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Solution-processed colloidal quantum dots (CQDs) are promising candidates for large-scale, low-cost, and
lightweight photovoltaic and electronic devices. Carrier transport dynamics has a substantial impact on device
eﬃciency optimization. Coupled with photocarrier radiometry (PCR) — a dynamic spectrally integrated
frequency-domain photoluminescence (PL) modality, we report the derivation of a trap-state-mediated carrier
hopping transport model for the extraction of multiple carrier transport parameters in PbS CQD thin ﬁlms.
These parameters, including eﬀective carrier lifetime τE, hopping diﬀusivity Dh, trap-state-dependent carrier
trapping rate RT, diﬀusion length Lh, and carrier thermal emission rate ei , were obtained for CQD thin ﬁlms
with diﬀerent dot size and capping ligands: tetrabutylammonium iodide (TBAI), 1,2-ethanedithiol (EDT), and
methylammonium lead triiodide perovskite (MAPbI3). Consistent with the framework of phonon-assisted
carrier hopping mechanism, τE, Dh, and Lh have demonstrated a monotonic dependence on temperature in the
range from 100 K to 300 K. Perovskite-passivated PbS CQD thin ﬁlms, especially those with larger dot sizes
which are free of apparent defect induced PL emission and have higher τE and Dh at room temperature (ca.
0.51 μs and 1.80×10−2 cm2/s, respectively) than their counterparts, demonstrate better photovoltaic material
properties. Dot-size-dependent exciton binding energies (35.21–53.20 meV) were characterized using a
dynamic PCR photo-thermal spectroscopy that also characterized the trap-state-mediated carrier hopping
activation energies in the range from 100 meV to 280 meV. To test the reliability of the best-ﬁtted results,
computational ﬁtting uniqueness was examined using a parametric theory.

1. Introduction
Solution-processed colloidal quantum dots (CQDs) have appealing
electronic and optical properties such as size-tunable energy bandgap
[1,2], multiple exciton generation [3–5], pathways for harvesting hotelectrons [6], and ambipolar (hole and electron) charge transfer [7,8].
Due to these unique granular electronic material features, CQDs have
shown great potentials in various optoelectronic and electronic device
applications, including thin ﬁlms transistors [9–11], photodetectors
[3,12–14], solar cells [15–18], and light-emitting diodes [19,20].
Understanding carrier transport dynamics and shedding light on
energy dissipation mechanisms in optoelectronics is essential to device

eﬃciency optimization. QD disorder in the form of energy and/or
geometry, originating in dot shape, size, composition, surface chemistry, and capping ligands, as well as the degree of polydispersity and
superlattice order in thin ﬁlms, disrupts the formation of continuous
energy band structures in CQD ensembles. Depending on the level of
QD disorder, there are four possible carrier transport mechanisms
[21]: (i) bulk crystal-like Bloch state electron transport, (ii) direct
tunneling mechanisms without the help of phonons, (iii) over-thebarrier carrier activation, and (iv) phonon-assisted hopping. Phononassisted hopping in the form of, for example, nearest neighbor hopping
(NNH) and Efros-Shklovskii variable range hopping (ES-VRH), is the
most prevailing mechanism that has been widely applied in studying
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various QD systems [22–28] in which carriers hop from one dot to the
next depending on the interdot distance, coupling strength, temperature, and the type of carrier. Moreover, strengthening the cappingligand-controlled interdot coupling has been reported in PbSe QDs as
originating in the Coulomb blockade dominated insulating regime and
into the hopping conduction dominated semiconductor regime [22],
and has also been found to assist exciton dissociation into free
electrons and holes [29,30]. Furthermore, Lee et al. [31] and Liu
et al. [24] have observed a monotonic increase in hole mobility with
increasing QD size, while electron mobility exhibits a peak at QD
diameter of 6 nm, which can be ascribed to the compromise between
reduced activation energy (lower hopping energy barrier) and weakened interdot coupling strength amongst larger QDs. In addition,
hopping conduction behavior has been manifested when carrier
mobility drops exponentially with the increase of capping ligand length
[24], showing consistency with the Shklovskii and Efros hopping
mobility equation [32]. The phonon-assisted hopping transport mechanism predicts a temperature-dependent carrier mobility, diﬀusivity,
lifetime,
conductivity,
and
conductance
of
QD
devices
[18,22,23,25,27,28,33]. However, due to the large speciﬁc surfaces of
QDs, even with the application of capping ligands, QD trap states still
hinder the eﬃciency of CQD based electronic devices through acting as
undesired radiative and nonradiative recombination centers [24,34–
40]. Important as these eﬀects are, a systematic study of trap-statemodiﬁed carrier transport is still lacking.
Despite the importance of carrier dynamics to QD optoelectronic
and electronic device eﬃciency optimization, current characterization
techniques are still not able to provide suﬃcient feedback information
about carrier transport kinetics in QD substrates and devices. At
present, carrier mobility can be characterized by linearly increasing
voltage (CELIV) [39,41,42], time of ﬂight (TOF) [41,43], transient
photovoltage [39,44], and by using ﬁeld eﬀect transistors (FET)
[39,45,46]. Nonetheless, these methods require thick QD ﬁlms and a
completed device. Although Zhitomirsky et al. [47] introduced photoluminescence (PL) quenching for carrier diﬀusion length measurement
in CQD thin ﬁlms, additional coating and/or embedding diﬀerent types
of CQDs are compulsory. Nowadays, carrier lifetime is measured
mostly by Voc (open-circuit voltage) transient decay [41] and transient
PL [39,48,49] for devices and substrates, respectively. However, due to
the fragile nature of materials comprising photovoltaic devices, especially organic and QD-based solar cells, most of these conventional
techniques are suitable neither for industrial in-line mass manufacturing of electronic devices at any and all fabrication stages, nor for
optoelectronic process analysis involving light-carrier interactions.
In view of these facts, this paper introduces an all-optical, fast, and
non-destructive technique, photocarrier radiometry (PCR)—a dynamic
spectrally integrated frequency-domain PL modality, to the characterization of CQD thin ﬁlms. A trap-state-mediated carrier hopping
transport model was developed and applied for the extraction of
multiple carrier transport parameters of diﬀerent ligand-capped PbS
CQD thin ﬁlms. The temperature-dependent carrier transport dynamics was investigated in perovskite-passivated PbS CQD thin ﬁlms.
Furthermore, sample homogeneity was examined through PCR-based
lock-in carrierography (LIC) imaging [50]. The energy band structure
and carrier transport activation energies of our CQD thin ﬁlms were
analyzed using static PL and photo-thermal spectroscopy (PTS) [51],
respectively. Combined with a carrier hopping transport model, PCR
was shown to exhibit great potential in QD materials characterization
for fundamental physics research of carrier transport dynamics, in
addition to being an all-optical, nondestructive and promising technique for industrial device quality control.

