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R
ecently the research on thin films of
quantumdots (QD), so-calledQD solids,
has achieved great progress toward

many applications, such as photodetectors,1

field-effect transistors,2�4 and solar cells.5�11

These applications require conductive QD
solids, inwhichQDs are electronically coupled
and charge carriers can efficiently move to
electrodes. By wet synthesis techniques12�14

narrow size distribution, low-cost QDs have

been made successfully, but these QDs have

long and insulating native capping ligands

that should be replaced by short ligands to

get a conductive film. The replacing ligands

significantly influence the properties of a QD

solid and determine to a large extent the

performance of QD devices.
Much progress has been made by intro-

ducing smaller organic ligands,15 metal chal-
cogenide ligands,2,16 thiocyanate ligands,17

or metal-free inorganic ligands.18,19 Ligand
exchange is often done after film formation.
This is achieved by drop casting or spin
coating followed by soaking in a solution of

replacing ligands or by layer-by-layer (LbL)
dip coating with ligand exchange during
each cycle of the LbL process. The dip-coat-
ing techniquehas been shown to be success-
ful in fabricating high-quality QD solids,
which are homogeneous and crack free and
show high charge carrier mobilities.20,21

Various organic molecules with different
anchor groups, such as amine,3,20,22�25

thiol,10,20,21,26�32 or carboxylic acid,33 and
with different lengths have been used as
replacing ligands. Carrier mobilities of
∼1 cm2/(V s) are reported for drop-casted
QD solids treated with hydrazine,3 while in
refs 28 and 33 10-fold lower mobilities are
measured for LbL dip-coated solids treated
with 1,2-ethanedithiol or formic acid. Sev-
eral studies have appeared reporting differ-
ent replacing ligands; however a systematic
comparison is lacking. A variety of prepara-
tion methods have been used to fabricate
QD solids, and the charge carrier mobilities
were determined by different methods.
Moreover, in contrast to the large number

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

Received for review July 3, 2012
and accepted October 18, 2012.

Published online
10.1021/nn3029716

ABSTRACT The assembly of quantum dots is an essential step

toward many of their potential applications. To form conductive

solids from colloidal quantum dots, ligand exchange is required. Here

we study the influence of ligand replacement on the photoconduc-

tivity of PbSe quantum-dot solids, using the time-resolved micro-

wave conductivity technique. Bifunctional replacing ligands with

amine, thiol, or carboxylic acid anchor groups of various lengths are

used to assemble quantum solids via a layer-by-layer dip-coating

method. We find that when the ligand lengths are the same, the

charge carrier mobility is higher in quantum-dot solids with amine ligands, while in quantum-dot solids with thiol ligands the charge carrier lifetime is

longer. If the anchor group is the same, the charge carrier mobility is ligand length dependent. The results show that the diffusion length of charge carriers

can reach several hundred nanometers.
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of studies on charge carrier mobility, only a few studies
on carrier kinetics exist.23

Here we present a systematic study on the influence
of the replacing ligands on charge carrier mobility and
carrier lifetime in PbSe QD solids, using the time-
resolved microwave conductivity technique (TRMC).
TRMC determines the local ac photoconductivity. The
conductivity is probed in a film domain with a typical
size of∼30 nm. Therefore TRMCmeasures the intrinsic
charge transport properties and is not sensitive to
global film properties such as cracks. We focus on small
organic replacing ligands, as these have been, so far,
the most used in the fabrication of QD solar cells and
photodetectors. The QD solids are fabricated using the
LbL dip-coating method and are homogeneous and
crack-free, as shown by scanning electron microscopy
(SEM) images (see Supporting Information). The replac-
ing ligands 1,2-ethanediamine (EDA), 1,2-ethanedithiol
(EDT), and oxalic acid (OxAc) are used to investigate the
influence of the anchor group on the photoconductiv-
ity, while a series of alkyldiamines of variable length,
1,4-benzenediamine (BeDA) and butanedioic acid
(BuAc), are used to study the influence of ligand length.
We find that with amine as an anchor group the charge
carrier mobility is almost 1 order of magnitude higher
than with thiol or acid anchor groups, when ligands
have comparable lengths.
The effect of increasing the ligand length is, as

expected, a reduction of the carrier mobility due to
the increase in the width of the tunnel barrier between
QDs. This shows that the replacing ligands do indeed
determine the interparticle spacing. Among the ligands
studied here, we find the highest mobility of 2 cm2/(V s)
in QD solids with EDA ligands, while the longest carrier
lifetime of 18.5 ns is found using EDT.

