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ABSTRACT: We report a systematic investigation of the electronic
properties of lead sulfide quantum dot (QD) films prepared by gel
permeation chromatography (GPC) or conventional precipitation/
redispersion (PR) to identify the effect of these different purification
methods. Following spin coating and ligand exchange with
ethanedithiol, metal top contacts were patterned by evaporation
through a shadow mask. A transmission line model (TLM) approach
was employed to separate the bulk resistivity from the contact
resistance. The GPC-purified film showed a resistivity as low as 1.5
kΩ-cm, ∼3× lower than for PR, as well as decreased contact
resistance with Au contacts. These differences in electronic properties
were accompanied by decreased surface roughness. By tuning the
workfunction of metal contacts to these films, a transition from ohmic
to rectifying behavior characteristic of p-type conductivity was observed. The contrasting behavior of the ohmic- and Schottky-
contacted devices permits estimation of majority carrier (hole) and minority carrier (electron) properties, respectively. With ohmic
contacts, the GPC-purified film displayed an increased responsivity (>10 mA/W) and photoconductive gain along with a decrease in
photocurrent lifetimes, indicating improved mobility. Scanning photocurrent microscopy (SPCM) was used to characterize the
minority carrier diffusion length in Schottky-contacted devices, which was found to be comparable in all three films studied, but a
much shorter photocurrent lifetime in the GPC-purified film indicates a much greater electron mobility, indicative of diminished
trapping. The results indicate that film properties are sensitive to preparation conditions in addition to ligand density and that GPC
is a highly effective route to QDs suited for optoelectronic applications.

■ INTRODUCTION
The desire to incorporate improved and broadly deployable
photodetectors and photovoltaics in daily life has fueled the
hunt for new materials that enable simple design and
fabrication techniques for low-cost, flexible, and large area
semiconductor devices.1−3 Semiconducting colloidal quantum
dots (QDs), which are zero-dimensional, nanoscale crystals of
analogous bulk semiconductors, offer a versatile platform for
engineering photovoltaic devices, displays, and flexible
electronics.4−6 QDs are promising semiconducting materials
for electronic and optoelectronic devices due to tunable size-
dependent bandgaps, multi-exciton generation, and high
achievable quantum efficiencies.7,8

In traditional solution-based synthesis of QDs, long-chain
organic ligands (e.g., oleate) are used as surface capping agents
to preserve size and prevent aggregation.7,9 Great efforts have
been made to find suitable short-chain surface ligands to
reduce spacing between adjacent QDs and improve charge
transport in optoelectronic devices.10−13 To build devices out
of QDs, post-synthesis reaction byproducts and residual
precursors are removed by multiple precipitation and
redissolution (PR) cycles. The PR technique uses polar anti-
solvents that can promote QD aggregation.14 Multiple PR

cycles result in loss of native ligands bound to the surface,
which can induce surface traps that degrade the optoelectronic
performance of the dots.15−19 Ligands also inhibit coalescence,
which has been shown to lead to electronic traps in QD
films.20 This presents a tradeoff between QD agglomeration
and removal of reaction byproducts and residual precursors
through multiple PR cycles. Our group has shown that post-
synthesis purification of QDs by gel permeation chromatog-
raphy (GPC) can break this tradeoff.21−24 GPC is an effective
way to separate analytes on the basis of size, through which
larger particles elute faster than smaller ones. It effectively
separates QDs from byproducts and unreacted precursors
while reproducibly preserving ligand surface termination. GPC
also prevents agglomeration by keeping QDs dispersed in a
homogeneous solvent environment during purification. Post-

Received: May 12, 2021
Revised: July 26, 2021
Published: August 10, 2021

Articlepubs.acs.org/JPCC

© 2021 American Chemical Society
17796

https://doi.org/10.1021/acs.jpcc.1c04218
J. Phys. Chem. C 2021, 125, 17796−17805

D
ow

nl
oa

de
d 

vi
a 

C
O

R
N

EL
L 

U
N

IV
 o

n 
Se

pt
em

be
r 8

, 2
02

1 
at

 2
3:

