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ABSTRACT: Colloidal quantum dots (CQDs) are finding
increasing applications in optoelectronic devices, such as photo-
detectors and solar cells, because of their high material quality,
unique and attractive properties, and process flexibility without the
constraints of lattice match and thermal budget. However, there is
no adequate device model for colloidal quantum dot hetero-
junctions, and the popular Shockley−Quiesser diode model does
not capture the underlying physics of CQD junctions. Here, we
develop a compact, easy-to-use model for CQD devices rooted in
physics. We show how quantum dot properties, QD ligand
binding, and the heterointerface between quantum dots and the
electron transport layer (ETL) affect device behaviors. We also
show that the model can be simplified to a Shockley-like equation
with analytical approximate expressions for reverse saturation current, ideality factor, and quantum efficiency. Our model agrees well
with the experiment and can be used to describe and optimize CQD device performance.
KEYWORDS: colloidal quantum dots (CQDs), lead sulfide (PbS), heterojunction, solar cell, photodetection, physical model

Colloidal quantum dots (CQDs) have attracted significant
attention in recent years because of their unique

properties and wide-ranging applications in electronics,1

optoelectronics,2 biology,3 and energy.4 In contrast with
conventional epitaxial growth, CQDs can be deposited on
many substrates at low temperature without the constraints of
a lattice match and thermal budget. These nanoscale
semiconductor particles exhibit quantum confinement effects,
which leads to discrete energy levels and size-dependent
optical and electronic properties.5,6 Because of the low-
temperature solution-based synthesis process governed by
thermodynamics, CQDs can obtain high material quality with
a low density of dislocations and point defects. Another key
advantage of colloidal quantum dots is their tunable band gap,
which enables precise control over their absorption and
emission wavelengths.7−11 The above features make CQDs
highly desirable for applications, such as light-emitting diodes
(LEDs),12 photodetectors,13,14 solar cells,15 and biomedical
imaging.16

Many groups have demonstrated CQD photodetectors with
high sensitivity,17,18 fast response times,18 and wavelength
selectivity. For example, lead sulfide (PbS) quantum dots, with
their strong light absorption coefficient (in the order of 105−
106 cm−1)19 in the infrared region, have shown excellent
quantum efficiency for infrared photodetection, thereby
showing great promise for applications in night vision,20

environmental sensing,21 and communications.22 CQDs are
also finding significant application in solar cells by overcoming
the limitations of traditional photovoltaic technologies.5,9 The
size-dependent band gap of CQDs allows for the utilization of
a broader spectrum of sunlight to enhance the overall efficiency
of the solar cell. Detectors and solar cells are just two of many
examples where CQDs offer unique advantages, and new
applications of CQDs continue to emerge.
While the experimental advancements in CQD-based

devices have been remarkable, the theoretical understanding
of their behaviors has not kept up with technology develop-
ment. As a result, the characteristics of CQD devices can be
modeled only by empirical formulas with fitting parameters.
However, theoretical models rooted in physics are essential to
realize the full potential of CQDs. A device physics model
helps to interpret experimental results and provides a deep
understanding of the underlying mechanisms at play. It helps
identify the dominant processes that limit device performance
and provides guidelines for mitigating such limitations, which
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allows researchers to predict and develop strategies to optimize
device performance.
While there has been some work done in this regard,23−25

researchers by and large use the Shockley−Queisser diode
model26 to describe the behavior of the QD-based devices.
However, unlike conventional semiconductor junctions from
which the Shockley−Queisser (S-Q) diode model was derived,
carrier transport mechanisms for ligand-bonded quantum dots
are fundamentally different from the S-Q diode model.27,28

Although it has become a common practice for researchers to
use the S-Q diode model to describe the I−V relation and
extract parameters, such as quantum efficiency, ideality factor,
reverse saturation current, open-circuit voltage, short-circuit
current, etc., here, the S-Q model is treated as an empirical
model for curve-fitting purposes without offering any insight
into device characteristics.
In this work, we derive the first physics model for a CQD

heterojunction and connect those popular parameters, such as
ideality factor, reverse saturation current, etc., to the material
properties. Our model can be generally applied to different
types of CQDs and heterojunctions and finds good agreement
with experimental results. We show that the I−V characteristics

of a CQD heterojunction depend on four parameters: effective
inter-QD tunneling barrier, built-in potential, carrier lifetime,
and electron density at the heterointerface. We also show that
an approximate expression similar to the Shockley diode
equation can be derived from our model after some
approximations, although the key parameters in the expression,
such as the reverse saturation current and ideality factor,
possess completely different physical origins from the S-Q
model.
For illustration purposes, we modeled a PbS-EDT/PbS-

PbX2/ZnO heterostructure, paying special attention to the
PbS-PbX2/ZnO heterointerface. The PbS QDs connected with
ethane-1,2-dithiol (EDT) ligands form the p-type electron-
blocking layer (EBL),29 and the PbS CQDs with halide ligands
represented by PbX2 are the light-absorber layer and form a
heterointerface with ZnO (n-type semiconductor). All the
results from this analysis, however, are general and can be
readily applied to other CQD heterojunctions, as well.
The key idea of the model is to use the two physical

processes of thermionic emission and tunneling30,31 to model
the transport of carriers across the CQD layer. Focusing on the
electron transport in CQDs, the electron current density due

