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ABSTRACT: The size-effect tunability of colloidal quantum dots enables facile
engineering of the bandgap at the time of nanoparticle synthesis. The dependence
of effective bandgap on nanoparticle size also presents a challenge if the size
dispersion, hence bandgap variability, is not well-controlled within a given
quantum dot solid. The impact of this polydispersity is well-studied in luminescent
devices as well as in unipolar electronic transport; however, the requirements on
monodispersity have yet to be quantified in photovoltaics. Here we carry out a
series of combined experimental and model-based studies aimed at clarifying, and
quantifying, the importance of quantum dot monodispersity in photovoltaics. We
successfully predict, using a simple model, the dependence of both open-circuit
voltage and photoluminescence behavior on the density of small-bandgap (large-
diameter) quantum dot inclusions. The model requires inclusion of trap states to
explain the experimental data quantitatively. We then explore using this same
experimentally tested model the implications of a broadened quantum dot population on device performance. We report that
present-day colloidal quantum dot photovoltaic devices with typical inhomogeneous linewidths of 100−150 meV are dominated
by surface traps, and it is for this reason that they see marginal benefit from reduction in polydispersity. Upon eliminating surface
traps, achieving inhomogeneous broadening of 50 meV or less will lead to device performance that sees very little deleterious
impact from polydispersity.
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Colloidal quantum dots (CQDs) are nanoparticles,
synthesized and suspended in solution, whose tunable

dimensions dictate their optical and electrical properties.1

These materials have been successfully employed as the active
layer in optoelectronic devices such as photodetectors,2,3 light
emitting diodes,4,5 and solar cells.6,7 At present, the most
efficient CQD solar cells8 employ the depleted heterojunction
architecture consisting of a p-type PbS CQD layer coating a
transparent n-type metal oxide.9 Within these architectures, the
PbS film is often idealized as having substantially uniform
electronic properties with a single, well-defined effective
quantum-confined bandgap.
In fact, a population of CQDs has some finite distribution of

dot diameters, hence a variance in the quantum-confined
bandgap of the dots in this population, characterized as
inhomogeneous broadening. In light-emitting and lasing
devices, polydispersity widens the emission and gain
bandwidths, respectively.10,11 In electronic devices such as
field-effect transistors, electronic transport can be enhanced
through the use of highly monodispersed quantum dots,
enabling dense packing and, potentially, superlattice-based
delocalized transport.12,13

The need for control over CQD population inhomogeneous
broadening is thus widely recognized in the CQD community;
and rapid nucleation and growth, followed by size-selective
precipitation, are available to narrow this distribution.14

Here we investigate the importance of monodispersity in the
specific context of CQD photovoltaic (PV) devices. A rough
energy landscape has two related potential implications in PV
devices; not only can it impede transport but it can also create
“quantum traps” in which the presence of a small-bandgap
inclusion could lead to enhanced recombination.
We begin with a brief discussion of the quantum dot films

employed in our devices. Ideally, a quantum dot solid will
possess a pristine bandgap free of smaller-bandgap inclusions.
Under illumination, a device at open-circuit conditions will
achieve an open-circuit voltage defined by, and approximately
0.35 eV less than, that bandgap.15 When a smaller-bandgap
inclusion is incorporated (Figure 1a), but the concentration of
the inclusion is less than that of the majority matrix, the
majority-carrier band (valence band in Figure 1a) will be
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minimally affected,16 and the minority-carrier band (conduction
band in Figure 1a) will see a quantum trap of energetic depth
equal to the bandgap difference between the inclusion and the
matrix. Presumably some density of such defects can be
tolerated with minimal impact. Above some threshold density
(Figure 1b), photocarriers will fill the inclusions predominantly,
and the open-circuit voltage will become determined, or
pinned,17 by the inclusions instead of the matrix.
We designed a simple experiment to explore this

concentration threshold. We generated controlled mixtures of
quantum dots in a known ratio of small diameter, large bandgap
(matrix) nanoparticles to large diameter, small bandgap
(inclusion, quantum trap) nanoparticles. We built strongly
electronically coupled quantum dot films through a previously
reported solid-state replacement of long oleic acid with short
mercaptopropionic acid.9