38
:2

0 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fiaz+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mathew+L.+Kelley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="MVS+Chandrashekhar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+B.+Greytak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c04218&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04218?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04218?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04218?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04218?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04218?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/32?ref=pdf
https://pubs.acs.org/toc/jpccck/125/32?ref=pdf
https://pubs.acs.org/toc/jpccck/125/32?ref=pdf
https://pubs.acs.org/toc/jpccck/125/32?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


synthesis purification steps are particularly crucial in film
fabrication via solid-state ligand exchange (SSLE), where
diffusion of ligands, impurities, and QDs is limited within the
deposited film.25 While GPC-purified QDs have been
employed in electronic devices, film electronic properties
including conductivity, photoconductivity, and photocurrent
lifetimes have not been directly examined in SSLE films
prepared following GPC or compared to similar films prepared
following PR. Such comparisons are necessary as effective
purification strategies could help eliminate factors such as
cracks, surface traps, and coalescence of QDs that degrade QD
film performance.
Because PbS QDs offer effective bandgaps tunable across the

shortwave to near-infrared range and synthetic methods with
good control of size distributions have been developed, PbS
QDs have been intensely studied as a model platform for
colloidal QD optoelectronics.4,26,27 For example, spin-casting
of oleate-coated PbS QDs followed by ligand exchange with
ethanedithiol (EDT) can be used to build films with p-type
character that can be employed in representative Schottky
barrier and oxide heterojunction photovoltaic devices.28 A
variety of techniques have been applied to learn material
properties (such as carrier type, density, mobility, and lifetime)
and interfacial properties (such as contact resistance and
contact potentials) that govern device performance and how
these properties can be influenced and improved by attention
to preparative techniques. Many of these studies focus on
vertical device architectures common to thin-film photo-
voltaics.29−32 While clearly advantageous for many applica-
tions, vertical architectures present some limitations for
isolating the behavior of individual junctions. Lateral transport
devices, in which current moves in the plane of the thin film,
have been investigated primarily in field-effect transistor

studies28,33 that permit measurement of majority carrier
mobility at high carrier densities that may not be representative
of excited-state carrier dynamics in optoelectronic devices.
However, lateral transport devices also provide the opportunity
to separate junction behavior from bulk properties through
varying contact separation in transmission line model (TLM)
studies34 and through localized photocurrent and photovoltage
measurements at metal−semiconductor interfaces.33,35,36 For
example, scanning photocurrent microscopy (SPCM) has been
used by Law et al.35 to characterize the effect of gating on
minority carrier diffusion length in PbSe QD FETs and by
Strasfeld et al.36 to resolve ohmic and Schottky contacts to PbS
QD films. The former examples use films deposited over pre-
patterned bottom contacts, but this can lead to uneven film
thickness and one study found that top contacts exhibited
significantly lower contact resistance in TLM measurement of
CdSe QD films.34

Here, we employ laterally patterned top contacts to directly
compare the performance of PbS-EDT films prepared
following GPC purification and conventional PR cycles in
photoconductive and rectifying optoelectronic devices and to
permit comparison to state-of-the-art literature results. The
overall experimental approach for QD film formation by layer-
by-layer spin coating and ligand exchange of GPC-purified PbS
QDs is outlined in Figure 1a.

■ METHODS
QD Synthesis and Preparation. Oleate-capped PbS QDs,

with the lowest energy electronic transition λ1s of ∼1250 nm
corresponding to a diameter of ∼4.4 nm, were synthesized
through a previously described air-free synthetic route in 1-
octadecene solvent,37 and subsequent purification, film
deposition, and ligand exchange steps were conducted in an

Figure 1. (a) Synthesis and purification route for the layer-by-layer spin coating and ligand exchange process used to make a compact QD film. (b)
Absorbance of QDs after synthesis, purified solutions, and ligand exchanged films. (c) 1H NMR spectrum of Stock (1PR) and purified (3PR, 5PR,
and GPC) QD solutions.
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inert atmosphere. Following synthesis and an initial precip-
itation under a nitrogen atmosphere using anhydrous methyl
acetate (MeOAc, dried over activated 4 A molecular sieves),
the QDs were redissolved in toluene to form a stock solution
designated as 1PR.
A portion of QDs from the 1PR stock solution was brought

through two further PR cycles, filtered through a 0.1 μm PTFE
syringe filter, and brought to a final concentration of 25 mg/
mL in anhydrous toluene (3PR). Similarly, a portion of the
3PR sample was brought through two further PR cycles (5PR).
Separately, from the 1PR stock solution, 250 nmol of PbS QDs
was purified by gel permeation chromatography (GPC).23,38

