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I
n the past decade, semiconductor
quantum dots (QDs) have emerged as
promising new building blocks for op-

toelectronic devices.1,2 In particular, photo-

voltaic applications have received a vast

amount of attention.3,4 Tuning of the

energy of the electronic levels is possible

by controlling the QD size and type, allow-

ing great flexibility in solar cell design. One

of the potential applications is to build

multi-gap systems which are better

matched to the solar spectrum than single-

gap systems.5 Furthermore, multiexciton

generation has been reported to occur in

QDs,6�9 which could increase the efficiency

of solar cells if the multiexcitons can disso-

ciate into free charges.10

QDs can be prepared in a cheap and

simple manner using colloidal chemistry.

With this method, QDs of many different

compositions can be obtained with a high

luminescence quantum yield and a narrow

size distribution.11,12 The surface of QDs in

solution is usually terminated by organic

surfactants, which prevent QD aggregation

and passivate surface states. For device ap-

plications, the QDs are deposited in the

form of a thin film. The performance of op-

toelectronic devices depends to a large ex-

tent on the mobility of charge carriers

through the QD film. Unfortunately, the

commonly used bulky organic surfactants

that passivate the QD surface act as a bar-

rier for charge transport between the QDs.

Indeed, replacement of bulky surfactants by

small capping molecules in PbSe QD films

has resulted in a dc charge carrier

mobility of 1 cm2/(V · s).13 For films of CdSe

QDs with small surface ligands, the highest

electron mobilities reported to date are on

the order of 10�2 cm2/(V · s).14�17

The electronic coupling between QDs,
and consequently the charge carrier
mobility, can be enhanced by removing
the organic surfactants from the QD sur-
face. Removal of surfactants from a film of
CdSe QDs has been realized by thermal an-
nealing and was found to result in reduction
of the interparticle distance or sintering of
the QDs, depending on the conditions.18,19

Surface defects resulting from removal of
capping molecules can be passivated by
growing a thin shell of a high band gap in-
organic material around the core. Indeed,
introduction of a ZnS shell around CdSe
QDs has demonstrated the importance of
reduction of surface states on the photo-
conductivity of QD films.20 CdS is an alterna-
tive shell material of interest because the
band offset between the LUMO of CdSe and
CdS is small, allowing the electron wave
function to delocalize over the shell, while
the hole wave function is localized in the
core, reducing hole trapping at surface sites.21

The aim of the present work is to en-
hance the photoconductance of films of
CdSe/CdS core/shell QDs by removing the
surfactant molecules via thermal annealing.

*Address correspondence to
a.j.houtepen@tudelft.nl,
l.d.a.siebbeles@tudelft.nl.

Received for review November 26, 2009
and accepted February 11, 2010.

Published online February 25, 2010.
10.1021/nn901709a

© 2010 American Chemical Society

ABSTRACT Thermal annealing of thin films of CdSe/CdS core/shell quantum dots induces superordering of

the nanocrystals and a significant reduction of the interparticle spacing. This results in a drastic enhancement of

the quantum yield for charge carrier photogeneration and the charge carrier mobility. The mobile electrons have

a mobility as high as 0.1 cm2/(V · s), which represents an increase of 4 orders of magnitude over non-annealed QD

films and exceeds existing literature data on the electron mobility in CdSe quantum dot films. The lifetime of

mobile electrons is longer than that of the exciton. A fraction of the mobile electrons gets trapped at levels below

the conduction band of the CdSe nanocrystals. These electrons slowly diffuse over 50�300 nm on longer times

up to 20 �s and undergo transfer to a TiO2 substrate. The yield for electron injection in TiO2 from both mobile and

trapped electrons is found to be >16%.
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Structural analysis using optical techniques and elec-
tron microscopy demonstrates that moderate thermal
annealing conditions result in efficient removal of
organic ligands and a concomitant shortening of the in-
terparticle distance. Moreover, a marked increase of
the long-range order in the QD arrays is observed. The
photoconductance was measured with the time-
resolved microwave conductivity technique (TRMC).22

The great advantage of this technique is that the intrin-
sic photoconductance of the system can be measured
without the need to use contacting electrodes. The
TRMC technique provides information about both the
polarizability of neutral excitons and the mobility of ex-
cess charge carriers. It is found that thermal annealing
of the QD film significantly enhances the photogenera-
tion yield and the mobility of charge carriers. The mo-
bility of the charge carriers decays on a time scale of
tens of nanoseconds. Studies of the dynamics of elec-
tron transfer to a TiO2 layer on longer time scales show
that relaxed electrons can undergo diffusion over dis-
tances of 50�300 nm, followed by efficient trans-
fer to the TiO2.