RESULTS AND DISCUSSION

PbSe QDs with oleylamine capping ligands are
synthesized following ref 13. QD solids are prepared
with the layer-by-layer dip-coating method using a
Nima DC multi-8 dip coater installed in a nitrogen glove-
box. Because oleylamine is a weaker binding ligand
than the more “traditional” oleic acid capping ligand,
we expect a faster andmore efficient ligand exchange.
Indeed, Fourier transform infrared (FTIR) spectra show
a great reduction of the absorption in the CH2-stretch
vibration region upon ligand exchange (see Figure S1
in the Supporting Information). Figure 1a and b show
optical absorptance spectra (the fraction of absorbed
light vs wavelength) of QD solids and their QD mother
dispersions in tetrachloroethylene (TCE). The optical
absorptance spectra of the QD solids show a red-shift
and broadening compared with the spectra of QDs in
dispersion. This is a commonobservation that has been
discussed elsewhere.34�36 Note that for EDT the red-
shift is much more pronounced than for the other
ligands. This is visible both in Figure 1a, where 3.9 nm

diameter PbSe QD solids are compared, and in
Figure 1b, which shows 6.0 nm diameter PbSe QD. A
similar observation is made for long dodecyl thiol
ligands, while no red-shift is observed upon exchange
to dodecylamine (see Supporting Information, Figure
S2). This shows that part of the large red-shift observed
with EDT is not caused by electronic coupling between
QDs but is due to interaction of the thiol groupwith the
QDs, in line with an earlier observation of Liu et al.28

Figure 1c shows a high-resolution TEM image of a
submonolayer of PbSe QDs treated with EDA and
demonstrates that the QDs do not merge into big
particles orwires. However, given thevery small expected

Figure 1. (a) Absorptance spectra of 3.9 nm PbSe QD solids
prepared using the layer-by-layer dip-coating method on
quartz substrates with various replacing ligands: EDA (red
line), EDT (green line), OxAC (blue line) and without ligands
(rinsed with pure methanol, magenta line). The spectra are
offset for clarity. (b) Absorptance spectra of 6.0 nmPbSeQD
solids with a series of alkydiamine ligands: EDA (red line),
BDA (orange line), HDA (brown line), and EDT (green line).
(c) High-resolution TEM image of a PbSe EDA QD film
prepared by a single dip-coating cycle.
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length of the shortest ligands (∼0.4 nm for 1,2-
ethanediamine), the TEM images do not allow us to rule
out a small amount of necking between particles. We
note that the substrate for the TEMmeasurement shown
in Figure 1b is silicon nitride, while TRMC measurements
are performed on silanized quartz substrates. Further-
more, the imaged sample is made with only a single dip-
coating cycle. Hence the TEM image may not fully
represent the organization of QDs in the thicker solids.
It is concluded from the TEM image and the absorptance
spectra that the QDs do not merge significantly during
the LbL assembly and still contain features of quantum
confinement.
The room-temperature photoconductivity of these