Fig. 1. (a) Schematic of carrier hopping transport in PbS CQD thin ﬁlms embedded in a
surface-passivation ligand matrix when excited by a frequency-modulated laser source.
(b) Illustration of carrier generation, dissociation, hopping transport, and trapping
processes in a CQD assembly. Se and Sh are the ground states for electrons and holes,
respectively. Ea,1 and Ea,2 are the activation energies associated with exciton binding
energy (Eb) and trap-mediated transition process, respectively. Eg and Eg, opt are,
respectively, the electronic and optical band gap energy.

excitons will ﬁrstly form within the CQDs and diﬀuse away through a
carrier hopping mechanism [Fig. 1(a)], during which process, excitons
may dissociate into free charge carriers. All these particles, including
excitons and their dissociated charge carriers can recombine radiatively, or be bound to or trapped in trap states and recombine
radiatively or non-radiatively [Fig. 1(b)]. The rate equation for the
population Ni(x, t ) of charge carriers in quantum dot i [52] must
include the presence of trap states acting as thermal emission and
capture centers. Such trap states have been reported in thiol-capped
PbS QDs [53], and in glass-encapsulated PbS QDs [54], also several
trap-related emission bands have been reported for PbS QDs in
polyvinyl alcohol [55]. Taking into consideration that those trap states
acting as thermal emission and capture centers, the carrier rate
equation can be expressed as:

∂Ni(x, t )
=− ∑ PijNi(x, t ) +
∂t
j

∑ PjiNj(x, t )
j

m

+

∑ {eik (T )nTk (x, t ) − CikNi(x, t )[NTk − nTk (x, t )]} −
k =1

+ G0(x, t )

Ni(x, t )
τ
(1)

where k denotes trap level, eik is the thermal emission rate of charge
carriers from the trap level k , Cik is the charge carrier capture
coeﬃcient, τ is the carrier lifetime, NTk is the trap density of level k ,
nTk is the trapped carrier density, Pij (Pji ) is the hopping probability from
the ith ( jth ) QD to the jth (ith ) QD. Here, CikNTk is deﬁned as the carriertrapping rate RTk . Go is the photocarrier generation rate. In the PbS
CQD system under consideration, all the trap states at diﬀerent levels
are considered to have the same eﬀects on carrier transport behavior,

2. Carrier hopping transport model
Fig. 1(a) and (b) exhibit the schematic of surface-passivated and
laser-illuminated PbS CQDs in a ligand matrix. Upon laser excitation,
136
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i.e. trapping and detrapping carriers. Although distinguishing them is
possible using photo-thermal deep level transient spectroscopy at
various temperatures and can yield a more detailed structure of trap
levels, however, it is not necessary for the present optoelectronic
transport property characterization. Therefore, the rate equation for
carrier population can be further developed to

G0(x, t ) =

⎛ CN τ ⎞
nT (x; ω) ≈ ⎜ i T i ⎟Nt (x, ω)
⎝ 1+iωτi ⎠

(2)

where the charge carrier current density Je(x, t ) is a function of the
hopping diﬀusivity Dh and can be written as

Je(x, t )= −Dh(T )

∂Ni(x, t )
∂x

1
= ei(T )
τi(T )

d 2Nt (x, ω)
dx
=−

(4)

where τ0 is the hopping time of a carrier from one QD to another,γ is
the hopping transmission coeﬃcient, L is the eﬀective interdot
distance, T is the temperature, ∆Eji is the energy diﬀerence of a
hopping particle (exciton or dissociated carrier) between QD states
(i) and (j) [56], and kB is the Boltzmann constant. Since trapped charge
carriers (nT ) can be emitted from trap states or re-captured, the kinetic
equation for nT is given by

, t )]

(5)

⎡ K (T , β ) ⎤
⎥e−βx
Nt (x, ω) = B1(ω, T )e K1x − B2(ω, T )e−K1x + ⎢ 2 2
⎢⎣ K1 (T , ω) − β ⎥⎦

t)

(6)

(7)

− ∆E
kBT

(8)

n T (x , t ) =

1
nT (x; ω)(1+eiωt )
2

K12(T ; ω) =

⎫
RT
1 ⎧
1
⎨iω +
⎬
−
Dh(T ) ⎩
τE (T )
[1+A(T )][1+iωτi(T )] ⎭

(16a)

K2(T , β ) =

G0β
Dh(T )[1+A(T )]

(16b)

⎡ K (T , β ) ⎤⎛ e−K1d − e−βd ⎞
⎥⎜
⎟
B1(ω, T ) = ⎢ 2 2
⎢⎣ K1 (T , ω) − β 2 ⎥⎦⎝ e K1d − e−K1d ⎠

(16c)

⎡ K (T , β ) ⎤⎛ e K1d − e−βd ⎞
⎥⎜
⎟
B2(ω, T ) = ⎢ 2 2
⎢⎣ K1 (T , ω) − β 2 ⎥⎦⎝ e K1d − e−K1′d ⎠

(16d)

S (ω) = F (λ1, λ 2 )

∫0

d

Ni(x,

ω)dx

(17)

Here, F (λ1, λ 2 ) is an instrumentation coeﬃcient which depends on
the spectral emission bandwidth [λ1, λ 2 ] of the near-infrared detector.
From Eqs. (16) and (17), the ﬁnal expression for the PCR signal can be
obtained