RESULTS AND DISCUSSION
Effect of Thermal Annealing on the Structural and Optical

Properties of the QD Film. Figure 1 shows transmission
electron microscopy (TEM) images of a CdSe/CdS
core/shell QD film on a silicon nitride grid before
and after thermal annealing. The non-annealed film
is composed of a dense array of QDs with short-
range ordering. The QD diameter determined from
the TEM image is 3.1 nm with a size dispersion of
�5%. The interparticle distance can be determined
from a fast Fourier transform (FFT) of the TEM
image. Such a FFT shows a clear ring in reciprocal
space (Figure 1b), which means that neighboring
QDs have a well-defined interparticle distance. By
averaging the values calculated for different areas

in the QD film, an average edge-to-edge interparticle
distance of 1.4 � 0.3 nm is obtained. This is close to
the expected length for the capping molecules
tri-n-octylphosphine oxide (TOPO), hexadecylamine
(HDA), and n-tetradecylphosphonic acid (TDPA). The in-
frared transmission spectrum of such a non-annealed
QD film (Figure 2, solid line) clearly exhibits features due
to C�H stretching vibrations in the alkyl chains of the
capping molecules between 2800 and 3000 cm�1, as
well as transitions involving N�H stretching vibrations
in HDA around 3200 cm�1.

Aiming to reduce the interparticle distance, the QD
film was thermally annealed for 1 h at 190 °C at 1 mbar
pressure. In the infrared transmission spectrum (Figure
2, dotted line), the features corresponding to the C�H
stretching vibrations are strongly reduced and those
due to the N�H stretching vibrations disappear com-
pletely. This demonstrates that most of the organic sur-
factant has been removed from the QD surface by ther-
mal annealing. The TEM image in Figure 1c,d shows

Figure 1. TEM images of QD films before (a) and after (c,d) thermal annealing. The images in c and d show supercrystals under different
projections. Insets: fast Fourier transforms of the domains indicated by the square, before (b) and after (e) thermal annealing. For the ther-
mally annealed sample, the wide-angle electron diffraction pattern is also shown (f).

Figure 2. IR transmission spectra of the QD film on quartz be-
fore (solid line) and after (dotted line) thermal annealing. Note
that an offset between the spectra has been introduced to facili-
tate distinction of the curves.
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that highly ordered QD domains are formed. These do-
mains, also called supercrystals, present a regular
packing of QDs over hundreds of nanometers. No
growth or sintering of the QDs is observed. A FFT of a
supercrystal area is depicted in Figure 1e and shows a
line of sharp spots, which reflects the very regular pack-
ing of the QDs. From several FFTs and taking into ac-
count the projections under which the supercrystals are
imaged, the average edge-to-edge interparticle dis-
tance is calculated to be 0.7 � 0.1 nm, which is half of
the edge-to-edge distance before thermal annealing.
The interparticle distance is reduced due to partial re-
moval of surfactant molecules. Figure 1f shows a wide-
angle electron diffraction pattern (WAED) of the super-
crystal shown in Figure 1c. A WAED pattern is sensitive
to the crystalline structure within the QDs. The WAED
pattern of Figure 1f consists of sharp spots, indicating
that the atomic lattices of the individual QDs are
aligned within the supercrystal.

It must be realized that thermal annealing can also
lead to sintering of the QDs in a film. As discussed
above, TEM images of QD films on a silicon grid show
no sign of sintering (see Figure 1c,d). However, the mor-
phology of these films may differ from that of a QD
film on a quartz substrate, as used for the photoconduc-
tance measurements. To obtain more direct informa-
tion about the structure of the actual films that were
used for photoconductance studies, scanning electron
microscopy (SEM) measurements with a resolution of 5
nm were carried out. The SEM images did not show any
sintering of QDs either.

