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ABSTRACT

A deep understanding of the size, surface trapping and scattering effects on the
recombination dynamics of CdS nanowires (NWs) is a key step for the design of on-demand
CdS-based nanodevices. However, it is often very difficult to differentiate these intertwined
effects in the NW system. In this article, we present a comprehensive study on the
size-dependent exciton recombination dynamics of high quality CdS NWs (with diameters
from 80 to 315 nm) using temperature dependent and time-resolved photoluminescence
(TRPL) spectroscopy in a bid to distinguish the contributions of size and surface effects.
TRPL measurements revealed two distinct processes that dominate the band edge
recombination dynamics — a fast decay process (7;) originating from the near-surface
recombination and a slower decay process () arising from the intrinsic free exciton A (FXA)
decay. With increasing NW diameters, 7; increases from ~0.10 ns to ~0.42 ns due to the
decreasing surface-to-volume ratio of the NWs; while 7, increases from ~0.36 ns to ~1.21 ns
due to decreased surface scattering in the thicker NWs — as validated by the surface
passivation and TRPL studies. Our findings have discerned the interplay between size and
surface effects and advanced the understanding of size-dependent optoelectronic properties of
one-dimensional semiconductor nanostructures for applications in surface- and size-related

nanoscale devices.
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INTRODUCTION

Remarkable progress in material science has made it possible to fabricate high quality
semiconductor nanostructures with large surface-to-volume ratio and with dimensions that
are comparable to the characteristic length scales of excitons and free carriers.'™ Size and
surface effects (e.g., surface trapping and scattering) still exert a considerable influence on
their optoelectronic properties — resulting in properties that are distinct from the bulk.””®
However, such effects are often highly entangled — for example decreasing the size of the
nanowire (NW) diameter will induce a larger surface-to-volume ratio — making it extremely
difficult to distinguish their respective contributions.

One-dimensional (1-D) semiconductor nanostructures such as NWs have been under
scrutiny for applications as optically and electrically driven lasers, photodetectors and
waveguides efc.” CdS NWs hold great potential for nanoscale optoelectronic applications.® "
112 Dye to its large exciton binding energy of ~28 meV (which is slightly larger than the
thermal energy kg7 ~25 meV at room temperature), highly efficient excitonic processes are
expected and these have been shown to dominate the optical properties of CdS at room

temperature (RT)."> '

Recently, plasmon lasers have been successfully demonstrated using
the Ag film/MgF,/CdS NWs hybrid system.'> '® " Modulation of the excitonic radiative
decay rates in CdS N'Ws have also been demonstrated through careful geometrical design of

CdS-SiO»-Ag  whispering-gallery plasmonic NWs.'®

Most recently, phonon-assisted
anti-Stokes photoluminescence in CdS nanobelts have also been demonstrated (leveraging on

their strong exciton-phonon coupling properties). This led to the first realization of solid-state



semiconductor-based laser cooling."” The efficiency of the laser cooling process is strongly
dependent on the exciton recombination properties, i.e., non-radiative exciton decay
processes involved in surface trapping, resulting in a heating effect. Thus, a good
understanding of the carrier dynamics in light of the various competing radiative and
non-radiative pathways is essential for tailoring the optoelectronic properties of CdS
NW-based photonic devices.

Previously, the impact of surface trap states on the exciton dynamics have been
extensively studied in semiconductor quantum dots and NWs.2* For example,
Kambhampati et. al. unraveled the physical structure of quantum dots and obtained a clear
understanding of the resultant electronic structure and dynamics with colloidal CdSe quantum
dots as a test bed.” Block ez. al. demonstrated the feasibility of using multi-resonant methods
to probe the quantum state dynamics of interface states in nanostructures.”! Vietmeyer et. al.
studied the carrier recombination dynamics in individual CdSe NWs with diameters ~20
nm.”? Lo et. al. conducted systematic studies on the charge carrier trapping and acoustic
phonon modes in single CdTe NWs of diameter ~30 nm by transient absorption
microscopy.”> However, in these cases, the diameters of the quantum dots are comparable to
the Bohr radius of the bulk semiconductors; and the diameters of the NW samples are ~20-30
nm — at a size where surface effects have a dominating influence. Detailed knowledge on the
interplay between the size and surface effects on the exciton recombination dynamics in CdS

NWs with diameters beyond the quantum confinement regime (e.g., from 80 to 315 nm), is



presently still lacking. Elucidating the relationship between the size and surface effects on the
exciton recombination dynamics in CdS NWs is the main focus of this work.

Surface passivation has often been used to improve the optical quality of NWs and
modulate the effects of traps formed by dangling bonds and adsorbed species on NW surfaces.
For example, Vugt et. al. passivated CdS NWs using atomic layer deposition (ALD)
treatment and improved their optical quality.** Through photo-assisted surface passivation,
they also reported an increase of the PL intensity in InP NWs.* Park ez. al. demonstrated that
the device characteristics of NW field-effect transistors (FETs) improved significantly after
polyimide coating of the nanorod surface;”® and Chang et. al. also reported improved NW
FET device performance following SiO,/Si3Ny passivation.27

