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Q
uantum dot (QD) thin films are an
emerging class of tunable semi-
conductor layers with unique and

beneficial characteristics that are being stu-
died for optoelectronic applications, such as
solar cells,1�3

field-effect transistors,4 light-
emitting diodes,5 and photodetectors.6 For
many optoelectronic applications that aim
to utilize QDs there is a desire to maintain
the beneficial properties inherent in the
individual QDs while at the same time take
advantage of the extended nature of the
QD assembly. The field of QD films has
seen rapid progress in the last 5 years
as new procedures of QD film preparation
have been developed that allow for in-
creased QD�QD interactions resulting in
larger charge-carrier mobilities. For example,
electron mobilities in excess of 5 cm2 V s�1

have been reported in the PbSe7 and
CdSe QD system,8 while PbS QD-based
photovoltaic (PV) cells have seen the power

conversion efficiency rise from 2%9,10 to
near 9%11,12 in just a few years. Improve-
ments in device operation can result from
better understanding as well as elucidating
the factors that affect their operation. In
particular, the nature of the photoexcited
electron�hole pairs and the generation
rate of free electrons and holes compared
to the various recombination channels are
important parameters that determine PV
performance. In this study, we employ
temperature-dependent photoluminescence
(PL) quenching to study the charge gen-
eration within working QD solar cells. We
find that the generation of mobile charge
carriers is both temperature- and field-
dependent. At room temperature the ma-
jority of excitons dissociate via phonon-
assisted tunneling that quenches PL, while
at low temperatures the photoexcited
carriers remain as excitons and undergo
radiative and nonradiative recombination.
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ABSTRACT Charge-carrier generation and transport within PbS quantum dot

(QD) solar cells is investigated by measuring the temperature-dependent steady-

state photoluminescence (PL) concurrently during in situ current�voltage

characterization. We first compare the temperature-dependent PL quenching

for PbS QD films where the PbS QDs retain their original oleate ligand to that of

PbS QDs treated with 1,2-ethanedithiol (EDT), producing a conductive QD layer,

either on top of glass or on a ZnO nanocrystal film. We then measure and analyze

the temperature-dependent PL in a completed QD-PV architecture with the

structure Al/MoO3/EDT-PbS/ZnO/ITO/glass, collecting the PL and the current simultaneously. We find that at low temperatures excitons diffuse to the ZnO

interface, where PL is quenched via interfacial charge transfer. At high temperatures, excitons dissociate in the bulk of the PbS QD film via phonon-assisted

tunneling to nearby QDs, and that dissociation is in competition with the intrinsic radiative and nonradiative rates of the individual QDs. The activation

energy for exciton dissociation in the QD-PV devices is found to be ∼40 meV, which is considerably lower than that of the electrodeless samples, and

suggests unique interactions between injected and photogenerated carriers in devices.
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The applied voltage does increase the number of free
charge carriers available for power generation, but its
main role here is to sweep out the photogenerated
carriers. Charge-separating interfaces can also dissoci-
ate excitons to produce free carriers but are more
important at low temperature, where exciton dissocia-
tion within the bulk of the QD layer is suppressed.

RESULTS

Photoexcitation produces electron�hole pairs con-
fined within individual QDs, or excitons. The confined
excitons have in principle three generic decay chan-
nels: radiative and nonradiative recombination and

electron�hole pair dissociation to form separated
electrons and holes on separated QDs (Figure 1). The
generation rate ofmobile charge carriers inQDarrays is
determined by a competition between exciton diffu-
sion, with rate constant kex, exciton dissociation, with
rate constant kdiss, and radiative, kr, and nonradiative,
knr, recombination on individual QDs. Once the elec-
trons and holes are separated, they then need to reach
their respective electrodes, where they can be col-
lected in an external circuit prior to undergoing addi-
tional nonradiative and/or radiative recombination,
but these recombination processes are secondary to
the carrier generation process. Excitons aremobile,13,14

and through diffusion they can occupy the lowest
energy states15 within the excitonic density of states
of the QD ensemble under steady-state conditions. In
this work, we monitor the exciton occupation through
the PL intensity and PL peak energy as a function of
temperature to study these competing processes.

Temperature-Dependent PL Quenching in Isolated PbS QD
Films. We first restrict our analysis to the temperature-
dependent PL of isolated PbSQD films that are not fully
connected within a solar cell but were fabricated iden-
tically to the QD-PV devices discussed later. Figure 2
compares the temperature-dependent PL spectra for a
PbS QD drop-cast film where the QDs retain their
original oleic acid (OA) ligands (Figure 2a), a dip-coated
PbS QD film where EDT is used to remove the oleate
ligand and electronically couple the QDs (Figure 2b),
and a 1,2-ethanedithiol (EDT)-treated PbS QD layer
deposited on the top of a ZnO nanocrystal (NC) layer
(Figure 2c) (layer stack typically used for solar cells).
Figure 2d displays the shift in the PL position with
temperature for each of the three films. In Figure 3a we
plot the integrated PL intensity for these three cases as
a function of temperature. The PL peak energy and

Figure 1. Light absorption occurs within individual QDs, and
the photogenerated excitons (green circles) can undergo
radiative or nonradiative recombination within the QD or
diffuse to a nearbyQDand thenundergo exciton recombina-
tion. If the exciton dissociation energy is small enough, the
excitons can dissociate to form free electrons (filled black
circles) and holes (black circles) on separate QDs. These
processes are in competition with one another. Once dis-
sociated, the free carriers can drift or diffuse through the QD
array and be collected within an external circuit.

