THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

@& Cite This: J. Phys. Chem. C 2019, 123, 27207-27213

Ultrafast Charge Carrier Dynamics and Nonlinear Optical Absorption
of InP/ZnS Core—Shell Colloidal Quantum Dots

Bowen Zhang,_l_ Xinwei Wang,*’_}_’;t Dengkui Wan ¥ Jilong Tang,? Xuan Fang,'}' Dan Fang,'}'
Xiaohua Wang,*’Jr Rui Chen,*’§ Tingchao He,| and Zhipeng Wei'

TState Key Laboratory of High Power Semiconductor Laser, School of Science, and *School of Materials Science and Engineering,
Changchun University of Science and Technology, 7089 Wei-Xing Road, Changchun 130022, China

§Department of Electrical and Electronic Engineering, Southern University of Science and Technology, Shenzhen, Guangdong
5180SS, China

||College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China

O Supporting Information

ABSTRACT: Understanding of ultrafast carrier dynamics in InP/ZnS
colloidal quantum dots (QDs) is essential for their optoelectronic
applications. In this paper, we have successfully fabricated high-quality _ \/
InP/ZnS core—shell QDs with quantum yield (QY) of 47%. Time- : “"[&-
resolved photoluminescence (TRPL) and femtosecond transient
absorption (TAS) measurements were performed to characterize the
carrier injection, relaxation, and transition process in the InP/ZnS QDs. It
is found that the photoexcited carrier first injected to the ZnS shell in 2 ps, . -
then relaxed to the alloyed layer between the ZnS shell and InP core in 7.4 M T
ps, next relaxed to different energy levels in the InP core in about 170 ps, il o
and finally recombined by charged and neutral excitons transition in 4.1 i
and 26.7 ns, respectively. Additionally, the two-photon absorption (TPA)

coefficient obtained from Z-scan measurement indicates that InP/ZnS

QDs possess good nonlinearly optical properties. Our research is

significant for the improvement and engineering of InP/ZnS QDs-based materials for optoelectronic applications.

1. INTRODUCTION

Colloidal quantum dots (QDs) are a new class of materials
developed in the past several decades which show attractive
applications related to light emission and absorption,' ™ such
as light-emitting devices,” photodetection,® and solar energy
conversion.” So far, there have been a lot of literatures
reporting on the InP-based QDs due to their good photo-
stability, broader tunable emission, and potential application in
the nonlinearly optical area.”” Among them, the core—shell
structure QDs exhibit a higher emission quantum yield (QY)
due to the reduced nonradiative recombination centers by the
surface passivation of ZnCdSe,, ZnS, and so on.'%"! So far,
most researchers have focused on the synthesis and optical
properties investigation of InP-based QDs. For example, to
enhance the emission and QY of InP QDs, Micic and co-
workers have modified the surface of the InP particle by using
HF or epitaxially grown a shell of wider band gap
semiconductors ZnCdSe,'””"* based on initial synthetic
approaches.”” Peng has realized industrial mass production
through the effective regulation of reaction parameters and the
selection of effective reagents, such as ODE or octaamine.'®"”
Recently, Yang and co-workers reported a novel synthesis
method to facilitate the production of InP and InP/ZnS NCs,
which has stimulated intensive optical studies due to the easier
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fabrication of high quality materials."®'” In addition, the
steady-state optical performance of InP/ZnS quantum dots has
been studied in detail by temperature- and power-dependent
photoluminescence (PL) measurements.”’ >
search about the steady-state PL properties measurement of
hydrofluoric acid (HF) etched colloidal InP NCs by Micic et
al.'* showed that the emission comes from a spin-forbidden
dark exciton state at low temperature. More recent work by
Biadala studied luminescence of InP/ZnS and analyzed the fine
structure of the band edge emission, which is considered to
include two sources of luminescent centers, namely the optical
excitons and the optically inhibited states.”> However, to the
best of our knowledge, only a few studies have addressed the
ultrafast carrier dynamics of semiconductor QDs,** especially
the InP/ZnS QDs, which is indispensable to understand carrier
injection and transition process for better optoelectronic
applications. Hence, it is very important to study the ultrafast
dynamic process in InP/ZnS QDs.