The optical absorption spectrum of the non-
annealed QD film in Figure 3 exhibits well-resolved fea-
tures with a first absorption peak at 534 nm, which cor-
responds to QDs with a diameter of 2.7�2.8 nm,23,24

close to the size determined from the TEM images (the
diameter obtained from TEM is 3�4 Å larger, which cor-
responds to the CdS shell). Thermal annealing causes
absorption features to broaden and the first absorption
peak to shift to 553 nm. The absorption spectrum after
thermal treatment clearly corresponds to CdSe NCs of
less than 4 nm,23,24 indicating that the film is still com-

posed of quantum-confined particles. The broadening
and red shift are attributed to an increase of the elec-
tronic coupling between the QDs, as a result of the re-
duction of the interparticle distance.25 The photolumi-
nescence spectrum consists of a single sharp peak,
which is completely quenched after thermal anneal-
ing. The increased electronic coupling between QDs in
the thermally annealed film will facilitate exciton delo-
calization and motion through the QD film, which en-
hances the probability to encounter a defect site or sur-
face state, where quenching occurs. In addition, the
removal of most of the organic surfactants will likely in-
crease the number of such surface states. Also, stron-
ger electronic coupling can lead to a weaker Coulomb
interaction between the photoexcited electron and the
hole, which will enhance the yield of charge carriers.
Nonradiative recombination of charges then results in
quenching of the photoluminescence.

In summary, thermal annealing of CdSe/CdS core/
shell QD films leads to the removal of a significant part
of the organic capping molecules and the formation of
a film with long-range order, including even crystallo-
graphic alignment, with an interparticle distance of 0.7
nm. No sintering or growth of the QDs was observed.
Thermal annealing causes complete quenching of pho-
toluminescence and a red shift and broadening of the
optical absorption, which is attributed to enhanced
electronic coupling between the QDs.

Effect of Thermal Annealing on the Photoconductance of the
QD Film. Photogeneration and mobility of charge
carriers in the QD films were investigated with the time-
resolved microwave conductivity (TRMC) technique.22,26

Figure 4 shows the relative change in microwave power
reflected from the microwave cavity upon photoexcita-
tion of QD films at the first absorption peak of the QDs.
To achieve a satisfactory signal-to-noise ratio for the
non-annealed film, a high pump fluence was needed,
leading to an average of 0.3 absorbed photons per QD,
as calculated by assuming a homogeneous absorption

Figure 3. Attenuation spectra (black lines) and photolumi-
nescence spectra (red lines) of the QD film on quartz before
(solid lines) and after (dotted lines) thermal annealing.

Figure 4. Maximum of the relative change in microwave
power as a function of microwave frequency for a QD film
on quartz before (solid line) and after (dotted line) thermal
annealing. The pump wavelength corresponds to the first
absorption peak of the samples. The average number of ab-
sorbed photons per QD is 0.3 for the non-annealed film
and 0.003 for the annealed film.
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throughout the depth of the film and using the extinc-
tion coefficient for CdSe QDs from ref 27. The relative
change in microwave power has opposite sign on dif-
ferent sides of the resonance frequency (8.444 GHz),
which implies that the photoconductance has a signifi-
cant imaginary component (see Figure 9). The imagi-
nary photoconductance of the non-annealed QD film
is attributed to photogeneration of excitons. The asym-
metry in the frequency dependence of the relative
change in microwave power is due to the presence of
a small real component of the photoconductance. The
product of the quantum yield for photogeneration of
charge carriers, �0, and the sum of the mobility of elec-
trons and holes, ��, determined from the real photo-
conductance is �0�� � 2 � 10�5 cm2/(V · s). The fact
that the imaginary component, which is due to exci-
tons, strongly dominates over the real component (free
charge carriers) is qualitative evidence for a very low
yield of charge carrier formation. Such a low yield can
be explained by the high exciton binding energy of sev-
eral tens of an electronvolt28 and the presence of bulky
surface molecules that lead to a large interparticle spac-
ing, which is unfavorable for electronic coupling and
delocalization of the excited electron over different
QDs. The small electronic coupling will also lead to a
low charge carrier mobility. Ginger et al. estimated an
electron mobility of 10�6�10�4 cm2/(V · s) in films of
TOPO-capped CdSe QDs.29

As shown in Figure 4, the relative change in micro-
wave power of the thermally annealed QD film is posi-
tive and symmetrical around the resonance frequency.
This means that the photoconductance is predomi-
nantly real, while the imaginary conductance is negli-
gible. Hence, thermal annealing leads to an increase of
the quantum yield of charge carrier formation and/or
the charge mobility.

