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Colloidal quantum dot (CQD) based optoelectronic devices
have attracted great interest in recent years due to their facile
solution-processing and quantum-size-effect-enabled bandgap
tunability.[1–7] This makes them ideal materials for the active
absorbing layer in solar cells, where large-area processing
is required, and where multiple junction approaches and
multiple exciton generation offer the potential to raise performance beyond the single-junction Shockley–Quiesser limit.[3,5,8]
Rapid advances in CQD solar cell device architecture and
materials electronic properties have led to record AM1.5 solar
power conversion efficiencies of 7%.[9] To gain control over the
electronic properties of these materials, as well as to enable the
realization of families of more functionally complex devices
such as bipolar transistors and thyristors, much work has been
devoted to incorporating specific dopants that will control the
free carrier density in quantum solid films.[10–14] Recently, PbS
CQDs have been tailored to be either p-type and n-type,[15,16]
allowing for the fabrication of high-efficiency, all-inorganic, allCQD p-n junction solar cells.[17,18]
In spite of rapid recent progress, the efficiencies achieved
to date leave much room for further improvement. One
remaining challenge in the electronic materials properties of
CQD solids is the relatively short minority carrier diffusion
length, which is typically on the order of, or in cases considerably less than, 100 nm.[19] Increasing film thickness with the
goal of increasing absorbance does not result in increased efficiencies when the un-depleted device thickness exceeds this
diffusion length.[20] Depleted bulk heterojunction structures
have been introduced,[21,22] where the electrode material and
CQD layers interpenetrate to maximize absorbance without
sacrificing charge collection. Furthermore, the quantum funnel
– a conduction band-edge grading scheme that leveraged CQD
bandgap tunability – enhanced carrier collection by extending
the depth of film in which a significant electrical field provided
for drift-based electron extraction.[23] Improving CQD surface
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passivation has been used to reduce trap density[24,25] in CQD
solids,[9] also enhancing film and device performance.
In the present manuscript, we explore a newly enhanced
degree of freedom in engineering the electronic properties in
CQD solids – control over doping[15] – and prove that it can be
exploited to improve device performance. A p-n junction device,
termed quantum junction (Q J),[17] was recently reported based
on control over quantum dot solid net doping type and amplitude, and offering the benefit of quantum-size-effect tuning of
each side of the junction.
Our strategy in the present work is depicted in Figure 1a
and b. The previously reported quantum junction device, seen
in Figure 1a, relies on rather low doping (≈1016 cm−3) of the
thick n-layer active region. This low doping is accompanied by
low trap state densities and thus is beneficial for both transport
and recombination. However, the low doping also reduces the
built-in potential, a determinant of the open-circuit voltage; and
entails a tapering off in the amplitude of the electric field near
the back side of the device – the region in which drift-driven
transport is most urgently needed to extract the photocharges
generated most remotely from the charge-separating front p-n
junction. Using a more heavily-doped n-region can increase
the open circuit voltage but at the expense of having a reduced
depletion region. Such a compromise would curtail carrier
extraction, leading to a significantly reduced photocurrent.
In Figure 1b, we propose a device architecture in which
we replace the top 30 nm of lightly doped n-type solid with a
highly doped (1017–1018 cm−3) n+ CQD layer, keeping the total
thickness and thus absorbance fixed.[17,18] Figure 1c,d depict
spatial band diagrams at the maximum power-point of these
two devices, simulated using SCAPS 3.0.01[26,27] and previously established methods,[17,24,28] and employing the material
parameters listed in the methods section, assuming AM1.5G
solar illumination.
The benefit of introducing the highly-doped n+ layer is twofold. It introduces an electric field in the rear of the device to
aid in carrier extraction, resulting in increased current at the
maximum power point. As well, it allows for greater electron
and hole quasi-Fermi level splitting at the maximum power
point, resulting in an increased operating voltage.[29]
We explored device behavior at the maximum power point
(Figures 1e,f) and found that both the operating voltage and
currents (VMPP and JMPP) increase with increasing doping in the
heavier doped n+ region (1015 cm−3 n-layer, and 1015–1019 cm−3
n+ doping variation). Grading the doping profile in such a way
could contribute to a 1.3× increase in the power conversion
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a high surface area to volume ratio of our
≈3 nm particles. This increases the likelihood of replacing sulfur atoms with halogen
dopants required to implement n-doping the
CQD film. XPS confirmed the greater presence of halide ions in the iodide treated films
compared with the bromide treated films
(Figure 2e). Soaking with the iodide for different durations was also previously shown
to result in differing doping densities,[15] and
had also resulted in different trap density
profiles;[25] hence, though 1018 cm−3 doping
is possible with the halide ion approach, the
films are not, in their present form, photovoltaic-device-grade materials.