Figure 2. Temperature-dependent PL spectra from 20 to 300 K with a step of 20 K of (a) a drop-cast PbS QD film, (b) an EDT-
treated PbS QD film, and (c) an EDT-treated PbS film on a ZnO NC layer. (d) PL peak energy as a function of temperature for
each sample. Layer structures are shown in the inset.
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integrated PL intensity are extracted by fitting PL
spectra with a Gaussian function. The relative PL
intensities were normalized to the PL intensity of the
drop-cast films at 18 K.

The temperature-dependent PL of insulated QDs
(Figure 2a) behaves similarly to what has been pre-
viously reported,16 while in the EDT-treated films the
PL behavior changes drastically (Figure 2b) compared
to the insulatedQDs. First, there is an overall red-shift in
the 1S energy level that is indicative of the increased
electronic coupling (see Figure 2d comparing the peak
energy of the drop-cast film to the EDT-treated film).
Second, at 300 K the PL is nearly quenched in the EDT-
treated films compared to the drop-cast films. The PL
recovers at 18 K, but the emission is∼10� lower in the
EDT-treated QD film (Figure 2b) compared to the film
of oleate-capped QDs (compare Figure 3a, red vs

orange traces). Third, the shift of the PL peak energy
is also quite distinct in the treated films. Starting at 18 K,
in the OA-terminated QD films there is an overall blue-
shift of the PLwith increasing temperature, while in the
coupled film the PL first red-shifts and then blue-shifts,
reaching a minimum around 80 K. The interplay be-
tween exciton diffusion within a bandtail density of
states and temperature-dependent exciton dissocia-
tion can explain these observations.17 In our model of
the isolated QD films, PL arises only from excitons that
have not undergone charge separation. The initial red-
shift with increasing temperature, for the EDT-treated
films, occurs because excitons in the high-energy part
of the bandtail are preferentially thermally separated,
leaving only those excitons that are deeper in the
bandtail to emit at lower energies (see Figure 2d).
Excitons equilibrate via a Förster resonance energy

transfer (FRET) mechanism on time scales that are
faster than radiative recombination,15,18,19 thus lead-
ing to an overall temperature-independent red-shift
since excitons can diffuse to larger QDs in the ensem-
ble before they emit light.

Surprisingly, the PL characteristics are further mod-
ified when the same EDT-treated film is deposited on
top of a ZnO NC film (Figure 2c and Figure 3a and b
black trace). The PL intensity of the EDT-treated PbSQD
film on top of ZnO decreases by a factor of ∼10 at low
temperatures compared with the QD film directly on
glass. While the PL is still rapidly quenched with
increasing temperatures, it is not quenched nearly as
strongly as the EDT-treated film on glass. The PL peak
only red-shifts with decreasing temperature and does
not exhibit the blue-shift at the lowest temperatures.
For temperatures less than 100 K, the peak PL energy
from the EDT-PbS/ZnO is smaller than that of the
isolated EDT-PbS (see Figure 2d comparing the EDT-
PbS (blue trace) to EDT-PbS/ZnO film (green trace)).
These differences can be attributed to the presence of
the charge-separating interface introduced by the ZnO
layer. The ZnO film is deposited prior to depositing the
PbS QD layer and is therefore unlikely to affect the
properties of the PbS QDs. ZnO and PbS form a bilayer
rather than interdigitating, and the absorption depth is
∼150 nm20 (λ = 514 nm); thus, we estimate that less
than ∼1/10 of the PL could arise from QDs that are in
direct contact with the ZnO interface and, thus, neglect
reduction in PL due to potential interface states asso-
ciated with the ZnO deposition or electron transfer
from only those excitons that are directly produced
nearest the ZnO layer. We conclude that at low tem-
peratures excitons produced away from the interface
diffuse to the ZnO interface and undergo charge
separation. The interfacial charge transfer quenches
the PL. Excitons within the higher energy portion of the
bands diffuse faster15 and are thus preferentially de-
populated, while excitons that do not reach the inter-
face are deeper in the bandtail and thus emit at lower
energies. This explains why the PL peak energy for the
PbS/ZnO stack remains at the position of the PbS-only
layer and explains why the PL intensity is lower. For
temperatures greater than∼200 K the PL behaviors of
the EDT-PbS/ZnO and EDT-PbS films are nearly iden-
tical, implying that for temperatures greater than 200 K
excitons producedwithin the EDT-PbS/ZnO film can no
longer reach the ZnO interface prior to exciton dis-
sociation within the bulk of the EDT-PbS film.