Figure 1. Schematic band diagram and I−V characteristics. (a) Band diagram of the CQD heterojunction at equilibrium. Note that the band
bending region has a constant E field, as given by eq 5. (b) Band diagram of the CQD heterojunction under applied forward bias and light
illumination. (c) An example of the dark and illuminated I−V curves calculated from the theoretical model.
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to thermionic emission from one quantum dot to another is
given by

J qv ne q kT
thermionic R

/= (1)

where q is the elementary charge, v kT
mR 2 n

= * is the

Richardson velocity, n is the electron concentration, and ϕ is
the barrier height (in Volts), which is determined by the
ligands bound to the quantum dots. The detailed derivation of
eq 1 and other equations in this section can be found in the
Supporting Information.
Since thermionic emission does not depend on the electric

field, we need to consider both positive and negative directions
for the flow of electrons, which leads to a net thermionic
differential current
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where d is the center-to-center distance between two quantum
dots, which is equal to the quantum dot diameter plus the
ligand length. The form of eq 2 is analogous to a diffusion
current given by Fick’s law. Therefore, we can define an
effective diffusion constant, D v de q kT

R
/= , which is a

function of the barrier height.
Next, we use the Fowler−Nordheim model for quantum

mechanical tunneling
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is the transmission probability,

and E is the electric field. In the following, we write Θ = e−B/E

for simplicity. In eq 3, we define the effective drift velocity vd =
vRe−B/E. It should be noted that we are not using the concept of
mobility here because of the nonlinear dependence of drift
velocity on the electric field.
Adding eqs 2 and 3 gives us the total electron current

density.
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(4)

We first analyze the equilibrium scenario using eq 4.
Assuming zero current and using the equilibrium electron
concentration for a nondegenerate semiconductor (n =
nie(EF − Ei)/kT), we can conclude that the electric field at any
position in the CQD layer can be either zero or a constant
value given by
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where Eeq is the nonzero equilibrium electric field and is a
function of the barrier height. Figure 1a depicts the band
bending at equilibrium. The width of the band bending region
is given byW = Vbi/Eeq where Vbi is the built-in potential in the
CQD layer. Vbi depends on the bulk carrier concentrations in
PbS-PbX2 and zinc oxide (ZnO) and the difference between
their conduction band minima (ΔEC). In other words, qVbi =
ΦCQD − ΦZnO − ΔEC, where Φ represents the work functions
of the CQD layer and ZnO. In the following analysis, we focus
on the band bending region of width W that contributes to the

carrier transport. Here, we have assumed that ZnO has high
enough doping or interface states such that the band bending
in ZnO is negligible. Finally, we can write the equilibrium
electron concentration as a function of position x

n x n n( ) (0)e (0)eqE x kT x
0 0

/
0

eq= = (6)

where we define β = qEeq/kT, and n0(0) is the electron
concentration in PbS-PbX2 at the heterointerface with the ZnO
electron transport layer (ETL) layer. This quantity n0(0)
depends on the ZnO doping and the interface charge. We
simply use n0 to refer to n0(0) in the following.
Next, we analyze the device behavior under an applied bias

and incident light. The steady-state continuity equation is
given by

q
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G
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where τ is the electron carrier lifetimen and GL is the carrier
generation rate due to incident light.
For normal light incidence from the ZnO end of the device,

GL can be written as

G F e x
L 0= (8)

where α is the absorption coefficient of the CQD layer at the
wavelength of incident light, and F0 is the photon flux (number
of photons per second per cm2).
Substituting eqs 4, 6, and 8 in eq 7, we obtain

D n
x

nv
x

n n
Fd

d
d( )

d
e

e 0
x

x
2

2
d 0

0+ + =
(9)

In order to solve eq 9 analytically, we use the following
assumption. The width of the band bending region does not
change with bias significantly, and the electric field in the band
bending region is given approximately by E = (Vbi − V)/W,
where V is the applied bias. This is depicted in Figure 1b. The
detailed explanation for this assumption is given in the
Supporting Information.
With this approximation, drift velocity (vd) becomes

position-independent, and eq 9 can be rewritten as
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The general solution of eq 10 is given by
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2 1d d= + + , and R and S are constants

dependent on boundary conditions. We conclude that S = 0
since n(x = ∞) cannot be infinitely large. Here, we make
another assumption: the electron density at the interface of
QD and ZnO, n(0), is nearly unchanged with current.
This can be justified since its value is determined primarily

by the property of the ZnO layer and the ZnO/CQD interface.
Through this assumption, R in eq 11 can be obtained using the
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boundary condition n(x = 0) = n0. A detailed explanation for
this assumption is given in the Supporting Information.
Substituting the result from eq 11 into eq 4 and using the

relation J = −Jn(x = 0) for the total current density at the PbS
and ZnO interface,