We constructed two classes of devices
employing these materials to elucidate the
benefit of graded doping. The device architectures are akin to those presented in
Figures 1a and 1b, where bromide-treated
films are used as the lightly-doped n-type
active layers in each case; and, in the gradeddoping device, an iodide-treated replaces the
+
Figure 1. a,b) Ungraded (a) and graded (b) CQD solar cells. c,d) Simulated spatial band dia- final layer with a heavily-doped n -layer.
We sought a means of confirming that
grams of the ungraded (c) and graded (d) devices operating at the maximum power point. The
graded device shows a >20% increase in operating voltage (VMPP), and band-bending near the the doping gradient – ascertained from FET
rear of the device introduces an additional electric field capable of aiding with carrier collection measurements – was manifested in the
for improved fill factor. e,f) Simulated enhancement from the graded doping architecture: the
electronic properties of the final device. We
simulations show that as the doping density in the graded scheme is increased, the operating
voltage (VMPP) at the maximal power-point is increased. This results in a PCE enhancement expected that a graded doping profile should
change the capacitance vs. voltage behavior
with increasing n+ layer doping.
of the device.[31]
We begin by depicting Mott–Schottky
efficiency (PCE) if very high doping could be achieved without
analysis of the conventional, ungraded, asymmetric p-n junccompromise to transport and recombination properties.
tion device. For bias levels more negative than required to
We therefore set out to identify experimental means to influachieve full depletion of the lightly-doped n-layer, the capacience doping of n-type CQD films in a manner that substantially
tance is essentially constant, since bias cannot further deplete
preserved their properties as active materials in photovoltaics.
the device. For voltages more positive than this threshold bias,
We built upon recent advances in the creation of halides-passicapacitance grows as the depletion narrows, its boundary provated n-type all-inorganic CQD films.[25]
gressing inwards. The slope of the 1/C2 vs. V curve allows the
Using field-effect transistor (FET) studies, we characterized
doping of the lesser-doped side of the asymmetric junction to
the doping type and transport behavior in a variety of films.[15,30]
be inferred (Supporting information S2).
The transistor consisted of an aluminum gate, aluminum-oxide/
As Figure 3a illustrates, analogous logic allows the doping
octadecyltrichlorosilane hybrid gate dielectric, PbS CQD film and
levels in each of the two n-type regions of the p-n-n+ device to
titanium source and drain electrodes. The FET transfer characbe extracted. At the most strongly negative biases, the entire
teristics (Figure 2a) show that a positive gate voltage generates
n-doped side of the device is fully depleted, and the capacitance
a current between source and drain, characteristic of an n-type
is substantially constant. As the applied voltage is increased in
film. The equation for the doping density calculation is shown
the positive direction, a quasi-neutral region develops in the
in the Supporting Information S1. Using a short bromide soak
more heavily-doped n+ region, and the slope of 1/C2 vs V reveals
vs. a long iodide soak during film fabrication led to a greater
the n+ side’s doping. Only once the n+ region has been returned
conductivity for the iodine treated film (Figure 2b) and allowed
to complete quasi-neutrality, and the depleted-to-quasi-neuus to form either lightly 1016 cm−3 or heavily 1017 cm−3 doped
tral boundary layer begins to penetrate into the lightly-doped
layers, respectively (Figure 2c). The error bars for the doping
n-region, does 1/C2 begin to describe the doping in the n-layer.
density values are shown in Figure 2c. The particular choice of
Graded and ungraded devices were each constructed to have
halogen and soaking time was optimal for making a suitable
a total n-type material thickness of 250 nm. In the graded case,
lightly or heavily doped layer in each case based on the respecthe final 30 nm of the device consisted of the heavily doped n+
tive halogen reactivity with this class of PbS CQDs. The electron
layer. Since using a large n+ layer thickness can significantly
mobility in each film was similar at 0.01 cm2/Vs (Figure 2d).
reduce the depleted portion of this region and thus result in
The approach leveraged the high degree of accessibility to the
carrier loss (Supporting Information S3), we instead employed
surface of the CQD semiconductor nanoparticles afforded by
a thin n+ layer. Figure 3b shows the experimental 1/C2 curves
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Figure 3. a) The regimes of depletion in a graded device. b) Experimental capacitance–voltage
response of the graded and ungraded structures. The ungraded architecture has a single well
defined slope in the Mott–Schottky analysis, corresponding to a single doping density. In contrast, the graded structure exhibits two distinct slopes consistent with two differently doped
layers. c) Extracted doping densities based on the Mott–Schottky analysis at each voltage point.
d) Dark I–V curves of the graded and ungraded devices highlighting the differences in built in
voltage.
