystals surrounded by regions of pohd2ve quantum efficiencies of 52% and 71%, respectively.
mer which are free from nanocrystals. As the Concentratior%:'gure 9 shows t_he short.—c.|rcun curr;ant and open-circuit
of nanocrystals is increased, the size of the nanocrystal d(%/.-OItag? (.)f thde devl!cithnttalnl_rt\g Qgtvx{t tA) of.t.C dSe asta f;lgc-
mains increases, and at high concentrations the nanocryst gn of incident light Intensity. intensities up o

. ) m™ <, the short-circuit current,i roximately linear in
form a connected network in the plane of the film. At 65. , the short-circuit currertty, IS approximately linea

o . C ) intensity F with a dependence,<F%°. At high intensities,
wt % the size of the larger polymer regions is typically 70_the intensity dependence becomes more sublinear, with a de-

;20 nm. It should be noted_ that thes:e image; are easy E?endencd <F%% The open circuit voltage shows a much
interpret due to the large difference in scattering betweetyqaker dependence on the intensity, increasing to a value of
CdSe and MEH-PPV. This contrasts with the situation ing 53 v/ at an intensity of 500 W .

polymer/polymer or polymer/gg blends, where it is neces-  \we have also studied devices containing TOPO-coated
sary to dope one of the components selectively in order tganocrystals of the same core size used in the devices de-
achieve contrast in the TEM.The observed morphology is scribed above. These devices showed extremely low quan-
consistent with the substantial but incomplete quenching ofum efficiencies, with a value of 0.005% at a loading of 81
the polymer luminescence, given that exciton diffusionwt % nanocrystals.

ranges in conjugated polymers are estimated to be in the Figure 10 shows the photoconductivity action spectrum
range 5—15 nm>"~1%and that any exciton which reaches a for the same device described in Figs. 7 and 9, along with the
polymer/nanocrystal interface will be quenched. A guantita-action spectrum for a pure MEH-PPV device. The action
tive comparison is difficult without a more detailed knowl- spectrum of the composite device shows response in the re-
edge of the three-dimensional morphology in the thickergion 600—660 nm where there is no absorption in the poly-
films used for the optical measurements. The driving forcamer. This response corresponds to light which is absorbed in
for phase segregation here is likely to be the difference irthe nanocrystals, with subsequent hole transfer onto the poly-
polarity between the pyridine-treated nanocrystals, whichmer. At wavelengths below 600 nm, the response is due
have polar face¥ and the polymer, which is relatively non- to a combination of absorption in the polymer and in the
polar. nanocrystals. The pure MEH-PPV device has a peak in the
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FIG. 6. TEM images of blends of MEH-PPV with 5-nm-diameter CdSe nanocrystals at concentrations of 5%, 20%, and 65% by weight.
(a) Pyridine-treated nanocrystald) TOPO-coated nanocrystals. These images are taken on free-standing areas of the films. The polymer
background is clearly visible, showing that the films are continuous.

action spectrum at 560 nm, on the rising edge of the polymer IV. DISCUSSION
absorption spectrum, as has been described previously for The photoluminescence data show that in blends of MEH-

this kind of device! Due to the poor electron transport in the PPV and CdS or CdSe nanocrystals, excitons are dissociated
polymer, only those electrons generated close to the alumi- ) )
. . at the polymer/nanocrystal interface, leaving the electron on

num electrode will contribute to the photocurrent by reach-
the nanocrystal and the hole on the polymer. The morphol-

ing the electrode without recombination. The peak photocur- . o
gy of the composite nanocrystal/polymer materials is such

rent therefore occurs where the optical density is low an : ; . X
. X . - that a large fraction of the excitons produced are dissociated
light is absorbed throughout the thickness of the device . .

) . - .~ ~at an interface, even at relatively low nanocrystal concentra-
rather than at high optical densities where almost all the ligh.