J
qn D v D v

D v
q DF

v D

( ) 1/ ( )
1/ ( )

( )
1/

0 d d

d

0

d
2

= [ ]

+ (12)

It should be noted that the negative sign in front of Jn(x = 0) is
because of our choice of x coordinate direction, which is
opposite to the conventional choice (p-side to n-side).
Equation 12 represents the direct current behavior of the
device under illumination. The first term is the dark current,
and the second term is the photocurrent. We do not need to
do a separate analysis for the transport of holes since the hole
current flowing from PbS-PbX2 to ZnO is negligible at the
heterointerface [i.e., Jp(x = 0) = 0]. This is because of the high
barrier created by the valence band maximum (VBM) of the
ETL (ZnO in this case) and makes sure that almost no holes

cross the interface. Although the hole current is zero near the
interface, it is nonzero at other x > 0 and can be evaluated
using Jp(x) = J − Jn(x).
Figure 1c shows an example of the I−V characteristics

obtained under dark and different light irradiance conditions.
The list of parameters used in Figure 1c and other subsequent
figures is provided in the Supporting Information.
The first term in eq 12 gives the dark current density.

J
qn D v D v

D v
( ) 1/ ( )

1/ ( )dark
0 d d

d
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[ ]
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where n0 is the electron density at the PbS QD/ZnO
heterointerface, and τ is the electron carrier lifetime
determined by both the material quality of QDs and the PbS
QD/ZnO heterointerface. β = qEeq/kT is a quantity
determined by the barrier height (ϕ) through eq 5. Similarly,
an effective diffusion constant, D v de q kT

R
/= depends on ϕ.

The bias dependence is captured in the effective drift velocity,
vd = vR exp[−BW/(Vbi − V)], and consequently,
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Figure 2. Effect of barrier height and built-in potential on dark current and open-circuit voltage. (a) Dark current density variation with barrier
height. (b) Open-circuit voltage variation with barrier height. (c) Dark current density variation with built-in potential. (d) Open-circuit voltage
variation with built-in potential. The results show that the best device performance (i.e., low reverse saturation current and high Voc) is obtained
with reduced barrier height and high built-in potential.
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voltage (Vbi), ϕ, and τ. It should be noted that 1/γ represents
the effective diffusion length. Finally, to include the effect of
any series resistance (due to ZnO and other factors), we can
substitute V in eq 13 with V − JdarkRS, where RS is the area-
normalized series resistance (in Ω cm2). The series resistance,
however, only affects the dark current at high biases and has no
effect on open-circuit voltage (Voc). To summarize, the device
I−V characteristics depend on four key parameters: tunneling
barrier height (ϕ), built-in potential (Vbi), carrier lifetime (τ),
and the electron density at the heterointerface (n0). Next, we
analyze how each of the four parameters affects the device
performance by investigating the dependence of dark current
and open-circuit voltage (Voc) on them.
The tunneling barrier height (ϕ) depends on the ligand

passivation of quantum dots. The ligand structure and bonding
are the primary factors that affect ϕ. Recent studies have also
shown that ligands might undergo changes in bonding during
the excitonic excited states of the QD,32 thereby leading to a
smaller tunneling barrier. Figure 2a shows the dark current
dependence on the barrier height under forward and reverse
bias. Note that there is not a simple relation between current
and barrier height under a given bias voltage. As discussed
previously, the net current is determined by the difference

between thermionic emission current and tunneling current.
While the thermionic emission current changes exponentially
with the barrier height, the tunneling current has a more
complicated dependence on the barrier height governed by the
Fowler−Nordheim model. This leads to a complicated
relationship between barrier height and I−V characteristics.
Among the key features in the I−V characteristics, the forward
current saturates with bias voltage, and the magnitude of
forward saturation current increases with reduced barrier
height. However, under low forward bias voltage, the forward
current increases more rapidly as the barrier height increases
and reaches its saturation level at lower bias voltage. The
reverse bias current, in contrast, shows weak dependence on
barrier height. However, when the barrier height is reduced to
a very low value, the reverse saturation current is lowered
significantly in favor of detector operation for low dark current.
Figure 2b shows the photoresponse in terms of the open-
circuit voltage dependence (Voc) on the irradiance. Under a
given irradiance, the Voc decreases when the barrier height
increases. The results in Figures 2a,b agree with studies that
have shown that increasing ligand passivation by employing
two-step instead of one-step ligand-exchange33 or by using a