The eluted fractions containing QDs were combined and
concentrated by removing excess solvent under partial vacuum
to achieve a final concentration of 25 mg/mL and then passed
through a 0.1 μm filter to obtain the GPC sample used in
subsequent work.
For GPC, the polystyrene gels (Bio-Beads S-X1, Bio-Rad)

were prepared following Shen et al. (ref 38). In particular,
beads were washed three times with an excess of toluene and
swollen under ambient conditions in toluene for 24 h. These
swollen beads were washed again with fresh toluene and then
evacuated to dryness under Schlenk line vacuum before
transferring into the glovebox. The beads were swollen a
second time with anhydrous toluene inside the glovebox for
another 24 h before loading onto the column as described
previously. In a typical run, the 1PR aliquot was concentrated
to a 200 μL volume under partial vacuum prior to injecting
onto the column.
Film Fabrication. Conductive PbS QD films were formed

on Si/SiO2 substrates (wet oxidized, 200 nm thickness). Chips
of ∼1 cm2 were cleaned by sequential sonication in acetone,
isopropanol, ethanol, and DI water and finally dried under N2
flow. Substrates were heated at 120 °C for 10 min to remove
adsorbed water before transferring into the glovebox. QD films
were deposited using a layer-by-layer deposition and ligand
exchange process. Each coating cycle consisted of dropping 20
μL of PbS solution onto the substrate while spinning at 3000
rpm followed by treatment with 3 drops of 1.0% (v/v) 1,2-
ethanedithiol in acetonitrile and rinsing with 3 drops of fresh
acetonitrile and 3 drops of anhydrous toluene. Each
deposition, ligand exchange, and cleaning step is 30 s apart
and done in nitrogen-filled glovebox using a compact spin
coater constructed from a hard drive motor and operated using
an Arduino microcontroller. This coating cycle was repeated
four times to get a ∼100 nm-thick PbS QD film. Metal top

contacts were evaporated through a shadow mask using an e-
beam evaporator. The completed devices were then immedi-
ately tested for optoelectronic properties under normal
atmosphere conditions using tungsten wire probe arms
mounted on a scanning stage.

■ RESULTS AND DISCUSSION

Initial analysis of samples by ultraviolet−visible−near-infrared
(UV−vis−NIR) absorption spectroscopy was used to monitor
the lowest-energy electronic transition peak wavelengths,
effective diameter according to a published calibration curve,
and relative concentration. For these measurements, samples
are diluted in n-octane under N2. As shown in Figure 1b (full
spectrum S1,S2), the different purification methods led to a
minimal change in the absorption spectrum, indicating no
great change in effective diameter or size distribution.
However, UV−vis−NIR does not probe ligand populations
associated with the QDs.
NMR is a standard and essential technique for the analysis of

organic ligands on QD surfaces and the presence of unwanted
impurities. Ligands attached to the surface of QDs character-
istically exhibit broadened NMR spectral lines that can be
distinguished on the basis of width and chemical shift from
sharp peaks associated with freely diffusing small molecules.39

The olefin resonance of oleate ligand species is well resolved
from crowded aliphatic and aromatic protons associated with
solvents and can be used to quantify total oleate concentration
when ferrocene is used as an internal standard. We have shown
previously that GPC purification leads to highly repeatable
ligand populations, characterized by a single resolvable olefin
peak in purified oleate-capped PbS QD samples below a critical
size of ∼5 nm, which includes those examined here.23

Conversely, studies of PbS QDs purified with PR have
indicated a diminishing ligand population with repeated PR
cycles, attributed to dissociation of physisorbed materials and/
or dissociation of lead oleate equivalents from weakly bound
coordination sites: these changes can occur with a minimal
effect on the electronic absorption spectrum.12,40−42 The
spectra for 3PR, 5PR, and GPC samples (Figure 1c) all show
complete removal of residual octadecene growth solvent,
unreacted precursors, and reaction byproducts and of narrow
peaks associated with free or weakly associated oleate species.
However, the bound surface ligand population per QD, as
determined by integrating peaks for bound oleate in spectra to
establish total ligand concentration and dividing by the QD