(9)

⎡
⎤⎧
2
⎫
⎪
K2(T , β )
(1+e−βd )(1−e−K1d )
1
S (ω )
⎥⎪
⎨
− (1−e−βd )⎬
=⎢
−2
2
K
d
⎪
⎪
⎢
⎥
F (λ1, λ 2 ) ⎣ β 2 − K (T , ω) ⎦⎩
β
K1(1−e 1 )
⎭
1

Furthermore, for the harmonic laser excitation at frequency
fre = ω /2π , Nt (x, t ), nT (x, t ) and G0(x, t;ω) can be written as,

1
Nt (x, t ) = Nt (x; ω)(1+eiωt )
2

(15)

The radiative emission (i.e., PCR) signal can be expressed as an
integral of the charge carrier population over the thickness of the active
layer [60]:

where ∆E is the energy diﬀerence between the two split energy levels,
and Rst is an energy-level degeneracy constant equal to 1/3. To simplify
the notation, let

A(T ) = Rst e

(14)

Where the parameters are deﬁned as

Ns and Nt denote the carrier population in singlet and triplet states,
respectively. An energy-level relation between singlet and triplet states
has been proposed [54]
− ∆E
kBT N (x ,
t

(13)

and τt (τs ) is the triplet (singlet) lifetime.
For CQD thin ﬁlms with a thickness d (200 nm for CQD solar cell
devices [18,34]), charge carriers at the boundaries should be quenched
due to the high density of trap states. Eq. (13), therefore, can be solved
with the boundary conditions: Nt (x, ω)=0; x = 0, d , viz.

There is much evidence for the existence of bright (or singlet) and
dark (or triplet) states in PbS QDs [54,57–59]. Non-radiative recombination processes arise from charge carriers trapped in both singlet
and triplet states:

Ns(x, t ) = Rst e

⎤
RT
1 ⎡
1
−
⎢iω +
⎥Nt (x, ω)
[1+A(T )][1+iωτi(T ; x , ω)] ⎦
Dh(T ) ⎣
τE (T )

G0βe−βx
Dh(T )[1+A(T )]

∂ 2Ni(x, t )
∂x 2

−

1
1 ⎡ 1
A(T ) ⎤
⎢
⎥
≡
+
τE (T )
1+A(T ) ⎣ τt (T )
τs(T ) ⎦

∂Ni(x, t ) ⎧
1 ⎫
⎬Ni(x, t ) = G0(x, t; ω) + ei(T )nT (x, t )
+ ⎨Ci[NT − nT (x, t )] +
⎩
∂t
τ (T ) ⎭

∂N (x, t )
∂Ni(x, t )
∂Nt (x, t )
= s
+
∂t
∂t
∂t

2

Here, τE (T ) is the eﬀective carrier lifetime, deﬁned as

Combining Eqs. (2)–(5) yields an expression for the kinetics of the
carrier population in a QD ensemble involving the charge carrier
generation, capture, and release from trap states, as well as the carrier
hopping diﬀusion:

+ Dh(T )

(12)

Solving Eqs. (6)–(9) subject to frequency domain Eqs. (10), and
taking only the modulated components gives

Hopping diﬀusivity Dh is a fundamental photovoltaic electronic
property, which depends on the interdot distance L , charge carrier
hopping probability γ , and temperature T , through the following
relationship:

∂nT (x, t )
= −ei(T )nT (x, t ) + CiNi(x, t )[NT − nT (x
∂t

(11)

where τi is deﬁned by the carrier emission rate

(3)

L2 −γL −∆ Eji / kBT
Dh(T ) =
e
τ0

(10c)

where ω is the modulation angular frequency and β is the optical
absorption coeﬃcient.
The kinetics of the trapping rate Eq. (5) can be modiﬁed in the
frequency domain to yield an expression for the trapped carrier density
nT (x;ω)

∂Ni(x, t )
∂J (x, t )
N (x , t )
=− e
+ ei(T )nT (x, t ) − CiNi (x, t )[NT − nT (x, t )] − i
∂t
∂x
τ
+ G0(x, t )

1
G0(x; ω)βe−βx (1+eiωt )
2

(18)

It should be noted that when the trap state density NT =0 ,

(10a)

K1(T ; ω) =

(10b)
137

1+iωτE (T )
1
=
Dh(T )τE (T )
L h (T ; ω )

(19)
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Fig. 2. Photoluminescence (PL) spectra of four PbS CQD thin ﬁlms surface passivated
with MAPbI3, EDT, and TBAI.

Fig. 3. Experimental setup for PCR frequency scans and photo-thermal spectroscopy
temperature scans.

which is the conventional carrier diﬀusion wavenumber [27], and
Lh(T;ω) is the eﬀective charge carrier hopping diﬀusion length.

limited by mechanical and electrical defects in CQD thin ﬁlm materials.
Therefore, we performed homogeneity examination through homodyne
lock-in carrierography imaging [50], as shown in Fig. 4. The image
contrast arises from the modulated carrier wave (including free charge
carriers and excitons) density distribution. Regions with high amplitude values originate from high carrier density, consistent with high
carrier transport parameters including carrier lifetime, diﬀusivity, and
low trap state density.