Temperature-Dependent Exciton Dissociation. We have
verified that the integrated PL is linear in light intensity
(Figure S1) under conditions of no applied field and
thus neglect exciton�exciton interactions. We also
restrict our analysis to reverse bias conditions where
minority carriers are swept out of the device such that
nonlinear recombination involving minority carriers
is unlikely. In the picture we have outlined above light

Figure 3. (a) Integrated PL intensity vs temperature for the
oleate-terminated PbS QDs in either a drop-cast film (red
circles), EDT-PbS QD film (orange circles), or EDT-PbS/ZnO
film (black circles). The PL for each case was normalized to
the PL quantum yield of the drop-cast film at T = 18 K. The
black traces are for the Efros�Shklovskii variable range-
hopping (ES-VRH) model, while the blue-dashed traces are
for nearest neighbor hopping (NNH). (b) Fraction of free
charges as a function of temperature for the two EDT-
treated films (same symbols as in part a).
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emission occurs from radiative recombination of ex-
citons and is in competition with exciton dissociation.
The overall PL efficiency can be expressed as a product
of the PL efficiency on an isolated QD (ηPL

0
) multiplied

by the fraction of excitons that do not dissociate to
form free carriers;21 thus,

ηPL(T) ¼ ηPL
0(1 � ηdiss(T))

¼ kr
kr þ knr

(1 � ηdiss(T)) (1)

where kr and knr are the radiative and nonradiative rate
constants of an exciton and ηdiss is the efficiency of ex-
citon dissociation. The fraction of free charges at a given
temperature is then expressed by ηdiss = 1 � ηPL/ηPL

0
;

here we take ηPL
0

to be the value at 18 K and plot
ηdiss in Figure 3b for the EDT-PbS and EDT-PbS/ZnO
films. As shown in Figure 3b, for temperatures greater
than 200 K excitons dissociate to form free carriers for
both films, and the fraction of free charge carriers is
nearly 1. For temperatures less than 200 K the fraction
of free carriers varies drastically between the two films.
In particular, the fraction of free carriers decreases to
nearly zero by 50 K for the EDT-PbS film, implying that
exciton dissociation channels are nearly quenched at
low temperatures, but the fraction of free carriers drops
to only 0.85 for the EDT-PbS/ZnO films as excitons
diffuse to the interface to generate free carriers.

The exciton dissociation is in competition with the
radiative and nonradiative rates, and ηdiss can be
expressed as21,22

ηdiss(T, F) ¼
kdiss(T, F)þ kintdiss

kdiss(T, F)þ kintdiss þ kr þ knr
(2)

where kdiss(T, F) is the temperature- and field (F)-
dependent exciton dissociation rate constant for ex-
citon dissociation within the bulk of the PbS QD film,
while kdiss

int is the exciton dissociation rate constant at
the ZnO interface. kdiss

int contains both the rate of
interfacial charge separation and the rate of exciton
diffusion to that interface. We assume that the rate
of exciton diffusion is the rate-limiting step, and thus,
kdiss
int is determined by the exciton diffusion rate. Com-
paring the temperature-dependent PL of theuncoupled
PbS QDs (red circles in Figure 3a) to the coupled PbS QD
films (orange and black circles), we conclude that the
PL quenching is dominated by the temperature-
dependent kdiss rather than temperature-dependent
radiative and/or nonradiative recombination. While
the nonradiative rate increases in coupled films because
the excitons can diffuse to more defective QDs,14 recent
studies suggest that exciton diffusion either is not tem-
perature-dependent23 or depends weakly on tempera-
ture.15 Thus, in the following analysis we do not consider
the radiative, nonradiative, and exciton diffusion rates
to be temperature-dependent, and for this reason only
kdiss must be temperature-dependent in eq 2.

The temperature-dependent exciton dissociation,
or charge transfer between twoQDs, has been found to
follow phonon-assisted tunneling,18,24 and the most
general form of the dissociation rate constant (at F = 0)
is given by25

kdiss(T ; 0) ¼ A exp(�(γ=T)v) (3)

where γ is a characteristic temperature, A is a pre-
exponential factor involving the attempt frequency of
QD�QD charge tunneling events and v is an exponent
that describes the low-temperature hopping conduc-
tivity behavior of disordered systems.26 If v= 1, thenwe
recover nearest neighbor hopping (NNH) behavior and
γ = Ea/kB, where Ea is the activation energy and kB is the
Boltzmann constant. If ν = 0.5, then we recover the
Efros�Shklovskii variable range hopping (ES-VRH)26

model, and if ν = 0.25, the Mott VRH model in three-
dimensional systems is found with γ = T*. We find that
no single value of v can adequately describe the data
across the entire temperature regime, as shown in
Figure 3a. At low temperatures a value of 0.5 (thin
black trace) describes the data best, while at higher
temperatures v = 1 (thin blue trace) is better. A further
discussion of the applicability of VRH can be found
in the Supporting Information. There is a character-
istic crossover temperature, Tc, where the behavior
changes from v = 1 to 0.5. The activation energy Ea,
T*, and Tc are related by the following: Ea = kB(T*Tc)

1/2.
Therefore, we modeled our data using one fitting
function based on eqs 2 and 3 that switches from
v = 1 to v = 0.5 at the crossover temperature. In the
modeling, Ea, Tc, and A are varied across the full
temperature range, and T* is then calculated from
the relationship described above. The EDT-PbS film
was modeled by setting kdiss

int to be zero, and we find
that Ea is 93(5) meV with a crossover temperature of
146 K. Tomodel the EDT-PbS/ZnO films, we first held all
parameters constant at the values determined from
modeling the EDT-PbS film and only introduced a
nonzero value of kdiss

int to recover the measured data.
We find that just by introducing kdiss

int we can account
for ∼90% of the differences between the quenching
behavior of the two films. However, it is clear from our
data that the crossover temperature increases in the
EDT-PbS/ZnO film, andwe find the best fit occurs when
Ea decreases to 85(5) meV and the crossover tempera-
ture increases to 180 K.