Figure 2. SEM surface morphology of films made using QDs purified by precipitation/redispersion (3PR and 5PR cycles) and the GPC technique.
Insets are the AFM images of 2 μm × 2 μm area that shows surface profiles indicating the surface roughness.
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concentration from a UV−vis−NIR absorbance measurement,
shows differences among the three samples. GPC QDs showed
348 OA/dot ligand population. The 3PR sample showed a
slightly higher number, while 5PR cycles led to additional
ligand loss down to ∼249 OA/dot. The lower number for 5PR
could indicate bare sites, which could promote agglomeration.
We note that close inspection of the UV−vis−NIR absorption
spectra of solution-phase samples in Figure 1b shows a small
red shift in the λ1s peak after successive PR cycles. The ligand
population determined for the GPC sample is in line with our
previously determined ligand density versus size measurements
for PbS QDs.23 We also analyzed the purified QD sample by
thermogravimetric analysis (TGA) and found that there was
no significant difference in mass loss associated with
decomposition of organic matter between the 3PR and GPC
samples, consistent with comparable ligand populations among
these two samples (Figure S3).
PbS QD films were formed through an air-free, layer-by-

layer process. Spin coating of oleate-capped QDs was followed
by ligand exchange with an EDT solution (Figure 1a). In
particular, ∼100 nm-thick films were formed on Si/SiO2
substrates. The efficacy of the ligand exchange process was
confirmed by Fourier transform infrared (FTIR). The absence
of C−H peaks around 3000 cm−1 indicates that the oleate
ligand has been replaced by EDT (Figure S4).43,44 The film
thickness (Figure S5) and roughness (Figure 2) were measured
by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The overall morphology, as qualitatively
seen under SEM imaging (Figure 2), is more uniform for GPC-
purified QDs, with diminished incidence of micron-scale
texture that is most evident in the 3PR sample. Localized
surface roughness, measured by AFM, was comparable
between 3PR and GPC but elevated in the 5PR sample, a
possible consequence of partial agglomeration. After the layer-
by-layer coating and exchange process, the films were dried by
annealing in a glovebox overnight prior to contact formation.
The UV−vis−NIR spectra of similar films deposited on glass
substrates (Figure 1b) revealed an additional red shift of the
lowest-energy exciton peak in all the three films, but with a
greater shift for the PR films, as well as a sloping background
characteristic of Rayleigh scattering. A red shift associated with
increased delocalization and dielectric solvation in the presence
of neighboring QDs can be anticipated on formation of close-
packed QD films, but the greater red shift in the PR-purified vs
GPC-purified films could be associated with ripening or
aggregation.45

In order to directly characterize and compare the electronic
properties of the PbS QD films, metal top contacts (pure Au
for ohmic contacts and pure Al for Schottky contacts as
discussed below) of 100 nm thickness were deposited through
a shadow mask by electron beam evaporation. This process
forms an intimate contact between the QD film and metals
with reduced potential for the influence of surface relief,
oxides, or organic residues that bottom contacts are susceptible
to and similar concerns or mechanical damage that could result
from traditional 4-point probe measurements. The evaporated
metal films were contacted by fine W wires in a homebuilt
probe station. All measurements were conducted under
ambient conditions. As-fabricated devices were tested by
current−voltage (I−V) measurement in the dark to obtain the
resistivity and under monochromatic illumination to obtain the
photocurrent action spectra. The responsivity was calibrated

with an InGaAs commercial photodiode with known
responsivity.
In a first set of measurements, we used a transmission line

model (TLM) measurement approach, in which resistance is
measured between pairs of neighboring, parallel contact stripes
with increasing spacing, to measure separately the bulk film
resistivity and the contact resistance.46 Figure 3a shows the
results for TLM patterns with width W = 4 mm, which is
chosen to be at least 10× the maximum contact separation to
minimize the influence of spreading resistance.

