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ABSTRACT: Lead salt colloidal quantum dots (CQDs) are promising active components for applications in electronic and
optoelectronic devices such as photodetectors, light-emitting diodes, and solar cells. Detailed understanding of exciton dynamics
in these nanocrystalline films is crucial for their practical applications. Photocarrier radiometry (PCR) is a dynamic spectrally
integrated frequency-domain photoluminescence (PL) method, the spectral bandwidth of which is gated to eliminate thermal
infrared photons due to nonradiative recombination. On the other hand, PL spectroscopy is a steady-state method that offers
complementary spectrally resolved information. Combined PL temperature spectra and PCR temperature and frequency
measurements were applied to PbS CQD thin films capped with oleic acid. Enhanced PL intensities at high temperatures
originating in thermally activated exciton transfer from trap to exciton states were found in two samples consisting of two
different sizes of quantum dots. A theoretical excitonic diffusion-wave PCR model was developed to extract exciton
recombination lifetimes, hopping diffusivity, and trapping rates. It was found that the smaller size (3 nm) quantum dots exhibit
considerably improved excitonic transport properties compared to the larger quantum dots (4 nm), including longer effective
lifetime, higher degree of localization (diffusion length), and smaller trapping and thermal emission rates. Therefore, small-size

quantum dots are more suitable for optoelectronic device applications.

1. INTRODUCTION

Colloidal quantum dots (CQDs) made of narrow-band gap IV—
VI semiconductors, such as PbS and PbSe, have been excellent
candidates for electronic and optoelectronic devices such as
photodetectors,l’2 light-emitting diodes,>* and solar cells™®
because of their ability to effectively absorb and emit light in
the near-infrared region. Clear and detailed understanding of the
energy diffusion and energy-transfer processes is crucial for
improving material properties and the associated device
performance. Although intense efforts have been made on
probing carrier dynamics in lead salt CQDs by several research
groups around the world, differences among samples and
complex surface passivation conditions make it difficult to
achieve a clear and consistent physical picture of the
optoelectronic properties in QDs.

The large surface-to-volume ratio, an inherent feature of QDs,
introduces large densities of surface defects, which trap charge
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carriers.” Photoluminescence (PL) spectra and temperature-
dependent PL have been applied to study the carrier dynamics
involving trap states."”'” Charge-transfer mechanisms based on
switching from Efros—Shklovskii variable-range hopping to
nearest neighbor hopping with increased temperatures have
been studied with thermal PL measurements.”” Organic and
inorganic surface passivation methods that greatly improve the
optoelectronic properties of QDs were tested with the help of PL
spectra.'"~'” The fact that charge carrier transport occurring in
QD ensembles is governed by diffusion-controlled trap-assisted
recombination has been supported by size- and/or temperature-
dependent PL results.”~" Litvin et al. found that QDs of

different sizes exhibit entirely different temperature depend-
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encies of their PL properties because of an in-gap state of size-
dependent energy, which is associated with surface defect
states.'

Anomalous temperature-dependent PL properties have been
assigned to trap state effects.'”~>° Rinnerbauer et al. found that
increased PL intensity in closed-packed PbS nanocrystals at high
temperatures is caused by thermal activation and energy transfer
from surface to exciton states.'® Andreakou et al. observed an
anomalously enhanced PL intensity in PbS CQDs in the
temperature range from 180 to 250 K, which was due to
thermally activated trapped carriers populating dark and bright
states.'”” Ma et al. observed an anomalous PL temperature
dependence in self-assembled InGaN QDs and found that the
integrated PL intensity shows a dramatic increase in the
temperature range from 160 to 215 K. A theoretical model of
temperature-induced carrier redistribution from shallow and
deep localized states was used to interpret this phenomenon.*

Photocarrier radiometry (PCR), as a dynamic spectrally
integrated frequency-domain PL modality,”" has been applied to
analyze radiative and nonradiative relaxation processes as well as
exciton transport hopping properties in PbS CQDs.”””” In this
work, combined temperature-dependent PL spectra and PCR
temperature and frequency scans were performed to elucidate
the exciton dynamics in oleic acid-capped PbS QDs.