The crossover temperature, Tc, changes from 146 K
for the EDT-PbS film to ∼180 K for the EDT-PbS/ZnO
films. According to Liu et al. the crossover temperature
is related to when the optimized hopping distance is
on the order of the nearest neighbor distance.27 A
higher crossover temperature implies that the distance
a carrier must tunnel to find a QD with a similar energy
level is larger. Such a scenario occurswhen the excitons
are deeper in the bandtail and are thus less likely to be
near a QD with the appropriately aligned energy level.
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This observation is consistent with the lower peak PL
energy in the EDT-PbS/ZnO films, where excitons that
are higher in the bandtail undergo dissociation at the
ZnO interface, leaving only excitons deeper in the
bandtail. The lower activation energy could be asso-
ciated with a field that builds up under steady-state
conditions due to the charge separation across the
ZnO/PbS interface.

PL Quenching in Device-Structured PbS QD Films. We next
investigated the temperature-dependent PL in devices
made from the same EDT-treated PbS QDs. In Figure 4a
we show the I�V characteristics at 1-Sun light intensity
illumination of two devices studied here with power
conversion efficiencies of 5.9% and 6.1%. A schematic
of the device stack is shown in the inset of Figure 4a. All
measurements discussed here were performed on
both device structures, and the results were consistent.
Since there are nomajor differences, we present results
only from the 6.1% device. In Figure 4b we display
typical PL spectra for a device at 20 K at various applied

biases ranging from �2 to 2 V. We also recorded PL
spectra at temperatures of 50, 100, 150, 200, 250, and
300 K. Figure 4c displays the current collected concur-
rently with the PL for the various temperatures.
Figure 4d shows how the peak PL changes with
temperature for applied biases. In Figure 4e we show
the integrated PL for a series of bias values normalized
to the integrated PL at open-circuit conditions as a
function of temperature. Figure 4f displays the inte-
grated PL normalized so that the values in the range of
0 to �1 V overlap.

We have the following observations from Figure
4a�f: (1) The PL characteristics including PL quench-
ing and peak energy shifting of the EDT-PbS film
within a device stack are similar (at zero applied
bias) to those of the EDT-PbS/ZnO film shown in
Figure 2c, while in general the PL intensity follows
the IV characteristics for reverse and forward bias
conditions. (2) Under reverse bias where current is
extracted, the PL is further quenched. (3) In contrast,

Figure 4. (a) Device current density�voltage characteristics using 1-Sun solar light intensity illumination. The device
structure is shown in the inset. (b) PL spectra as a function of bias for the 6.1% device at a temperature of 20 K. PL was
collected at�2,�1.5,�1,�0.8,�0.6,�0.4,�0.2, 0.2, 0.4, 0.6, 0.8, 1, 1.5, and 2 V. (c) Current density�voltage characteristics of
the device as a function of temperature collected under identical conditions to the PL data in part (b). (d) Peak PL energy as a
function of temperature various applied biases. (e) Integrated PL as a function of applied bias for the various temperatures.
The PL intensity for each temperature is normalized by the PL intensity at open circuit (0 V). (f) The same as part (e), but the PL
for each temperature is normalized between �1 and 0 V.

A
RTIC

LE



GAO ET AL . VOL. 8 ’ NO. 12 ’ 12814–12825 ’ 2014

www.acsnano.org

12819

the PL intensity is enhanced with increasing forward
bias until it saturates at ∼1.0 V and then is quenched
with increasing forward bias, while the current con-
tinues to rise. Similar PL intensity dependence with
reverse and forward bias also was reported in other
thin-film solar cells.28�30 The increase in PL at modest
forward bias likely results from electrons and holes
accumulating at the PbS/ZnO interface that enhances
radiative recombination of separated electrons and
holes, which does not occur in the unconnected QD
films. However, further increase of the electrical field
above 1.0 V induces additional nonradiative recombi-
nation channels such as Auger recombination due to
the large injected carrier density. In forward bias, the
injected carrier density can exceed the photogener-
ated carrier density, such that the photogenerated
carriers have an increased likelihood of encountering
a charged QD and undergoing nonradiative Auger
recombination, while the current is not significantly
affected at room temperature.

In reverse bias the PL quenching vs bias curves can
be overlaid on top of one another (Figure 4f), indicating
that where current is extracted the PL is quenched.
Such behavior is supportive of the model described
here, where exciton dissociation is limited by exciton
recombination. A similar observation was made by
Leatherdale et al. for films of CdSe QDs.22 In that study,
as here, they found that PL is quenched where photo-
current is collected. However, at 0 V bias the tempera-
ture-dependent PL quenching behavior is opposite of
what is observed here. With decreasing temperature
the PL is quenched, while here the PL quenches with
increasing temperature. They concluded that the non-
radiative and radiative processes on individual QDs
determine the temperature-dependent PL intensity and
that thermal dissociation of excitonswas negligible. This
is a similar situation to the uncoupled OA-terminated
PbS QDs, where the temperature-dependent PL is
indicative of the intrinsic properties of the QDs and
not affected by the QD�QD interactions within the
QD assembly. Upon application of a field, the PL is
quenched and the photocurrent enhanced via exciton
dissociation. In that study, the QD�QD separation was
much larger than in our study; therefore the energy
required to separate excitons was larger than the avail-
able thermal energy, and application of a field was
necessary to overcome the energy barriers between
the QDs and ionize the excitons. However, in our case
theQDsare closer anddielectric constant higher, and this
facilitates exciton dissociation; the exciton dissociation
dominates the PL quenching behavior rather than the
intrinsic radiative and nonradiative process of the indivi-
dual QDs, and the field is not needed to ionize the QDs.