Herein, we have synthesized high-quality InP/ZnS core—
shell QDs with QY of 47% via a one-pot method. InP/ZnS has
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Figure 1. (a) Powder X-ray diffraction patterns of the InP and InP/ZnS QDs; the inset is the schematic illustration of both types of QDs. (b) TEM
images of InP QDs. (c) HRTEM images of InP/ZnS QDs; the inset is the HRTEM images of single InP/ZnS QDs.

a typical type I band structure, the energy band of ZnS is much
larger than that of InP, and the carrier recombination is
confined to the InP core. Ultrafast carrier dynamics of carrier
injection and transition inside InP/ZnS QDs were investigated
by ultrafast transient absorption spectroscopy (TAS) and time-
resolved photoluminescence (TRPL) measurements. The TAS
measurement reveals the injection and relaxation processes of
photoexcited carrier over time in InP/ZnS QDs. It shows that
the photogenerated carrier was first injected to the ZnS shell
within 2 ps, then relaxed to the alloyed layer between the ZnS
shell and InP core in 7.4 ps, and next transitioned to different
energy levels in the InP core in about 170 ps. The lifetimes of
charged and neutral excitons transition of InP/ZnS QDs were
determined to be 4.1 and 26.7 ns, respectively, by TRPL.
Additionally, the two-photon absorption coefficient derived
from Z-scan technology indicates that InP/ZnS QDs possess
good nonlinear optical properties.

2. EXPERIMENTAL DETAILS

Materials. Indium(III) chloride (InCly, 99.999%), Zn
chloride (ZnCl,, 98%), tris(dimethylamino)phosphine (P(N-
(CH,),);, 97%), Zn stearate (10—12% Zn basis), 1-octadecene
(ODE,90%), 1-dodecanethiol (DDT, 98%), oleylamine (OLA,
70%), and solvents were purchased from Sigma-Aldrich.
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Synthesis of InP and InP/ZnS Core/Shell QDs. InP/
ZnS nanocrystals were synthesized based on protocols
published on other papers."®"’ Indium(IIl) chloride (200
mg, 0.45 mmol) and zinc(I) chloride (122 mg, 2.2 mmol)
were mixed with the coordinating solvent dodecylamine (3
mL). The mixture was stirred at 200 °C under an inert
atmosphere for 1 h and then cooled to 180 °C. Then 0.25 mL
of tris(dimethylamino)phosphine was quickly injected into the
above mixture. After the injection of phosphorus precursor, the
InP nanocrystals’ synthesis proceeded. The InP core reaction
occurred for S min. At 5 min: slow injection of 0.7 mL of
saturated TOP-S (2.2 M). At 8 min: temperature increased
from 180 to 240 °C. At 60 min: slow injection of 1 g of
Zn(stearate), in 4 mL of octadecene. (From this step, the
growth of the Zn§ shell begins, and further core growth can be
ruled out due to the decrease of the In and P precursor’s
concentration and the rise of the temperature.) At 90 min:
injection stoichiometric TOP-S (2.2 M) of 0.7 mL. At 210
min: injection of 1 g of Zn(stearate), in 4 mL of octadecene.
At 225 min: slow injection of 0.7 mL of stoichiometric TOP-S
(2.2 M). At 290 min: end of reaction. The temperature cooled
when the reaction stopped. Then, the InP/ZnS nanocrystals
were precipitated in ethanol and suspended in chloroform. The
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InP core diameter was 3.1 nm, and a 1.1 nm thick ZnS shell
was prepared.

Characterization. PL QYs of the samples were obtained
by comparing their integrated emission intensity with the R6G
dye molecule in ethanol (QY of ~96%) with an optical density
of ~0.0S. During the measurement, a 442 nm He—Cd laser
was used as the excitation source. High-resolution transmission
electron microscopy (TEM) images of the QDs were
characterized by a JEOL JEM-4010 electron microscope
operated at an accelerating voltage of 400 kV. X-ray diffraction
(XRD) (Bruker, D8 Focus) using Cu Ka radiation was utilized
to characterize the crystal structure and average size of QDs.