Figure 3. Effect of carrier lifetime and interface electron density on dark current and open-circuit voltage. (a) Dark current density variation with
carrier lifetime. (b) Open-circuit voltage variation with carrier lifetime. (c) Dark current density variation with interface electron density. (d) Open-
circuit voltage variation with interface electron density.
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different ligand (methylammonium acetate vs ammonium
acetate)34 leads to an increase in forward bias current.
Built-in potential (Vbi) is another key parameter for CQD

heterojunction devices. The built-in potential depends on the
work function difference and band offset between PbS-PbX2
and zinc oxide (ZnO). Figure 2c shows that decreasing Vbi
leads to a faster increase in current at small forward biases,
while the reverse bias current shows negligible dependence on
Vbi. The open-circuit voltage shows a linear dependence on Vbi
in Figure 2d. A study on the PbS-QD/n-Si heterojunction
photodetector has shown that increasing the doping level of
silicon (from light- to medium-doped) lowered the forward
bias current but kept the reverse bias current almost the
same.35 This is consistent with our model since a doping level
increase in the layer next to the QDs will increase the built-in
potential.
The minority (electron) carrier lifetime (τ) in PbS QDs

primarily depends on the radiative and nonradiative exciton
recombination dynamics and their ionization rate under an
electric field. Factors that affect τ include delocalization in
intermediate bands,36 ligand properties,37,38 and trap states.39

As shown in Figure 3a, the reverse saturation current is nearly
inversely proportional to the electron lifetime, which is
analogous to the reverse current because of recombination−
generation in a nonideal diode vis-a-̀vis the 1/√τ dependence

for an ideal diode. This also leads to the rightward shift of the
Voc vs irradiance curve in Figure 3b.
The electron density in PbS-PbX2 at the heterojunction (n0)

is expected to depend on the ZnO doping level and the
interface charge at the PbS/ZnO heterointerface. The dark
current from eq 13 is directly proportional to n0, and therefore,
we get the results shown in Figure 3c,d. The aforementioned
study about PbS-QD/n-Si photodetector also shows that the
dark current increases with Si doping level (medium to highly
doped).35 This result can be explained by our model since the
increase in Vbi with a higher doping level is no longer the
dominant effect, and the increase in n0 leads to an increase in
dark current in both forward and reverse bias.
Although eq 12 captures the full device behavior, it is

nonetheless beneficial to have a simpler expression. Using
some approximations, we can reduce eq 12 to a Shockley-like
diode equation

J J J(e 1)qV kT
0

/
L= (14)

where J0 is the reverse saturation current density, η is the
effective ideality factor, and JL is the photocurrent. JL can be
expressed as JL = qF0(QE) where QE is the internal quantum
efficiency of the device. Next, we analyze how the reverse
saturation current density, effective ideality factor, and

Figure 4. Variation of device performance parameters. (a) Effect of interface electron density and carrier lifetime on reverse saturation current
density. (b) Effect of built-in potential and barrier height on the effective ideality factor. (c) Effect of carrier lifetime and barrier height on internal
quantum efficiency.
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quantum efficiency in eq 14 depend on the four key parameters
(ϕ, Vbi, τ, and n0) discussed previously.
After making some approximations, we can express the

reverse saturation current density as

J
n kT

E0
0

eq
=

(15)

Equation 15 shows that J0 primarily depends on τ and n0 and
very weakly on ϕ, since Eeq varies slowly with ϕ from eq 5. The
simplified model agrees well with Figure 3a,d, which shows
that J0 is directly proportional to n0 and nearly inversely
proportional to τ. Similarly, the weak dependence on ϕ agrees
with the result from Figure 2a.
The effective ideality factor can be represented as

qE V

BkT2
eq bi=

(16)

where B
qm4 2

3
3/2n=

*
. The ideality factor is directly propor-

tional to Vbi and decreases with increasing ϕ, which is also
observed in Figure 2a−d. As shown in Figure 4b, η can take
values greater than 2, which was reported in previous
studies.40,41 The value of the ideality factor is determined by
the underlying physics of carrier transport in QDs. We use the
term “ideality factor” here only for namesake, and it does not
imply any ideal vs nonideal behavior of the PbS-QD/ZnO
heterojunction.
The quantum efficiency can be represented as

QE
D

v D

( )

1/
0

d0
2=

+ (17)

where vd0 = vR e−B/Eeq is the zero-bias (equilibrium) drift

velocity and
i
k
jjjj

y
{
zzzz( )v

D
v

D D0 2 2

2 1d0 d0= + + . Hence, QE depends

on ϕ and τ, although it is not apparent from eq 17. Figure 4c
shows that increasing carrier lifetime and decreasing barrier
height significantly increases the quantum efficiency. These
results are backed by other works, as well.33,34 For easy
reference, the key expressions from the model are summarized
in Table 1.
To experimentally verify the model, we fabricated devices

with the structure PbS-EDT/PbS-PbX2/ZnO, which had the
absorption peak of PbS QDs at 1064 nm. The details of
quantum dot synthesis, device fabrication, and additional
experimental data can be found in the Supporting Information.
Figure 5a shows that the dark current derived from the
theoretical model in eq 13, and the simplified expression in eqs
14−16 agree well with the experimental result in the forward
bias. From Figure 5a and additional experimental data in
Supporting Information, we find that the root-mean-square
deviation between the calculated and measured forward bias
current is in the range 1.41−74.7 μA/cm2. The model appears
to underestimate the voltage dependence of the reverse bias
current. The discrepancy between the theory and experiment
in the reverse bias regime can be attributed to leakage current
and extra mechanisms, such as carrier multiplication reported
in the literature42−44 but not included in our model. Figure 5b
shows the comparison of photoresponse (open-circuit voltage,
Voc) between experiment and calculations by the model (eq
13) and the simplified expression (eqs 14−16). The theoretical
model agrees well with the experiment, with a root-mean-