QD solids is measured using the TRMC technique.20,37�39

Details on this technique can be found in the Methods
section. The sample is excitedwith a tunable nanosecond
laser pulse, resulting in the generation of charge carriers.
The accompanying increase in conductivity is deter-
mined by measuring the increase of the absorption of
microwave radiation. As shown in the inset of Figure 2a,
charge generation during the laser pulse results in an
increase of the measured conductivity, followed by a
decrease as charges relax or recombine. Figure 2a shows
themaximumvalue of the photoconductance transients,
φmax∑μ, as a function of the average number of photons
absorbed per QD, ÆNabsæ, which is calculated as ÆNabsæ =
I0σ, where I0 is the photon fluence in the laser pulse and σ
is the absorption cross section taken from ref 40. In the
product φmax∑μ, φmax is the maximummeasured yield of
mobile charge carriers per absorbedphoton and ∑μ is the
sum of the electron and hole mobility. As shown in the
figure, φmax∑μ increases as the photoexcitation density
decreases; in the low excitation regime (below 0.001
absorbed photon per QD) the value of φmax∑μ is virtually
independent of ÆNabsæ. The lower values of φmax∑μ at
higher ÆNabsæ are attributed to Auger recombination,
which at high excitation density decreases the number
ofmobile charges during the laser pulse duration and the
response time of the setup.41 At low intensity, higher
order recombination can be ignored. In this case the
photon to carrier yield, φmax, is close to the quantum
yield, η, of charge carrier photogeneration. Recently we
have shown that η is close to 1 in EDA-treated PbSe QD
solids;41 hence the value of φmax∑μ at low intensity is
equal to the sum of the electron and hole mobilities, at
least for EDA-treated PbSe QD solids.
From Figure 2a the following observations can be

made: (1) Even without any replacing ligands (only
rinsing the film with methanol, which is the solvent for
all replacing ligands), conductive QD solids are pre-
pared with carrier mobilities similar to those obtained
with EDT and OxAc ligands. (2) For EDA ligands the
mobilities we determine are as high as 2 cm2/(V s),
which is higher than mobilities reported in the litera-
ture for similar systems.3,28 (3) In Figure 2a the EDA-
treated QD solid has a carrier mobility that is 7 times

higher than the EDT/OxAc-treated QD solids, while
the length of these ligands is comparable. The exact
difference in mobility between EDA- and EDT/OxAc-
treated films varies between 5 and 30 over all the
samples we have investigated and is typically an order
of magnitude. We note that the similarity in φmax∑μ
between EDT-, OxAc-, and MeOH-treated films in
Figure 2a is probably coincidental.
The first feature suggests that the solvent, which is

used to carry the replacing ligands, plays a very
important role in the assembly of conductiveQD solids.
We note that the photoconductivity of drop-casted QD
films, where the original oleylamine is still present, is
below the detection limit of our TRMC setup. This
implies that φmax∑μ < 10�4 cm2/(V s) with the original
ligands in place. Therefore, it appears that methanol is
able to remove the oleylamine ligands. This is in line
with a previous report that shows that ethanol partially
removes oleate ligands from the surface of PbSe QDs,
forming ethoxide at the particle surface.22 This process
is triggered by protonation of surface-bound oleate by
the weakly acidic ethanol. A significant difference from
the above-mentioned study is that in the present
measurements the native ligands were oleylamine.
Oleylamine is known to bind much more weakly to

Figure 2. TRMC photoconductivity of PbSe QD solids with
different replacing ligands, as indicated in the figure. (a)
φmax∑μ values as a function of the average photoexcitation
density for QD solids with different replacing ligands. The
inset shows a photoconductivity transient and the corre-
sponding value of φmax∑μ. (b) Overview of the effect of
ligand length on the φmax∑μ values for various series of
ligands: 1,2-ethanediamine and 1,4-benzenediamine (black
circles), oxalic acid and butanedioc acid (red squares), and
1,2-ethanediamine, 1,3-propanediamine, 1,4-butanediamine,
and 1,6-hexanediamine (blue triangles). The dashed lines are
exponential fits to the data.
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the PbSe surface than oleate.13 Most likely the oleyla-
mine ligands are in a fast dynamic exchange with free
oleylamine in solution, as is the case for primary amines
on CdTe42 and PbS14 QDs. Thus, exposing the oleyla-
mine-capped particles to solvents in which oleylamine
can partially dissolve will result in a decrease of ligand
density. The resulting empty surface sites may be
(partially) passivated with methanol or methoxide.
We have observed that using acetonitrile instead of

methanol has a similar effect: films can be deposited
without addition of a deliberate replacing ligand; the
photoconductivity in the acetonitrile-grown films is
comparable (see Supporting Information, Figure S4).
Earlier studies showed little effect of acetonitrile. For
instance, using small-angle X-ray scattering, Law et al.
observed no effect on the interparticle separation
when exposing PbSe QD films to acetonitrile, while a
clear reduction of the interparticle spacing was ob-
served upon exposure to pure ethanol.22 We speculate
that the weaker binding to the PbSe surface of oleyla-
mine compared to oleate13 allows for ligand removal
even in the absence of acidic solvents. Acetonitrile
itself has a significant affinity for gold surfaces, with a
binding energy of ∼50 kJ/mol (0.5 eV/molecule).43,44

