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Abstract

In this report, comparative investigation of photoluminescence (PL) characteristics of CdS nanobelts (NBs) and
nanowires (NWs) is presented. At low temperatures, emissions originate from radiative recombination of free
exciton A, neutral donor bound exciton, neutral acceptor bound exciton and surface related exciton (SX) are
observed and analyzed through power-dependent and temperature-dependent PL measurements. We found

that SX emission takes a predominant role in emissions of CdS nanobelts and nanowires. There is a direct
correlation between SX emission intensity and surface-to-volume ratio, which is the SX emission intensity is
proportional to the superficial area of the nanostructures. At the same time, we found that the exciton-
phonon interaction in the CdS NWs sample is weaker than that of CdS NBs sample. Furthermore, lasing
action has been observed in CdS NBs sample at room temperature with lasing threshold of 608.13 mW/cm?®.
However, there is no lasing emission in CdS NWs sample. This phenomenon can be explained by the side
effects (such as thermal effects) from surface deep level transitions caused the lower damage threshold in
CdS NWs. Based on the observations and deductions presented here, SX emission significantly impact on the
performance of nanostructures for lasing and light-emitting applications.

Background

Low-dimensional nanomaterials play an important
role in photonic devices. Many research have been
carried out to characterize their unprecedented prop-
erties derived from their quantum size in at least one
dimension or strong anisotropy [1-4]. The richness of
nanostructures facilitates the observation of various
interesting phenomena, which allows the integration
of functional nanomaterials into a wide range of ap-
plications. Due to the large surface-to-volume ratio,
the optical properties of low-dimensional semiconduc-
tors are strongly affected by the material quality and
surface morphology. Up to date, various low-dimensional
semiconductors are used in micro/nano-devices, such as
CdS, ZnO, ZnS, and GaAs, etc. [5-7]. As one of the
most important applications, laser devices with low
threshold, high reliability, and good stability are
highly desired. In the past decade, research on the
nanostructure-based laser devices has focused on the
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ability to generate lasers due to their optical gain
media and natural optical cavities [1].

CdS is an important II-VI group semiconductor
with a direct band gap of 247 eV at room
temperature, which can be used as high-efficient op-
toelectronic material in the ultraviolet-visible range.
So far, a large number of CdS nanostructures have
been synthesized successfully, such as nanospheroids,
nanorods, nanowires, nanotripods, nanocombs, and
nanobelts [8]. In addition, low-dimensional CdS nano-
structures have been proven to have potential applica-
tions in nano-optoelectronic devices, such as visible
range photodetection [9], optical refrigeration [10],
waveguide, and laser devices [11, 12]. In recent years,
lasing phenomena in CdS nanobelts (NBs) and nano-
wires (NWs) have been discovered and studied [13—
17]. It is worth noting that large surface-to-volume
ratio and quantum confinement effects can strongly
influence the band gap, density of states, and carrier
dynamics in the low-dimensional CdS nanostructures.
In this case, the influence of the surface state on car-
riers and phonons is also increasing. It can be proven
that lattice vibration and excitons can be localized on
the surfaces of nanostructures and can be called
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surface optical phonon mode [18, 19] and surface-
related exciton, respectively. Surface excitons could be
one kind of excitons bound at surface state, which
could be related to Tamm states [20] and surface de-
fects [21-23].

Therefore, the carrier dynamics of low-dimensional
CdS nanostructures become more complex than bulk
and thin film materials due to the surface states, ther-
mal effect, and surface depletion [24, 25]. Although
the optical properties of CdS nanostructures have
been extensively studied by other researchers, the
current understanding of the surface exciton and re-
lated lasing mechanisms is still far more complete. It
is necessary to conduct detailed carrier kinetic studies
on surface exciton to understand the mechanism of
photoelectron properties in nanoscale materials for
further application [26].

In this work, a systematic comparison of the optical
properties of CdS NBs and NWs was performed. Sur-
face states-related exciton emission in nanostructures
is discussed by analyzing their photoluminescence
(PL). High-density optical pumping experiments are
used to clarify the effect of surface-to-volume ratio
on lasing. Our results indicate that the surface states-
related exciton in CdS nanostructures take an import-
ant role in its optical properties, and the associated
lasing emission can be obtained at room temperature.
These results also reveal the influence of quantum
confinement effect and exciton-LO-phonon inter-
action in CdS NBs and NWs.