2. MATERIALS AND EXPERIMENTAL SETUP

Two thin-film PbS CQD samples with mean diameters of 3 nm
(sample A) and 4 nm (sample B) were studied for the purpose of
probing temperature-dependent exciton dynamics in QDs. Both
samples were capped with oleic acid, and the film thickness was
approximately 300 nm. Each tested sample was placed on a
Linkam LTS420 cryogenic stage, which allows maintaining a
constant temperature in the 77—300 K range. The schematic
diagram of the PCR experimental setup was similar to those in
our previous publications”>** and is shown in Figure 1. An 808
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Figure 1. Schematic diagram of the experimental setup.

nm, 100 mW diode laser with a beam diameter of ca. 0.1 mm was
square-wave-modulated using a function generator. A 1 ym long-
pass filter was placed in front of the InGaAs photodetector to
block the excitation beam. PCR temperature scans and laser
modulation frequency scans were performed to characterize
charge carrier kinetic processes in PbS CQD thin films. The
temperature scan range was from 100 to 300 K, whereas the
frequency scan range was from 10 Hz to 500 kHz. By substituting
a monochromator and a photomultiplier tube for the InGaAs
photodetector, the PCR system was converted into a typical
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steady-state PL spectroscopy system, as shown within the dashed
box in Figure 1. The range of the PL spectra was from 900 to
1500 nm.

3. RESULTS AND DISCUSSION

3.1. Temperature-Dependent PL Spectra. The PL
spectra at five temperatures 300, 250, 200, 150, and 100 K for
both samples A and B are shown in Figures 2 and 3, respectively.
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Figure 2. PL spectra of sample A at various temperatures and line shape
best-fit curves.

Two emission bands are evident in sample A (Figure 2).
According to the reported values of PbS QD band edge,” the
shorter wavelength peak is emitted from the band edge, whereas
the lower-energy secondary peak is emitted from defect
states.””” A line shape analysis of the steady-state PL spectra
was performed with a superposition of two PL bands. The line
shape of each PL band was assumed to be Gaussian. Solid lines in
Figure 2 denote the results of the line shape analysis, and dashed
lines indicate each Gaussian line shape of the two PL bands. It is
noted that the results of the line shape analysis yield excellent fits
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Figure 3. PL spectra of sample B at various temperatures and line shape
best-fit curves.

to the experimental PL spectra. The extracted spectral peak
positions and peak intensities for sample A are listed in Table 1.

As it was hard to identify whether the line shapes of the PL
spectra for sample B could be described by one or two
superposed Gaussians, both line shapes were used to fit the
spectra at various temperatures. Solid lines #1 in Figure 3 denote
one-Gaussian line shape, and solid lines #2 represent the results
of line shape fits with two Gaussians. The best-fit variances for
one Gaussian are listed in Table 2, which also includes the fitted
peak positions and peak intensities. In the case of fitting the data
with two Gaussians, the extracted spectral positions of the longer

Table 2. Summary of Measurements of the PL Peak Positions
and Intensities of Sample B Fitted with One-Gaussian Line
Shape

temperature, K position, nm intensity, mV variance
100 1279.8 + 0.17 655+12%x107* 1.1x 1073
150 12589 + 0.22 332+12x%x107* 14 %1073
200 1230.0 + 0.32 227+ 1L1x107* 29 %1073
250 1209.2 + 0.41 258 +1.8%x107* 41%x1073
300 1199.5 + 0.46 334+38x%x107* 48 %1073

wavelength peak 2 were found to change nonmonotonically with
temperature, whereas the goodness of the line shape fitting did
not show any distinct advantage compared with the one-
Gaussian fitting. Therefore, henceforth only one PL band was
considered for this PbS CQD thin film.

Plots of the PL peak energy positions versus temperatures for
the two samples are shown in Figure 4. The temperature
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Figure 4. PL peak energy vs temperature of band gap emission of PbS
CQD thin films. The solid lines represent a fit to the Varshni eq 1.

dependence of the PL peak positions can be well-described by
the Varshni equation.”””’
2
E(T) = Ey + a——
T+ 6, (1)
where E represents the band gap at T = 0 K (in the case of QDs,
E, should be the energy of the lowest 1S—1S exciton state); 0, is
a constant of the order magnitude of the semiconductor material
Debye temperature, which is 145 K for bulk PbS;*® and «a is the
band gap energy temperature coefficient. The obtained value of &
for the 3 nm CQDs shown in Figure 4 is smaller than that for the
4 nm CQDs, and they are both smaller than the value in bulk PbS,
which is 520 peV/K. These results are consistent with the reports
by Olkhovets et al.* and Kigel et al,”® in which a increases
monotonically with QD size. Furthermore, Kigel et al. reported
values similar to those we found here for similar QD sizes.*