In what follows, the real component of the photo-
conductance as obtained from measurements at the
resonance frequency of the microwave cavity will be
considered. The real component of the photoconduc-
tance is likely due to mobile electrons rather than holes
since the hole is confined to the CdSe core and does
hardly penetrate into the CdS shell.21

The effect of the initial density of photoexcitations
in the QD film on the photoconductance was investi-
gated by variation of the pump laser fluence. Figure 5
shows the photoconductance normalized to the inci-
dent pump laser fluence. The initial rise of the transient
is determined by the 18 ns response time of the micro-
wave cavity. When the average number of photoexcita-
tions exceeds 0.01 per QD, the magnitude of the
incident-fluence-normalized photoconductance, 	G0/
I0, decreases and the decay becomes faster. This indi-
cates that second-order decay processes, such as bimo-
lecular exciton annihilation (at short times) or charge
recombination, are important if on average more than
0.01 excitons are generated per QD. Hence, as a result of

the increased exciton and charge mobility, excitons
and/or charge carriers encounter at least 100 QDs
within 18 ns. After deconvolution with the instrumen-
tal response, the decay of the charges at low fluence,
where the second-order processes are negligible, can
be fitted as a double exponential decay with lifetimes
of 12 and 200 ns. It is noticeable that the lifetime of mo-
bile charge carriers is longer than the exciton radiative
lifetime of 17 ns.30

Unless stated otherwise, all of the following mea-
surements were done in the low pump fluence limit.

The inset of Figure 5 illustrates that �0�� is almost
constant in the lowest fluence range with a value ap-
proaching 0.02 cm2/(V · s). It must be noted that the
sample-to-sample variations were significant with
�0�� between 0.005 and 0.1 cm2/(V · s), which is likely
due to subtle differences in the drying process of the
drop-casted films. The results in Figure 5 were obtained
for a representative QD film with �0�� in the middle
of the range of measured values. The average �0��

over five prepared films is 0.03 cm2/(V · s). Hence, ther-
mal annealing enhances �0�� by about 3 orders of
magnitude. The values obtained for �0�� are compa-
rable to the highest electron mobility reported in the
literature for CdSe QD films (0.01 cm2/(V · s) at high
doping densities14,15 and 0.03 cm2/(V · s) for metal chal-
cogenide capped QDs16). It is of interest to note that, in
case the microwave mobility is comparable to these
mobility values from the literature, the initial quantum
yield for charge carrier photogeneration would be close
to 100%. For the case of a much smaller quantum yield,
the microwave mobility largely exceeds literature data.

As mentioned above, the photoconductance is likely
due to mobile electrons rather than holes.21 Electron
motion from one QD to another can be considered as
a process of tunneling through the energy barrier be-
tween the QDs.31,32 The electron transfer rate can then
be expressed as 
 � 
0exp[�(2m*	E/�2)1/2	x], where

0 is the rate at vanishing barrier height or width, m* is
the effective mass of the charge carrier, 	E is the bar-

Figure 5. Incident-fluence-normalized photoconductance
transients for a thermally annealed QD film on quartz. The
pump fluence corresponds to 0.001 (purple), 0.003 (blue),
0.01 (green), 0.03 (yellow), and 0.1 (orange) absorbed pho-
tons per QD. Inset: �0�� as a function of the average num-
ber of absorbed photons per QD.
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rier height, and 	x its width.33 The ratio of the charge
mobilities for annealed and non-annealed QD films is
then