square deviation between the calculated and measured Voc
values in the range of 7.4−25.6 mV, but the simplified
expression that fits the mathematical form of the Shockley
diode model shows appreciable deviations from the experi-
ment. The result suggests that one should be careful to use the
Shockley diode model to fit the photoresponse of a CQD
heterojunction. However, the simplified expression can be used
to fit the forward bias characteristics from which one can
extract the analytical relations between the material properties
(ϕ, no, Vbi, τ) and Jo and η from Figure 4 or eqs 15 and 16.
Additionally, Figure 5c shows I−V curves under different
irradiances. Figure 5c shows that the model agrees well with
the experimental data for the open-circuit voltage and short-
circuit current under various irradiances, except for the
irradiance of 1.88 × 10−3 W/cm2, which somehow shows a
greater deviation than the rest.
In conclusion, we have developed the first model for CQD

heterojunction devices on the basis of device physics, thereby
filling a major gap in the development of colloidal quantum dot
devices that have found broad applications in optoelectronics.
Using one of the most common CQD heterojunctions, PbS-
EDT/PbS-PbX2/ZnO, as an example, we show that the I−V

Table 1. Summary of Key Expressions and Results from the
Model

input parameters for the model: built-in potential (Vbi), tunneling barrier height
(ϕ), carrier lifetime (τ), electron density at the heterointerface (n0)

these parameters are in bold letters when they appear in the expressions below

built-in Voltage
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with V − JRs in the expression for vd
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characteristics can be succinctly understood from four
parameters: tunneling barrier height, built-in potential, carrier
lifetime, and electron density at the heterointerface. We show
that the underlying transport mechanisms between quantum
dots are thermionic emission and tunneling, which is
fundamentally different from carrier diffusion and drift in a
conventional p/n junction. Therefore, the popular Shockley
diode model does not apply to CQD heterojunctions.
However, we show that after some approximations, we can
simplify our model to obtain an expression similar to the
Shockley diode equation, albeit with different underlying
physics behind those parameters (reverse saturation current,
ideality factor, and quantum efficiency). We have also derived
analytic expressions for the reverse saturation current, ideality
factor, and quantum efficiency. The model is general and can
be applied to different CQD heterojunctions to describe device
behaviors and relate device performance to material properties
and device structures.

■ ASSOCIATED CONTENT
*sı Supporting Information
the Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02899.

Detailed derivations, list of parameters, additional
experimental details, materials, and methods (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Yu-Hwa Lo − Department of Electrical and Computer
Engineering, University of California San Diego, La Jolla,
California 92093, United States; Email: ylo@ucsd.edu

Authors
Shaurya Arya − Department of Electrical and Computer
Engineering, University of California San Diego, La Jolla,
California 92093, United States; orcid.org/0009-0000-
9919-616X

Figure 5. Experimental verification of the model. (a) Experimental dark current curve with the theoretical model and its simplified expression. (b)
Experimental and theoretical open-circuit voltages under varying irradiance. The simplified (Shockley-like) model shows appreciable deviations
from the experiment. (c) Experimental and theoretical I−V curves under different irradiances.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02899
Nano Lett. 2023, 23, 9943−9952

9950

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02899?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02899/suppl_file/nl3c02899_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Hwa+Lo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:ylo@ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaurya+Arya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0000-9919-616X
https://orcid.org/0009-0000-9919-616X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunrui+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02899?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02899?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02899?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02899?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Yunrui Jiang − Department of Electrical and Computer
Engineering, University of California San Diego, La Jolla,
California 92093, United States

Byung Ku Jung − Department of Materials Science and
Engineering, Korea University, Seoul 02841, Republic of
Korea

Yalun Tang − Department of Electrical and Computer
Engineering, University of California San Diego, La Jolla,
California 92093, United States

Tse Nga Ng − Department of Electrical and Computer
Engineering, University of California San Diego, La Jolla,
California 92093, United States

Soong Ju Oh − Department of Materials Science and
Engineering, Korea University, Seoul 02841, Republic of
Korea; orcid.org/0000-0003-1434-8844

Kenji Nomura − Department of Electrical and Computer
Engineering, University of California San Diego, La Jolla,
California 92093, United States; orcid.org/0000-0002-
2786-6563

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.3c02899

Author Contributions
S.A. developed the theoretical model with the help of Y.H.L.
B.K.J., under the guidance of S.J.O, synthesized the CQDs and
fabricated the device. S.A., Y.J., and Y.T. performed the
measurements. Y.H.L. oversaw the entire project. K.N. and
T.N.N. provided help with setup and analysis of data. The
manuscript was written by S.A. and Y.H.L. All authors
discussed the results and commented on the manuscript. All
authors have given approval to the final version of the
manuscript.
Funding
The work is supported by DARPA DSO under contract
HR001121C0233 and National Science Foundation (NSF)
(ECCS-1542148).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The views, opinions and/or findings expressed are those of the
author and should not be interpreted as representing the
official views or policies of the Department of Defense or the
U.S. Government. This work was performed in part at the San
Diego Nanotechnology Infrastructure of UCSD, a member of
the National Nanotechnology Coordinated Infrastructure. The
authors acknowledge the staff of the UCSD Nano3 Facility for
their technical assistance.