While the interaction between acetonitrile and the
PbSe surface is, to the best of our knowledge, not
known, it seems likely that the oleylamine ligands are
replaced with weakly bound acetonitrile molecules.
When ligands are added (either in methanol or in
acetonitrile) that have a stronger affinity for the surface
than the solvent molecules, these ligands will (at least
partially) bind to the particle surface.21,22

The second observation that can be made from
Figure 2a is that the carrier mobility we determine for
PbSeQDsolidswith EDA ligands is as high as 2 cm2/(V s).
This mobility is higher than the mobility reported in
ref 3 for hydrazine-treated films, while hydrazine is an
even shorter ligand than EDA. This difference could
partially result from the layer-by-layer dip-coating
method employed here, during which the ligand ex-
change has been shown to be more complete.20

Another reason for the higher mobility reported here
is that different techniques (TRMC here vs field-effect
transistors (FETs) in refs 3, 28, and 33) were used to
determine the carrier mobility. TRMC determines ac
carrier mobilities and probe charge transport on a local
scale. We use 8.4 GHz microwave radiation as a probe.
In half a period of this microwave field, the carrier
diffusion length is ∼42 nm, estimated using the
Einstein�Smoluchowski equation LD = (6kBTμ/(2fe))

1/2,
where kB is the Boltzmann constant, T is room tem-
perature, μ is the carrier mobility of 2 cm2/(V s), e is the
elementary charge, and f is the frequency of the
microwave probe field. In FET measurements, the
channel width is several micrometers. If there is varia-
tion in electronic coupling on a length scale between
42 nm and 1 μm, the carrier mobility will be lower in

FETmeasurements than in TRMCmeasurements.34 The
carrier mobility difference with FET measurements is
also observed for the QD solids with other replacing
ligands. For EDT, we get a 20 times higher carrier
mobility than reported in ref 28, and for OxAc a similar
ratio holds with respect to ref 33.
Our third observation from Figure 2a is that EDA QD

solids have a 10-fold higher carrier mobility than QD
solids prepared with EDT, with oxalic acid, or without
intentional replacing ligands (i.e., rinsing with metha-
nol or acetonitrile only). Several reasons are consid-
ered. With the amine group the ligand replacement
could be more complete. However this is not in line
with many existing reports that show that the ligand
exchange is very efficient with 1,2-dithiol in alcohols.22

In addition, FTIR spectra of EDT-treated films show an
almost complete removal of the absorption features
related to CH2 vibration, suggesting efficient re-
moval of the original ligands (Supporting Information,
Figure S1).
Another possible explanation could be that the

amine ligands might result in a lower tunnel barrier.
Although the HOMO�LUMO gaps and the electron
affinities of alkyldiamines, alkyldithiols, and alkyldicar-
boxylic acids are not expected to be very different,45

significant differences have been observed in the
electronic conductance of single molecules of these
species.46�48 Tao et al. have investigated the single-
molecule conductance of alkyldithiols, -diamines, and
-dicarboxylic acids for various lengths of the alkyl
chain.47 Their results are well described by the tunnel-
ing expression:

G ¼ A exp(�βd) (1)

where G is the single-molecule conductance, A is a
constant determined by the molecule�electrode cou-
pling strength, β is the tunneling decay constant, and d
is the length of the alkyl chain. For the various anchor
groups they studied they found comparable values of
β (0.87 Å�1 for dithiols, 0.70 Å�1 for diamines, and
0.57 Å�1 for dicarboxylic acids). Amuch larger variation
was observed in the constant A for the various anchor
groups, with Athiol . Aamine . Acarboxylic acid. This
variation was attributed to a difference in electronic
coupling between the anchor groups and the gold
electrodes used in the single-molecule conductance
experiments.
The electronic coupling between PbSe QDs and the

various anchor groups could be different from the
coupling between the anchor groups and gold. How-
ever, to the best of our knowledge, very little is known
about the electronic coupling between PbSe QDs and
ligand anchor groups. Therefore it is unclear whether
differences in electronic coupling between the anchor
groups and the PbSeQD surface give rise to differences
in the measured charge carrier mobility. We note that
strong electronic coupling between the ligands and
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conduction or valence electron levels could result in a
shift of the optical transition energies. A clear red-shift
is, for instance, observed for CdTe QDs upon exchang-
ing amine for thiol ligands and has been attributed to
an effective delocalization of the electron and hole
wave function over the thiol anchor group.49 A similar
red-shift is observed here for exchange of the original
ligands for dodecylthiol (see Supporting Information,
Figure S2). This suggests strong coupling between the
thiol group and the electronic levels in the QDs, which,
however, apparently does not result in high charge
carriermobilities.Wemust conclude that the reason for
the significantly higher photoconductivity of amine-
based ligands remains unclear.
Besides the anchor group, the ligand length also

affects the carrier mobility. Figure 2b shows the carrier
mobility length dependence of various ligands. The
blue triangles represent the 6.0 nm PbSe QD samples
shown in Figure 1b, where the ligands consist of
alkyldiamine molecules of variable chain length: 1,2-
ethanediamine (EDA), 1,3-propanediamine (PDA), 1,4-
butanediamine (BDA), and 1,6-hexanediamine (HDA).
Also shown in Figure 2b are the mobilities for 3.9 nm
PbSe QD solids with EDA and 1,4-benzenediamine
ligands and OxAc (black circles) and BuAc ligands
(red squares). The lengths shown on the x-axis of
Figure 2b are the lengths of the ligands as estimated
from the molecular geometries optimized using the
semiempirical method AM1 in Spartan '02. EDA has an
estimated length of 0.38 nm, 1,4-benzenediamine has
a length of 0.56 nm, oxalic acid is 0.35 nm, and 1,4-
butanedioic acid is 0.61 nm. For the longer alkyldia-
mines a nominal length of 0.125 nm of each C�C bond
is assumed.28

A study of carriermobility ligand lengthdependence
with alkyldithiol replacing ligands has been reported in
ref 28. At room temperature, the carrier transport in
these QD solids is usually described by the Miller�
Abrahams hopping rate,50,51 and themobility depends
exponentially on interparticle distance,57 analogous to
eq 1. From the mobility at low excitation density, as
shown in Figure 2b and the lengths of the ligands used,
we determine a value of 0.63 Å�1 for the alkyldiamine
ligands (blue triangles), a value of 0.9 Å�1 for EDA vs

BeDA (black circles), and a value of 0.8 Å�1 for the
carboxylic acid ligands (red squares). These values
agree reasonably well with the value of 1.0 Å�1

for PbSe QD solids with alkyldithiol ligands52 reported
in ref 28 and are in general consistent with tunnel-
ing decay parameters for saturated single molecules
or self-assembled monolayers.53 Surprisingly we find
that the distance dependence for EDA�BeDA, which
involves the aromatic BeDA ligands, is stronger than
the distance dependence of the linear alkyldiamines,
while the opposite is expected from single-molecule
conductance experiments. The reason for this observa-
tion is not clear. It is conceivable that the interparticle

distance is smaller than the estimated ligand length in
the case of linear alkyldiamines, as these molecules are
flexible and could even bind in a bidentate fashion to a
single nanocrystal. This is not expected for 1,4-benze-
nediamine, as this is a rigid molecule. Even if this is the
case, the observed β value of 0.9 Å�1 for EDA�BeDA is
high and more commonly observed for linear alkyl
chains than for aromatic molecules. It appears that
there is little benefit of using this aromatic molecule
over saturated replacing ligands of similar length. Our
results show that the ligand length dependence of the
mobility is a general phenomenon if the same anchor
group is used.
In addition to the carrier mobility, the carrier lifetime