3. Experimental methods
The PbS CQDs were synthesized and puriﬁed using a hot-injection
approach and anti-solvent method, respectively [61]. CQDs were
surface passivated with three diﬀerent ligands: tetrabutylammonium
iodide (TBAI), 1, 2-ethanedithiol (EDT), and methylammonium lead
triiodide perovskite (MAPbI3). The experimental surface passivation
processes followed our previous reports [34,61]. These CQD thin ﬁlms
have a thickness of 200 nm as characterized by scanning electron
spectroscopy. As shown in the room temperature PL spectra, Fig. 2,
three CQD thin ﬁlm samples capped with the abovementioned three
ligands have the same band-to-band energy gap of 1.21 eV, while, for
further investigation, perovskite MAPbI3 was also applied to passivate
CQD thin ﬁlms with larger QD size, implying a smaller energy band gap
of 1.09 eV. To clarify, the perovskite MAPbI3 passivated PbS CQD thin
ﬁlm with larger dot size is labeled PbS-MAPbI3-B throughout this
paper, while the one with smaller dot size is labeled PbS-MAPbI3. It is
also shown in Fig. 2 that the PL peaks for each type of CQD thin ﬁlms
depend on the QD size, as well as on surface capping ligands. In
addition, secondary PL emission peaks are also characterized, such as
those at 0.81 eV (PbS-MAPbI3) and 0.83 eV (PbS-TBAI), as well as the
PL shoulder at 0.99 eV (PbS-EDT). These secondary PL emission peaks
originate from recombiantions that occur through defect-induced
donors/acceptors arising from unpassivated surface states, structural
defects, or other changes induced during ligand exchange processes.
Similar types of defect-induced donor/acceptor radiative emission have
also been reported in other materials, such as ZnO nanowires [62],
MoS2 [63], and InP [64].
PCR frequency scans were also performed according to refs.
[27,28]. Fig. 3 shows the experimental PCR setup for CQD thin ﬁlms.
A 1000 nm optical long-pass ﬁlter was placed in front of the InGaAs
photodetector for the purpose of blocking the excitation beam, while
due to the negligible thermal infrared contributions to the PCR signal,
no short-pass ﬁlter was used. Based on its spectral bandwidth, the PCR
detector collects PL emissions in a wavelength range between 1000 nm
and 1700 nm. The sinusoidal excitation of an 830-nm laser was
generated using a function generator to modulate the beam from
10 Hz to 100 kHz. Constant characterization temperatures in a range
from 100 K to 300 K were maintained using a Linkam LTS350
cryogenic chamber. Photo-thermal spectroscopy was performed with
the same PCR system at a ﬁxed laser modulation frequency and
scanning temperature. CQD thin ﬁlms are promising candidates for
QD photovoltaic devices; however, their eﬃciency is considerably

4. Results and discussion
4.1. Temperature-dependent transport kinetics
PCR can generate independent carrier diﬀusion-wave amplitude
and phase channels simultaneously from a single frequency scan, both
of which can be used for data analysis through best ﬁtting in order to
increase the accuracy and reliability of the best-ﬁtted parameters.
Detailed derivation of PCR amplitude and phase and the Matlab-based
computational ﬁtting for parameter extraction are discussed in the
Supplementary information. Furthermore, a parametric theory as
discussed in the Supplementary information is used to examine the
uniqueness and reliability of the best-ﬁtted parameters, and demonstrates that all six parameters can be resolved in the framework of our
equations and experimental data sets. For example, Fig. S1 shows the
determinants and sensitivity coeﬃcients for parameters Dh and τE.
Therefore, this validated methodology was employed for parameter
extraction through this study. The experimental and best-ﬁtted PCR
amplitude and phase frequency scans of PbS-MAPbI3 at various
temperatures (300–100 K), using Eq. (18), (S1) and (S2), are presented in Fig. 5. Due to the reduced carrier-phonon interactions at low
temperatures and a concomitant increase in the radiative emission rate
accomplished by a decrease in the nonradiative decay rate, the PCR
amplitude increases at low temperatures. In addition, at low temperatures, the increased carrier lifetime yields an increased PCR phase lag
when compared with that at higher temperatures.
Fig. 6(a), (c)–(f) and Table 1 show the measurements of ﬁve
temperature-dependent carrier hopping transport parameters: Dh,
τE, RT, ei , and Lh of PbS-MAPbI3. With the increase in temperature
from 100 K to 300 K, the best-ﬁtted hopping diﬀusivity Dh increases
dramatically from 1.04×10−6 cm2/s to 2.41×10−3 cm2/s. The latter
value is comparable to the previously reported values of 0.012 cm2/s
and 0.003 cm2/s [29] measured at room temperature by transient PL
spectroscopy for 3-mercaptopropionic acid (MPA) and 8-mercaptooctanoic acid (MOA) passivated CQD thin ﬁlms, respectively. The
temperature-dependent behavior of the carrier-wave diﬀusivity Dh is
138
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Fig. 4. Homodyne lock-in carrierography images of PbS-MAPbI3 (a), PbS-MAPbI3-B (b), PbS-EDT (c), and PbS-TBAI (d) measured at 10 Hz. Note all the samples were placed on an
aluminum platform for imaging.

increase in Dh with increasing temperature, and an exponential
decrease with increasing average barrier width (ligand length).
Furthermore, Fig. 6(b) shows the activation energy (96.2 meV) obtained from the Arrhenius plot of the trap-state-mediated hopping
diﬀusivity. It should be reiterated that the calculated activation energy
is trap-state-mediated, i.e., an average energy barrier must be overcome when carriers hop over the interdot energy barrier and hop out of
trap states, as shown in Fig. 1(b). The activation energy extracted from
the Dh Arrhenius plot is consistent with those obtained from the
thermal emission rateei as well as those from the photo-thermal spectra
which will be discussed later, corresponding to shallow trap states with
an energy depth much smaller than that of defect-related states
measured by PL (Fig. 2). These activation energy values are mirrored
by the shallow trap states of ca. 0.1 eV (from the conduction band)
obtained from photocurrent quenching [70,71].
Fig. 6(c) shows the same trends of carrier lifetime dependence on
temperature as our earlier reported results [27,28]: carrier lifetime
increases with decreasing temperature which is due to the reduced
non-radiative decay rate at low temperatures, a result of decreased
phonon-carrier interactions. Similar values of carrier lifetimes at room

consistent with the phonon-assisted carrier hopping transport mechanism. It should be noted that a tunneling transport mechanism is not
taken into consideration due to its non-phonon-assisted transport
nature [21,24,65–68]. Hopping transport of carriers within the CQD
assembly is carried out through the temperature-dependent nearest
neighbor hopping (NNH) or Efros-Shklovskii variable-range-hopping
(ES-VRH) [21,23,25,33]. NNH does not occur at extremely low
temperatures because, on average, hopping between nearest neighbor
states requires higher activation energy [25]. Hopping distance is
always optimized spontaneously to yield the highest carrier mobility,
and the optimized distance decreases with increasing temperature
[25,69]. With the temperature rising above a threshold value, carrier
hopping behavior switches from ES-VRH to NNH which has the same
hopping distance as the interdot spacing determined by thermal
energy. Kang et al. [25] found that the hopping distance was longer
than the interdot spacing at lower temperatures, and the optimized
distance was equal to the nearest neighbor distance in a temperature
range from 40 K to 75 K, indicating a threshold temperature lower than
the minimum temperature of this study. Eq. (4), which does not
assume a conventional Einstein relation, predicts an exponential
139
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Amplitude (mV)