As expected, the photoluminescence (PL) spectra of the
large-diameter-doped quantum dot films showed the emer-
gence of a long-wavelength peak that grew at the expense of the
shorter-wavelength peak as the inclusion concentration was
increased (Figure 2a). More specifically, the ratio between the
long-wavelength peak and short-wavelength peak increased
with increasing inclusion concentration. Even when only 1% of
the inclusions were doped into the matrix, the luminescence
feature associated with the inclusions dominated. This is
consistent with efficient transfer of exciton from the primary
light-absorbers (the small-diameter quantum dots) to the
minority smaller-bandgap inclusions. Such transfer to the
smallest bandgap moiety has been previously observed.18−20 It
is consistent with the efficient dot-to-dot transfer of photo-
carriers necessary to achieve the high short-circuit photo-
currents (20 mA/cm2) observed in CQD photovoltaic
devices.8,21 Figure 2b shows PL for the 0% inclusion case
(i.e., a pure phase of small diameter CQDs) and the 100%
inclusion case (i.e., large diameter CQDs only) to indicate that
the PL quantum efficiency of the two CQD sizes is of the same
order.

We also constructed photovoltaic devices using these same
quantum dot films. We built depleted-heterojunction devices
similar to those previously reported.9 We summarize in Figure
2c the dependence of open circuit voltage (Voc)on inclusion
concentration. Below 1% doping, no observable impact is seen.
A modest loss of ∼10−20 mV is seen up to 10% doping. Only
at even higher doping levels is a major decrease in open-circuit
voltage seen.
We were struck with the fact that the concentration

threshold at which PL became inclusion-dominated (1%) was
vastly lower than the concentration threshold at which open-
circuit voltage became significantly degraded (10%). We had
initially expected that once small-gap quantum dots dominated
luminescence they would also limit the quasi-Fermi level
separation and thus the Voc.
Recently, a role for surface traps in the photovoltaic

performance of CQD PV devices has been presented and
substantiated using time-resolved infrared spectroscopy.8 If
such traps were present in significant proportions in our CQD
films and did not possess strong luminescence of their own,
they could be the primary agents responsible for limiting the
Voc.

22 Only when the small-gap CQD inclusion density reached

Figure 1. Schematic of the energy bands in quantum dot films (a)
comprised of predominantly a single size of CQDs with a small
addition of a smaller bandgap CQD; (b) possessing many inclusions of
small bandgap CQDs; (c) dominated by a trap density near the
conduction band; and (d) affected by both traps and substantial small-
bandgap inclusions. Eqfn and Eqfp signify the electron and hole quasi-
Fermi levels respectively. Ec and Ev are the quantum-confined
conduction and valence band energies.

Figure 2. (a) Photoluminescence of films with varying percentages of
large diameter inclusions. All spectra are MPA-ligand-treated and are
normalized to the 0% short-wavelength peak at ∼1150 nm. This
normalization reveals the ratio of the long-wavelength peak relative to
the short-wavelength peak. (b) Photoluminescence spectra of small
diameter (0%) and large diameter (100%) CQD films. The spectra are
not normalized and reveal the quantitative ratio of luminescence
efficiencies for the two constituent populations of dots reported in (a).
(c) Open circuit voltage of solar cells as a function of the
concentration of small bandgap inclusions. The x-axis is presented
on a logarithmic scale to highlight the low-inclusion−concentration
regime.
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a very high threshold would the inclusions limit Voc. Well
before this concentration, the small-gap inclusions could
nevertheless contain vastly more photocarriers than the small
diameter CQD matrix, accounting for the emergence of
predominant PL prior to VOC loss. Within this scenario,
photocarriers can exist at either the small diameter CQD
bandedge, the large diameter CQD bandedge, or in surface
traps. Those in surface traps will not recombine radiatively,
while those at the band edges will. The PL spectrum, therefore,
only probes the relative populations of the states associated
with the presumed radiative band-to-band recombination, while
not explicitly revealing the nonradiative process.
We turned to numerical modeling (Supporting Information