is another key factor that influences device perfor-
mance. Figure 3a shows normalized decay traces for
a PbSe QD solid with EDA replacing ligands at various
photoexcitation densities. At high photoexcitation
density the decay of the photoconductivity becomes
slower with decreasing intensity. At low excitation
density however the decay becomes independent of
intensity and the transients overlap. The inset in
Figure 3a shows the difference between the normal-
ized photoconductivity transients at 0.018 and 0.006
absorbed photon per QD. This difference is clearly
within the noise of the measurement. This implies that
higher order decay processes (Auger recombination,
Langevin recombination) do not play a significant role
and that the remaining decay is a first-order process.
Note that the decay times are much shorter than the
radiative lifetime, which is on the order of 1 μs for
PbSe QDs.54 This is in line with the absence of detect-
able photoluminescence in these films. Most probably
the observed first-order decay is due to surface trap
induced nonradiative decay. During the assembling
process a large fraction of the native ligands are
removed, and the passivation with replacing ligands
could be incomplete, leaving dangling bonds at the
surface. These dangling bonds could act as sites for
charge carrier trapping. However there could also be
other kinds of traps. For instance, domains could exist
where several nanoparticles have sintered together,
resulting in low-energy sites within the film.
We have previously shown (Supporting Information

of ref 41) that the decay of charge carriers is thermally
activated. This is shown again in Figure 3b, which
presents photoconductivity transients at temperatures
between 90 and 300 K. It is clear that the first-order
decay of the photoconductivity is strongly tempera-
ture activated. This is summarized in the inset in
Figure 3b, which shows the half-lifetime τ1/2 at low
excitation density (ÆNabsæ = 0.001) as a function of
temperature. While the temperature activation does
not unveil the chemical nature of the trapping sites, it is
in line with thermally activated charge trapping at
surface sites. The density and the nature of such traps
could depend on the replacing ligands that are used in
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thefilmpreparationprocedure, resulting indecay kinetics
and charge carrier lifetimes that vary with ligand type.
Figure 3c compares the decay kinetics of the QD

solids with alkyldiamine ligands of various chain
lengths. Chemically these samples are very similar, as
the QD surfaces are passivated with amine groups.
However, they differ strongly in the mobility of the
charge carriers, as shown in Figure 2b. We find that on
a ∼100 ns time scale the decay kinetics of the various
alkyldiamine-treated samples are very similar. Appar-
ent differences are within the noise level of the mea-
surements (especially important for the low-mobility
HDA-treated film). On a longer time scale (inset of
Figure 3c) the photoconductivity decay becomes
slower as the mobility of the samples decreases (from
EDA to HDA). The fact that the initial decay is insensi-
tive to the charge carrier mobility suggests that diffu-
sion of charges does not play a role. This is in line with
the presence of abundant trap sites at the QD surface,
resulting in a reaction-limited trapping rate. On a
longer time scale the decay of the photoconductivity
could be attributed to trap-mediated electron�hole
recombination involving diffusion of charge carriers
that are thermally excited out of the traps. Alternatively
the observed decay kinetics can be explained by fast
trapping of the most mobile charge carrier (presumably
the electron28) on abundant surface traps, followed by
diffusion-mediated recombination with the less mobile
charge carrier on longer time scales.
In contrast to the subtle changes in decay kinetics for

the various alkyldiamine-treated samples, Figure 3d

shows clear differences in the decay kinetics of QD
solids treated with ligands that contain different an-
chor groups. The carrier half-lifetime (τ1/2) in the QD
solid with EDT ligands is 18.5 ns, while the carrier
lifetime with EDA ligands is 12.5 ns. With oxalic acid,
or when preparing the QD films with methanol only,
the obtained half-lifetimes are ∼5 ns and are most
likely limited by the instrumental time resolution. We
note that the observed half-lifetimes are sensitive to
the exact film preparation conditions; however the
trend in lifetimes with varying replacing ligand is
reproducible. Hence, while EDT ligands result in a
significantly lower peak photoconductivity, the charge
carrier lifetime is significantly longer than for the other
ligands, including EDA. These variations could reflect a
variation in the degree of surface passivation. EDT is
expected to bind the strongest to the surface and
could have the highest degree of passivation.
For the performance of diffusion-driven solar cells,

the carrier diffusion length, LD = (6τ1/2kBTμ/e)
1/2, de-

termines how efficiently the carriers can be harvested.