■ REFERENCES
(1) Bisri, S. Z.; Piliego, C.; Yarema, M.; Heiss, W.; Loi, M. A. Low
Driving Voltage and High Mobility Ambipolar Field-Effect Tran-
sistors with PbS Colloidal Nanocrystals. Adv. Mater. 2013, 25 (31),
4309−4314.
(2) Nozik, A. J.; Beard, M. C.; Luther, J. M.; Law, M.; Ellingson, R.
J.; Johnson, J. C. Semiconductor Quantum Dots and Quantum Dot
Arrays and Applications of Multiple Exciton Generation to Third-
Generation Photovoltaic Solar Cells. Chem. Rev. 2010, 110 (11),
6873−6890.
(3) Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose,
S.; Li, J. J.; Sundaresan, G.; Wu, A. M.; Gambhir, S. S.; Weiss, S.
Quantum Dots for Live Cells, in Vivo Imaging, and Diagnostics.
Science 2005, 307 (5709), 538−544.

(4) Rasal, A. S.; Yadav, S.; Yadav, A.; Kashale, A. A.; Manjunatha, S.
T.; Altaee, A.; Chang, J.-Y. Carbon Quantum Dots for Energy
Applications: A Review. ACS Appl. Nano Mater. 2021, 4 (7), 6515−
6541.
(5) Kagan, C. R.; Lifshitz, E.; Sargent, E. H.; Talapin, D. V. Building
Devices from Colloidal Quantum Dots. Science 2016, 353 (6302),
No. aac5523.
(6) Whitham, K.; Yang, J.; Savitzky, B. H.; Kourkoutis, L. F.; Wise,
F.; Hanrath, T. Charge Transport and Localization in Atomically
Coherent Quantum Dot Solids. Nat. Mater. 2016, 15 (5), 557−563.
(7) Crisp, R. W.; Pach, G. F.; Kurley, J. M.; France, R. M.; Reese, M.
O.; Nanayakkara, S. U.; MacLeod, B. A.; Talapin, D. V.; Beard, M. C.;
Luther, J. M. Tandem Solar Cells from Solution-Processed CdTe and
PbS Quantum Dots Using a ZnTe−ZnO Tunnel Junction. Nano Lett.
2017, 17 (2), 1020−1027.
(8) Wang, H.; Kubo, T.; Nakazaki, J.; Segawa, H. Solution-Processed
Short-Wave Infrared PbS Colloidal Quantum Dot/ZnO Nanowire
Solar Cells Giving High Open-Circuit Voltage. ACS Energy Lett. 2017,
2 (9), 2110−2117.
(9) Lu, H.; Carroll, G. M.; Neale, N. R.; Beard, M. C. Infrared
Quantum Dots: Progress, Challenges, and Opportunities. ACS Nano
2019, 13, 939−953.
(10) Bi, Y.; Bertran, A.; Gupta, S.; Ramiro, I.; Pradhan, S.;
Christodoulou, S.; Majji, S.-N.; Akgul, M. Z.; Konstantatos, G.
Solution Processed Infrared- and Thermo-Photovoltaics Based on 0.7
EV Bandgap PbS Colloidal Quantum Dots. Nanoscale 2019, 11 (3),
838−843.
(11) Fan, J. Z.; Vafaie, M.; Bertens, K.; Sytnyk, M.; Pina, J. M.;
Sagar, L. K.; Ouellette, O.; Proppe, A. H.; Rasouli, A. S.; Gao, Y.;
Baek, S.-W.; Chen, B.; Laquai, F.; Hoogland, S.; Arquer, F. P. G. de;
Heiss, W.; Sargent, E. H. Micron Thick Colloidal Quantum Dot
Solids. Nano Lett. 2020, 20 (7), 5284−5291.
(12) Sun, Q.; Wang, Y. A.; Li, L. S.; Wang, D.; Zhu, T.; Xu, J.; Yang,
C.; Li, Y. Bright, Multicoloured Light-Emitting Diodes Based on
Quantum Dots. Nat. Photonics 2007, 1 (12), 717−722.
(13) McDonald, S. A.; Konstantatos, G.; Zhang, S.; Cyr, P. W.;
Klem, E. J. D.; Levina, L.; Sargent, E. H. Solution-Processed PbS
Quantum Dot Infrared Photodetectors and Photovoltaics. Nat. Mater.
2005, 4 (2), 138−142.
(14) Konstantatos, G.; Howard, I.; Fischer, A.; Hoogland, S.;
Clifford, J.; Klem, E.; Levina, L.; Sargent, E. H. Ultrasensitive
Solution-Cast Quantum Dot Photodetectors. Nature 2006, 442
(7099), 180−183.
(15) Carey, G. H.; Abdelhady, A. L.; Ning, Z.; Thon, S. M.; Bakr, O.
M.; Sargent, E. H. Colloidal Quantum Dot Solar Cells. Chem. Rev.
2015, 115 (23), 12732−12763.
(16) Gil, H. M.; Price, T. W.; Chelani, K.; Bouillard, J.-S. G.;
Calaminus, S. D. J.; Stasiuk, G. J. NIR-Quantum Dots in Biomedical
Imaging and Their Future. iScience 2021, 24 (3), No. 102189.
(17) Wang, J.; Chen, J. High-Sensitivity Silicon: PbS Quantum Dot
Heterojunction near-Infrared Photodetector. Surf. Interfaces 2022, 30,
No. 101945.
(18) Vafaie, M.; Fan, J. Z.; Morteza Najarian, A.; Ouellette, O.;
Sagar, L. K.; Bertens, K.; Sun, B.; García de Arquer, F. P.; Sargent, E.
H. Colloidal Quantum Dot Photodetectors with 10-Ns Response
Time and 80% Quantum Efficiency at 1,550 Nm. Matter 2021, 4 (3),
1042−1053.
(19) Cademartiri, L.; Montanari, E.; Calestani, G.; Migliori, A.;
Guagliardi, A.; Ozin, G. A. Size-Dependent Extinction Coefficients of
PbS Quantum Dots. J. Am. Chem. Soc. 2006, 128 (31), 10337−10346.
(20) Hechster, E.; Amgar, D.; Arad-Vosk, N.; Binyamin, T.; Sa’ar, A.;
Etgar, L.; Sarusi, G. Electrical and Optical Characterization of
Quantum Dots PbS/TiO 2 Based Heterojunction as a SWIR Detector
and a Proposed Design of PbS/TiO 2 -PeLED as a SWIR to Visible
Upconversion Device. Mater. Res. Express 2019, 6 (6), No. 066210.
(21) Choi, H. T.; Kang, J.-H.; Ahn, J.; Jin, J.; Kim, J.; Park, S.; Kim,
Y.-H.; Kim, H.; Song, J. D.; Hwang, G. W.; Im, S.; Shim, W.; Lee, Y.
T.; Park, M.-C.; Hwang, D. K. Zero-Dimensional PbS Quantum Dot−