In eq 1, the distances dnon-annealed and dannealed refer to
the distance between the center of adjacent QDs. The
barrier width corresponds to the interparticle distance,
which was determined from TEM measurements. Due
to the small electron affinity and small density-of-states
of the organic surfactants, the barrier for electron tun-
neling between QDs, 	E, can to a good approximation
be taken equal to the electron affinity of CdSe QDs,
which is about 4 eV.34,35 Taking the effective mass of
electrons equal to the CdSe bulk value of 0.13 m0,36 eq
1 gives �annealed/�non-annealed � 10. According to this re-
sult, the increase of �0�� by 3 orders of magnitude as
a consequence of reduction of the interparticle distance
cannot be solely due to enhancement of the charge
mobility. This suggests that thermal annealing causes
the quantum yield, �0, to increase by about 2 orders of
magnitude. Thermal annealing induces a reduction of
the interparticle distance, which can enhance delocal-
ization of the wave function of an excited electron over
different QDs. Electron delocalization then reduces the
electron�hole wave function spatial overlap as well as
the electron�hole Coulomb interaction, which results
in a higher probability for free charge formation. Ac-
cording to the above details, reduction of the interpar-
ticle distance induces a concomitant increase of charge
carrier mobility and free charge formation yield. The
electron diffraction pattern shown in Figure 1f indicates
that the atomic lattices of the quantum dots within a
supercrystal are aligned. Since the QD facets are crystal-
lographically determined, they are consequently also
aligned. This may enhance the local coupling between
QDs and may in part be responsible for the high photo-
conductivity.

The effect of the pump wavelength on the incident-
fluence-normalized photoconductance is depicted in
Figure 6. The photoconductance spectrum resembles
the optical attenuation spectrum, proving that the mea-
sured photoconductivity is due to mobile charges cre-
ated via absorption of light by the QDs. The contribu-
tion of larger aggregates to the photoconductivity can
be excluded since the absorption exhibits a first exciton
peak typical for QDs. Interestingly, the normalized pho-
toconductance diverges from the optical attenuation,
Fa, at shorter wavelengths. This must be due to an in-
crease of the quantum yield for charge carrier photoge-
neration with photon energy. For higher energy, the ex-
cited electron likely exhibits a larger degree of

delocalization over different QDs, which enhances the

probability for formation of free electrons and holes.37

In order to study the effect of the CdS shell on the

photoconductance, films of CdSe QDs without a shell

were also studied. The photoconductance of thermally

annealed CdSe QD films was found to be negligible as

compared with that for films of CdSe/CdS core/shell

QDs. The small photoconductance for CdSe QD films is

possibly due to decay of charges at unpassivated sur-

face states. This is in accordance with the work of Por-

ter et al., which stresses the importance of an inorganic

shell to passivate surface defect states in order to ob-

tain a high photoconductivity in QD films.20

In summary, it was found that thermal annealing in-

creases the photoconductance of CdSe/CdS core/shell

QD film by 3 orders of magnitude, which is due to an in-

crease in both charge mobility and quantum yield for

charge carrier photogeneration. The photoconductance

of films of CdSe QDs without a CdS shell is much smaller

than in the presence of a shell. This is likely due to

charge trapping at unpassivated surface states.

Electron Transfer from CdSe/CdS Core/Shell QDs to TiO2. The ef-

fect of thermal annealing on photoinduced electron

transfer from the QDs to TiO2 was studied by drop-

casting a QD film on a layer of smooth TiO2. The latter

material was chosen as an electron-accepting substrate

because of its high electron affinity38 and the long elec-

tron lifetime before trapping or recombination,39,40 al-

lowing easy detection of the injected conduction elec-

trons. The large band gap of TiO2 (3.2 eV) permits

selective photoexcitation of the QDs, while the high

ionization potential of TiO2 makes hole injection ener-

getically impossible.41

Figure 7 shows the time-dependent photoconduc-

tance obtained by excitation of the QDs at the maxi-

mum of the first absorption peak. The photoconduc-

tance of the non-annealed QD/TiO2 bilayer is negligible.

This shows that the bulky surfactant molecules pre-

vent exciton or electron motion from the QD layer to

the interface with TiO2. However, after thermal anneal-

µannealed

µnon-annealed
)

exp[-(2m*∆Eannealed/p2)1/2∆xannealed]

exp[-(2m*∆Enon-annealed/p2)1/2∆xnon-annealed]

dannealed
2

dnon-annealed
2

(1)

Figure 6. Maximum of the incident-fluence-normalized pho-
toconductance as a function of pump wavelength (left axis,
open circles) and optical attenuation spectrum (right axis,
solid line) for a thermally annealed QD film on quartz. The
pump fluence corresponds to an average of 0.003 absorbed
photons per QD. Inset: �0�� as a function of wavelength.
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ing, a significant long-lived photoconductance is ob-

served (see Figure 7). While the photoconductance of

a QD film on quartz has completely decayed within

�200 ns (see Figure 5), the photoconductance of the

QD/TiO2 bilayer persists for at least 20 �s (see Figure 7).