Figure 3. (a) Normalized photoconductivity transients for a PbSe QD solid with EDA replacing ligands at various excitation
densities: 0.006 (black), 0.018 (red), 0.054 (green), 0.15 (purple), 0.45 (blue), 1.3 (orange), and 3.9 (gray) absorbed photons per
QD. The inset shows the difference between the two transients at the lowest fluences, demonstrating that within the noise of
the experiments these transients are the same. (b) Temperature-dependent photoconductivity transients for PbSe QD solids
with EDA ligands. The inset shows the extracted half-lifetime at low excitation density (ÆNabsæ = 0.001) as a function of
temperature. (c, d) Normalized photoconductivity for PbSe QD solids with ligands of various length (c) or various anchor
groups (d). The inset in (c) shows the transients on a longer time scale. The solid and dashed lines in (d) correspond to ÆNabsæ =
0.054 and ÆNabsæ = 0.018 absorbed photon per QD, respectively.

TABLE 1. Summary of Charge Carrier Properties in PbSe

QD Solids with Various Replacing Ligands at Room

Temperature

replacing ligands Φmax∑μ (cm2/(V s)) τ1/2 (ns) diffusion length (nm)

EDA 1.6 12.5 550
EDT 0.27 18.5 280
OxAcid 0.41 <5.0
methanol only 0.30 <7.5
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Table 1 summarizes the carrier mobility, lifetime, and
diffusion length for short-ligand solids at room tem-
perature. QD solids with EDA ligands demonstrate a
diffusion length of 550 nm, which should be sufficient
to extract charges from a QD solar cell with a thickness
of the QD absorber layer of several hundred nanome-
ters. On thebasis of the results in Table 1 theuseof EDA in
QD solar cells would be preferred over the much more
commonly used EDT. However the diffusion length is
only one of the aspects that determine the solar cell
efficiency. In addition, the diffusion lengths presented in
Table 1 are derived from the total photoconductivity,
which is due to electrons and holes. If one of these two
carriers has a significantly shorter diffusion length than
the other, it could form a bottleneck for the solar cell
efficiency. In practice it has proved difficult to construct
efficient solar cells using EDA ligands,55 while many solar
cells employing dithiols are reported.56,57

CONCLUSION

In conclusion, the effects of replacing ligands on
photoconductivity of PbSe QD solids were system-
atically studied, and several conclusions are drawn.
(1) The solvent, methanol or acetonitrile, used for the
chemical treatment can sufficiently remove and re-
place the native oleylamine ligands and therefore plays
an important role in fabricating conductive QD solids.
(2) The anchor group of replacing ligands strongly
affects the carrier mobility and lifetime. With amine
anchor groups the QD solids show higher carrier
mobilities, while with thiol groups the QD solids
possess a longer carrier lifetime. The carrier lifetime
at low excitation density is determined by trapping
processes on a nano- to microsecond time scale. (3)
For all anchor groups investigated in this paper, the
carrier mobility decreases exponentially with ligand
length.

METHODS
Quantum Dot Synthesis. We used an oleylamine-based

synthesis13 that results in weakly bound ligands that are easily
replaced. A 14 mL amount of oleylamine and 0.38 g of PbCl2
were degassed under vacuum at 100 �C, followed by heating to
140 �C under nitrogen. A 260 μL sample of Sn[N(SiMe3)2]2
dissolved in 2 mL of trioctylphosphine (TOP) and 6 mL of 1 M
Se in TOP solution were prepared in two vials in a glovebox.
Then these two precursors were mixed in a syringe and
immediately injected into a PbCl2/OLA solution. The QDs were
allowed to grow to the desired size at 112 �C, and the reaction
mixture was cooled with a water bath. The resulting solution
was filtered with a 200 nm pore size filter to remove residual
PbCl2. Then the QDs were precipitated with butanol, centri-
fuged at 5000 rpm for 10 min, and finally dried under vacuum.
The QDs were dispersed in tetrachloroethylene for optical
measurements and in hexane for dip-coating. Particle di-
ameters were determined from the position of the band-edge
exciton and the calibration curve provided in ref 58.