. - . ~.tions. The presence of a TOPO surface layer on the
is absorbed close to the ITO electrode. Similar behavior is
seen in devices with low concentrations of CdSe. In contras anocrystal, howeygr, SUPPresses the charge transfer process.
at high concentrations of CdSe, the action spectrum cIoseI%(he .phOtOCOI"IdUCtIVIty action Sp.e"tfa show that both absorp-
follows the fraction of incident light absorbed in the device. 10N in the polymer and absorption in the nanocrystal lead to
This result indicates that both carriers are mobile within thecharge separation. _ o
composite material at high nanocrystal concentrations. _ As discussed in the Introduction, efficient photoconduc-
Figure 11 shows the temperature dependence of the phVity requires not only efficient charge separation, but also
tocurrent at 514 nm, between room temperature and 10 kefficient transport of the carriers to the electrodes without
The heating and cooling curves show some hysteresis, whidigcombination. Recombination is minimized when the carri-
is repeatable on subsequent cycles. The photocurrent droggs are separated onto different materials, and both carriers
by only a factor of 5 between room temperature and 10 Khave pathways to the appropriate electrode within the com-
indicating that the limiting process in determining the pho-ponent of the film onto which they have been separated. It
toconductivity is not strongly thermally activated. can be seen from Fig.(& that at low concentrations of
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20 FIG. 9. Short-circuit currentcircles and open-circuit voltage
’ (squaresas a function of incident light intensity for a device con-
taining 90 wt % of 5-nm-diameter CdSe nanocrystals. Excitation
1.0} was from an argon ion laser at 514 nm. The beam profile was
z approximately Gaussian, with a full width at half maximum of 1.4
2 mm. The intensity shown is the approximate maximum intensity at
‘q:'; 0.0 . the center of the laser spot.
6(a), with a concentration of 65 wt % nanocrysfialshe
-1.0p nanocrystals begin to form a connected network. In this case,
it becomes much more likely for an electron generated on a
2.0 ‘ , nanocrystal at a general position within the device to be able
-1 -0.5 0 0.5 1 to find its way through the thickness of the device. It should

Voltage (V) be noted that the direction of transport in the devices is of

FIG. 7. (& Current-voltage curve for a device containing 90 course perpe_ndicular to the plane shown in the TEM im‘?‘ges'
wt % CdSe in the darkcircles and under illumination at 514 nm and that the films used fpr the TEM images are quh thlnner.
(solid line). The active area of the device was 7.3 farand the than those usepl for devices. Nevertheles_s,_there is _clear evi-
illumination was from a laser spot which was contained within theqence of stacking of the nanocrystals V.Vlthm the thin TEM
active area. The maximum power density of the illumination wasf'lmS in such a way as to allow perpgndlcular transport, a_nd
approximately 5 W 2. (b) Shows the same data for a smaller W& believe that the morphology within the plane of the thin
range of voltage, with the current on a linear axis. films is a useful indication of the likely morphology affecting

the transport in the perpendicular direction.
It is important to distinguish here between the effects of
arge separation and the effects of transport. At 40 wt % of
anocrystals, for example, the PL is quenched by a factor of
pproximately 10. In the presence of the internal field within
the device, it is therefore likely that significantly more than

nanocrystals the size of the nanocrystal domains is small, s

only the few electrons generated on the larger nanocrystﬁ‘I
domains very close to the aluminum electrode will have a
pathway to the electrode. At higher concentratifsee Fig.
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FIG. 8. Short-circuit quantum efficiency for devices containing  FIG. 10. Spectral response of the short circuit current for a
5-nm-diameter CdSe nanocrystals, as a function of CdSe concentrdevice containing 90 wt % 5-nm-diameter CdSe nanocryssalid
tion. Excitation was at 514 nm, at a power density of approximatelyline), and for a pure MEH-PPV devidglashed ling The data have
5Wm2 been normalized to fit on the same scale.
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Temperature (K) device, for a CdSe nanocrystal diameter of 5 nm. As discussed in

the text, the exact ionization potentials for the various materials
§hown here are not accurately known; however, this diagram gives