10

sion lengths of PbS CQD thin ﬁlms treated with diﬀerent ligands vary
widely: with partially fused PbS CQDs (230 nm) [76], with CdCl2
(80 nm) [43], with ethanethiol (140 nm) [77], and with 3-mercaptopropionic acid (MPA, 100–1000 nm) [78]. Notwithstanding the fact
that the hopping diﬀusion length can vary as a function of probe
method, the Dh values at room temperature obtained in this study
additionally indicate the high photocarrier diﬀusion ability of the
perovskite photovoltaic material MAPbI3.
Fig. 7 shows the Arrhenius plots of the temperature-dependent PCR
amplitude at temperatures ranging from 90 K to 300 K. Taking into the
consideration of both radiative and non-radiative recombination pathways in PbS CQD thin ﬁlms, the temperature-dependent dynamic PL
(PCR amplitude) intensity I(T) can be described by the following
expression [79–81]

(a)

100 K

150 K
1

200 K
250 K
0.1

300 K
0.01

0.1

1

10

100
I (T ) =

Frequency (kHz)
(b)

0

Phase (degree)

250 K
200 K

-20
-30

150 K
-40
-50
0.01

100 K
0.1

1

10

⎛ E ⎞
1+ ∑i Ai exp⎜ − k Ti ⎟
⎝ B ⎠

(20)

where I0 is a normalizing factor, Ei is the activation energy of the
process (i), and Ai is the carrier transition rate for process (i). The
activation energy is the energy diﬀerence between the original and the
ﬁnal energy states within a carrier transition process. Here, we assume
that our exciton complexes are in the ground state with energy E0 and
at least two carrier transition channels with higher energy states E1
and E2, which have to be overcome for the transition process of
excitons to occur. It should be noted that the distribution of excitons in
these three levels is govern by Boltzmann statistics featuring an
equilibrium temperature behavior [79], which leads to the derivation
of Eq. (20) with i=2. Therefore, the activation energy can be expressed
as: Ea,1=E1−E0 and Ea,2=E2−E0. The PL emission of PbS CQD thin
ﬁlms in the entire experimental temperature range cannot be ﬁtted
using only one activation energy level as diﬀerent carrier dynamic
transport processes dominate in diﬀerent temperature ranges. The
best-ﬁtted curves to the photo-thermal spectra of the four samples
using Eq. (20), Fig. 7, are the results of two strategies applied for the
ﬁtting: ﬁrst, the entire thermal spectrum was ﬁtted across the entire
temperature range, while the number of activation energy levels was
increased until a satisfactory ﬁt was achieved. For PbS-EDT, PbSMAPbI3, and PbS-MAPbI3-B, two activation levels were found to be
adequate. When three levels were attempted for these samples, the
third activation energy was identical to one of the ﬁrst two activation
energies. Compared with other samples, PbS-TBAI exhibits two
distinguishable trends in the entire temperature range, which cannot
be accounted for by Eq. (20). Therefore, the PbS-TBAI data were split
into two regimes using the dashed line boundary in Fig. 7. The two subranges were ﬁtted separately, using two energy levels (high temperature end) and one energy level (low temperature end). Second, to
investigate the temperature-dependent trap eﬀects on carrier transport, each spectrum was divided into 5 parts with 100 K, 150 K, 200 K,
250 K, and 300 K being the average temperature (central temperature)
in each range, and then each range was ﬁtted using only one energy
level through Eq. (20). All the best-ﬁtted activation energies through
these two strategies are summarized in Table 2.
Generally, a higher activation energy, accounting for the trap-staterelated thermally activated carrier transition process, dominates in the
high-temperature range. In comparison, at relatively low temperatures,
lower activation energies are usually observed, which can be ascribed to
phonon energy [82], exciton binding energy [82–85], and exciton
dislocation binding energy [84]. As shown in Table 2, thermal
quenching was observed across the entire temperature range and the
activation energy increases with temperature for all samples. The
temperature-dependent activation energy of PbS CQD thin ﬁlms using
the same method was also reported by Wang et al. [51]. Therefore, as
shown in Fig. 1(b), Ea,2 is associated with shallow trap states, and the
best-ﬁtted values are close to the activation energies measured from the

300 K

-10

I0

100

Frequency (kHz)
Fig. 5. PCR amplitude (a) and phase (b) of MAPbI3-passivated CQD thin ﬁlms (PbSMAPbI3) measured at various frequencies ranging from 10 Hz to 100 kHz and
temperatures between 100 K and 300 K.