Figure 3. (a) Sketch of TLM devices indicating LT. (b) I−V for
ohmic and Schottky devices in the dark. (c) TLM results for sheet
resistance and contact resistivity of EDT exchanged films on isolated
Si/SiO2 substrates.
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The slope in these plots is nominally the resistance per unit
length, equal to Rs/W, where Rs is the sheet resistance of the
film, and the y-intercept is twice the contact resistance RC. It is
easily seen that the GPC film has the lowest sheet resistance,
while all samples exhibited low contact resistance, consistent
with the ohmic I−V curves seen for Au contacts, as shown for a
representative case in Figure 3b. As the film thickness is
known, the bulk resistivity for the film can be obtained as

R ds QDρ = (1)

where dQD is the film thickness. The product RCW gives a
contact resistivity normalized by the width of the contact.
Within the TLM formalism, for a film of uniform thickness,
this contact resistivity can be interpreted arising from a specific
contact resistance RC,sp for the metal/semiconductor interface.
The specific contact resistance and film resistivity determine a
characteristic distance over which current is transferred from
the film to the top contact. This transfer length LT can be read
from (half) the x-intercept of the TLM plot, and from it, the
specific contact resistance is obtained as

R R L WC,sp C T= (2)

The values of ρ for the QD films and RC,sp for the film/Au
interface for 3PR, 5PR, and GPC samples, as established from
measurements in triplicate on similarly prepared films, are
listed in Table 1. We find that the GPC-purified film, despite a
larger initial ligand/QD ratio than the 5PR sample, had the
lowest resistivity (1.5 ± 0.4 kΩ-cm) and lowest contact
resistance. The resistivity is comparable to the lowest values
reported for PbS-EDT films prepared at room temperature
(Table S2). The contact resistance, while small compared to
the total resistance of the film, scales roughly with the
resistivity, which has been observed previously in Au-contacted
PbS QDs.33

In previous reports, EDT has been associated with a
tendency to form QD films that have low binding energies for
the valence band (band edges shifted to higher energy) and/or
exhibit p-type conductivity, and Au has been routinely used to
form ohmic contacts to EDT-capped PbS QD layers in solar
cells.47,36,48 The large workfunction of Au (ϕ = 5.1 eV) can be
expected to lead to ohmic contacts to p-type semiconductors,
but this is the first direct measurement of specific contact
resistance for PbS QD films. We have previously noted ohmic
contacts between EDT-capped PbS QD films and epitaxial
graphene electrodes with a workfunction of ∼4.5 eV.24 In
contrast, we found that evaporated top contacts composed of
Al, a low workfunction metal (ϕ = 4.3 eV), gave nonlinear I−V
curves (Figure 3b), indicative of contact barriers. In the case of
the lateral metal−semiconductor−metal TLM structure, the
two contacts are biased in opposite directions. However,
rectifying behavior characteristic of a single p-type Schottky
junction is seen when similarly prepared films are contacted
with Al in a vertical transport geometry (Figure S6).

We investigated photoconductivity in the PbS QD films to
evaluate the effective bandgap, photoconductive gain (g), and
in order to evaluate whether the comparatively lower resistivity
of the GPC-purified film arises from increased carrier
concentration and/or increased carrier mobility. Figure 4b

shows the representative photocurrent (Iph vs V) characteristic
for the three films with Au top contacts under wide-area
illumination at 444 nm. Under 2.79 μW total power, the
conductivity increases in all the three films and the
photocurrent is approximately linear with power in this regime
(Figure S7). The increase in conductivity is largest for the
GPC-purified film.

Table 1. Electronic Properties of PbS-EDT Films Prepared following PR and GPC Purification

film ligand/QD
resistivity
(kΩ-cm)

RC, sp
(kΩ-cm2)

photocurrent lifetime,
ohmic (ms)

μ ohmic
(cm2/Vs)

LD
(μm)

photocurrent lifetime,
rectifying (ms)

μn, rectifying
a

(cm2/Vs)

3PR 411 3.4 ± 0.4 18.0 ± 1.6 27 1.4 × 10−4 15.1 0.296 2.9 × 10−1

5PR 249 4.8 ± 0.0 16.8 ± 1.7 24 3.5 × 10−4 15.3 0.252 3.6 × 10−1

GPC 348 1.5 ± 0.4 5.9 ± 4.6 16 1.3 × 10−3 15.8 0.119 8.1 × 10−1

aUpper bound, based on eq 7.