Layer-by-Layer Dip Coating. To ensure a good adherence of the
QDs to the quartz substrate, the quartz plate was silanized with
(3-aminopropyl)triethoxysilane (APTES) in air.59 The substrate
was sonicated in a 2% Triton solution for 10min and in ultrapure
water for 5 min. Subsequently it was immersed in a 1:1
methanol/HCl solution for 30 min. Finally the substrate was
silanized in a 5% APTES/ethanol solution for 1 h and rinsed with
1mMacetic acid solution . The PbSe QD films were produced by
amechanical dip coater (DCMulti-8, Nima Technology) mounted
inside a nitrogen-purged glovebox. The silanized quartz sub-
strate was dipped alternately into a solution of PbSe QDs in
hexane (∼15mM) for 60 s, a 0.1M solutionof exchanging ligands
in methanol for 60 s, and a rinsing solution of methanol for 30 s.
The dippingprocedurewas repeated15 times, resulting in typical
film thicknesses of 30�40nmand a surface roughness of 5 nm, as
determined with a Veeco Dektak 8 step-profilometer.

Optical Characterization. Optical absorption spectra were re-
corded with a Perkin-Elmer Lambda 900 spectrometer equipped
with an integrating sphere. The spectra were corrected for scatter-
ing and reflection by first placing the film at the entrance of the
integrating sphere to obtain the transmittance, Ft. Subsequently
the film was placed behind the integrating sphere to obtain the
reflectance, Fr; the absorptance was obtained as Fa = 1 � Fr � Ft
and the absorbance as A = �log(Ft/(1 � Fr)).

SEM and TEM Characterization. Scanning electron microscopy
was performed on QD solids deposited on indium-doped tin
oxide substrates using the layer-by-layer procedure. Images

were obtained with a JEOL JSM-7500F field emission SEM in
secondary electron image mode at 5 kV. HR-TEM images were
acquired with an aberration-corrected cubed Titan microscope
operating at 300 kV. In this case PbSe QD solids were deposited
onto 15 nm thick SiN membranes. To produce films that are
sufficiently thin for TEM analysis only a single cycle of the LbL
procedure was used.

Time-Resolved Microwave Conductivity. The photoconductance
of QD solids was investigated using the time-resolved micro-
wave conductivity technique. The samples were mounted in an
X-band microwave cavity (8.4 GHz) at the position of maximum
electric field (100 V/cm) for determining carrier mobilities and in
an open cell without a cavity for determining carrier lifetimes.
The temperature of the cavity was varied between 90 and 350 K
using liquid nitrogen and power resistors. Photoexcitation laser
pulses of 3 ns duration were obtained by pumping an optical
parametric oscillator with the third harmonic of a Q-switched
Nd:YAG laser (Opotek Vibrant 355 II). The sample was excited at
700 nm. The photon fluence I0 was varied between 1011 and
1015 photons/cm2/pulse, using neutral density filters. Upon
photoexcitation the change in microwave power reflected
was measured. For small photoinduced changes in the real con-
ductance of the sample,ΔG(t), and negligible change in imaginary
conductance, the relative change in microwave power is

ΔP(t)
P

¼�KΔG(t) (1)

K is a sensitivity factor that has been determined previously.38 The
photoconductance, ΔG(t), can be expressed as

ΔG(t) ¼ eβI0Faφ(t)∑μ (2)

where e is the elementary charge, β is the ratio between the broad
and narrow inner dimensions of the waveguide, I0 is the photon
fluence in the laser pulse, Fa is the fraction of light absorbed by the
sample, φ(t) is the number of mobile charge carriers at time t per
absorbed photon, and ∑μ is the sum of the electron and hole
mobilities.
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