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O
xide and chalcogenide nanostruc-
tures show excellent electrical and
optical properties. They offer rich

platforms not only for the fundamental
sciences1�6 but also for optoelectronic ap-
plications, such as lasers,7 solar cells,8 field
emitters and field-effect transistors,9,10 and
waveguides.11 Recent reports of CdS-based
exciton�plasmon interaction have further
promoted the interests in CdS nano-
materials.12 Unlike the quantum dot coun-
terparts, in which surface states are the
major defects, stoichiometric defects formed
during synthesis are the majority of defects
in nanowires and nanobelts.4 These stoi-
chiometric defects consist of sulfur (VS) and
cadmium (VCd) vacancies and interstitials
such as CdI and SI. In addition, anti-sites
such as Scd and CdS are also possible. Such
defects can trap electrons, holes, or excitons
and form bound complexes. Fundamental
physics becomes even more complicated
and yet interesting if these bound com-
plexes interact with each other as a function
of population or temperature. Our research
presented in this paper was motivated to
understand the competing processes and
the evolution of carrier dynamics following
photoexcitation. A clear understanding of
the mechanism and the nature of exciton
dynamics in such nanobelts will facilitate
further design, optimization, and devel-
opment of nanobelt-based optoelectronic
devices.
Temperature-dependent and time-resolved

photoluminescence (PL) spectroscopy pro-
vides an essential probe to investigate the
dynamic processes in nanostructures. De-
spite the numerous experimental studies of
CdS nanocrystals and nanowires,13,14 a thor-
ough understanding of the exciton dyna-
mics in CdS nanobelts is still lacking. This is

manifested in the inconsistent PL peak
identification in the existing literature.15�20

For example, even though donor�acceptor
pair (DAP) recombination was often as-
signed to the green emission band of unin-
tentionally doped CdS PL spectra, the
identification of the donor and acceptor is
not clear. Such inconsistency actually pre-
vails not only in CdS but also in many other
II�VI semiconductor materials such as
ZnO.21,22 Although there was much effort to
pin down suchassignments in the 1970s (e.g.,
the pioneering work by Hendry et al.,23�26

Thomas and Hopfield,27 and Christmann28),
the intrinsic and extrinsic origins of these
donors and acceptors remain controversial.
In the present study, we aim to probe the

exciton dynamics in CdS nanobelts through
varying the excitation power between the
regions of spontaneous and amplified sponta-
neous emission (ASE). Comprehensive steady-
state and transient spectroscopic studies as
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ABSTRACT Intrinsic defects such as vacancies, interstitials, and anti-sites often introduce rich

luminescent properties in II�VI semiconductor nanomaterials. A clear understanding of the

dynamics of the defect-related excitons is particularly important for the design and optimization

of nanoscale optoelectronic devices. In this paper, low-temperature steady-state and time-resolved

photoluminescence (PL) spectroscopies have been carried out to investigate the emission of

cadmium sulfide (CdS) nanobelts that originates from the radiative recombination of excitons bound

to neutral donors (I2) and the spatially localized donor�acceptor pairs (DAP), in which the

assignment is supported by first principle calculations. Our results verify that the shallow donors in

CdS are contributed by sulfur vacancies while the acceptors are contributed by cadmium vacancies.

At high excitation intensities, the DAP emission saturates and the PL is dominated by I2 emission.

Beyond a threshold power of approximately 5 μW, amplified spontaneous emission (ASE) of I2
occurs. Further analysis shows that these intrinsic defects created long-lived (spin triplet) DAP trap

states due to spin-polarized Cd vacancies which become saturated at intense carrier excitations.

KEYWORDS: CdS nanobelt . bound exciton complex . exciton interaction . ultrafast
dynamics . defect level
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a function of pump fluence and temperature, sup-
ported by first principle calculations, allow us to re-
construct a clear picture of the origins of the excitons
and their complicated recombination dynamics. The
effects that influence such dynamics include (a) pho-
non-mediated effects and (b) multiexciton interactions
such as Auger recombination and ASE processes. Sup-
ported by our theoretical calculations, we further
identify that sulfur vacancies function as shallow do-
nors while the cadmium vacancies dominate the ac-
ceptor level with a spin imbalance. Such spin polari-
zation in turn gives rise to a much longer lifetime for
the DAP compared to neutral donor bound excitons
(I2). Our study is significant to the understanding of
defect-related emissions in CdS nanobelts and many
other oxide and chalcogenide nanomaterials.