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Figure 2. a) Experimental FET transfer curves showing n-type modulation for channels formed
using halide-treated materials. b) FET response without a gate bias, showing a marked difference in conductivity between these two films. The difference in conductivity is attributed
to differences in free carrier density since FET analysis reveals comparable linear mobilities.
c,d) Extracted doping densities and carrier mobilities for the two types of FETs. e) XPS analysis showing that iodine leads to highest halogen content compared with bromine solid state
treatments.

obtained for each device, and, using Mott–
Schottky analysis (Figure 3c), we were able
to extract doping densities for each case by
calculating the slope at each point in the various regions discussed in Figure 3a. Analysis
of the ungraded device resulted in a single
doping density of 2.5 × 1016 (±1 × 1016) cm−3.
This is directly evident from the flat plateau
portion of Figure 3c. However, as the device
becomes increasingly reversed biased, the
apparent doping density grows dramatically
because the device has attained full depletion
and the change in capacitance is marginal –
hence there is only one doped region present.
In contrast, the graded device exhibits two
plateaus indicative of two different doping
densities, and the analysis results in an n
region doping density of 2 × 1016 (±1 × 1016)
cm−3 and an n+ region doping density of 2 ×
1017 (±1 × 1017) cm−3. The extracted doping
density change trend agrees well with the
extracted FET doping densities taking into
account the experimental error and variation
associated with both of these measurements.
Furthermore, the doping densities extracted
from both Cap–V curves agree within error
for both the lightly doped material. The
graded devices are not fully depleted at 0 V,
while the ungraded devices are fully depleted
– consistent with the addition of the n+ region
sufficiently heavily doped to retain a quasineutral region at the edge of the device.
The dark I–V characteristics (Figure 3d)
of the solar cells to illustrate that the diode
turn-on voltage, which depends on the builtin voltage, is greater for the graded structure
– boding well for such a device achieving
a higher operating voltage under solar
illumination.
Current–voltage measurements of the
same devices were obtained under AM1.5
solar power illumination (Figure 4a). The
open circuit voltage (Voc) is greater for the
graded case (0.55 V vs. 0.51 V), attributed
the greater built-in potential afforded by
the n+ layer. The fill factor of the device had
increased as well (55% vs. 52%), attributable
to the enhancement due the introduced electric field at the n/n+ interface. The short circuit current density (JSC) had not increased
substantially, consistent with the fact that the
ungraded device was already at full depletion when unbiased (Figure 3). The external
quantum efficiency (EQE) spectra of both
devices were shown in the Supporting Information S4). The graded device show a bit
increased EQE in the infrared region. The
champion efficiency of the graded device was
7.4% compared to the 6.4% achieved with
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PCE improvement for this class of devices,
and stands to increase to over 8% PCE once
the doping density in the n+-layer produces
device-grade materials with a doping density
of 1018 cm−3 or greater.

Experimental Section
CQD Synthesis and Solution Halide Treatment: PbS
CQDs were synthesized according to a published
recipe.[21] Solution pre-treatment was carried out
with tetrabutylammonium iodide (TBAI).[25]
Film Deposition: The p-type film was prepared
using a dip-coating process. ITO-coated glass was
dipped into a CQD solution (8 mg/mL) in hexane
for 20 s, and then dried in air for 300 seconds. The
film was then dipped into a tetramethylammonium
hydroxide methanol solution (10 mg/mL) for 25 s,
and then dried at room temperature for 2 minutes.
Finally, the film was dipped into methanol for
3 seconds, and dried for 200 seconds. This cycle
was repeated three times to reach a final thickness
of 30 nm.