The ultrafast carrier dynamics of the samples were
characterized by the ultrafast pump—probe transient absorp-
tion system. The femtosecond laser has a central wavelength of
800 nm with a pulse width of 100 fs and a repetition rate of 1
kHz. The 400 nm pump laser was generated by the frequency
multiplication of the BBO crystal with a 800 nm laser. The
probe pulses were white light with a wavelength of 320—800
nm and generated from a thin CaF, plate under the excitation
of a 800 nm laser. The changes in absorbance were measured
between every two successive laser shots by chopping the
pump beam at 500 Hz. The light jitter was eliminated by using
two silicon-based detectors to compare the individual probe
light with the probe light in the pump sample. The spot sizes of
pump and probe on the sample are 280 and 180 um, which
were determined by the knife edge method.

The TRPL were taken by a compact luminescent lifetime
spectrometer (C11367, Hamamatsu) with a C11367-11
photomultiplier tube. The wavelength of the excitation was
400 nm with a repetition rate of 1 MHz. The nonlinear optical
propert%r measurements were taken by a homemade Z-scan
system.” The excitation source was a femtosecond laser with a
central wavelength of 800 nm with a pulse width of 100 fs and
a repetition rate of 1 kHz. The excitation light was focused on
the sample after passing through a focusing mirror with a focal
length of 30 cm, and the sample was placed on a movable
translation stage. The change in intensity of light transmitted
through the sample was detected by a silicon photodetector.

3. RESULTS AND DISCUSSION

Figure la shows the powder X-ray diffraction (XRD) patterns
of InP and InP/ZnS QDs. Both samples showed a zinc blende
cubic crystal structure. Compared with InP QDs, after the
coating of ZnS shell, the broadening diffraction peaks of InP/
ZnS QDs shift obviously toward the positions between the InP
and ZnS. This can be ascribed to the difference of lattice
constant between InP and ZnS (lattice mismatch 7.7%) as
described before.”® At the same time, through the Raman
spectrum of the InP/ZnS quantum dots (see the Supporting
Information, Figure S1), it is inferred that the alloy interface is
formed between the InP core and the ZnS shell due to
interdiffusion. The subsequent transient absorption spectrum
also verified this conclusion, and the diffraction peaks of InP/
ZnS QDs become higher than InP QDs. The above results
imply the formation of the core/shell structure with the
remarkable crystal quality. The inset shows the schematic
diagram of the InP core and InP/ZnS core—shell structure.
Transmission electron microscopy (TEM) images of the
samples are shown in Figure 1b to reveal the morphologies of
the materials. It can be seen that the InP QDs are
homogeneously sphere-like nanoparticles, with average size
around 3.2 nm by calculating the mean value from arbitrary

200 QDs (Figure S2). The diameter of the QDs after ZnS shell
coating increases to 5.4 nm by calculating the mean value from
arbitrary 200 QDs (see Figure S2), indicating that a 1.1 nm
shell has been grown; the shell layer includes an alloy interface
and a separate ZnS layer. To clearly observe the crystal
structure, the corresponding enlarged HRTEM image of the
QDs shows that the interlayer lattice planes of the InP/ZnS
QDs have a spacing about 0.34 nm (inset of Figure 1c), which
is consistent with the (111) crystal plane of the sphalerite
structure InP.””**

Figure 2a shows the absorption spectrum (blue line) of InP
QDs in toluene. Two excitonic features at about 480 and 550
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Figure 2. (a) Absorption spectra (blue line) of InP QDs. (b) PL
spectra (red line) and absorption spectra (blue line) of InP/ZnS QDs.

nm separated by 0.33 eV can be observed. The two peaks can
be ascribed to the optical transitions between two different
energy levels, which is caused by the energy splitting. The
energy difference between the two energy levels is consistent
with the calculated result.”” It should be pointed out that the
as-grown InP core QDs does not show any emission. Figure 2b
shows the absorption spectrum (blue line) and PL spectrum
(red line) of InP/ZnS QDs in toluene. After ZnS coating, the
absorption peak exhibits a pronounced red-shift of about 65
meV, indicating the formation of ZnS shell in the samples. In
addition, a narrow and strong PL emission at 619 nm (1.995
€V) has been detected of InP/ZnS QDs in toluene, which
indicates good passivation of the InP cores by ZnS shells. It is
noted that the photoexcitation of InP/ZnS QDs leads to
exciton emission with a line width of 1.3 nm (0.158 eV) and a
PLQY of 47%, which are close to the best reported data in the
literature and at a similar emission wavelength. The exciton
bandgap (in €V) can be calculated by the following equation
according to the effective mass model for QDs with a Coulomb
interaction.”