S1) to provide a quantitative picture of this phenomenon. We
account for both inclusions and surface traps in this model, a
situation depicted in Figure 1c (surface traps dominate Eqfn)
and 1d (small-gap inclusions dominate Eqfn).
As seen in Figure 3b, we are able to predict the observed

dependence of Voc on inclusion density if we let surface traps
exhibit an energy depth 0.25 eV below the quantum-confined
conduction band-edge. This choice is consistent with recent
reports for PbS,8 but of course is not universal and will depend
on the ligand, the quantum-confined bandgap, and the choice
of quantum dot material composition. We modeled the small-
gap inclusions as 0.35 eV deep traps, an amount equal to the
bandgap difference between the matrix and inclusions we
employed in our experiments. A surface trap density of ∼1016

cm−3 led to the best agreement with the experimentally
observed dependence of Voc on inclusion density.
We were also able to explain, using the same choice of

surface trap state density and energy, the dependence of the
ratio of small-gap (inclusion) to large-gap (matrix) PL intensity
(Figure 3a). Here we used the quasi-Fermi level position
predicted by the simulator under standard illumination
conditions to obtain the ratio of photocarriers in the inclusions
to photocarriers in the quantum-confined conduction band
levels (Supporting Information S2). We plot this photocarrier
ratio R = nt/nc and find that it predicts the luminescence ratio
well.
These results lend credence to this simple model that

includes the effects of both surface traps and small-gap
inclusions. The method of doping using inclusions also
provides a convenient experimental technique for investigating
whether one is in the polydispersity-limited regime or not. Our
results immediately suggest that typical CQD solids, which
employ nanoparticles having inhomogeneous linewidths of
100−150 meV, are likely not polydispersity-limited in their
performance.
We then sought to explore within this model the implications

on device performance of realistic CQD size distributions. We
expected that a Gaussian size distribution would adequately

Figure 3. (a) Carrier occupation and thus recombination potential
calculated both experimentally and from simulation in films of mixed
quantum dots, experimental metrics extracted from Figure 2a and
plotted as circles. (b) VOC as a function of large diameter, small
bandgap CQD inclusions for different trap densities (Nt), each with a
depth of 0.25 eV below the conduction band edge. Experimental
results from Figure 2c are also plotted as purple circles.

Figure 4. (a) Solution absorption spectrum of 1.3 eV CQDs fitted
with a Gaussian (inset) centrifuge tube showing the ultracentrifugation
capabilities of separating out different CQD size bands. (b) Same
absorption spectrum with the y-axis scaled logarithmically, allowing for
a better Gaussian fit.
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model our observed absorption spectrum and wished to verify
this experimentally first. Naturally there exists a homogeneous
component to line width as well. Prior results suggest that the
homogeneous line width is small compared to inhomogeneous
ones, especially for the case of highly confined quantum dot
systems.23 A solution of the quantum dots used herein that had
undergone layered-solvent ultracentrifugation24 forms discrete
bands of color (Figure 4a, inset), also consistent with an
appreciable role for nanoparticle diameter distribution.
Figure 4 shows a solution-phase absorption spectrum of

CQDs centered at 1.3 eV plotted on both linear and
logarithmic curves (see Supporting Information S3 for high-
dynamic-range absorption measurement methodology). We fit
the spectrum using a Gaussian function. From the standard
deviation (σ) of Figure 4b, which provides a more accurate fit
that resolves the low-energy spectrum, combined with
published wavelength-size dependence,16 we extract a size
and size distribution of 3.6 ± 0.3 nm, which is in agreement
with prior reports based on microscopy.25