RESULTS AND DISCUSSION

Structural Characterization. CdS nanobelts were synthe-
sized in a home-built vapor transport chemical vapor
deposition (CVD) system.16�18 X-ray diffraction (XRD)
data shown in Figure 1a suggest that CdS belts exhibit
wurtzite structure (JCPDS: 77-2306) with a good crystal-
line quality. Inset to Figure 1a shows an SEM image of the
as-grown nanobelts. Figure 1b shows a typical low-
magnification TEM image of CdS. It is noted that the
length of nanobelts reaches several hundreds of micro-
meters and the thickness is on the scale of tens of
nanometers, while the width is on the scale of tens of
nanometers to micrometers. The selected area electron
diffraction (SAED) pattern in Figure 1c also suggests a
good crystalline quality. The high-resolution TEM
(HRTEM) image in Figure 1d clearly indicates the two-
dimensional lattice fringes consisting of (0001) and
(1100) planes, which reveals that the growth direction
for the CdS nanobelts is perpendicular to the (1100)
plane.

From the point of view of the semiconductor band
model, the ionic binding configuration of CdS is as
follows: Cd(3d104s2) þ S(3s23p4) f Cd2þ(3d104s0) þ
S2�(3s23p6). Free electrons frequently occupy the low-
est empty s-like level of the cations in the conduction

band, while free holes in the valence band frequently
arise from the highest occupied p-like level of the
anions.15,29,30 During synthesis, stoichiometric defects
such as VS, VCd, CdI, SI, SCd, and CdS will be unintention-
ally formed, as vapor pressures for II and VI group
elements are very different at certain temperatures.

Steady-State PL Spectroscopy. Figure 2a shows the
room temperature PL and the diffuse reflectance spec-
tra of our samples. The original diffuse reflectance data
in Figure 2a have been converted to absorbance using
the Kubelka�Munk equation31 to allow us to directly
observe the band gap and Urbach tail of CdS:11

f (R) ¼ (1 � R)2=(2R) ¼ k=s (1)

where R is the absolute reflectance of the original data,
k is the molar absorption coefficient, and s is the
scattering coefficient. The band gap at room tempera-
ture for our CdS nanobelts is approximately at 499 nm.
The room temperature PL shows a strong emission at
508 nm. Thus, the Stokes shift is about 9 nm, approxi-
mately 44 meV, which is similar to that of the CdS
nanocrystals with a radius of 1.0�2.3 nm.32 PL in CdS
nanocrystals originates not only from bright excitons
but also from dark excitons as addressed by Yang
et al.33 Usually, a large Stokes shift with the value of
∼20�70 meV and long decay lifetimes suggest
the presence of dark exciton states due to spin�
orbit splitting.32,34 Compared to quantum dots, the
surface-to-volume ratio of nanobelts is smaller, which
means that the surface effect due to dangling bonds in
nanobelts is less significant than that in quantum dots.
The full width at half-maximum (fwhm) in Figure 2a is
∼16.7 nm, which is much narrower than that in
quantum dots. Quantum dots usually exhibit a fairly
broad emission with a fwhm of more than 100 nm in
the range of 450�700 nm,14,35 due to a combination of
the size dispersion and the surface effect.

To elucidate the origins of the emission, we have
conducted temperature-dependent PL spectroscopy.
When the temperature was decreased to approxi-
mately 150 K, an additional new broad band green
emission appeared due to DAP (data not shown here).
This is because bound excitons are formed readily at
lower temperatures, favoring a DAP recombination.
The activation energy kBT = 12.9 meV, where kB is the
Boltzmann constant, is comparable with the donor
binding energy (ranging from 5 to 50 meV) but smaller
than the acceptor binding energy.30 When the tem-
perature was further decreased to 10 K, more emission
features were resolved. Figure 2b shows a PL spectrum
measured at 10 K and fitted with multiple Gaussian
functions to determine the peak positions and width,
where the peak intensity reflects the relative popula-
tion of each species and the fwhm gives an indication
of the energy spread of the population or lifetime of
the photons.