In contrast to the reverse bias conditions, the PL
quenching curves deviate from one another under
forward bias conditions (see Figure 4e and f), where
Auger recombination events can occur with a higher

probability. The deviation occurs at lower forward bias
conditions for lower temperatures. At lower tempera-
tures, excitons do not dissociate within the bulk of the
film but rather can diffuse, and some fraction will reach
the ZnO/PbS interface, where, under forward bias
conditions, electrons are injected into the PbS film,
rather than being extracted, and therefore cause non-
radiative Auger recombination. However, at higher
temperatures, exciton dissociation occurs prior to ex-
citon diffusion, and therefore the likelihood of Auger
recombination is reduced. Such behavior likely also
causes the poor IV characteristics at lower tempera-
tures (Figure 4c).

In order to further demonstrate the effect of tem-
perature and electric field on PL and photocurrent in
our solar cells, we first compare the temperature-
dependent photocurrent (Figure 5a, solid traces) and
PL intensity (Figure 5a, dashed traces) for conditions of
reverse bias (blue traces) and forward bias (red traces).
The photocurrent under reverse bias conditions does
not change significantly with temperature, because at
higher temperatures charges are generated via ther-
mal dissociation of carriers. However, at low tempera-
tures, carriers are generated by those excitons that
diffuse to the ZnO interface. In both cases the field acts
to sweep out the carriers. In forward bias conditions the
field increases the current and reduces the PL. Excitons
that reach the ZnO/PbS interface cause a reduction in
PL due to increased Auger recombination and reduc-
tion in the current. The PL spectra peak position as a
function of bias for various temperatures is shown in
Figure 5b. Under reverse bias condition and at low
temperature, excitons can be dissociated at the ZnO
interface, but the charge separation can be assisted by
the applied field. Under higher reverse bias the remain-
ing excitons (those that emit light) populate states
deeper in the band, inducing a further red-shift in the
PL. Thus, at 20 K the PL emission energy further red-
shifts by∼25meVbetweenþ2 V and�2 Vbias. At high
temperatures excitons dissociate via thermal activa-
tion, and the electric field is less important to carrier
generation and thus does not greatly affect the posi-
tion of the PL. Thus, we conclude that at room tem-
perature the field mainly sweeps carriers out of the
device rather than dissociating excitons.

We plot the PL intensity as a function of tempera-
ture for various biases in Figure 6a. The dashed black
trace in Figure 6a indicates the crossover temperature
where the behavior changes from ES-VRH to NNH. We
modeled the data in the same fashion described for the
temperature-dependent PL for the EDT-PbS and EDT-
PbS/ZnO films (Figure 2a). In this case, we find that T* is
nearly constant for all biases and Ea varies approxi-
mately linearlywith the applied field, for biases ranging
from �1 to 1 V (dashed green trace). The extracted
activation energy and crossover temperature Tc are
plotted in Figure 6b. The activation energy varies
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approximately linearly from 30 to ∼38 meV when the
bias is changed from �1 to ∼1 V. For forward bias
greater than∼0.6 V the activation energy saturates. An
applied voltage of ∼0.6 V is close to flat band condi-
tions. Such an applied voltage counteracts the photo-
voltage, producing zero net current in the circuit. In
this regime the field mainly acts on the electrically
injected carriers that dominate over the photogener-
ated carriers.

DISCUSSION

Photoluminescence vs Conductivity Measurements. The PL
data presented here differ in several key features

compared to temperature-dependent dark conductiv-
ity measurements of QD solids: (1) PL quenching is
most sensitive to exciton dissociation that occurs at
QD�QD interfaces rather than electron or hole hop-
ping conductivity that occurs over a large set of QDs;
(2) PL measurements necessarily involve the optical
generation of electrons and holes on individual QDs,
whereas in dark conductivity measurements electrons
and/or holes are injected into the conduction or
valence band via an external source. Equation 3 is a
valid description of exciton dissociation and has a
similar form to that describing electron/hole hopping
conductivity,27 but the physics are not necessarily

Figure 6. (a) Integrated PL intensity as a function of temperature for a variety of applied biases (indicated on the right side).
The dashed curves are fits to the data using the NNH and ES-VRH models discussed in the text. The dashed black line
represents the crossover from VRH to NNH. (b) Extracted values of the crossover temperature (blue squares) and the
activation energy (red squares). The green dashed line is a linear dependence of the activation energy on applied bias.