We therefore pursued modeling of the impacts on device
performance of polydispersity using a Gaussian model of
quantum dot size distribution (Supporting Information S4).
Figure 5 shows the dependence of short circuit current density
(JSC), Voc, and solar power conversion efficiency (η) on both
surface trap density (vertical axes) and the standard deviation of
the quantum dot bandgap distribution.
The transition between surface-trap-dominated to polydis-

persity-dominated performance lies along the diagonals at
which the density and energy depth of each are comparable. As
seen in our experiments above, present-day devices with their
typical quantum dot bandgap standard deviations in the range
100−150 meV are dominated in reality by surface traps and see
marginal benefit from reduction in polydispersity.
Future devices with well-passivated CQDs will benefit from

reduced polydispersity; once surface traps are more fully
addressed in quantum dot solids, achieving polydispersities of
50 meV or less will lead to device performance that sees very

little harmful impact from polydispersity. Since this is
achievable using careful synthesis, size-selective precipitation,
and, if necessary, density-gradient ultracentrifugation, this
finding is encouraging for continued progress in CQD PV
efficiency.

Methods. One-dimensional models were prepared using
SCAPS 3.0.00 employing CQD absorption coefficients and
doping densities based on measured values. Electron affinities
were based on literature values.16 Trap depths are 0.25 eV
below the conduction band edge except where explicitly stated.
PbS colloidal quantum dots were synthesized using a

variation on a literature method.26 TiO2 electrodes were
prepared from a sol−gel solution27 on SnO2/F-coated glass
substrates (Pilkington TEC 15, Hartford Glass, Inc.). CQD
films were prepared on TiO2 electrodes by multilayer
spincoating of 50 mg mL−1 solution in octane under ambient
conditions. Each layer was deposited at 2500 rpm and treated
briefly with 10% 3-mercaptopropionic acid in methanol also
spin-cast at 2500 rpm; each layer was then rinsed with
methanol while spinning at 2500 rpm. Each device consisted of
eight layers with each layer being approximately 25 nm
resulting in a total device thickness of ∼200 nm. The device
thickness has been previously calibrated using cross-sectional
SEM measurements.8,9,18,21,27 The device was then transferred
to a glovebox with N2 atmosphere and left overnight. Contacts
consisting of 10 nm of MoO3, followed by 15 nm of gold
topped with 110 nm of silver were deposited by thermal and
electron beam evaporation at rates of 0.2 (thermal), 0.4
(electron beam), and 1 Å/s (thermal), respectively, at a
pressure of <1 × 10−6 mbar. Contact sizes were 0.061 cm2.
J−V data was measured using a Keithley 2400 source-meter

under ambient conditions. The solar spectrum at AM1.5 was
simulated to within class A specifications (less than 25%
spectral mismatch) with a Xe lamp and filters (ScienceTech)
with measured intensity at 100 mW cm−2. The source intensity
was measured with a Melles-Griot broadband power meter
(responsive from 300 to 2000 nm), through a circular 0.049

Figure 5.Modeled device performance for varying trap densities (Nt varies by row of graph and is indicated on each plot) as a function of trap depth
(Et) and the CQD population distribution broadness (σ). The left column represents the short circuit current density (JSC), the middle column
represents the open circuit voltage (VOC), and the right column represents the power conversion efficiency, η.
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cm2 aperture at the position of the sample and confirmed with a
calibrated solar cell (Newport, Inc.). The accuracy of the
current−voltage measurements was estimated to be ±7%.
Absorption spectra were acquired using a Cary 500 UV−vis-

IR Scan spectrometer operating in transmission mode.
Photoluminescence experiments were carried out using an
Ocean Optics NIR512 spectrometer coupled to a focusing lens
and 900 nm long pass filter through an optical fiber while
simultaneously illuminating the sample with a HeNe 633 nm
continuous wave laser source. PL samples were prepared on
plain glass substrates.
Ultracentrifugation was carried out in a Sorvall WX Ultra 90

ultracentrifuge, using a Surespin 630 rotor and polypropylene
tubes. 200 μL of a CQD solution in hexane (∼5 mg/ml) was
layered (in the tube) on top of a liquid of an approximately
linear density gradient ranging from hexane(90%)/chloro-
form(10%), near the top of the tube, to 100% chloroform at the
bottom of the tube.
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