Figure 1. (a) X-ray diffraction spectrum of CdS nanobelts.
The inset is an SEM image of as-grown CdS nanobelts on
silicon substrate. (b) Low-magnification TEM image of CdS
nanobelts. (c) Selected area electron diffraction pattern. (d)
High-resolution TEM image of CdS nanobelts.
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Due to the spin�orbit coupling and crystal-field
interaction, the valence band in CdS splits into three
sub-bands, giving rise to three exciton levels with
characteristic energies of EA = 2.550 eV, EB = 2.568 eV,
and EC = 2.629 eV.36�38 The first emission peak in our
spectrum is located around 2.543 eV, which is close to
the A exciton value, with a red shift of ∼7 meV. This
difference cannot be attributed to the nanostructure
effect, which is usually blue-shifted when the size is
reduced. In addition, our nanobelt size is too large to
show any confinement effect.4,39 Thomas and Hopfield
found that in CdS platelets, in addition to intrinsic
exciton lines, many lines are actually due to transitions
involving bound excitons,27,29 which are created when
excitons bind to neutral/charged donors or acceptors.
Recent experiments by Ip et al. on CdS nanobelts have
shown a similar emission peak near 2.545 eV, and that
was ascribed to originate from an exciton bound to a
neutral donor.16 Thus we ascribe the emission peak at
2.543 eV to neutral donor bound excitons, historically
labeled as I2.

The emission peak near 2.531 eV is weaker than I2,
and some groups have attributed this peak to I1,
referring to excitons bound to a neutral acceptor.15,16,27

Reynolds et al. suggested that the intrinsic acceptor
binding energy is much higher with an approximate
value of 0.155 eV.40 Our calculations for intrinsic ac-
ceptors also suggest that the intrinsic acceptor level is
approximately 160meV, which is higher than the value
of 12 meV from Figure 2. Gutowski attributed this
feature to arise from the extrinsic unintentional doping
of Na acceptors.41 Another possible cause is the pho-
non replica from low-frequency phonon modes such
as the transverse acoustic mode (TA). However, studies
on zone edge phonons in CdS are limited, and the
amplitude of low-frequency phonon modes makes
such assignment unreliable.42,43 Hence, we tentatively
attribute this peak to originate from extrinsic acceptor
levels such as Na, which may be introduced as con-
taminants either from the source of CdS or handling
during synthesis.

The peak at 2.508 eV, which locates just below I2,
was identified as the LO phonon replicas of I2, with the
emission of one longitudinal phonon (LO) (i.e., I2-1LO).
The peak at 2.477 eV is approximately two LO phonons
(i.e., I2-2LO) away from I2, but it is stronger than I2-1LO,
which is unusual for the second-order phonon replica.
Ekimov et al. observed a similar shape of the PL
spectrum in CdS microcrystals and attributed this to
holes that are bound to the donors (i.e., D-h), but the
original identification is inconclusive.44 The 2.444 eV
peak, which is weaker compared to the 2.416 eV peak,
was previously attributed by Seto et al. to the Y-line
that is characterized by a weak LO phonon coupling.38

This emission arises mainly from excitons trapped at
the structural defects andmisfit dislocations near the
heterointerface. On the other hand, Ekimov et al.

attributed this peak to arise from electrons that are
bound to the acceptor (i.e., e-A). At this moment,
we are unable to establish the origin of 2.444 eV
emission.44

A series of peaks around 2.416 eV, which is followed
by 2.379 and 2.342 eV, clearly demonstrate the char-
acteristic multiple phonon replicas with an energy
spacing of approximately one LO phonon (i.e., 37meV).
Henry et al. first observed DAP sharp lines in CdS at
1.6 K, which is usually not very evident for II�VI semi-
conductors with wurtzite structure.23 The sharpness of
the line shape depends on the density of DAP, the
distances between them, phonon broadening, and
sample inhomogeneity. As stated by Moroz et al., the
electron�phonon couplings for excitons bound
to impurities (I2) are different from DAP�phonon
coupling.45 To demonstrate this, we calculate the
Huang�Rhys factors from Figure 2 using the following
function: In = I0S

n/n!, where In is the intensity of n-th
order of phonon replica, I0 is the zero phonon replica,
and S is the Huang�Rhys factor.46 Usually, the larger
the S is, the stronger the exciton�phonon coupling is.
The S values are approximately 0.9 and 0.6 for DAP and
I2, respectively, suggesting a stronger exciton�phonon
coupling for DAP.

Figure 2. (a) Absorption spectroscopy, which is converted from original diffuse reflectance spectroscopy and PL spectros-
copy at 300 K. The dashed lines indicate the Urbach tail and the band gap. (b) PL fine structure of CdS nanobelts at 10 Kwith a
325 nm He�Cd laser excitation. The blue curves are Gaussian line shape decompositions with each peak clearly labeled.
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Although there have been numerous reports on the
features of DAP emission in CdS,15,16,23,25,40,45,47 to our
best knowledge, the chemical nature of the intrinsic
donors and acceptors in native CdS still remains deba-
table. Sulfur vacancies have been suggested as the
dominant donor-type defects, while cadmium vacan-
cies have been proposed to be acceptor-type defects.48

However, these claims were not backed up by strong
experimental evidence and theoretical calculations.