At times shorter than 100 ns, the photoconductivity of

the QD/TiO2 bilayer exhibits a decay that is similar to

that for the QD film on quartz in Figure 5. Apparently,

at these times, a significant fraction of the charges un-

dergoes decay by relaxation of the mobility (i.e., the

charges migrate to the largest QDs which act as shal-

low traps in the ensemble) or by recombination within

the QD layer. The photoconductance of the QD/TiO2 bi-

layer at times longer than �200 ns must be due to elec-

trons in TiO2 because, at these times, the photoconduc-

tance of a QD film on quartz has decayed (see Figure 5).

Mobile electrons and possibly excitons can diffuse to

the interface between the QD layer and the TiO2 layer,

where electron transfer to TiO2 can occur. This gives rise

to a long-lived photoconductance since back recombi-

nation of electrons in TiO2 with holes in the QD layer is

expected to take place on a time scale longer than 100

�s.40 For low pump laser fluence, the photoconduc-

tance of the QD/TiO2 bilayer rises during at least 20 �s

(see Figure 7). This rise is due to slow electron diffusion

from the QDs to TiO2. These slowly diffusing electrons

may be trapped at levels below the conduction band of

CdSe nanocrystals35,42,43 and have negligible contribu-

tion to the photoconductance of a QD layer on quartz.

For higher pump fluence, the photoconductance exhib-

its a slight decay on longer times. This decay can be at-

tributed to second-order interfacial recombination of

holes in the QD layer and electrons in the TiO2 layer.

Figure 8 shows the wavelength dependence of the

normalized photoconductance at different times after

the laser pulse. For all times, the normalized photocon-

ductance response follows the optical attenuation,

with a deviation at lower wavelength. This is similar to

what has been found for the QD film on quartz (Figure

6) and proves that, at all times, the photoconductance

results from charges or excitons initially generated in

the QDs.

The incident photon to charge separation efficiency

(IPCSE) was obtained by comparing the photoconduc-

tance of the QD/TiO2 bilayer to that of a bare TiO2 layer,

according to

In eq 2 the factor [�0��]300nm was obtained from the

photoconductance of a bare TiO2 layer photoexcited at

300 nm. This factor corresponds to the electron mobil-

ity in TiO2 because �0 can be taken as 100% and the

hole mobility is negligible.44 For bare TiO2 function-

alized with MPA and submitted to thermal annealing,

[�0��]300nm was measured to be 1.7 cm2/(V · s). For QD

films with thicknesses between 300 and 1000 nm, the

IPSCE at 20 �s after the pump pulse was 1.51 � 0.03%,

for a pump fluence leading to 0.0003 absorbed photons

per QD. It was not possible to obtain homogeneous

films with a thickness below 300 nm. The fact that the

IPCSE is constant for films thicker than 300 nm implies

that the active layer (the diffusion length of the elec-

trons or excitons in the QD film that contribute to elec-

tron injection into TiO2) is thinner than 300 nm. The

lower limit to the thickness of the active layer is ob-

tained by assuming �0 �100% and determining the

thickness for which the fraction of absorbed photons

is equal to the IPCSE. Using the optical extinction coef-

ficient of CdSe QDs from ref 27, the lower limit to the ac-

tive layer thickness is 50 � 10 nm. Hence, the active

layer thickness is 50�300 nm, and the charge separa-

tion efficiency per absorbed photon within the active

layer is 16�100%.

CONCLUSIONS
Thermal annealing of CdSe/CdS core/shell QD films

leads to removal of the organic surfactants and forma-

tion of a highly ordered array of QDs with interparticle

Figure 7. Incident-fluence-normalized photoconductance
transients for a QD film on TiO2 before (black dotted curve)
and after (colored solid curves) thermal annealing. The
pump wavelength corresponds to the first absorption peak
of the QDs. For the annealed sample, the pump laser fluence
was varied from 0.0003 to 0.02 absorbed photons per QD.