Table 1. Summary of Measurements of the PL Peak Positions and Intensities of Sample A

peak 1

peak 2

temperature, K position, nm

intensity, mV

position, nm intensity, mV

100 1046.4 + 0.19 581 +£3.5%x 1073 1190.2 + 3.40 1.61 + 5.6 X 10~
150 1040.7 + 0.35 3.61 £38x%x107* 1184.6 + 4.79 119 +20x 107*
200 1030.9 + 0.86 1.51 + 6.5 % 107* 1177.6 + 5.94 072 +47x107*
250 1021.8 + 1.39 075+ 69 x 107* 1167.7 + 5.23 0.65+1.6%x107*
300 1019.4 + 0.98 124 +53x 107* 11542 + 6.30 0.89 + 4.4 X 107*
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Figure 5 shows the temperature-dependent PL peak intensities
extracted from Figures 2 and 3. It is observed that with increased
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Figure S. PL peak intensities vs temperature of PbS CQD thin films.

temperature, the peak intensities first decrease and then increase
for both samples. According to similar phenomena reported for
PbS CQDs'*"” and InGaN QDs,”’ the high-temperature peak
enhancement can be caused by thermally activated exciton
redistribution from trap states to ground exciton states.
Specifically for sample A, both PL peak 1 and peak 2 are
enhanced at high temperatures, which are indicative that there
are thermally activated exciton redistributions from “dark” trap
states to “emission” states.

The excited-state energetic manifold for PbS CQDs is shown
in Figure 6°” where the lowest 1S—18 exciton states split into a
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Figure 6. Excited-state manifold of PbS exciton in the singlet—triplet
energy range. Photon emission: sine wave arrows indicate radiative
emission processes. Phonon emission: sawtooth arrows indicate
nonradiative decay processes in the presence of photocarrier exciton
traps (from ref 22).

triplet dark and a higher energy singlet “bright” state. Here,
radiative and nonradiative pathways are marked with corre-
sponding singlet and triplet lifetimes 7y, and 7y, (radiative) and
Tgrs and Ty, (nonradiative), respectively. Also, shown are m and
n phonons emitted by the nonradiative transitions from the
singlet and triplet states, respectively, to trap states.

3.2. Temperature-Dependent PCR Signals. While Figure
5 shows the steady thermophotonic properties of the spectrally
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resolved PL emission peak intensities in the two samples, the
temperature-dependent PCR amplitude represents the dynamic
temperature response of the integrated PL intensities in QDs.
Figure 7 shows the Arrhenius plots of the PCR amplitude across
temperatures ranging from 100 to 300 K for both samples.
Dynamic radiative (PL) emission enhancements at high
temperatures were found at all laser modulation frequencies,
only two of which are shown here. In general, eq 2 is used to
describe the temperature-dependent PCR amplitude/intensity
of CQDs:™

Iy

(r)=—2
1+ A e B/kT

)

where I is a normalizing factor, E; = E, — E7 is the activation
energy of the process that transfers excitons from the (assumed
single-level) trap state E to the lowest exciton state E,, and A, is
the carrier transition probability for this process. The activation
energy is the energy difference between the original and the final
energy states within a carrier transition process.

In the present case, however, the exciton transfer processes are
more complicated than the simple physical process described by
eq 2. Thermally activated exciton redistributions from trap states
to emission states exist in our samples in addition to the optically
excited photocarriers either in the form of excitons or their
dissociated free-carrier products, as per the PL spectra. As shown
in the excited-state manifold in Figure 6, the radiative emission
rate from the lowest excited bright state can be written as

Ne(T) _ N(T) + N(T) _ N(T)

I(t) =

R R R

(1 + 4, 725T) 3)

where A, = g, = g = 1/3 is the degeneracy ratio between singlet
and triplet states. The component AN7(T) = Ny exp[—(E, —
Ep)/kgT] of the population N, = Ny, + ANy of the triplet state
thermally supplied by the trapping state(s)>' further decreases as
a result of nonradiative de-excitation of the thermal carriers into
the same and other trap states, rather than statistically becoming
redistributed into the radiative active singlet (bright) state E; and
the triplet state E,. Therefore, the population of the triplet state in
the presence of “leakage” into nonradiative states can be
expressed as