First Principle Calculation. To further verify the origins
of the I2 and DAP peaks, we carried out first principle
calculations using the Crystal package, which is a
general purpose program for the study of crystalline
solids based on the hybrid density functional method.49

The optimized crystal parameters used in the calcula-
tion are listed in the following: CdS wurtzite structure
with a = b = 4.15 Å and c = 6.73 Å. Defect calculations
were performed using 3 � 3 � 2 supercells corre-
sponding to∼1.3% defect concentration, and 2� 2�
2 k-point mesh was used for total energy calculations.
The forces acting on the relaxed atoms are <0.02 eV/Å
in the optimized structures. The intrinsic defects con-
sidered here are the sulfur vacancy, cadmium vacancy,
interstitials, and anti-sites. Figure 3 shows a density of
states (DOS) plot of CdSwith cadmium (a) and sulfur (b)
vacancies. Compared to sulfur vacancy, it is interesting
to note that the defect level close to valence band
maximum (VBM) is spin-polarized for cadmium va-
cancy with only spin-down DOS above the Fermi level.
This suggests that the holes in the cadmium vacancies
form acceptor levels which are spin-polarized. This spin

polarization will strongly affect the DAP spontaneous
emission rate as evidenced in our time-resolved PL
measurements where the lifetimes of the DAPs (∼300
ns) are at least 3 orders of magnitude longer compared
to I2 (∼200 ps).

Figure 3c summarizes the energy levels of all in-
trinsic defects of interest obtained by the first principle
method. On the basis of our calculations, it is con-
cluded that the main contribution of the shallow
donors comes from the sulfur vacancieswith an energy
ED of approximate 100 meV, while the main contribu-
tion of the acceptors originates from the cadmium
vacancies with EA of approximately 160 meV. Compar-
ing these values with our experimental data shown in
Figure 2b, we conclude that the cadmium vacancy
together with the sulfur donor level forms theDAP. The
experimental value (2.416 eV) for DAP is in good
agreement with the calculated value of ∼2.34 eV. This
small deviation may be attributed to the slight differ-
ence in the values of the band gap for the experiments
(at 10 K) and that for the calculations (at 0 K). Our
assignments based on first principle computation can
explain some previous measurements. For example,
Collins et al. suggested that sulfur vacancies were
associated with the green edge emission.50 It was also
well-known that heating high conductivity CdS in
excess sulfur resulted in an insulating crystal,51 which
was due to the annihilation of sulfur vacancies in
excess sulfur atmosphere. One of the important find-
ings by Christmann et al. using a mass spectrometer
was that the rate of loss of Cd compared to S is much
smaller when CdS platelets were heated and the sulfur
vacancies dominate the surface depletion layer.28 They
also found that sulfur leaves the single-crystal CdS at
temperature as low as 100 �C, creating a depletion
layermainly formed by sulfur vacancies. Sulfur vacancy
is also a major source of surface defects in CdS
nanocrystals.35 The similarity in the spectral position
as reported by many groups also favors the explana-
tion in terms of the intrinsic effects.16�18,52�54

Other defects, such as CdI with an energy level of
1.68 eV above the valence band, SI with 2.18 eV from
the conduction band, and two anti-site defects with
energy levels of 1.5 and 2.0 eV above the valence band,
form the deep levels in CdS and contribute mainly to
the red band luminescence which was observed by
Yasuhiro et al. and was probably inaccurately attribu-
ted to cadmium interstitial.55 Chen et al. also found that
a cadmium-rich sample showed a peak centered
around 2.07 eV,56 which was attributed to sulfur va-
cancies, but based on our calculations, this peak could
actually originate from the cadmium interstitials. Chen
et al. also performed annealing under a cadmium
atmosphere and reported a 1.48 eV emission, which
likely arises from the anti-sites, in agreement with our
calculations. It should be noted that there are several
possible configurations for the anti-site defects, and

Figure 3. (a) Electronic density of states (DOS) of CdS with
cadmium vacancy. The arrow indicates the spin imbalance.
(b) Electronic DOS of CdS with sulfur vacancy. (c) Summary
of the band diagram of CdS showing the intrinsic defect
levels from the first principle calculation (units in eV).
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the two examples shown in Figure 3c are the twomost
stable ones.