temperature can also be found elsewhere [27,28,72–75] in a range
from 0.01 µs to 5 µs. Carrier lifetime can be inﬂuenced by many
intrinsic QD properties including size, surface ligands, and QD
composition. Fig. 6(d) and (e) show the temperature-dependent carrier
trapping rate RT and the thermal emission rateei , respectively. Table 1
shows that ei increases from ~104 s−1 at 100 K to ~108 s−1 at 300 K.
The activation energy of 106.3 meV, originating from shallow trap
states, were extracted from the Arrhenius plot ofei as shown in Fig. 6(e)
and is in agreement with the activation energy measured from the
hopping diﬀusivity Dh. At lower temperatures, more carriers are
localized at the excitation sites and the smaller population of phonons
freezes these photogenerated carriers in trap states, which is mirrored
by the much lower hopping diﬀusivity Dh when compared with the
values obtained at room temperature. Therefore, it is reasonable to
conclude that, with the help of phonons at high temperatures, the more
widely distributed carriers are subject to a relatively higher carrier
trapping rate, i.e., at high temperature more trap states are empty
which results in an increased RT. Furthermore, due to the higher
ambient thermal energy, the thermal emission rate from the trap states
is higher as shown in Fig. 6(e). Using the best-ﬁtted Dh and τE values,
the hopping diﬀusion lengths were calculated through Lh = (τEDh )1/2 ,
Fig. 6(f). Although τE decreases with temperature, the hopping diﬀusion length still increases dramatically from 23 nm to 0.33 µm when
the temperature rises from 100 K to 300 K, because the diﬀusivity
increase is stronger than the lifetime decrease. Diﬀusion length is
capping-ligand-dependent, for example, at room temperature, diﬀu140
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Fig. 6. Best-ﬁtted hopping diﬀusivity Dh (a), and Arrhenius plot of Dh for the extraction of the carrier hopping transport activation energy (b) of the MAPbI3-passivated (PbS-MAPbI3)
CQD thin ﬁlm. For the same sample, (c)-(e) are the best-ﬁtted eﬀective exciton lifetime τE, carrier trapping rate RT , and Arrhenius plot of thermal emission rate ei , respectively. (f)
Carrier hopping diﬀusion length Lh calculated from the best-ﬁtted τE and Dh values.

on this study. In Table 2, with the exception of PbS-TBAI, activation
energies Ea at 300 K are higher than either Ea,1 or Ea,2. Moreover, Ea
at 100 K is almost equal to Ea,1 (except for PbS-MAPbI3-B with bigger
dot size), which is consistent with the elimination of shallow-trap-staterelated carrier transport processes as contributors to the activation

carrier hopping diﬀusivity [Fig. 6(b)], and from the thermal emission
rate [Fig. 6(e)]. As shown in Fig. 1(b), contrary to deep level trap states,
which operate as recombination centers, carriers that are trapped in
these shallow trap states do not recombine but escape from these traps
quickly. Nevertheless, it is diﬃcult to identify the source of Ea,1 based
Table 1
Best-fitted parameters for PbS-MAPbI3 CQD thin ﬁlms at diﬀerent temperatures.
Parameters

Temperature (K)
300
2

Hopping diﬀusivity Dh (cm /s)
Eﬀective carrier lifetime τE (µs)
Trapping rate RT (s−1)
Thermal emission rate ei (s−1)
Hopping diﬀusion length Lh (μm)

250
−3

−4

2.41×10 ± 2.75×10
0.45 ± 0.15
2.40×1013 ± 4.55×1012
3.41×108 ± 1.22×108
0.33

200
−4

−6

5.41×10 ± 1.76×10
0.66 ± 0.21
2.02×109 ± 2.37×108
2.97×107 ± 9.38×106
0.19

141

150
−4

2.47×10 ± 1.72×10
1.35 ± 0.39
5.54×106 ± 6.93×105
2.18×107 ± 3.45×105
0.18

−5

100
−5

−6

3.62×10 ± 1.44×10
4.75 ± 0.65
1.08×105 ± 3.70×102
4.55×105 ± 5.33×102
0.13

1.04×10−6 ± 3.93×10−13
5.37 ± 3.68×10−8
2.36×104 ± 8.99×10−4
6.70×104 ± 0.00059
0.023
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(Ea,1) and shallow-trap-related thermal activation (Ea,2).
Consequently, the extraction of Ea using Eq. (20) at only one activation
energy level is subject to the assumption that, in each temperature
range (with a central temperature of 300 K, 250 K, 200 K, 150 K, or
100 K), only one carrier transition process (Ea,1 or Ea,2) is dominant.
It should be noted that deeper lying trap states require higher Ea for
carrier transitions, as expected. Therefore, comparing Ea values at
diﬀerent central temperatures (Table 2) with the corresponding Ea,1
and Ea,2 as discussed above, it must be kept in mind that the exciton
dissociation process occurs across the entire temperature range, while
the activation energies (Ea,2) for trap-mediated carrier transitions
decrease with decreasing temperature. Furthermore, at the low temperature of 100 K, Ea for all samples is approximately equal to Ea,1,
indicating a negligible contribution of Ea,2 to the overall activation
energy at this temperature. All of these facts point to the following
conclusion: deep-lying trap states dominate carrier transport at higher
temperatures, while shallow trap states control carrier transport at low
temperatures, in agreement with [51]. These eﬀects may arise because
carrier distributions are localized near their generation sites at low
temperatures due to the low values of Dh.

Fig. 7. Temperature scans of the PCR amplitude for diﬀerent ligands passivated PbS
CQD thin ﬁlms. The continuous lines are the best ﬁts to each set of data using Eq. (20).

energy Ea,2. Nonetheless, the Ea,1 process is active throughout the
entire temperature range regardless of the type of surface capping
ligands and QD size. Also, the value of Ea,1 is consistent with the
exciton binding energy in a range from 50 to 200 meV for QDs with a
diameter of 1–2 nm [86]. In addition, the exciton dissociation occurs in
the course of all carrier transport kinetics in our experimental
temperature range. Therefore, it is reasonable to assign Ea,1 to be
the exciton binding energy (Eb) as depicted in Fig. 1(b). It should also
be noted from Fig. 1(b) that the exciton binding energy in quantum
conﬁned systems is the energy diﬀerence between exciton transition
(optical gap, Eg,opt) and electronic bandgap (Eg), i.e., Eb=Eg−Eg,opt,
which can be approximated through the electron-hole Coulomb interaction [86] and aﬀected by the material dielectric constant. Electronhole Coulomb interaction predicts that exciton binding energy is
proportional to 1/R [86], where R is the radius of the QDs. This is
consistent with the much smaller Ea,1 (i.e. Eb, 35.21 meV) of PbSMAPbI3-B than that of other CQD thin ﬁlms, as exciton binding
energies for smaller CQDs (PbS-EDT, PbS-TBAI, and PbS- MAPbI3)
have higher values ranging from 45.21 meV to 53.20 meV. This
measured exciton binding energy is similar to the activation energy
of ca. 40 meV for exciton dissociation in the PbS CQD solar cell as
reported by Gao et al. [30] and in PbSe QD ﬁlms measured by Mentzel
et al. [11]. As for PbS-TBAI, the activation energy does not exhibit a
monotonic increase with temperature. The additional activation energy
Ea,3 of 25.91 meV might result from many possible mechanisms, such
as exciton delocalization energy [84] from donors or acceptors resulting from the capping ligand TBAI. The identiﬁcation of Ea,3 needs
further investigation.
The foregoing discussion summarizes that activation energies Ea
for CQD thin ﬁlms arise from two carrier transition channels except
that for PbS-TBAI which has three channels, i.e. exciton dissociation