Nyo
1+ (Z_;) EXP[—(E: - ET)/kBT]

Nt(T) =
4)

Combining eqs 3 and 4 and simplifying the notation yield
modified eq 2

1+A, e Eo/keT

(T)=1| 222
N1+ 4, e B/NT

©)

Here, E, = AE is the energy gap between the dark states and the
lowest exciton states and I, = N,/7y. Fitting the temperature-
dependent PCR amplitude results with eq S, the activation
energies of those two kinds of transitions which have different
transition directions were calculated. The solid lines in Figure 7
are the best-fitted curves. It was found that the activation energy
E, of the process that transfers excitons from the triplet state to
the singlet state is about 30 meV in sample B, which is only half of
that in sample A. Furthermore, the higher trap-to-triplet (dark)
state activation energy E, for sample B than that for sample A ata

DOI: 10.1021/acs jpcc.7b11933
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Figure 7. PCR photothermal amplitude spectra (temperature scan curves) for both PbS CQD samples at various frequencies. Best-fitted curves were

calculated from eq 3. Left: sample A and right: sample B.
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Figure 8. Phase diagrams of PCR frequency scans at various temperatures. Best-fitted curves were calculated from eq 9. (a) sample A and (b) sample B.

300 kHz modulation frequency (commensurate with the inverse
of the effective carrier lifetimes; Figure 9a) is indicative that
excitons in sample B have a larger barrier to radiative emission
through redistribution into the bright singlet state and thus
higher nonradiative decay probability from the original trap
states than excitons in sample A. The redistribution causing
enhanced PL intensities at high temperatures originates from
trap states with large energy gap(s) > 200 meV from the lowest
radiative emission states. Lagoudakis et al.'’ have reported
exciton redistribution with an activation energy of ca. 100 meV
for PbS CQDs with a 3.2 nm size. Ma et al.”® also reported
localized excitons with energies of 185 and 100 meV, which can
be thermally activated.

3.3. PCR Frequency Response Analysis. Recently, a trap-
state-mediated carrier hopping transport rate model was
developed by Hu et al.” based on the excited-state manifold in
Figure 6, from which multiple exciton (or dissociated carrier)
transport parameters can be extracted. For the harmonic laser
excitation at frequency f = @/2x, the frequency-domain carrier
rate equation is reproduced here.

[iw +

RT
1+ A + iwr(T; x, )]
_ Gp e P
T DD+ A(D)]

1
Dy(T)

1
7(T)

dZI\’t(x) 0))
dx®

]M(x) w)

(6)
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where N, is the photocarrier population in the triplet dark state,
Dy, is the exciton or dissociated carrier hopping diftusivity, 7; is
defined as 1/7,(T) = ¢;(T), where ¢, is the thermal emission rate of
carriers from a single trap level, Ry is defined as the carrier
trapping rate, and G, is the photocarrier generation rate. A(T) =
A, e /875 ) is the modulation angular frequency and f3 is the
optical absorption coeflicient of the CQDs at the laser excitation
wavelength, 7;(T) is the effective carrier lifetime, which is defined
1 A(T)

as extremely
[Tt(T) TS(T)]

and 7, and 7; are the triplet and singlet lifetimes, respectively.

For CQD thin films of thickness d (300 nm), charge carriers at
the boundaries should be quenched because of the high density
of trap states. Therefore, eq 6 can be solved with the boundary
conditions: N,(x,®) = 0; x = 0, d, viz.

1 1
w(T) 1+ A(T)

N,(x, ®) = B,(w, T) e"* — B,(w, T) e
N [ Ky(T, f) ] o

KXT, @) = B )
where the parameters are defined as
1
(T)
Ry
T+ A1 + iwr(T)]

2 oy 1 J
K (T; w) = (D) iw +

}
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Figure 9. Best-fitted exciton (or dissociated photocarrier) transport parameters of the two PbS CQD thin films (sample A: 3 nm and sample B: 4 nm).
(a) Effective carrier lifetime 7,; (b) carrier hopping diffusivity Dy; (c) trapping rate Ry; (d) thermal emission rate e; and (e) diffusion length L.