Pump-Power-Dependent Exciton Dynamics. The density of
excitons plays a major role in the optical amplification
of II�VI semiconductors. Magde et al. showed that,
under intense illumination, an additional luminescence
(slightly red-shifted from I2) arises from an exci-
ton�exciton interaction process, which was assigned
to M band.57 Nevertheless, little is known about how
the excited species redistribute and interact among
themselves. This interaction is important for nanolaser
design and nanobelt-based waveguide applications.
As we have also noted, the sulfur vacancies (donors) in
our CdS nanobelts are abundant compared to the
cadmium vacancies (acceptors). This suggests that
the band-edge peak shown at high excitation intensity
is dominated by the I2 peak rather than the I1 peak. For
this reason, the characteristic PL features can be satis-
factorily explained by the I2 and the DAP emission
processes.

Figure 4a shows the power-dependent PL spectra
at 10 K with 470 nm excitation. The PL spectra were
normalized with respect to the I2 peak. Figure 4b
summarizes various dependent variables of the PL
features as a function of pump power (with a 200 μm
laser spot size). Note that the DAP/I2 intensity ratio
drops drastically near 5 μW pump power. The satura-
tion of DAP suggests that cadmium vacancy levels
become fully populated as the pump threshold is
approached. Beyond that threshold, the I2 emission inten-
sity undergoes a superlinear increase demonstrating

ASE. The data beyond 16 μWwere not plotted because
a neutral density filter was used in order not to saturate
the streak camera. ASE is defined as light that origi-
nates from a spontaneous emission, which is subse-
quently amplified by a stimulated emission. This process
takes place in the absence of an optical cavity.58 To
support this assignment of ASE, we have also mea-
sured the transient dynamics of the I2 emission, as
shown in Figure 4c. As the excitation power approa-
ches the threshold, an additional fast relaxation chan-
nel (τ2) attributed to the ASE process is observed; the
trend of its lifetime is also shown in Figure 4b, with
both channels (τ1 and τ2) decreasing rapidly. We will
discuss the transient behavior of these bound exciton
complexes in more detail later.

ASE in II�VI semiconductor nanowires or nanobelts
has been readily achieved with the threshold power
density ranging from several μJ/cm2 to tens of μJ/cm2

depending on the quality of the sample.59�63 Never-
theless, it is important to further address a few key
questions. For instance, what is the mechanism and
what are the levels involved in ASE? To a certain extent,
we can provide a phenomenological explanation to-
ward the ASE process from our calculation and our
ensemble-averaged experiments. The basic criteria to
achieve population inversion for ASE can be achieved
by the three energy levels. In our CdS nanobelt system,
the pumping levels are the quasi-continuum e�h pair
states while the metastable level is the donor bound
exciton state that gives rise to I2 emission upon re-
combination to the ground state. ASE in quantum dots

Figure 4. (a) Power-dependent PL spectra of CdS nanobelts at 10 K with 470 nm excitation (200 μm beam spot size). The
arrows mark the center of the I2 and DAP. (b) Relevant parameters as a dependence of pump power: (from top to bottom)
DAP/I2 ratio, integrated intensity of I2, decay lifetimes (τ1, τ2), I2 peak position, and fwhm of I2. (c) Transient PL decay
(normalized) of I2 in CdS nanobelts at 10 K with pump power ranging from 1 to 20 μW. At low pump power, only one decay
lifetime τ1 was observed. As power increases further, a faster decay lifetime τ2 due to multiexciton interactions appears as
shown in (b).
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with discrete levels can be achieved through the for-
mation of biexcitons.59,64 Unlike quantum dots, how-
ever, the nanobelt with its size much larger than its
exciton Bohr radius will not change its electronic band
structure appreciably. The abundant donor levels (VS)
and limited acceptor levels (VCd) mean that the I2
emission dominates the DAP emission at high pump
fluence. Multiple e�h pairs can be easily trapped at the
donor levels under high pump fluence. Population
inversion can occur readily at these donor levels,
resulting in ASE. Unlike ASE, lasing usually manifests
as a sharper threshold and especially the mode from
cavities such as Fabry�Perot modes. A cavity (either
formed as a natural cavity by crystal facets themselves
or bymirror cavity) is needed for further lasing from the
ASE process.

The population distribution of the donor bound
exciton could also be traced from the peak position
and the fwhm of I2. First, the I2 peak undergoes a red
shift, as shown in Figure 4b, instead of a blue shift
expected of the state-filling effect.65 Although under
high excitation power, a red shift can be induced by the
exciton�exciton binding energy, the large carrier po-
pulation also means that the carriers are subject to a
highly screened Coulomb interaction, thus a red shift
due to multiexcitonic binding energy is less likely.66

This red shift is likely to originate from a local pump
heating effect which introduces further phonon effect
and renormalization of band structure. This can be
further supported by the pump power dependence on
fwhm of I2, as shown in Figure 4b. It is evident that the
fwhm of I2 becomes narrower when the pump power
approaches the ASE threshold, while the peak broad-
ens when the excitation power is further increased,
which is due to the multiple phonon broadening as
discussed above.