Eg,QD = g, bulk + AE

w1 1 1.786¢
AE= ——|— +—|-
2er 4reeyr

k
me My

where E, 1,y is the band gap of the bulk crystal, AE is the blue-
shift caused by the quantum confinement effect, # = h/27 is
the reduced Planck constant, e is the electron charge, m,)™* is
the effective mass of electron (hole) in the bulk crystal, ¢ is the
relative dielectric constant of the bulk crystal, and &, is the
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Figure 3. (a) Transient absorption spectra of InP/ZnS QDs. (b) Absorption spectra at different times after excitation. (c) Peak fitting of the
spectrum after 60 ps. (d) Lifetime fitting curves at 423, 460, 562, and 619 nm.

permittivity. As the E;qp of InP is 1.995 eV, we can conclude
the size of InP is about 3.2 nm, the same as the valuable of
TEM image.

To clearly understand the ultrafast carrier dynamics of InP/
ZnS QDs, ultrafast transient absorption spectroscopy (TAS)
was performed at room temperature. TAS provides the
understanding of the carriers’ dynamics occurring on pico-
second (ps) time scales. Figure 3a shows the TAS of InP/ZnS
QDs that exhibit four distinctive spectral features at 423, 460,
562, and 619 nm. There still is an absorption located at 320—
380 nm with a lifetime of 7 ps (as shown in Figure S3), which
aligned well with the band gap of ZnS. According to previous
research in other core—shell QDs,>'”** we assigned these
processes to the surface state related carrier dynamics of the
entire quantum dot. We have confirmed their origin using the
analytical methods reported in previous Cd-based core—shell
QDs literature.*™*® For a further study of the spectra, we
extracted the absorption spectra at different times (4, 60, 250,
and 600 ps) after excitation (as shown in Figure 3b).
According to the change over time, we conclude that there
are two series origin of absorption: one located at 423 nm and
other located at 450—650 nm. The absorption peak at 423 nm
corresponds to the carrier transition in the alloyed layer
between InP and ZnS. We then analyzed the absorption
spectrum at 60 ps that was well-fitted by three peaks,
corresponding to 1S(e)—1S,,5(h), 1S(e)—2S,,53(h), and
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1P(e)—1P,3(h) transitions in the InP band at 619, 562, and
460 nm, respectively,’”*® as shown in Figure 3c. The
absorption of the four positions was fitted by time, as shown
in Figure 3d, and the lifetimes at 423, 460, 562, and 619 nm
can be obtained to be 7.4, 171, 173, and 233 ps, respectively.
The lifetime of absorptions at 460, 562, and 619 nm are of the
same order of magnitude—2 orders of magnitude higher than
the lifetime of absorption at 423 nm. The different magnitudes
of lifetime agreed with the conclusion that the absorption at
423 nm originates from the alloyed layer and the absorptions at
460, 562, and 619 nm origin from InP.

To discuss the carrier dynamics of the core—shell InP—ZnS
QDs, time-resolved PL (TRPL) measurements on dilute QD
solutions dispersed in toluene were performed. TRPL
measures the carrier recombination dynamics occurring on
nanosecond time scales. During the transient lifetime measure-
ment, femtosecond laser pulses with a wavelength of 400 nm
and a pulse width of 80 fs were used for excitation. Figure 4a
shows the rise and decay curves of InP/ZnS QDs with their
fitting results at room temperature. The rise time is determined
by fitting the rising process with the Boltzmann sigmoidal
function

BI_BZ

=Bt o
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Figure 4. (a) Rise and decay curves of InP/ZnS QDs. The solid lines
are the fitting curves. (b) Schematic illustration of carrier injection
and transport in InP/ZnS QDs according to previous analyses.

where B, is the initial value, B, is the final value, ¢, indicates the
time center, and 7y represents the time constant for the rising
process. The rise time (zg) for FX obtained from the fitting is
101 = 5 ps (results shown in Figure 4a),” which value is larger
than that in CdSe QDs (20—40 ps).*”*" The decay curve of
the QD samples can be well-fitted by a double-exponential
function™