Figure 5. (a) Comparison of the temperature-dependent photocurrent (solid lines and solid squares) for forward bias (red
traces) and reverse bias (blue traces) conditions and temperature-dependent PL intensity (dashed lines and open squares) for
forward bias (red trace) and reverse bias (blue trace). (b) PL peak energy as a function of bias voltage at various temperatures.
At reversebias, the electricalfield assists electron andholeflow to contribute to the photocurrent extracted by the electrodes,
resulting in PL intensity quenching.
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equivalent. The derivation of eq 3 arises by considering
the tunneling probability of a charge between two
sites separated by a distance r and depends upon the
energy difference between the two sites and the
hopping distance relative to the localization length.
In conductivity measurements the transport is as-
sumed to be limited by the tunneling probability of
charges between two QDs within the array, and thus
eq 3 is also used to describe conductivity. The key
difference being in the conductivity case, charge car-
riers hop from a charged QD to a neutral QD, while for
exciton dissociation discussed here the initial state is
neutral and the final state consists of two QDs that are
oppositely charged.22

Recently we studied the PL quenching behavior for
a series of ligand treatments for both PbS and PbSe QD
films. We studied how the PL quenching temperature
(the temperature at which the PL is reduced to 50% of
its peak value) varies as a function of the ligand length
used forQD film formation.24 The ligand length sets the
average QD�QD distance and thus defines the
QD�QD electronic tunneling rate.31 We found a strong
correlation between the ligand-length-dependentmo-
bility measured in FET measurements with the PL
quenching temperature. In particular, we found that
by analyzing the pre-exponential factor (A in eq 3),
values ofβ, the parameter that describeswave function
leakage, could be extracted and resulted in values that
were similar to those obtained from FET measure-
ments. Those studies support our conclusion that
eq 3 describes similar physics to charge hopping.
Complications and thus differences between PL and
conductivity would arise if, in fact (contrary to our
assumption in eq 2), the radiative and/or nonradiative
rates on individual QDs were strongly temperature-
dependent, a situation we neglect here since our
measurements of insulated QDs indicate weakly
temperature-dependent behavior.

For QD films with longer ligands the QD films emit
light at low temperatures with PL quantum yields
(PLQY) similar to that found for QDs in solution and
OA-capped films (20�40%), suggesting, as we have
argued here, that at low temperatures excitons remain
localized on the QDs. For that study and here, we find
the PL remains largely quenched at 18 K for EDT-
treated films, suggesting that significant charge gen-
eration and/or another PL quenching mechanism oc-
curs at 18 K for the EDT-treated films that is not present
for the oleic acid-terminated QDs. There are three
possible scenarios that could explain these observa-
tions. (1) At 18 K there is enough thermal energy to
dissociate excitons; (2) the EDT treatment increases the
nonradiative rates on individual QDs, leading to an
overall lower PL; and (3) an increased exciton diffusion
rate allows for excitons to find defective QDs and
undergo nonradiative recombination. We can rule
out possibility 1 because the PL quenching behavior

is already beginning to saturate at 18 K, indicating that
there is insufficient thermal energy to dissociate ex-
citons. Therefore, we conclude that reduction of the PL
at 18 K is likely related to a combination of increased
defect density due to the EDT treatment and increased
exciton diffusion rate. The exciton diffusion rate scales
as 1/R6 where R is the center-to-center distance be-
tween acceptor and donor QDs, and thus exciton
diffusion is faster for the EDT-treated films relative to
the OA-terminated QDs. Wagner et al. measured the
trapped charge density for a series of PbS QD films that
were treated with various chemical treatments typi-
cally used for PbS QD PV device fabrication.14 While
they did not study an EDT-treated film, they did study a
benzenedithiol (BDT)-treated film and found that the
defect density was fairly high for the BDT-treated film
compared to other treatments, which supports our
conclusion here that the EDT treatment introduces a
larger fraction of defects that can quench PL.

PL in Isolated QD Layers vs PL from QD Layers Incorporated
into PV Structures. Surprisingly, the PL quenching behav-
ior is quite different in the QD layer incorporated into
the PV architecture compared to the EDT-PbS and EDT-
PbS/ZnO films. Figure 7 shows a direct comparison of
the PL quenching from the PV film and from the non-
PV films. There are two interesting observations that
can be made: (1) The activation energy is at least 2
times smaller even under flat band conditions in the PV
film, which can easily be seen from the smaller slope of
the PL quenching at 0 and 2 V, despite the fact that in
reverse bias (�1 V) the PL quenching is similar to that of
the EDT-PbS/ZnO film; (2) the PL is not 100% quenched
in reverse bias at room temperature and is in fact higher
than that of the EDT-PbS QD layer, indicating that the
PL is less quenched. The major fabrication difference is
that of the Al andMoO3 deposition steps. During these

Figure 7. PL quenching from Figure 2 a for the EDT-PbS (red
circles) and EDT-PbS/ZnO films (black circles) compared
directly with the PL quenching within the QD-PV device
for 2, 0, and�1 V applied bias in blue-shaded squares (data
are taken from Figure 5a).
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steps the QD layer is first subjected to high-vacuum
conditions and then followed by the actual deposition.
To test whether this could be responsible for our
observations, we prepared an EDT-PbS layer on glass
and then deposited MoO3 and Al on the back side of
the substrate rather than the QD-layer side. We ob-
served similar PL behavior to the EDT-PbS QD films
discussed here, which eliminates the vacuum condi-
tions as a contributor to the observed differences. It is
possible that the metal deposition on top of the QD
layer causes the film to undergo slight annealing.
However, we disregard this situation because we have
not observed other features associated with annealing
of QD layers. For example, the optical absorption
remains the same in the device vs nondevice architec-
tures. Finally, it is possible that MoO3 and or Al could
diffuse into the QD layer and passivate surface states.
Choi et al. found that in CdSe FET devices indium could
diffuse and passivate midgap states in the CdSe QDs.
Filling the midgap states resulted in improved carrier
transport.8 Such a process could occur in our films with
Al rather than indium.