The performance of CdS nanobelt optoelectronic
devices also depends on the temperature. This is
demonstrated by the temperature-dependent change
of both the fwhm and the position of I2, as shown in
Figure 5. Here we had used a pump power (32 μW) that
is beyond the ASE threshold to monitor the redistribu-
tion of bound exciton complexes during ASE at differ-
ent temperatures. The red shift of the peak position at
higher temperature follows the semiempirical theory
known as the Varshni effect.67 The fwhm, however,
showed a nonmonotonous behavior as a function of
temperature, which exhibits a dip at 100 K. Two
possible processes (exciton�phonon interaction and
the exciton�exciton interaction) are brought to pro-
vide an explanation. Agarwal et al.68 found that ex-
citon�exciton interaction is critical for lasing up to
70 K, while the exciton LO phonon process dominates
at higher temperature. It will be shown later that the
decay time of the ASE is invariant with temper-
ature (Figure 6b), within the temporal resolution of
the streak camera. This means that the exciton�exciton

interaction responsible for the ASE mechanism is the
same throughout different temperatures. At tempera-
tures higher than 50 K, phonon absorption starts to
play a role in assisting the nonradiative recombination
channel as shown in the decrease of PL intensity in
Figure 5a. This additional channel would lead to less
carriers being involved in the ASE process. In the
context of the state-filling effect, this dictates the line
narrowing at 100 K. Beyond this temperature, however,
the usual multiple phonon coupling and thermal
broadening dominate, leading to the net broadening
of the peak fwhm.

Time-Resolved Spectroscopy of Exciton Dynamics. The
emergence of ASE and the dynamics of DAP emission
processes are monitored with time-resolved PL as a
function of pump power. Figure 4c shows the normal-
ized I2 decay at 10 K with 470 nm excitation. To
evaluate the recombination lifetimes, the data were
fitted by the biexponential decay function as follows:

A(t) ¼ A1exp( � t=τ1)þA2exp( � t=τ2) (2)

At a low pump power (below 2 μW), I2 is dominated by
a monoexponential decay (τ1∼ 250 ps). This dynamics

Figure 5. (a) Temperature-dependent PL intensity fromCdS
nanobelts following 470 nm excitation at 32 μW. (b) PL peak
position and (c) fwhm of I2 as a function of temperature.

Figure 6. Temperature-dependent transient PL decay from
band-edgeboundexciton complexes in CdSnanobelts (a) at
low excitation power of 2 μW and (b) at higher excitation
power of 20 μW. The decay constants were extracted as a
function of temperature as shown in the insets.
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reflects the intrinsic single exciton decay lifetime. How-
ever, at higher pump power over the ASE threshold
(5 μW), the overall emission decay becomes much
faster with the appearance of a second shorter lifetime
(τ2 ∼ 20 ps). This is consistent with the opening up of
additional relaxation pathways corresponding to an
increase in multiexciton interactions.

The PL lifetime measured by time-resolved PL con-
sists of two contributions, radiative channel τrad and
nonradiative τnonrad pathways. Overall, the lifetime
measured by PL can be expressed as follows:

1
τPL

¼ 1
τrad

þ 1
τnonrad

(3)

The new decay channel could come from radiative part
due to ASE and/or nonradiative part due to Auger
process. The dimensions of our CdS samples are much
larger than the exciton Bohr radius of approximately
2.8 nm for CdS.20 Hence, the Auger recombination rates
are effectively suppressed in this bulk-like system.69 The
strongly reduced Auger decay rates lead to increased
optical gain lifetime and hence efficient light ampli-
fication.70 While pump fluence is increased, PL inten-
sity increases rapidly together with the emergence of a
second PL lifetime τ2 on the scale of 20 ps, which
suggests the occurrence of ASE. Although we cannot
decouple the radiative and the nonradiative rates in τ2,
we can deduce from Figure 6 that the nonradiative
recombination rates (due to Auger recombination) are
suppressed with the dominant contribution arising
from the radiative process (i.e., ASE) leading to a net
superlinear increase of I2 as a function of pump power,
as shown in Figure 4b. It should be highlighted
that different groups reported different τPL values
ranging from several picoseconds to hundreds of pico-
seconds.13,19,20 Henry et al. showed that the decay time
constant of I2 is about 500 ps,24 while Dagenais et al.
suggested that the lifetime is approximately 135 ps.71