Figure 4. (a) Photocurrent action spectrum of films with ohmic
contacts. (b) Dark and illuminated current of 75 μm × 200 μm Au-
contacted (ohmic photoresistor devices at 2.79 μW 444 nm laser
illumination.
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The linear increase in photocurrent with applied voltage in
each case is a strong indicator of photoconductive gain. In a
photoconductive sensor, the gain g (internal quantum
efficiency) is determined by how many additional carriers
can transit the device within the recombination lifetime.
From the directly measured responsivity R of such a device

under monochromatic illumination, the external quantum
efficiency (EQE) and photoconductive gain g can be obtained
as

R
q
hc

R EEQE phλ
= =

(4)

g
EQE

1 10 A=
− − (5)

where Eph is the photon energy in eV and A is the absorbance
of the film at the excitation wavelength, neglecting scattering
and reflection. For this purpose, the film absorbance at 444 nm
was directly measured using a confocal microscope and a
calibrated photodiode detector in order to minimize any losses
of transmitted light to small-angle scattering. The responsivity,
EQE, and gain at a bias of 1 V for each of the devices studied
in Figure 4 are shown in the inset table.
In general, the photoconductive gain can contain contribu-

tions from both electrons and holes:49

g
V
L

V
L

( )n p2 rec 2 recμ μ τ μτ= + =
(3)

where μn and μp are the electron and hole mobilities,
respectively, V is the applied voltage, and L is the length of
the device in the direction of transport. On its own, the gain g
of a device with known geometry provides an effective
mobility−lifetime product μτrec for the semiconductor materi-
al, where μ is the effective mobility (representing a sum of
electron and hole mobilities). In practice, one carrier may
become rapidly localized in low-mobility traps, in which case,
μτrec is determined by the more mobile carrier, which
continues to cycle additional charges through the device
until the ground state is recovered through recombination.
We found a μτrec as high as 2.1 × 10−5 cm2/V for the GPC-

purified film. We note that this value exceeds mobility−lifetime
products reported for holes29,30,50 and electrons51 in previous
studies of PbS-EDT films, an indication of good quality, but

additional information from time-resolved measurements
below is needed to determine which carrier dominates the
photoconductivity and principally determines the observed
μτrec.
The photoresponse action spectrum (responsivity versus

wavelength) of the GPC-purified films is shown in Figure 4a.
The general shape is identical to the absorbance spectrum in
Figure 1b, with the GPC responsivity comparable to the PR
films near the band edge. The primary peak is slightly blue
shifted for all the films with respect to the absorbance peak, a
possible indication of enhanced exciton dissociation when
smaller QDs are initially excited. Nonetheless, the action
spectrum confirms that the photoconductivity is associated
with the quantum confined effective bandgap and illustrates
that those differences in responsivity for visible (444 nm) light
are associated with a diminished response in the PR films at
high photon energy, which could be associated with different
rates for trapping and recombination upon thermalization of
high-energy excited states.
Previously, researchers have measured μ using back-gated I−

V measurements on field-effect transistor (FET) structures
fabricated from QD films on SiO2 dielectrics with conductive
Si substrates serving as back gates, from which a field-effect
mobility is extracted by assuming that the FET is biased in the
triode region of the FET output characteristics, with a reported
μ of ∼10−3 cm2/Vs for holes in PbS-EDT films.32,52 However,
the field-effect mobility may not accurately describe the
behavior of charge-collecting devices due to limitations
associated with carrier density, estimation of gate capacitance
particularly in films that may experience compensation due to
mobile ions or high trap density, and dependence of contact
resistance on gate voltage near pinch-off.
To further analyze the optoelectronic properties of the PbS

QD films and evaluate the barriers formed at low-workfunction
metal contacts, we used scanning photocurrent microscopy
(SPCM) to directly image charge collection and identify
characteristic lengths.24,33,36,53 This technique uses a focused,
diffraction-limited light beam to locally create electron−hole
pairs. The excitation spot is rastered over an electronic device
to build a map of the resulting photocurrent as a function of
the illumination position. SPCM was performed using 444 nm
laser in a homebuilt setup described previously;24,54 the laser
modulation frequency was 71 Hz and the photocurrent