Methods

Material Growth

The CdS NBs and NWs were synthesized from pure
CdS nanopowder (Alfa Aesar CdS powder) by physical
evaporation using a solid tube furnace (MTI-OFT1200).
The CdS NBs and CdS NWs were grown on Si (100) wa-
fers, which were cut into 1 cm? before the experiment.
According to the SEM results, the CdS NB has a width
of about 1 pm and a thickness of about 70 nm, and the
diameter of the CdS NWs is about 90 nm (as shown in
Additional file 1: Figure S1).

Optical Characterization

All PL spectral signals were dispersed by an Andor
spectrometer, combined with a suitable optical filter,
and then detected by a charge-coupled device (CCD)
detector. A He-Cd laser with laser line of 325 nm
was used as the excitation source for temperature and
power-dependent PL measurements. For the optical
pumping experiment, a pulsed 355 nm laser with a
pulse width of 1 ns and a frequency of 20 Hz was
employed as the excitation source. For the
temperature-dependent PL measurement, the sample
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was mounted inside a helium closed-cycle cryostat
(Cryo Industries of America), and the temperature of
sample is controlled by a commercial temperature
controller (Lakeshore 336 temperature controller). In
the excitation power-dependent PL measurement, a
variable neutral density filter was used to obtained
different excitation power densities. To ensure com-
parability of PL results, optical alignment is fixed dur-
ing the measurement.

Results and Discussion

Figure 1 shows the low temperature (20 K) and room
temperature PL spectra of CdS NBs and NWs sam-
ples. These PL spectra were all measured at an exci-
tation power of 8 mW. For clarity, the PL spectral
data in Fig. la is normalized and vertically offset. It
can be seen that the spectrum of CdS NBs displays
some exciton emission-related structures. The corre-
sponding peaks located at 2.552, 2.539, and 2.530 eV
can be labeled as free exciton A (FX,), neutral
donor-bound exciton emission (D°X) and neutral ac-
ceptor bound exciton (A°X), respectively. These peaks
can be reasonably assigned according to their charac-
teristic emission energy [12, 27]. Significantly, we as-
sume the emission at 2.510 eV is surface states-
related exciton emission and labeled it as SX, and the
detailed results will be discussed later. As is known,
the surface-related exciton is a kind of bound exciton,
which is associated with surface-related defects, such
as the study of surface exciton in ZnO and other
nanostructures [18-20]. Considering the energy of
longitudinal optical (LO) phonon of CdS is about 38
meV, the lower energy side peak (2.471 eV) could be
assigned to the first order LO phonon replica of SX.
In contrast, CdS NWs sample showed an asymmetric
emission peak with a peak position at 2.513 eV. This
peak also can be assigned to the recombination of the
surface states-related exciton (SX). Figure 1b displays
the room temperature PL spectra of CdS NBs and
NWs. Compared with CdS NBs, the peak position of
SX shows a little blue shift. It is worth mentioning
that the SX emission intensity of CdS NWs sample is
about two times higher than that of CdS NBs sample.
The CdS NWs sample has a larger surface-to-volume
ratio than the CdS NBs sample, so the luminescence
of the two nanostructures at room temperature could
be related to surface, that is, related to surface
exciton. Considering the SEM result in Additional file 1:
Figure S1, we found it is difficult to find bared Si
substrate in CdS NBs image, instead, a bared sub-
strate can be seen in CdS NWs sample. This result
means that the coverage of the CdS NBs sample per
unit area is much larger than that of the CdS NWs
sample (as shown in Additional file 1: Figure S1). At
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the same time, under the same measurement condi-
tions, the reflection intensity of the laser in CdS
NWs is 8.2 times that of CdS NBs. Therefore, CdS
NWs samples should have higher PL efficiency, which
is consistent with the speculation that PL emission is
related to surface excitons.