There have been limited reports on the ASE of CdS
nanobelts for comparison. Nonetheless, τ2, which is on
the scale of 20 ps, is in agreement with the reports of
ASE in ZnO.68,72,73

To further elucidate the effects of temperature on
the decay lifetimes τ1 and τ2, we carried out tempera-
ture-dependent time-resolved PL measurements of
the CdS nanobelts with 470 nm excitation pulses at
two different pump powers, as shown in Figure 6a,b. At
low pump power (2 μW, Figure 6a), the increase in
temperature promotes the nonradiative relaxation
process of I2 emission, leading to faster time constant
τ1. The rate of this process can be described by the
thermal activationenergy in theBoltzmanndistribution74

1
τnonrad(T)

¼ 1
τnonrad(T ¼ 0)

e�Ea=kBT (4)

where Ea is the activation energy for a nonradiative
process. From eqs 3 and 4, we can see that themeasured

decay time constant decreases as the temperature
increases, which is consistent with our experimental
observations. In contrast, at high pump power (20 μW)
exceeding the ASE threshold, both time constants (τ1
and τ2) are invariable with temperature, as shown in
Figure 6b. It is likely that, at high pump fluence, there is
a local laser heating generating a thermal bath, which
screens the excitons from the variation of the sur-
rounding temperature, resulting in the insensitivity of
the τ1 lifetime to changes of external temperatures. For
τ2, the radiative process (i.e., ASE) has a larger rate
constant than that for phonon emission; therefore, it
can effectively compete with the phonon effects.
Agarwal et al. also found that the dominant lasing line
does not vary strongly with temperature as we have
observed here for the evolution of excitons.68

For the DAP emission, the energy of the Hopfield-
type donor and acceptor pair can be expressed as

EDAP(r) ¼ Eg � (ED þ EA)þ e2

4πεε0r
(5)

where Eg is the band gap, while ED and EA are the
activation energies of donor and acceptor,
respectively.75 The last term is the Coulomb energy
between the donor and the acceptor, separated by a
distance r. To give a good estimate, the donor�accep-
tor Coulomb interaction was calculated from the do-
nor-to-acceptor transition energy (Eg� ED� EA=2.42 eV)
and the peak position of the zero phonon DAP
emission (at 2.34 eV). The value for the Coulomb
energy (e2/4πεε0r) is approximately 80 meV. Using the
dielectric constant ε = 8.9 of CdS, the estimated
distance between the related donor and acceptor is
about 20 Å, which is in the range of 3�5 times of CdS
lattice constants and similar to the exciton Bohr radius.
This suggests that the donors and the acceptors are
rather localized in nature. Upon higher pump power,
the number of occupied donor and acceptor centers
increases and therefore their ensemble average dis-
tance r decreases, leading to a blue shift of the DAP
emission. On the contrary, even though the pumping
power is almost 4 times higher than that for I2, there is
still no wavelength shift (Figure 7b), and this reflects
the saturation of DAP levels. As stated previously,
saturation is due to the effect of limited cadmium
vacancies in our samples. On the other hand, the
photon energy of DAP also depends on the particular
donor�acceptor pair distance as shown in eq 5. DAP
distance determines the donor�acceptor wave func-
tion overlaps which dictate the time constants of
particular DAP recombination. The closer they are,
the shorter are their recombination lifetimes, which is
clearly demonstrated by time-resolved measurements
of the DAP PL peak (Figure 7c). Figure 7c displays three
emission decays centered at the three different
wavelengths of the zero phonon DAP PL spectrum
(three arrows in Figure 7b). It is clear that closer
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donor�acceptor pairs (more energetic) undergo faster
radiative recombination rates. The biexponential fit-
ting in Figure 7c would just provide representative
time constants for the DAP decay dynamics. The fitting
parameters are listed in Table 1. The shorter lifetimes of
the two constants are likely to arise from multiexciton
interaction in DAP level, while the longer ones are
related to the intrinsic DAP exciton recombination. An
accurate description of the decay requires detailed
knowledge of the donor�acceptor wave functions,
which may not follow the simple hydrogenic orbitals.
It is worthwhile to note that the longest decay lifetime
for the DAP recombination is on the scale of several
hundred nanoseconds and is much larger than I2 (at

least 3 orders). Although the localization of excitons
could increase the lifetime, the extremely long decay
time compared with I2 may have other implications.
One probable reason could be attributed to the
intersystem crossing from the singlet states to triplet
states. Usually the weak singlet�triplet splitting
occurs in the CdS crystal with an energy splitting of
approximately 2.2 meV,76 which will increase the
probability for excitons relaxing into the triplet
states and emit the phosphorescence.77 As seen
from our calculations, the energy level of the cad-
mium vacancy shows a fairly good agreement with
the energy difference between the valence band and
the acceptor level. In addition, that level is also spin-
polarized (Figure 3a), which will enhance the prob-
ability of spin-flip from the singlet to triplet state
following photoexcitation.