The n-type film fabrication process is similar
to previous reports.[17] For the intermediate n-type
layer, tetrabutylammonium bromide (30 mM) was
Figure 4. a) Experimental I–V curves and champion performance of the devices under AM 1.5
illumination. The graded device shows higher Voc and FF than the ungraded one. The overall used for the ligand exchange with a soak time of
PCE value of the graded device is 1% higher, leading to a record performance of all-inorganic 10 seconds and with a final 220 nm thickness was
achieved. For the n+ layer, a TBAI in methanol
CQD solar cells. b) Simulated solar cell parameters as a function of n-layer doping and n+-layer
(30
mM) solution was used with a treatment time
doping. These self-consistent simulations show that the PCE may be increased by increasing
of 60 seconds, to reach a final thickness of 30 nm.
the n+ region doping, with enhancements to both fill factors and open circuit voltage. SimuFET Measurement: Thermal deposition of Al was
lated device data points for the ungraded and graded devices have been included as a guide to
the eye for the reader, showing the expected changes in critical device parameters for ease of carried out on glass, and the surface of Al layer was
then electrochemically anodized to form an 8 nm
comparison with actual device data.
thick Al2O3 gate dielectric. This was followed by
spin coating of PbS CQDs in a N2 glovebox, and
treatment with 30 mM TBAI (2 × 60 s) or TBAB (2 × 10 s) in methanol,
the ungraded device, a record efficiency for all-inorganic CQD
to form 50 nm thick films. Finally, titanium was deposited for the top
devices.
source and drain contacts. The FETs had a channel width of 2 mm, and
We conclude with an exploration (Figure 4b) of the quantitachannel length of 50 μm Carrier mobility was extracted from the linear
tive extent of performance benefits achievable with further optiportion of the I–V curve.
mization of the graded doping strategy. The open circuit voltage
PCE Characterization: Current–voltage characteristics were measured
benefits from increased doping in each layer, particularly in the
using a Keithley 2400 source-meter in N2 ambient. The solar spectrum
n+-layer, and stands to improve 10%. The fill factor (FF) stands
at AM1.5 was simulated to within class A specifications (less than 25%
spectral mismatch) with a Xe lamp and filters (Solar Light Company
to benefit to a similar degree from an increase in the n+--layer
Inc.) with measured intensity at 100.6 mW cm−2. The source intensity
doping. Increasing the n+-layer to 1018 cm−3, if it can be done
was measured using a Melles-Griot broadband power meter and a
without significant compromise to other electronic materials
Thorlabs broadband power meter through a circular 0.05 cm2 aperture
parameters, offers an avenue to over 8% PCE. Further increases
at the position of the device and confirmed with a calibrated reference
in the doping density may be achieved by using the recently
solar cell (Newport, Inc.). The accuracy of the power measurement was
reported redox couples[30] or tuning the stoichiometry of the
estimated to be ±5%.
Cap–V Measurement: Capacitance–voltage (C–V) measurements were
underlying nanocrystal material composition.[16]
performed using an Agilent 4284A precision LCR meter under Cp-Rp
We have constructed a new kind of graded-doping, allmodel. All measurements were performed in the dark. CV sweeps of
inorganic, all-CQD solar cell. The constituent CQD layers are
solar cell devices were performed between −1 V and 1 V with an AC
tailored to have different doping densities via the use of consignal of 10 mV and 1000 Hz.
trollable halide treatment strategy. The graded scheme allows
Optoelectronic Simulation: SCAPS 3.0.01 was used for the
for greater operating and open circuit voltages due to enhanced
optoelectronic simulations. The p-n junction devices were simulated with
a p-layer thickness of 30 nm, and a doping of ≈1019 cm−3. The p-layer
built-in voltage, while the added electric field enhances carmobility was 10−3 cm2/Vs, with a trap density of 1016 cm−3 0.3 eV below
rier collection at the maximum power-point. A similar grading
the
conduction band. The n-layer thicknesses were modeled according to
scheme could potentially be implemented in the depleted
those reported in the manuscript. All n-layers included trap densities of
heterojunction architectures once fine control over doping
1015 cm−3, 0.2 eV above the valence band. Mobilities of 10−2 cm2/Vs were
density and material compatibility is achieved in p-type PbS
used. Doping densities were varied from 1015 to 1019 cm−3 depending on
materials. For the quantum junction architecture, the graded
the simulation. A band-gap of 1 eV was used for the CQDs to account
doping scheme reported herein resulted in a 1 power point
for the difference between the optical and electronic bandgaps. The
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