To reveal the evolution of the emission in CdS NBs
and NWs samples, the temperature-dependent PL
spectra were outperformed and analyzed. As depicted
in Fig. 2a, the peaks of FX,, DX, and A°X, all ex-
hibit redshift with the increase of temperature, while
in CdS NBs sample, SX emission dominates the
emission on the temperature range of 20 to 295 K.
The results show that the emission intensity of FXj,
DX, and A°X emission drops dramatically when the
temperature rises, and their relative intensity
decreases much faster than SX and disappears at
around 100 K. The inset of Fig. 2a shows the plots of
these peak positions evolution with the temperature.
To understand the emission mechanism behind the
PL results, we use the following empirical formula to
describe the temperature induced bandgap shrinking [28]:

a®

where E,0) is the bandgap at 0 K, « is coupling constant
between the electron (or exciton) and phonon which is as-
sociated with the strength of exciton-phonon interaction,

Eg(T) = E¢(0)- (1)

® is an averaged phonon energy, and T represents abso-
lute temperature. The symbols in the inset of Fig. 2a are
experimental data of FX,, D°X, and SX, and the solid lines
represent the fitting curves of SX. In this case, SX shows
redshift with the temperature increase, and it can be well
fitted by the above formula. This result indicates that SX
is near band gap radiative recombination. The fitting par-
ameter E,(0) of SX is approximately 2.512 eV in CdS NBs
sample, which is located on the low energy side of FX,
peak. The energy difference between SX and FX, is about
42 meV. The SX emission is gradually dominant when
temperature rises, which also supports the SX emission at-
tributable to a strong exciton.

In comparison, the temperature-dependent PL spec-
tra of CdS NWs are shown in Fig. 2b. It can be seen
that the PL spectrum shows only one emission peak
in the temperature range of 20 to 295 K. This peak
located at 2.513 eV at 20 K, and it should be assigned
to SX emission. This SX peak position is also well fit-
ted by Eq. 1, which also confirmed SX emission is re-
lated to the near band gap transition. The parameter
of the fitting results for CdS NBs and NWs are col-
lected in Table 1. The difference value of Eg(0) be-
tween CdS NBs and NWs is 3 meV. Evidently, the
exciton-phonon coupling constant a and averaged
phonon energy ® of the CdS NWs are smaller than
those of the CdS NBs. This result also suggests that
weakened exciton-LO-phonon coupling exists in the
CdS NWs sample, which is caused by the long-range
translational symmetry was partly destroyed [28].
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Figure 3a presents the power-dependent PL spectra
of CdS NBs sample at room temperature. The emis-
sion peak at 2.44 eV is the radiative recombination of
SX, while an emission band centered at 2.06 eV may
be derived from the deep level defects such as Cd
interstitial, dangling bonds, surface defects, or S va-
cancies [29-31]. The relationship between excitation
power I, and integrated intensity of emission I can be
expressed as following [32]:

I =yl

(2)

where I, is the power density of the excitation, # rep-
resents the emission efficiency and the exponent a in-
dicates the mechanism of the recombination. The

intensity of the emission peak keeps growing with the ex-
citation power increasing. The inset of Fig. 3a depicts the
PL intensity of SX emission in CdS NBs as a function of
laser power density, and the solid line present the fitting
result of Eq. 2. For SX emission, the exponent «a is about
1, which indicate SX emission is still excitonic recombin-
ation at room temperature.

In contrast to CdS NBs results, deep level emission
(DLE) is more obvious in CdS NWs sample (as shown in
Fig. 3b). This can be explained as CdS NWs have more sur-
face defects due to its larger surface-to-volume ratio. The
inset of Fig. 3b gives the integrated PL intensity plots as a
function of excitation power, which can be fitted by Eq. 2.
The fitting parameter a of CdS NWs sample is equal to
1.07, which also supports SX emission to be of exciton
nature.
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Figure 4 displays the integrated PL intensity ratio of
DLE and SX emission in CdS NBs and NWs sample,
respectively. It is clearly that DLE in CdS NBs take a
dominant role in PL spectra at low excitation condi-
tion because of the DLE/SX is higher than 1. Then,
the value is decreased with the enhancement of