Gofs
Dy(T)[1 + A(T)]

Ky(T, ) ][ ]
efid _ 7P

KIZ(TJ a)) - ﬂz
][ oKid _ e—Kld)

The PCR signal can be expressed as an integral of the charge
carrier population over the thickness of the CQD layer:

KZ(T; ﬂ) =

e — e

Kd —Kd
e’ —e

—Kd

B1(U): T) = [

Kd

KZ(TJ ﬁ)
KIZ(TJ Cl)) - ﬁz

B,(w, T) = [

d
S(@) = F(h 4,) | N, ) dv
0 (8)
Here, F(4,,4,) is an instrumentation coefficient which depends
on the spectral emission bandwidth [4;,4,] of the InGaAs
detector.”’ Therefore, the final expression for the PCR signal can
be obtained:
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Figure 8 shows the experimental PCR phase frequency scans at
various temperatures for the two samples and the best fits to
phase curves derived from eq 9. PCR phase lags increase at high
frequencies, but it is obvious that the two samples exhibit
different temperature responses. In sample A, the phase curves
are very close to each other at all temperatures, indicating that
carrier lifetime shows weak temperature dependence. However,
in sample B, the phase curves peel off at lower “knee” frequencies
at all temperatures in a manner similar to those in our previous
reports,”>*” indicating that carrier lifetime in sample B is longer
than that in sample A and increases substantially with decreasing
temperature.

DOI: 10.1021/acs jpcc.7b11933
J. Phys. Chem. C 2018, 122, 5759—5766


http://dx.doi.org/10.1021/acs.jpcc.7b11933

The Journal of Physical Chemistry C

Amplitude trends with temperature are more complicated
than phases as they include relative contributions from trap
emissions and nonradiative de-excitation pathways that affect the
relative radiative emission rates and amplitude levels at low
frequencies, unlike the phase curves which all converge to zero
phase shifts.

Figure 9 shows the extracted temperature-dependent five
carrier transport parameters: 7y, Dy, Ry, ¢, and diffusion length L
for samples A and B. With increasing temperature from 100 to
300 K, the best-fitted effective carrier lifetime decreases
dramatically in sample B, whereas it almost remains unchanged
in sample A. The extracted values are comparable to previously
reported values.””** The hopping diffusivity Dy, is found to be in
the range from 1 X 10™*to 6 X 10™* cm?/s in sample B and from
7 X 107 to 5 X 1075 cm*/s in sample A, which fall within the
range calculated by Hu et al. for PbS—MAPbI; CQDs.”” It is
concluded that excitons or dissociated carriers in sample B have
better hopping ability, whereas carriers in sample A are more
likely to decay locally. It can be seen from Figure 9¢c,d that,
despite its higher hopping diffusivity, sample B exhibits much
higher trapping rate Ry and thermal emission rate ¢; than sample
A, especially at high temperatures, which is consistent with
nonradiative processes dominating excitonic and/or dissociated
carrier lifetimes in sample B, as per Figure 9a. The diffusion
length L = /D, 7y controls the exciton diffusion rate away from
the generation location. Figure 9e shows that L is much higher in
sample B, dominated by the higher diffusivity, exhibiting
nonmonotonic trends with temperature in both samples. L
decreases at high temperatures because lifetime decreases, and its
values converge at T > 200 K in both samples as higher diffusivity
in B counterbalances the higher lifetime in A. This trade-off
would tend to diminish very large external current density
generation differences between devices fabricated with the two
sizes of QDs for room-temperature operation. Given these
considerations, it is clear that the smaller size (3 nm) QD sample
may be more suitable for use in the fabrication of optoelectronic
devices such as CQD solar cells because it exhibits lower trapping
rates, longer lifetimes, and lower nonradiative de-excitation rates
over the entire temperature range, including room temperature.

4. CONCLUSIONS

In summary, exciton dynamics in PbS CQD thin films were
studied by combining comprehensive results of temperature-
dependent PL spectroscopy and PCR amplitude and phase
frequency dependencies. PL bands were analyzed using line
shape analysis, and important carrier transport parameters were
extracted from the PCR frequency responses with a trap-state-
mediated carrier hopping transport model. The only difference
during the preparation process of the two samples was the QD
size. Unexpected differences of the exciton de-excitation
properties were clearly found. Secondary PL bands originating
in defect states were found in sample A, whereas strong
nonradiative effects were observed from the PCR measurements
in sample B, which was expected to have better surface quality as
indicated from the PL spectra. Enhanced PL emission at high
temperatures was found for both samples because of thermally
activated exciton redistributions from dark trap states to emission
states.
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