Figure 5. (a) SPCM of an ohmic (Au-electrodes) device and (b) respective energy band diagram. (c) SPCM of a Schottky (Al-electrodes) device
and (d) respective energy band diagram. (e) Line scan photocurrent profiles for 3PR, 5PR, and GPC Schottky devices to extract diffusion length.
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amplitude, along with the reflected light amplitude for spatial
registry, was measured with lock-in detection. SPCM measure-
ments were performed on devices formed between top
contacts of smaller width than the TLM structures in order
to increase the photocurrent relative to dark current under
localized excitation.
Figure 5 illustrates the representative SPCM results for Au-

contacted and Al-contacted devices, with otherwise identical
design characteristics, prepared using the GPC-purified QDs.
The bias V is held close to zero (short circuit) in each case.
With Au contacts, the photocurrent signal has constant sign
and reaches a maximum value between the contacts. This is
consistent with photoconductive behavior in the presence of a
small residual bias, in which diffusion of the lower-mobility
carrier into the contacts diminishes the excitation lifetime
compared to excitation at the center. Conversely, with Al
contacts, the photocurrent displays an opposite sign (equiv-
alently, a 180° phase shift) at the opposing contacts. The sign
of the photocurrent near each contact indicates that localized
excitation causes current flow from the Al contact into the PbS
film, consistent with the photocurrent expected for a p-type
Schottky barrier, reinforcing assignment of the p-type character
for the PbS-EDT films studied here, consistent with previous
reports. The magnitude of the photocurrent decreases slowly
with distance away from each contact, falling to near zero in
the center. The decay of photocurrent with distance is clearly
much broader than the decay of the reflected signal: the
reflected signal (shown in Figure S8) indicates the point spread
function of the excitation laser beam that is convolved with the
intrinsic response of the device. For a p-type Schottky contact,
the distance over which charge can be collected is the
depletion width plus the minority carrier diffusion length LD. If
LD is long enough, electrons reach the metal electrode, and a
photocurrent signal is observed. The photocurrent profiles
shown in Figure 5e can thus be used to obtain LD in the GPC,
3PR, and 5PR PbS-EDT films. The profiles in each case were
well described by an exponential decay, indicating an electron
diffusion length LD ≈ 15 μm (Figure S8). Previous SPCM
investigations noted LD larger than the film thickness, for
example, up to ∼1.7 μm for a film of 50 nm thickness. The
thicker film and top contact geometry employed here may
influence the considerably larger LD observed here.
We performed transient photocurrent measurements in

order to characterize the speed of the photoconductive and
Schottky devices as sensors and also to enable estimation of
the variation in carrier mobilities. The DC photoconductivity
(with ohmic contacts) and SPCM results (with Schottky
contacts) offer characteristic lengths for motion of the
dominant carrier under drift (as μτrec × V/L) and for motion
of minority carriers under diffusion (LD), respectively. By
combining these with lifetimes, mobility values can be
obtained. For the Schottky case

L D
k T
qn n nD
Bτ μ τ= =
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k T
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D
2
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τ
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with τn being the electron lifetime in the conduction band.
Figure 6 shows the transient decays for ohmic-contacted (a)

and Schottky-contacted (b) films. All decays were collected by
using a digital oscilloscope to monitor the falling edge of the

current signal when the device was excited with a 5 Hz square-
wave modulated, wide-area laser beam. The data were
collected at a constant bias of 3 V to ensure a high-enough
signal to noise ratio.
The ohmic-contacted films all showed photocurrent decays

over tens of milliseconds with multiexponential line shapes. As
shown in Table 1, the average lifetime for the GPC-purified
films (16 ms) was shorter than that for 3PR or 5PR
(multiexponential analysis is detailed in Table S1).
For the Schottky-contacted devices, the transient photo-

current decay represents the characteristic time required for
photoexcited minority carriers (electrons) to recombine or be
swept out of the device. As such, the measured lifetime is a
lower limit on τn and the recombination time τrec. All devices
showed a fast, sub-millisecond decay that was accompanied, in
the PR cases, by a longer decay component with a lifetime of
>20 ms. By separately fitting the slow (>4 ms) and fast (<4
ms) components of the response, it is clear that the slow
component is absent in the GPC films. We used tail fitting for
transient photocurrent decays to separate out fast and slow
components and used a single-parameter fit of the fast
component lifetime to evaluate differences in minority carrier
mobility based on eq 7 since the slow component is effectively
filtered out in SPCM. The fast component, which dominates