Table 1 The fitting parameters for CdS NBs and NWs samples

Parameter £,0) (eV) aEvK 0K
Sample

SX (CdS NBs) 2512 3314x10°* 105.6
SX (CdS NWs) 2515 2757107 46.2

Next, for better understanding the optical characteristics of SX emission in CdS
NBs and NWs samples, power-dependent PL measurement was carried out

excitation power, which means SX emission have
higher rise ratio than DLE emission. On the other
hand, the DLE of CdS NWs sample show a higher ra-
tio up to 2.8 and dropped slowly with the raised exci-
tation power. This result confirmed DLE emission
dominated the spectra in CdS NWs. Although the lar-
ger surface-to-volume ratio can induce more SX
emission, but DLE also became higher at the same
time. It is clear that more carriers in higher energy
states will first relax to DLE states and then do radia-
tive recombination (DLE emission) in CdS NWs sam-
ple. The general side effect of the DLE emission is
thermal effects, thus, it may influence the optical
properties of CdS NBs and NWs.
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Next, a 355-nm pulsed laser is used as excitation
source to investigate the lasing action in CdS nano-
structures. Figure 5 shows the power-dependent PL
spectra of CdS NBs at room temperature. To obtain
the lasing threshold, integrated PL intensities are plot-
ted as a function of the average power density as
shown in Fig. 5b. A superlinear increase of emission
intensity and sharp features occurred when the aver-
age power density is about 608.13 mW/cm?® And the
instantaneous power intensity of the lasing threshold
is 3.04 GW/cm® With further increases of pump
density, the center of lasing peak has a trend of red-
shift (as shown in Fig. 5a), which suggest the lasing
peak could be ascribed to electron-hole plasma (EHP)
recombination [33, 34]. However, when the power
density increases above 13 W/cm? or more, the inten-
sity of lasing peak tends to decrease. If further in-
crease the power density, sample will be damaged at
the excitation laser spot. It can be ascribed to the
thermal effect raised with the pump density.

Unfortunately, there is no lasing action that can be
observed in CdS N'Ws sample. It is worth to mention
that the damage threshold of the CdS NWs sample is
about 2.65 mW/cm?, which is much lower than the
lasing threshold in CdS NBs sample. This result can
be ascribed by the side effect (thermal effects) of the
massive DLE emission in CdS NWs. In the interest of
observing the lasing emission stability in CdS NBs
and SX emission stability in CdS NWs, Fig. 5¢ depicts
the PL intensity of the two samples as a function of
time (from O to 200 s) under the excitation power of

12.8 W/cm® The CdS NBs sample showed stable
laser emission, while the CdS NWs showed PL emis-
sion, and the PL intensity rapidly decreased with time
from the beginning.

These PL results mean the SX-related lasing emis-
sion is stable in CdS NBs sample, but a lower damage
threshold to limit the emission performance in CdS
NWs sample. In our case, the SX-related lasing
emission could be enhanced by the larger surface-to-
volume ratio, but the side effects (such as thermal
effects) from surface deep level transitions could
become a critical issue to hinder their lasing
application.

Conclusions
In conclusion, we have investigated the PL properties
of CdS NBs and NWs by using temperature and
power-dependent PL spectra. CdS NBs sample dis-
plays more detailed spectral structure than CdS NWs
sample at 20 K. With the temperature increasing, the
intensities of other emissions (such as FX,, A’X, and
D°X) faded around 100 K, while SX emission (surface
state-related exciton emission) is mainly governed by
the PL broadening SX emission as can be observed.
And we found that the exciton-LO-phonon inter-
action effect in CdS NWs sample is weak than that
of CdS NBs, which caused the breakage of long-range
translational symmetry.

It is worth to note that the stable lasing emission can
be observed in CdS NBs sample at room temperature,
and the lasing threshold is about 608.13 mW/cm?
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(average power density). However, there are no signs of
lasing emission in CdS NWs sample. This may be due to
its relative larger surface-to-volume ratio that increases
side effects, such as thermal effects from surface deep
level transition. These results also proved SX emission
in CdS nanostructures can provide a convenient and
high-efficiency channel for potential laser and light-
emitting applications.

Additional file

Additional file 1: Figure S1. SEM image of a CdS NBs sample and b
CdS NWs sample are presented. (DOCX 477 kb)
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