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02899
Nano Lett. 2023, 23, 9943−9952

9951

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Byung+Ku+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yalun+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tse+Nga+Ng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soong+Ju+Oh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1434-8844
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Nomura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2786-6563
https://orcid.org/0000-0002-2786-6563
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02899?ref=pdf
https://doi.org/10.1002/adma.201205041
https://doi.org/10.1002/adma.201205041
https://doi.org/10.1002/adma.201205041
https://doi.org/10.1021/cr900289f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900289f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900289f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1104274
https://doi.org/10.1021/acsanm.1c01372?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c01372?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aac5523
https://doi.org/10.1126/science.aac5523
https://doi.org/10.1038/nmat4576
https://doi.org/10.1038/nmat4576
https://doi.org/10.1021/acs.nanolett.6b04423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b09815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b09815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8NR08755E
https://doi.org/10.1039/C8NR08755E
https://doi.org/10.1021/acs.nanolett.0c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nphoton.2007.226
https://doi.org/10.1038/nphoton.2007.226
https://doi.org/10.1038/nmat1299
https://doi.org/10.1038/nmat1299
https://doi.org/10.1038/nature04855
https://doi.org/10.1038/nature04855
https://doi.org/10.1021/acs.chemrev.5b00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.isci.2021.102189
https://doi.org/10.1016/j.isci.2021.102189
https://doi.org/10.1016/j.surfin.2022.101945
https://doi.org/10.1016/j.surfin.2022.101945
https://doi.org/10.1016/j.matt.2020.12.017
https://doi.org/10.1016/j.matt.2020.12.017
https://doi.org/10.1021/ja063166u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja063166u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2053-1591/ab0fb5
https://doi.org/10.1088/2053-1591/ab0fb5
https://doi.org/10.1088/2053-1591/ab0fb5
https://doi.org/10.1088/2053-1591/ab0fb5
https://doi.org/10.1021/acsphotonics.0c00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