Figure 8. Maximum of the incident-fluence-normalized pho-
toconductance (left axis, symbols) at different times after the
laser pulse and optical attenuation spectrum (right axis,
drawn curve) for a thermally annealed QD/TiO2 bilayer. The
pump fluence leads to 0.0003 absorbed photons per QD.

IPCSE(λ) )
[Φ0Σµ]λ

[Φ0Σµ]300nm

1
(Fa)λ

(2)
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separation of only 0.7 nm. No sintering or growth of the
nanocrystals is observed. Annealing causes a red shift and
a broadening of the optical absorption, which is attributed
to enhanced electronic coupling between the QDs.

Photoexcitation of a non-annealed film of QDs with
bulky surfactant molecules leads predominantly to for-
mation of excitons, which are confined to the individual
QDs. After thermal annealing, the photoconductivity
of the QD films is improved by more than 3 orders of
magnitude due to an enhanced quantum yield for
charge generation and a higher charge carrier mobil-
ity. The lower limit to the charge mobility is as high as

0.005�0.1 cm2/(V · s), with the range determined by
sample-to-sample variations. The high mobility results
from the short interparticle separation and high degree
of order in the supercrystals. The presence of a CdS
shell was necessary to achieve a high photoconductiv-
ity, which indicates the importance of passivation of
surface traps.

Transfer of relaxed electrons with a low mobility
from a thermally annealed QD layer to a smooth TiO2

substrate was found to occur on a time scale of at least
20 �s. During this time, the electrons undergo slow dif-
fusion over a distance of 50�300 nm.

METHODS
QD Synthesis and Film Preparation. CdSe QDs were synthesized

under N2 atmosphere following the “green” recipe of Mekis et al.46

This synthesis results in QDs stabilized by tri-n-octylphosphine ox-
ide (TOPO), hexadecylamine (HDA), and n-tetradecylphosphonic
acid (TDPA) surfactant molecules. The synthesis was carried out
using anhydrous solvents. The QDs were precipitated with metha-
nol, filtered, and redispersed in toluene. To remove free surfactant
molecules from the solvent, this procedure was repeated three
times, and the QDs were finally dispersed in toluene. A CdS shell
was grown around the CdSe cores following the procedure de-
scribed in ref 45; however, cadmium diacetate was used instead
of dimethylcadmium. The QDs were purified as described above
and redispersed in a 9:1 v/v hexane/octane mixture. From the
amount of reactants used for the CdS shell growth, and using the
lattice parameter of wurtzite CdS, it can be estimated that the shell
consists of 1.5 monolayers of CdS. The shell growth resulted in a
marked increase of the photoluminescence quantum yield, con-
firming full coverage of the CdSe core.21

CdS-capped CdSe QD films were deposited on quartz sub-
strates or 100 nm thick anatase TiO2 on quartz substrates (Ever-
est Coating, Delft, The Netherlands). The TiO2 films (without the
QDs) were annealed for 2 h at 450 °C in air. To efficiently bind the
QDs to the substrates, the TiO2 films or the quartz plates were
dipped into a solution of 1 M mercaptopropionic acid (MPA) and
0.1 M H2SO4 in acetonitrile for 4 h.46 MPA acts as a linker that co-
valently attaches to the quartz or TiO2 surface on one side and
to the QDs on the other side. The substrates were rinsed with
acetonitrile and toluene and dipped overnight in a solution of
QDs to ensure binding of the QDs to the TiO2 via the MPA
molecule. Subsequently, the QD solutions were drop-casted on
the substrates, and the samples were covered in order to induce
slow drying. This procedure results in films with a typical thick-
ness of 400 nm and a typical surface roughness of 60 nm, as de-
termined with a Veeco Dektak 8 step-profilometer. Finally, the
films were vacuum-annealed (at 1 mbar pressure with air as the
residual gas) for 1 h at 190 °C. Bare TiO2 functionalized with MPA
was subjected to an identical thermal annealing in order to be
used as a reference for photoconductivity measurements.

Structural and Optical Characterization. The QD films were charac-
terized by transmission electron microscopy (TEM) using a FEI
Tecnai TF20 electron microscope with a field emission gun as the
source of electrons operated at 200 kV. Samples were mounted
on DuraSiN silicon nitride supported by a silicon grid by placing
a few droplets of the QD suspension on the grid, followed by dry-
ing at ambient conditions. For imaging the effect of thermal an-
nealing, the grids were then annealed under conditions identi-
cal to the studied samples. A FEI Quanta 200F scanning electron
microscope (SEM) was used to characterize the surface of the
QD films on quartz. Imaging was performed with primary and
secondary electrons at various energy and angles in low vacuum
to prevent charging of the sample.