CONCLUSION

Through first principle calculations and optical spec-
troscopy techniques, we show that the optical proper-
ties of CdS nanobelts are determined by the presence
of intrinsic point defects, particularly the sulfur vacancy
(donor) and the spin-polarized cadmium vacancy
(acceptor). Our results suggest that these two vacancy
states facilitate the formation of neutral donor bound
excitons (I2) with a fast decay dynamics on the order of
tens to hundreds of picoseconds and a donor�acceptor
pair (DAP) exciton complex with a much slower decay
process on the order of hundreds of nanoseconds. The
presence of Cd vacancy defects in CdS nanobelts does
not affect the ASE process because the Cd vacancy
state can easily be saturated at high photoexcitation
power due to their slow recombination lifetime. Dy-
namic competition between I2 and DAP has been
identified, which suggests that compensation of ac-
ceptor level is the prerequisite to achieve ASE. The
strongly reduced Auger decay rates lead to population
inversion developed between donor level and valence
level, resulting in ASE. Our results suggest the promise
of engineering the luminescent properties in terms of
both energy and lifetime of nanomaterials by control-
ling the species of defects.

EXPERIMENTAL SECTION
CdS Nanobelt Synthesis. Our samples were synthesized using a

home-built vapor transport chemical vapor deposition system.
In brief, CdS powder (99.995%) from Sigma-Aldrich was used as
a precursor contained in a quartz boat, which was put into the
center of the quartz tube. A silicon substrate was then put into
the downstream. The tube was purged with a flow of Ar/5%H2

to evacuate first, and then the furnacewas heated to 670 �Cwith
the carrier gas Ar flowing at a rate of 50 sccm for 30 min.

Steady-State Spectroscopy. A 325 nm He�Cd laser was chosen
as an excitation wavelength in PL experiments. For the low-
temperature measurement, a closed cycle refrigerated cryostat

was used. The diffuse reflectance spectroscopy was conducted
in a UV�vis�IR spectrometer (PerkinElmer, lambda 950) with a
150 mm integrating sphere detector.

Time-Resolved PL. Excitation pulses were generated from an
optical parametric amplifier (TOPAS, Light Conversion Ltd.) that
was pumped by a 1 kHz, 150 fs Ti:sapphire regenerative
amplifier (Regen, Coherent, Inc.). The PL emission was collected
in a standard backscattering geometry and dispersed by a
0.25 m DK240 spectrometer with a 150 g/mm grating. The PL
signal was time-resolved using an Optronis Optoscope streak
camera system which has an ultimate temporal resolution of 6
ps. For the data presented in the various time windows, the

TABLE 1. Fitting Parameters for DAP Decay Curves (from

top to bottom) in Figure 7c

decay constant τ1DAP (ns) τ2DAP (ns)

top 365( 3 39( 1
medium 236 ( 2 43( 1
bottom 195( 2 41( 1

Figure 7. (a) Streak camera image showing the time-
resolved PL emission of theDAPpeaks. (b) Time-integrated PL
spectra (normalized and shifted upward for clarity) of CdS
nanobelts at 10 K with (470 nm, 150 fs, 1 kHz, 200 μm) an
excitation power of 2, 32, and 128 μW. The colored arrows
indicate the positions where the time-resolved PL dynamics
shown in (c) were extracted. (c) Normalized transient PL decay
dynamics of the DAP emission at three different wavelengths.
Their fitting parameters are given in Table 1.
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streak camera has an effective temporal resolution of 10 ps for
the band-edge transient PL and 10 ns for the defect emission.

Morphology and Crystallinity Characterizations. The as-grown na-
nobelts were characterized by X-ray diffraction (XRD, Bruker D8
Advanced Diffractometer with Cu KR = 0.15419 nm), field
emission scanning electron microscopy (FESEM, JEOL-7001F),
transmission electron microscopy, selected area electron dif-
fraction, and high-resolution transmission electron microscopy
(HRTEM, JEOL JEM-2010).
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