Amore likely scenario than those based on how the
QDs were treated during film or device formation is
that the lower activation energy and higher PL at room
temperature are associated with PL that can arise from
a dissociated electron or hole that then recombines
with an injected electron or hole. Under reverse bias
conditions, only photocurrent flows in the device, and
the applied field acts only to sweep out charges rather
than injecting carriers, while at flat band conditions
carriers are injected to flatten the bands. Thus, the
density of injected carriers increases for increased
forward bias and thus increases the likelihood that
photogenerated carriers will undergo radiative emis-
sion. Finally another scenario is that the lower activa-
tion energy could also arise due to screening of
charges that lowers the Coulomb binding energy of
the excitons. More work is needed in order to fully
understand these observations.

Transport and PL within Bandtails. In previous studies,
we employed steady-state temperature-dependent PL
to characterize the behavior of photogenerated car-
riers within QD films. The results could be described by
assuming an exponentially decaying bandtail of ex-
citonic states that extends below a mobility edge. The
falloff of density of states, referred to typically as the
Urbach energy, depends onQD size, ligand length, and
ligand chemical identity.17 In addition to observing
behavior consistent with bandtail states in the tem-
perature-dependent PLwe also observed similar band-
tail behavior in the electrical conduction of the QD
optoelectronic devices,32 suggesting that the density
of excitonic states and the density of electronic states
are similar. These similarities suggest that the conduc-
tivity of carriers is mainly governed by hopping be-
tween quantized levels of the QDs and not associated

with a shallow surface-related defect level. It is possible
that such shallow defect levels could have a density of
states similar to that of the excitonic density of states,
but we think such a coincidence is unlikely. The tail of a
Gaussian distribution can be approximated with an
exponential function and could, therefore, define the
Urbach energy measured in the two experiments.
Thus, in our picture transport occurs via thermally as-
sisted hopping within the largest subset of QDs within
the ensemble.

A simple picture of how the QD photophysics
proceeds within an array of electronically coupled
QDs is shown in Figure 8. Excitons are produced via

absorption of light within the individual QDs and
partitioned according to the optical absorption of the
QD ensemble. The as-produced excitons undergo a
competition between exciton diffusion, exciton disso-
ciation, and nonradiative and radiative recombination.
During exciton diffusion, any defective QDs within the
ensemble could quench the PL, resulting in a reduced
PL compared to isolated QDs where a small subset of
defective QDs are statistically less likely to be photo-
excited. The excitons and/or carriers then occupy the
tail of the DOS (pictured here as the shaded region)
whose distribution is defined on the low-energy side
by the tail of the DOS and on the high-energy side by
the system temperature. A quasi-Fermi energy defines
the transport edge for electrons and holes and is
denoted by ETc and ETv. If a charge-separating interface
is in contact with the QDs, the excitons can diffuse
to the interface. However, at room temperature the
excitons are dissociated prior to significant exciton

Figure 8. Bandtails associated with excitonic and electronic
states. Excitons are produced within the QDs and quickly
thermalize to the bottom of the Gaussian distribution of
states (denoted by shaded region). Exciton dissociation
occurs from the bottom of the DOS via thermally assisted
tunneling.
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diffusion. The applied bias sweeps carriers out of the
device. In the work of Wagner et al., they concluded
that exciton diffusion to defective QDs was a major
limiting process for PbS QD devices.14 However, mid-
gap states that trap carriers also play a role in limiting
device operation because otherwise separated carriers
could undergo nongeminate radiative recombination
and the PL efficiency would not be quenched at room
temperature.

Mentzel and co-workers studied dark transport in
annealed PbSeQD filmsmeasured in an FET device and
found a transport activation energy of ∼40 meV,33

which is coincidentally the same as found here. They
also note that the activation energy for hole transport
is consistently smaller than the site energy dispersion
caused by variations in the size of the QDs and con-
cluded that the Fermi energy was in the tail of the 1Sh
band and is defined by a surface donor state. The
differences between this study and the Mentzel study
are that here we are studying EDT-treated PbS QDs
rather than annealed PbSe QDs films, and we have
measured the activation energy for charge generation
from an electron�hole pair generated by light. Here, in
our study, the activation energy is also smaller than the
site energy dispersion, which can be estimated from
the absorption spectra to be ∼80�100 meV. In our
previous PL quenching study, in which ligand treat-
ments and QD size were varied, no correlation was
observed between the size dispersion and activation
energy. Since the excitons can thermalize within the
bandtail and carrier transport also occurs within the
bandtail, the activation energy can be smaller than the
size distribution. However, a narrower size distribution
should allow for a smaller difference between the
exciton band gap and the transport edge and thus
improve the device performance.

Field-Dependent Effects. Application of a field lowers
the activation energy,33 making it more likely for ex-
citons to tunnel between adjacent QDs; therefore, the
crossover to the NNH regime occurs at a lower tem-
perature. According to the model proposed by Mentzel
et al., the change in the activation energy is Ea f Ea �
eFx, where x is the distance the carriers move upon
dissociation, and thus, ΔEa = �eFx. In the case of a
photovoltaic device the field is not uniformly dropped
across the entire device stack, as in the case of an FET
device, because each layer in the device has a different
resistance. In our studies, we estimate that∼50% of the
field is dropped across the ZnO layer, with some fraction

dropping across the MoO3 layer as well. Therefore, we
estimate that ∼10�20% of the field is dropped across
the photoactive region of the PbS QD layer. In Figure S3
we plot the field (assuming 15% of the applied field is
dropped across thePbS layer) vs the activationenergy. A
best-fit line has a slope that yields a charge separation
distance of x = 5.5 ( 0.5 nm, which is about twice the
diameter of the QDs used here, ∼2.8 nm. However,
given our uncertainties in calculating the field across the
PbS layer, this is in reasonable agreement with the
notion that exciton dissociation occurs via tunneling
from/to the localized 1S states of the QDs.