FIG. 11. Temperature dependence of the short circuit current fo N . o
useful indication of relative positions.

a device containing 90 wt % 5-nm-diameter CdSe nanocrystals, fof

warming followed by cooling. The device was allowed to equili- . i
brate for several minutes at each temperature before the measufdyridine-treated CdSe nanocrystals of 2.4 nm diamétbr
ment was taken. sorption peak at 516 nmThese smaller nanocrystals also

gave a significant improvement in photoconductivity, al-

90% of the excitons are dissociated at an interface. Althougkthough the peak efficiencies reached were not as high as with
the short-circuit quantum efficiency of this device is muchthe larger nanocrystals. At 81 wt % CdSe, for example, the
larger than that of a pure MEH-PPYV device, it is still more quantum efficiency at 514 nm was 0.9%, compared with
than a factor of 10 smaller than the maximum efficiency5.5% for the larger nanocrystals. TEM images show that the
found in the device with 90 wt % CdSe. We therefore con-typical size of nanocrystal domains is smaller than for the
clude that the improvement in efficiency between 40 and 9®arger nanocrystals, probably as a result of improved solubil-
wt % is largely due to improvement in electron transport, andty of the smaller particles. We attribute the lower efficiency
that the improvement in efficiency at lower concentrations igo the reduced probability of electrons having a pathway to
due to improvements in both charge separation and transpothe aluminum electrode.
The peak in efficiency at 90 wt % CdSe corresponds to a The low quantum efficiencies found using TOPO-coated
volume fraction of nanocrystal of approximately 65%, atnanocrystals are primarily a consequence of the fact that
which point there should be good percolation paths througttcharge transfer is slow compared to the natural decay of
both nanocrystal and polymer componei(@e true volume excitons produced in either the polymer or the nanocrystals.
percentages of nanocrystal are less than the fraction of darkhe fact that the quantum efficiencies with TOPO-coated
area in the TEM images, since the TEM films are thickernanocrystals are even lower than those of pure MEH-PPV
than one nanocrystal diameter. devices suggests that any free electrons which are produced

Even at the optimum concentration of nanocrystals, théy the internal field in the device become trapped on the
photocurrent quantum efficiency is less than unity. We pro-anocrystals, and that the presence of the TOPO batrrier in-
pose that the loss of carriers is largely due to electrons whichibits transport from nanocrystal to nanocrystal before re-
become trapped at “dead ends” in the nanocrystal networkcombination occurs. This evidence for poor transport be-
from where they cannot hop to another nanocrystal in théween TOPO-coated nanocrystals may be relevant to explain
direction of the internal field. These electrons will eventuallythe performance of light-emitting diodes fabricated from lay-
recombine with holes in the neighboring polymer. Thisers of TOPO-coated CdSe nanocrystils.
mechanism is consistent with the almost linear intensity de- Figure 12 shows a schematic energy level diagram for an
pendence of the photocurrent observed at low intensities. ATO/MEH-PPV:CdSe/Al device, assuming that both semi-
linear intensity dependence is characteristic of recombinationonductors act as intrinsic materials. The ionization potential
at a fixed number of recombination centers. In contrast, biand electron affinity of 5-nm-diameter CdSe nanocrystals
molecular recombination of free electrons and holes wouldvere estimated from the bulk valu&sassuming that 75% of
give an intensity dependentgocF%5. The local field gener- the shift due to quantum confinement occurs in the conduc-
ated by an electron trapped at a dead end will tend to repdion band. The values for MEH-PPV are taken from Ref. 36
other electrons from taking this route, causing each dead eralthough a range of values are quoted in the literature. Since
to act as a recombination center that can be either singlthe work function of ITO is smaller than the ionization po-
occupied or empty. This model is also consistent with thetential of MEH-PPV and the work function of Al close to the
weak temperature dependence of the photocurrent, since tledectron affinity of CdSe nanocrystals, the expected maxi-
probability of recombination is determined largely by the mum open circuit voltage is given by the difference in work
morphology of the film, hence the exact rates of transporfunction between ITO4.7—4.9 eV and Al (4.3 eV). The
and recombination at a polymer/nanocrystal interface onlypen-circuit voltages of the devices studied depended on the
have a secondary effect on the measured current. excitation intensity, and also showed some variation from