Figure 6. Transient photocurrent decays for (a) Au-contacted
(ohmic) and (b) Al-contacted (Schottky) PbS QD films. Fit lines
represent biexponentials as described in text.
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the response at the 71 Hz frequency used for SPCM imaging,
was significantly faster in the GPC film compared to the PR
examples, as indicated in Table 1. The shorter lifetime in the
GPC-purified films, together with a comparable diffusion
length, is consistent with an electron mobility μn that is also
higher in the GPC-purified films than for PR.
Returning to the behavior of the ohmically contacted

devices, we note that the photocurrent decay in these devices is
much slower than the decay time for electrons in the Schottky-
contacted devices, suggesting that electrons are significantly
trapped on a sub-millisecond timescale, and the photo-
conductive gain seen with Au contacts is dominated by
holes. For a p-type film, the low Fermi level position will tend
to expose electron traps. If holes dominate the photo-
conductivity, the observed μτrec can be used to assign the
hole mobility μp, which when combined with the observed
dark conductivity, provides an estimate of the hole
concentration as p = (qμpρ)

−1, giving a p of ∼1018 cm−3 for
the three films examined here. The 5PR and GPC films had
comparable hole concentrations, with the improved perform-
ance of the GPC film arising from significantly greater
mobility. The 3PR film showed the lowest mobility; its
conductivity, being comparable to the 5PR case, is driven by an
elevated hole concentration that could arise from a greater
surface area exposed to air via micron-scale texture seen in
SEM. Overall, the hole densities are comparable to 1−2 × 1018

cm−3 reported from field-effect measurements on larger (8.8
nm) PbS QD films47 prepared by layer-by-layer ligand
exchange with short-chain carboxylates (Table S2).
The mobility values obtained in the ohmic- and Schottky-

contacted cases are not directly comparable head-to-head, as
they are obtained under different measurement conditions, but
they can be used to compare samples prepared and measured
similarly, as in the case here among 3PR, 5PR, and GPC-
purified films. The photoconductive gain is measured under
wide-area illumination in ohmic devices, while the diffusion
length LD is measured under focused illumination in rectifying
devices, with locally higher power density. Nonetheless, the
higher electron mobilities calculated from the Schottky device
results may indicate a significant contribution of electrons to
the effective mobility observed in ohmically contacted devices.

■ CONCLUSIONS
In this study, we have utilized variable contact spacing, time-
resolved photocurrent, and SPCM to analyze charge transport
in films of uniform thickness prepared from purified PbS QDs
with known ligand populations. GPC purification provided
lower resistivity, lower contact resistance, higher photo-
conductive gain, and shorter lifetimes than PR purification.
An effective mobility−lifetime product of an order of
magnitude greater than those of previously studied PbS QD
films is obtained using the GPC-purified QD sample.50

Meanwhile, an electron diffusion length of >10 μm was
observed via the SPCM profile near a rectifying p-type
Schottky barrier. Transient photocurrent measurements on
the Schottky-contacted devices revealed a much shorter
lifetime in the GPC-purified case, indicating a higher electron
mobility. These results emphasize a role for detailed control of
QD surfaces in improving the response time of QD-based IR
photodetectors. While the emphasis of the present study has
been on comparing film’s electronic properties, identifying the
chemical and physical origins of the differences observed will
help to improve the performance and durability of SSLE QD

solids. Microscale roughness and spectroscopic red shift point
to aggregation as a limitation when PR is carried out in excess,
while larger-scale cracks may introduce additional scattering
and elevated carrier densities on air exposure. Among the
purified QD samples, there was no case where significant
impurity concentrations were detected by NMR to impact film
properties. The ligand density of the GPC sample fell between
those of the PR films examined here, but the presence of long-
lived photocurrent decay in Schottky contacts to both PR
films, absent in the GPC case, suggests that the performance is
not simply a matter of optimizing residual ligand density and
that differences in solvent exposure or interparticle contact
during purification are possible drivers of variation in
electronic properties following SSLE in PbS QD films.
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