CONCLUSIONS

We monitored both the shift of the peak PL energy
and the intensity of PL as a function of temperature in
isolated QD films and in QD films that are incorporated
into ∼6% QD-PV architectures. The behavior of exci-
tons in the QD films depends significantly on the
temperature. At low temperatures excitons are the
dominant species and can diffuse over 100's of nano-
meters. When a charge separation interface is present,
the PL is further quenched by excitons that diffuse to
that interface. Excitons, therefore, sample and can be
quenched by a small subset of defective QDs. Defect
states that can quench excitons are important to
consider, but defects that trap free carriers are also
important in the operation of theQDPV devices. At low
temperatures excitons equilibrate into the lowest en-
ergy part of the QD ensemble. At higher tempera-
tures excitons dissociate to form free charge carriers
before reaching a junction. The activation energy for
exciton dissociation in QD-PV films is∼40 meV, similar
to activation energies measured in dark conductivity
measurements, indicating that the physics for charge
separation and charge transport are similar. Narrowing
the size-distribution of the QD ensemble should allow
for improved device performance by narrowing the
bandtails and moving the transport edge closer to the
center of the distribution. The role of the applied bias is
mainly to sweep out the charge carriers rather than
dissociate excitons. Temperature-dependent steady-
state photoluminescence can provide valuable in-
formation about the complex exciton and carrier dy-
namics in QD solids. Ideally, the PL should not quench
at higher temperatures, but instead the PL mechanism
would change from excitonic recombination at low
temperatures to carrier radiative recombination above
the temperature threshold for exciton dissociation.

EXPERIMENTAL SECTION

Nanocrystal Synthesis. Synthesis of ZnO NCs was carried out
following previous literature reports34,35 by adding 4.4 g of
ZnAc to 200 mL of methanol, heating to 60 �C with a dropwise
addition of 100 mL of a 0.4 M KOH solution in methanol. The

solution was stirred at 60 �C for 2 h. The particles were extracted
via centrifugation and resuspension in methanol. This was
repeated three times, and finally the dry ZnO powder was
dispersed in 40 mL of chloroform. We synthesized PbS QDs
with a first exciton peak at 920 nm (1.34 eV) by adding 1.8 g
of PbO, 8.25 g of oleic acid, and 14 g of 1-octadecene to a
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three-neck round-bottom flask. This mixture was heated to
120 �C under vacuum for 2 h and then placed under N2. In a
glovebox, 180 μL of hexamethyldisilathiane was mixed with
5 mL of octadecene and loaded into a syringe. The contents of
the syringe were injected into the flask, and the heating mantle
was immediately removed while the QDs were cooled to room
temperature. The reaction solution was mixed with 10 mL of
hexane and 20 mL of ethanol and centrifuged to extract the
QDs. Hexane and ethanol were used again for an additional
purification step, and the oleate-capped QDs were then sus-
pended in hexane and stored in air or a N2 desiccator until use.

Device Fabrication. Nanocrystalline ZnO was spin-coated on
patterned ITO glass slides (Thin FilmDevices, Anaheim, CA, USA)
with an active device area of 0.11 cm2 and then heated on a hot
plate in air at 260 �C for 30 min. The PbS QD layer (3.5 nm
diameter QDs) was deposited as described before. In particular,
QD layers were deposited onto the ZnO layer via sequentially
immersing the substrate into a suspension of PbSQDs in hexane
(10mg/mL solution) followed by a 1mM1,2-ethanedithiol solu-
tion in acetonitrile. This processwas repeated until the thickness
of theQD film reached∼364 nm. For annealing, the PbSQD thin
films were transferred to a hot plate in a glovebox set to a
temperatures of 100 �C for 30min. The PbS filmwas then loaded
from ambient air into the evaporation chamber, where a
10�15 nm thick MoOx film was thermally evaporated at a rate
of 0.5 Å/s under a base pressure of∼10�6 Torr, and a 100 nm Al
top contact was then thermally evaporated at a base pressure of
10�7 Torr without breaking the vacuum.

Steady-State PL. Temperature-dependent PL spectra were
conducted under vacuum (<10�5 Torr) in a closed-loop He cryo-
stat. Bare films on glass substrates or device films were excited
with 47 mW Ar-ion laser excitation at 514 nm. The excitation
beam was unfocused (spot size roughly 3 mm diameter) and
mechanically chopped at 1 kHz. The laser illuminates through
glass substrates, and the resulting PL spectra were collected at
the same side and detected with an amplified Ge photodiode
routed to a lock-in amplifier. Spectra were corrected for mono-
chromator and detector efficiencies using a calibrated lamp. For
each sample, spectra were always collected beginning at the
lowest temperature and warming to the highest. Samples were
left stationary in the cryostat during measurement of an entire
temperature range. No rapid photobleaching or degradation
effects were observed during PL measurements. At powers of
<50 mW, successive, repeated measurements at the same
temperature produced identical emission spectra.
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