In order to study the effect of the nanocrystal size on thedevice to device, but were typically in the range 0.5-0.6 eV
photoconductivity, we have also studied devices usingt intensities above 5 W M. These values are consistent
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with the difference in work functions between Al and ITO. V. CONCLUSIONS

We do not see a significant increase in the open-circuit volt-

age when using 2.4-nm-diameter nanocrystals. This result is We have demonstrated that the interface between a con-

as expected since the conduction band of these nanocrystalgjated polymer and a semiconductor nanocrystal can be

lies above the work function of Al. We anticipate that larger ysed to provide efficient charge separation for neutral excited

open circuit voltages could be achieved using smalktates produced either on the polymer or on the nanocrystal.

nanocrystals with low work function electrodes. \ve have also shown that both charge separation and charge
Although the primary interest of this paper is to investi- ansport from nanocrystal to nanocrystal are suppressed in

gate the physical processes of charge separation and tranfe presence of a TOPO surface layer on the nanocrystal.

port in composite polymer/nanocrystal materials, it is useful-l-he morphology of composite nanocrystal/polymer films

for comparison to other work_on ph_ot_ovolta|c matenals_ ©shows phase separation of the polymer and nanocrystal com-
calculate the energy conversion efficiency for the devices

studied here. The device described in Fig. 7 has a quantuﬁgger::i’é lnhgzgtg:a/olrtglfat?c?r\]”ics,eirlljcszilglgirﬁher(;:\(/)ig;gosfthms?‘;er-
efficiency of 12% at 514 nm. This value is significantly ' P greg P gp

larger than values of 2—6 % reported for polymer/polymerbc_)th electrons qnd holes to travel to the appropriate electrode
mixtures45 but not as large as the value of approximatelyw'tho_“,t rejcomblnat.lon. The use of nanocrystals allows great
36% found at this excitation intensity in blends of deriva- f|'6XIbI|It)'/ in controlling the perfprmance of photovoltaic de-
tized G, and MEH-PP\2! In the devices studied here, the ViCeS, since both the glectronlc_ energy levels and the mor-
fill factor [defined as(V1)m/Vod o Where ¥1)may is the phology of the composite materials may be altered by c_hang-
area of the largest rectangle under the current-voltage cur/89 the nanocrystal size, concentration, and surface ligand.
betwea 0 V andV,] is 0.26, and the open-circuit voltage is Y& have shown how the absorption range of polymer de-
approximately 0.5 V, giving a power conversion efficiency Vi€ can be Wldgngd by the mcqrporatlon of nanocrystals,
of 0.6% at 514 nm. The device begins absorbing at 650 nm’f‘nd using transmission elect_ron microscopy we have directly
and thus covers a wider spectral range than devices whefigmonstrated the relationship between film morphology and
absorption occurs solely in MEH-PPV. For the solar specPPhotovoltaic performance. We have shown that large im-
trum under AM 1.5 conditionéa typical solar spectrumthe ~ Provements in photovoltaic efficiency can be achieved by
device absorbs approximately 37% of the incident solar en4SNd high concentrations of nanocrystals, and we anticipate
ergy, and the energy conversion efficiency for AM 1.5 con-that fu_rth_er improvements will be mgdg in the future using
ditions at 5 W m? is 0.2%. Due to the sublinear intensity the principles developed here to optimize the charge trans-
dependence of the photocurrent, under one-sun conditiorfrt Process.

(800 W m ?) the solar power conversion efficiency will be

approximately 0.1%. For comparison, we estimate that the
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