I(t) = Ae™/ + Aye™/™ 4 I

where I, represents the noise. The fitting results are plotted as
solid lines in Figure 4a. The fitting parameters are 7, = 26.7 ns
and 7, = 4.1 ns. On the basis of previous studies, we attribute
the initial faster component to neutral and charged biexcitons,
while the slower component to charged excitons or
“trions”.””** According to the analysis of TAS and TRPL
measurement, Figure 4b shows a schematic illustration of
carrier injection and transportation in InP/ZnS QDs. The
photoexcited carrier first injected to the ZnS shell in 2 ps, then
relaxed to alloyed layer between ZnS shell and InP core in 7.4
ps, and next relaxed to different energy levels in the InP core in
about 180 ps. After optical excitation, the electron and hole
will undergo a fast thermalization process before the formation
of an exciton and then relax to a K = 0 state before radiation.
After relaxation or cooling, the charged excitons and neutral
excitons recombined in 4.1 and 26.7 ns, respectively.

The exciton’s Bohr radius of InP is about 15 nm, which
theoretically suggests a good nonlinear optical property.*
Here we tested the two-photon absorption coefficient of InP/
ZnS QDs by the Z-scan technique. The inset of Figure Sa plots
the log—log data of the integrated PL intensity with excitation
power at 800 nm, where the solid lines are theoretical fitting by
the equation I = 7% and the fitting results of & is 2.034. The
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Figure S. (a) PL spectra of the InP/ZnS QDs excited at 800 nm; the
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Open aperture Z-scan curves of InP/ZnS(C/S) QDs at the
wavelength of 800 nm with input intensity of 100 GW/cm?

nearly quadratic intensity dependence of the emission proves
the two-photon-induced emission rather than the Auger-type
upconversion PL.** Figure Sa shows the two-photon excited
PL of InP/ZnS QDs by 800 nm, which is similar to the one-
photon excitation, and it indicates that the hot carriers under
both one- and two-photon excitation relax to the same lowest
energy level where the radiative recombination occurs. The
open aperture Z-scan curves of InP/ZnS QDs in toluene at the
same intensity are shown in Figure 5b. The open Z-scan curve
of toluene is also shown to eliminate the effect of solvent, so
that the change obtained from the measurement can be
entirely ascribed to the QDs themselves. The normalized
transmittance of InP/ZnS QDs can be well-fitted with the
formula of TPA according to Z-scan theory.”> The TPA
coefficients for InP/ZnS QDs can be determined to be 0.0086
cm/GW. The TPA cross section ¢, per InP/ZnS QD can be
calculated according to the following formula:

o, = phv/N

where hv is the photon energy and N is the particle
concentration in the solution. Here, N is determined to be §
x 10Y/1, employing the empirical relationship between the
first exciton absorption peak, molar extinction coefficient, and
size."> The corresponding o, are inferred to be 4.26 X 107
cm* s photon™" (or 3.5 X 10° GM) for InP/ZnS QDs, which
are comparable to or even larger than that of CdSe (5.1 X 10°
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GM), CdTe (2.1 X 10* GM), and CdS (4.4 X 10° GM) QDs
at similar sizes.**™** The above results imply the synthesized
InP/ZnS QDs possess an excellent nonlinear optical property.

4. CONCLUSIONS

The primary exciton dynamics of InP/ZnS core—shell QDs,
including the carrier injection and transition process, is
investigated via ultrafast transient absorption spectroscopy
(TAS) and time-resolved photoluminescence (TRPL). The
photoexcited carrier first injected to the ZnS shell in 2 ps, then
relaxed to alloyed layer between the ZnS shell and InP core in
7.4 ps, and next relaxed to different energy levels in the InP
core in about 180 ps. After relaxation or cooling, the charged
excitons and neutral excitons recombined in 4.1 and 26.7 ns. In
addition, the intrinsic TPA of InP/ZnS QDs was investigated;
the corresponding o, are inferred to be 4.26 X 107* cm* s
photon™" (or 3.5 X 10> GM), which indicates good nonlinear
optical properties. Time constants (durations) for different
optoelectronic processes occurred in the composite QDs. On
the basis of these time constants of the primary exciton
dynamics, it is significant for the improvement and engineering
InP/ZnS QDs based materials in optoelectronic applications.
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