Infrared transmission spectra were recorded on a Thermo
Nicolet Fourier transform infrared (FTIR) spectrometer. Spectra
were measured in the 2100�6000 cm�1 spectral range with a

resolution of 4 cm�1 by averaging 100 individual spectra. The
spectra were corrected for absorption of the quartz substrate.

Optical absorption spectra were measured using a Perkin-
Elmer Lambda 900 spectrometer equipped with an integrating
sphere. The fraction of transmitted (Ft) and reflected (Fr) photons
was measured, and the fraction of photons absorbed (Fa), called
attenuation, was calculated as Fa � 1 � Ft � Fr.

A Lifespec-ps setup using a 405 nm excitation source (Edin-
burgh instrument) was used for photoluminescence
measurements.

Time-Resolved Microwave Conductivity Technique. The photocon-
ductance of QD films was measured using the time-resolved mi-
crowave conductivity (TRMC) technique. The TRMC setup has
been described in detail previously.22,26 The samples were
mounted in an X-band microwave cavity at a position of maxi-
mum electric field (100 V/cm). Upon photoexcitation, the change
in microwave power reflected from the cavity was measured.
Photoexcitation laser pulses of 3 ns duration with a wavelength
in the range of 420�700 nm range were obtained by pumping
an optical parametric oscillator with the third harmonic of a
Q-switched Nd:YAG laser. Pulses with a wavelength of 300 nm
were produced by frequency-doubling the 600 nm pulse. The
photon flux was varied between 1013 and 2 � 1015 photons/cm2/
pulse, using neutral density filters.

The change in reflected microwave power can be due to a
change in the real and/or the imaginary component of the con-
ductance of the sample.47 Mobile charges that move with a ve-
locity in phase with the oscillating microwave field give rise to a
real conductance component, which leads to absorption of mi-
crowave power. In the case of pure real conductance, the micro-
wave power reflected from the cavity is reduced for all micro-
wave frequencies, with the reduction being maximal at the
resonance frequency of the cavity, as depicted in Figure 9a. The
polarizability of excitons leads to a change of the imaginary con-
ductance and causes a phase shift of the microwaves. A pure
imaginary conductance results in a shift of the resonance fre-
quency of the cavity, as illustrated in Figure 9a. Figure 9b shows
the corresponding relative changes in microwave power due to
photoexcitation of the sample, defined as �	P(t)/P � (Pdark �
Plight(t))/Pdark with t the time, Plight the reflected microwave power
after laser excitation of the sample, and Pdark the reflected power
without laser excitation. For a pure real photoconductance
�	P(t)/P is positive at all microwave frequencies, as
exemplified in Figure 9b. For a purely imaginary photoconduc-
tance, the shift of the resonance frequency of the microwave
cavity causes �	P(t)/P to be positive at lower frequency and
negative at higher frequencies.

For small photoinduced changes in the real conductance,
	G(t), of the sample and negligible change in imaginary conduc-
tance, the relative change in microwave power is

The sensitivity factor K in eq 3 depends on the dimensions and
dielectric properties of the cavity and the sample and has been

∆P(t)
P

) -K∆G(t) (3)
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determined previously.44 The real component of the photocon-
ductance 	G is48

where e is the elementary charge, � is the ratio between the
broad and narrow inner dimensions of the waveguide, Io is the
photon fluence in the laser pulse, Fa is the fraction of light ab-
sorbed by the sample, �(t) is the quantum yield of mobile charge
carriers at time t per absorbed photon, and �� is the sum of
the electron and hole mobilities. After formation of mobile
charge carriers by the laser pulse, the measured photoconduc-
tance increases on a time scale that is mainly determined by the
18 ns response time of the microwave cavity. The measured pho-
toconductance reaches a maximum, 	G0 and subsequently de-
creases due to charge recombination and/or trapping at defects.
The product �0�� is obtained from 	G0 by use of eq 4. Since
�0 is less than unity, the product �0�� corresponds to the lower
limit of ��.
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