InGaZnO Film Heterostructure for Short-Wave Infrared Flat-Panel
Imager. ACS Photonics 2020, 7 (8), 1932−1941.
(22) Maier, A.; Strauß, F.; Kohlschreiber, P.; Schedel, C.; Braun, K.;
Scheele, M. Sub-Nanosecond Intrinsic Response Time of PbS
Nanocrystal IR-Photodetectors. Nano Lett. 2022, 22 (7), 2809−2816.
(23) Bozyigit, D.; Lin, W. M. M.; Yazdani, N.; Yarema, O.; Wood, V.
A Quantitative Model for Charge Carrier Transport, Trapping and
Recombination in Nanocrystal-Based Solar Cells. Nat. Commun.
2015, 6 (1), 6180.
(24) Mandelis, A.; Hu, L.; Wang, J. Quantitative Measurements of
Charge Carrier Hopping Transport Properties in Depleted-Hetero-
junction PbS Colloidal Quantum Dot Solar Cells from Temperature
Dependent Current−Voltage Characteristics. RSC Adv. 2016, 6 (95),
93180−93194.
(25) Hu, L.; Liu, M.; Mandelis, A.; Melnikov, A.; Sargent, E. H.
Colloidal Quantum Dot Solar Cell Power Conversion Efficiency
Optimization Using Analysis of Current-Voltage Characteristics and
Electrode Contact Imaging by Lock-in Carrierography. Prog. Photo-
volt. Res. Appl. 2017, 25 (12), 1034−1050.
(26) Shockley, W.; Queisser, H. J. Detailed Balance Limit of
Efficiency of P-n Junction Solar Cells. J. Appl. Phys. 1961, 32 (3),
510−519.
(27) Kramer, I. J.; Sargent, E. H. The Architecture of Colloidal
Quantum Dot Solar Cells: Materials to Devices. Chem. Rev. 2014, 114
(1), 863−882.
(28) Chuang, C.-H. M.; Brown, P. R.; Bulovic,́ V.; Bawendi, M. G.
Improved Performance and Stability in Quantum Dot Solar Cells
through Band Alignment Engineering. Nat. Mater. 2014, 13 (8), 796−
801.
(29) Liu, M.; Voznyy, O.; Sabatini, R.; García de Arquer, F. P.;
Munir, R.; Balawi, A. H.; Lan, X.; Fan, F.; Walters, G.; Kirmani, A. R.;
Hoogland, S.; Laquai, F.; Amassian, A.; Sargent, E. H. Hybrid
Organic−Inorganic Inks Flatten the Energy Landscape in Colloidal
Quantum Dot Solids. Nat. Mater. 2017, 16 (2), 258−263.
(30) Zhukov, N. D.; Yagudin, I. T. Features of Polycrystalline
Electron Transport of Colloidal Quantum Dots InSb and PbS. Sci.
Res. Innov. 2021, 1 (2), 48−51.
(31) Rafiq, M. A. Carrier Transport Mechanisms in Semiconductor
Nanostructures and Devices. J. Semicond. 2018, 39 (6), No. 061002.
(32) Kennehan, E. R.; Munson, K. T.; Grieco, C.; Doucette, G. S.;
Marshall, A. R.; Beard, M. C.; Asbury, J. B. Influence of Ligand
Structure on Excited State Surface Chemistry of Lead Sulfide
Quantum Dots. J. Am. Chem. Soc. 2021, 143 (34), 13824−13834.
(33) Tang, H.; Zhong, J.; Chen, W.; Shi, K.; Mei, G.; Zhang, Y.;
Wen, Z.; Müller-Buschbaum, P.; Wu, D.; Wang, K.; Sun, X. W. Lead
Sulfide Quantum Dot Photodetector with Enhanced Responsivity
through a Two-Step Ligand-Exchange Method. ACS Appl. Nano
Mater. 2019, 2 (10), 6135−6143.
(34) Yin, S.; Ho, C. H. Y.; Ding, S.; Fu, X.; Zhu, L.; Gullett, J.; Dong,
C.; So, F. Enhanced Surface Passivation of Lead Sulfide Quantum
Dots for Short-Wavelength Photodetectors. Chem. Mater. 2022, 34
(12), 5433−5442.
(35) Xu, K.; Xiao, X.; Zhou, W.; Jiang, X.; Wei, Q.; Chen, H.; Deng,
Z.; Huang, J.; Chen, B.; Ning, Z. Inverted Si:PbS Colloidal Quantum
Dot Heterojunction-Based Infrared Photodetector. ACS Appl. Mater.
Interfaces 2020, 12 (13), 15414−15421.
(36) Mukai, K.; Kimura, R.; Sugisaki, S.; Sugimoto, T.; Fujishima,
M.; Watanabe, S. Long Carrier Lifetime in Faceted PbS Quantum Dot
Superlattice Fabricated by Sedimentation Method. Jpn. J. Appl. Phys.
2020, 59 (SG), No. SGGH01.
(37) Wang, H.; Wang, Y.; He, B.; Li, W.; Sulaman, M.; Xu, J.; Yang,
S.; Tang, Y.; Zou, B. Charge Carrier Conduction Mechanism in PbS
Quantum Dot Solar Cells: Electrochemical Impedance Spectroscopy
Study. ACS Appl. Mater. Interfaces 2016, 8 (28), 18526−18533.
(38) Aynehband, S.; Mohammadi, M.; Thorwarth, K.; Hany, R.;
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