4.2. Ligand-dependent transport kinetics
Eq. (18) describes the PCR signals generated by the carrier
transport in CQD thin ﬁlms. Besides temperature, surface passivation
ligands and the QDs geometry are also substantial factors to carrier
transport properties in CQD thin ﬁlms [21,23–26,31,33]. In addition to
passivating QD unsaturated surface bonds to minimize or eliminate
surface trap states, solution exchange ligands reduce the interdot
spacing and enhance the coupling strength between neighboring
QDs. When trap states are not the dominant factors for carrier hopping
transport, smaller interdot spacing, according to Eq. (4), results in
increased diﬀusivity. Fig. 8 shows the PCR amplitude and phase
frequency scans at 100 K for CQD thin ﬁlms passivated with four
diﬀerent ligands and the best ﬁts of Eq. (18) to each curve. The bestﬁtted parameters of carrier transport properties in these CQD thin
ﬁlms are tabulated in Table 3. The interdot spacing values of PbS-TBAI
and PbS-MAPbI3 CQD thin ﬁlms measured by grazing-incidence smallangle scattering (GISAXS) are 3.50 nm and 3.30 nm, respectively [87].
In addition, Liu et al. [24] calculated the nominal EDT length to be ca.
0.43 nm which should result in a smaller interdot spacing than the
other ligands due to its smaller molecule size. The small interdot
spacing of PbS-EDT allows the increase of hopping diﬀusivity above
that of MAPbI3 passivated CQD thin ﬁlms, consistent with Eq. (4). The
slightly higher carrier diﬀusivity of PbS-MAPbI3 than PbS-MAPbI3-B
originates in the lower hopping activation energy of PbS-MAPbI3
(59.55 meV) at 100 K than PbS-MAPbI3-B (69.96 meV) with shallow,
yet deeper lying, trap states, as shown in Table 2. On the contrary, at
300 K, when trap states start to play key roles in carrier hopping
transport, PbS-MAPbI3 carriers face higher transport activation energy
(275.90 meV) than PbS-MAPbI3-B carriers (190.94 meV), Table 2,
resulting in a smaller Dh (2.41×10−3 cm2/s) than PbS-MAPbI3-B

Table 2
Activation energies at different temperatures for PbS CQD thin films passivated with various ligands.
Samples

PbS-MAPbI3
PbS-MAPbI3-B
PbS-TBAI
PbS-EDT

Activation energy fitted in separate temperature range (one level fitting) (meV)

Activation energy fitted across the whole temperature range (meV)

Ea

Ea,1

Ea,2

53.20
35.21
51.55
45.21

147.41
107.24
273.94
129.94

300 K

250 K

200 K

150 K

100 K

275.90
190.94
233.81
172.94

147.51
170.23
236.27
148.36

110.87
92.25
77.92
113.63

98.77
95.98
46.45
101.29

59.55
69.96
52.25
59.35
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Ea,3

25.91
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the foregoing mechanism of the temperature-dependent carrier hopping lifetime as shown in Table 1, values of τE for PbS-TBAI (0.16 µs)
and PbS- MAPbI3-B (0.51 µs) at 300 K greatly increase when the
temperature decreases to 100 K (3.79 μs and 7.66 μs, respectively) as
shown in Table 3. On the contrary, the thermal emission rate ei was
found to signiﬁcantly increase from ~104 s−1 at 100 K (Table 3) for all
samples to ~1010 s−1 at 300 K (Table 4). Comparing all three samples,
PbS-MAPbI3-B at 300 K exhibits the highest thermal emission rate ei .
Returning to the eﬀective carrier lifetime τE , MAPbI3-passivated PbS
CQD thin ﬁlms exhibit longer lifetime at 100 K than PbS-EDT and PbSTBAI, while PbS-MAPbI3-B lifetime remains the highest amongst all
the tested samples at both 100 K (Table 3) and 300 K (Table 4). This is
not unexpected because PbS-MAPbI3-B does not exhibit any defect
states induced secondary PL emission peak as shown in Fig. 2.
Regarding the calculated diﬀusion length Lh, both MAPbI3-passivated samples have similar Lh of ca. 24–26 nm at 100 K, a temperature
at which the inﬂuence of trap states is not signiﬁcant. These values are
higher than those of TBAI and EDT treated samples, Table 3.
Considering the QD size (~2 nm) and interdot spacing (~3 nm), the
short diﬀusion length indicates that carriers hop across only a few QDs
before statistically recombining. At 300 K, trap states limit carrier
transport which is, nevertheless, assisted by phonon interactions in
overcoming the hopping activation energy. This trade-oﬀ between trapstate limitations and phonon assistance results in longer diﬀusion
lengths Lh at high temperature. Tables 3 and 4 show that PbS-MAPbI3B possesses the longest Lh at both high and low temperatures,
indicating that this material is optimal for solar cell performance
improvement.
The carrier trapping rate RT as deﬁned in Section 2 is proportional
to the trap state density and was measured to be on the order of 104 s−1
at 100 K (Table 3). Consistently with the PL spectra in Fig. 2, PbSMAPbI3, as shown in Table 3, was ﬁtted with higher RT than PbSMAPbI3-B. In addition, the strong trap peak of the PbS-TBAI spectrum
is also consistent with its higher RT than that of PbS-EDT. MAPbI3capped PbS CQD thin ﬁlms exhibit relatively lower carrier trapping
rates than PbS-EDT and PbS-TBAI (Table 3) due to the smaller lattice
mismatch between PbS and the MAPbI3 perovskite material [49] which
results in better surface passivation. The absorption coeﬃcient β at 100
K (Table 3), is on the order of 106 cm−1 for all samples except PbS-EDT
with a slightly higher value of 8.57×107 ( ± 2.83×106). From the same
table, the exciton generation rate G0 at 100 K is between
3×107 cm−3 s−1 and 2×109 cm−3 s−1 for all our PbS CQD thin ﬁlms.

Fig. 8. 100 K PCR amplitudes (a) and phases (b) of CQD thin ﬁlms passivated with four
diﬀerent ligands, and the best ﬁts to each curve using Eq. (18).

(1.80×10−2 cm2/s), Table 4. In addition, the values of activation
energies obtained from the photo-thermal spectra also explain the
slightly higher Dh of PbS-TBAI (Ea=233.81 meV) than that of PbSMAPbI3 CQD thin ﬁlms, as both samples feature signiﬁcant defectrelated states, Fig. 2, which seem to become limiting factors of the
carrier hopping diﬀusion at room temperature. Unfortunately, the PCR
signal resolution (i.e., phase lag and amplitude decrease) for the PbSEDT samples is too low to be resolved and ﬁtted for the extraction of
these parameters even when the modulation frequency is increased to
1 MHz. This is not a limitation inherent in the PCR technique, but
rather a consequence of the inability of our equipment to measure
samples with too poor transport properties.
The eﬀective carrier lifetime ,τE , and the thermal emission rate, ei,
at 100 K, are summarized for all ligands in Table 3. Consistently with

5. Conclusions
We developed a novel quantitative methodology to characterize
carrier transport dynamics for QD systems by using the fully optical
non-destructive PCR technique and by deriving a trap-state-mediated
carrier hopping transport model. Multiple materials and carrier transport parameters for PbS-EDT, PbS-TBAI, PbS-MAPbI3, and PbSMAPbI3-B CQD thin ﬁlms were measured at diﬀerent temperatures.
The observed monotonic dependence of eﬀective carrier lifetime τE,

Table 3
Summary of the best-fitted parameters for CQD thin films surface passivated with various ligands. These parameters were evaluated for 100 K measurement.
Samples

PbS-EDT
2

Hopping diﬀusivity Dh (cm /s)
Eﬀective carrier lifetime τE (µs)
Thermal emission rate ei (s−1)
Trapping rate RT (s−1)
Absorption coeﬃcient β (cm−1)
Generation rate G0 (cm−3 s−1)
Diﬀusion length Lh (μm)
Interdot spacing (nm)

−6

PbS-TBAI
−8

1.62×10 ± 2.83×10
2.78 ± 7.13×10−6
6.53×104 ± 1.16
4.72×104 ± 0.80
8.57×107 ± 2.83×106
1.84×109 ± 7.22×107
0.017
0.43 (nominal ligand length) [24]

-7

PbS-MAPbI3-B
-13

8.58×10 ± 3.74×10
3.79 ± 1.42×10-8
6.80×104 ± 0.00086
5.24×104 ± 3.71×10−4
6.22×106 ± 1.43
1.81×108 ± 3.12
0.018
3.50 [87]

143

−7

PbS-MAPbI3
−14

8.82×10 ± 6.07×10
7.66 ± 3.53×10−8
4.96×104 ± 0.0010
2.04×104 ± 3.43×10−4
7.80×106 ± 0.34
1.44×108 ± 2.50
0.026
3.30 [87]

1.04×10−6 ± 3.93×10−13
5.37 ± 3.68×10−8
6.70×104 ± 0.00059
2.36×104 ± 8.99×10−4
2.79×106 ± 0.56
3.04×107 ± 0.31
0.024
3.30 [87]
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Table 4
Summary of the best-fitted parameters for CQD thin films surface passivated with various ligands. These parameters were evaluated for 300 K measurement.
Samples

PbS-TBAI

PbS-MAPbI3-B

PbS-MAPbI3

Hopping diﬀusivity Dh (cm2/s)
Eﬀective carrier lifetime τE (µs)
Thermal emission rate ei (s−1)
Diﬀusion length Lh (μm)

5.09×10−3 ± 6.96×10−4
0.16 ± 0.06
7.35×109 ± 4.93×109
0.29

1.80×10−2 ± 2.30×10−3
0.51 ± 0.15
8.33×1010 ± 5.78×1010
0.96

2.41×10−3 ± 2.75×10−4
0.45 ± 0.15
6.99×109 ± 1.35×109
0.33

hopping diﬀusivity Dh, carrier trapping rate RT, and hopping diﬀusion
length Lh on the temperature in the range from 100 K to 300 K is
consistent with a phonon-assisted carrier hopping transport mechanism in PbS CQD thin ﬁlms. For all samples, trap-state-mediated
activation energies were found to be in a range between 100 meV
and 280 meV. Photo-thermal spectroscopy was also used to measure
exciton binding energies as a function of dot size. From PL spectroscopy, it was shown that perovskite (MAPbI3) passivated thin ﬁlms
with larger dot size (bandgap energy: 1.09 eV) are free of obvious
defect states induced secondary PL emission. These thin ﬁlms exhibited
the highest carrier lifetime and hopping diﬀusivity at 300 K, thus
proving to be better photovoltaic materials than PbS-MAPbI3, as well
as TBAI, or EDT treated CQD thin ﬁlms. The PCR technique generates
new insights into the temperature- and ligand-dependent carrier
transport dynamics in photovoltaic CQD thin ﬁlms, hence, beneﬁting
CQD solar cell eﬃciency optimization through a better understanding
of device energy dissipation physics by means of quantitative recombination process analysis in CQD surface trap states with a goal to
minimizing their eﬀects through ligand passivation and bandgap
energy engineering. The results of this study can be further applied
in directing high-eﬃciency CQD solar cell fabrication in conjunction
with the development of an improved PCR theory for photovoltaic
devices.
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