In this work, a comprehensive temperature dependent PL and TRPL study on the
size-dependent exciton decay dynamics in high quality CdS NWs fabricated by the
vapor-liquid-solid (VLS) method is performed. The two band edge (BE) exciton decay
channels are respectively identified as the surface states related non-radiative recombination
(i.e., with a short lifetime 7;7) and the free-exciton A (FXA) radiative recombination (i.e., with
a longer lifetime 75,). As the NW diameter decreases from 315 nm to 80 nm, the FXA decay
rate increases monotonically. Through surface passivation treatments, TRPL measurements
validate that the increasing FXA decay rate with decreasing dimensions stems from the
enhanced surface scattering in the thinner NWs. In tandem, the surface states related
non-radiative decay rate also increases with decreasing NW diameter as a result of the larger

surface-to-volume ratio in the thinner NWs. These findings shed new light on the interplay of



the size and surface effects on the exciton recombination dynamics in CdS NWs and advance
our understanding on the size-dependent optoelectronic properties of related 1-D
semiconductor nanostructures.
EXPERIMENTAL METHODS

The CdS NWs were synthesized using the vapor-liquid-solid technique described
previously.* '* X-ray diffraction data were obtained using a Japan Rigaku D/MAX-240 type
diffractometer equipped with graphite-monochromatized Cu K, radiation (oo = 1.54178 A).
For single NW measurements, the sample was first dispersed from the grown substrate into
an ethanol solution and then subsequently deposited onto a silicon substrate (with a 300 nm
thick SiO, layer). Both scanning electron microscopy (JEOL7001F FE-SEM) and
high-resolution transmission electron microscopy (HRTEM, Tecnai G2) were used to assess
the morphology and the crystalline quality of the individual CdS NWs. Spatially-resolved
photoluminescence (PL) measurements of the individual CdS NWs were performed using a
confocal microscope with a long working distance 50x objective (Nikon Objective, NA =
0.55) and a continuous wave (CW) laser (405 nm wavelength) as the excitation source. The
PL emission was spectrally resolved with a monochromator (PI Acton, Spectra Pro 25001)
and collected with a TE-cooled charge CCD (PI, PIXIS-400B). Temperature-dependent PL
(77 to 300 K) was performed using a liquid-nitrogen-cooled cryostat (Janis ST-500,
Microscope Cryostat). For TRPL measurements, frequency doubled pulses (400 nm) from a
Titanium: Sapphire oscillator (120 fs, 76 MHz at 800 nm) were used as the excitation source.

The TRPL spectra were obtained using a streak camera system (Optronics GmbH) with an



ultimate temporal resolution of 6 ps (at a scan speed of 100 ps/mm) when operated in the
synchroscan mode. Surface modification/passivation of the CdS NW surface was achieved by
spin coating a thin layer of PMMA (~200 nm) over the NWs.

RESULTS AND DISCUSSIONS

Figure 1(a) shows the XRD pattern of the as-grown CdS NWs, where they were found to
exhibit a hexagonal wurtzite (hexagonal) phase. Figure 1(b) shows a typical PL spectrum
from a single CdS NW measured at room temperature, where the sample gives a very strong
BE emission (~2.42 eV), but no obvious surface related emission from the lower energy
region around 1.8 eV — thus attesting the high crystal quality of the samples.”®
Representative TEM images of a NW are shown in Figure 1(b) inset, which reveals that the
NW is relatively uniform. The HRTEM image shows that the CdS NWs are single crystalline,
with a measured lattice spacing of ~0.33 nm — corresponding to the [002] lattice plane of
hexagonal CdS.

Figure 1(c) shows the low temperature (77 K) PL spectrum of the sample where only the
dominating BE emission (~2.50 eV) in the range of 2.30-2.58 eV is plotted for clarity. The
experimental data (open circles) can be well-fitted with a least-squares fit of multiple
Gaussian functions (solid red line). The respective deconvolved Gaussian peaks are plotted in
solid blue lines and their peak positions/assignments are tabulated in Figure 1(c) inset. Our
assignment is based on the following analysis: the CdS valence band is split into three

non-degenerate energy levels under the crystal field and spin-orbit interactions — giving rise

to FXA, FXB and FXC excitonic levels.”” The emission peak at 2.532 eV, which is close to



the energy level of the free exction A in wurtzite CdS, is thus assigned as the FXA emission.
Next, the peak at ~2.552 eV can be assigned to the free exction B (FXB) since the energy
difference between itself and FXA is ~20 meV, which is close to the reported values (~19
meV).'" '® Given that the longitudinal optical (LO) phonon energy of CdS is around 40
meV,'" > > the next three peaks (2.511, 2.471 and 2.432 eV) on the lower energy side of the
NBE can be assigned to FXB-LO and FXB-2LO and FXB-3LO, respectively. The distinct
appearance of the FXA, FXB and the third order phonon replica attests the high quality
nature of these CdS NW samples.

Figure 2(a) shows the normalized temperature-dependent PL spectra of a CdS NW with
a diameter of ~200 nm taken from 77 to 300 K. At low temperatures (<120 K), the FXB
emission peaks can be resolved, which is consistent with the report by Thomas et al.*® As the
temperature increases further to >180 K, thermal broadening resulted in only a single broad
BE emission peak being observed. The center of the FXA peak redshifts with increasing
temperatures. The temperature dependence of the FXA and FXB peak energies as well as
those of FXB-LO and FXB-2LO are shown in Figure 2(b). This temperature dependence of
the CdS NW exciton energy can be described by the well-known Varshni’s law:

E(T):E(O)-]f"f;, )

where E(0) is the exciton energy at 7 = 0 K, a is the temperature coefficient, and £ is a
parameter related to the Debye temperature of the crystal.”* Good fits to the NW FXA data
were obtained using the fitting parameters of E(0) = 2.536 eV, a = 0.00039 eV/K, and f =

312 K for a CdS bulk crystal.*” The excellent agreement between the fit and the data indicates



that the observed temperature dependence is intrinsic to the CdS NW. The trends of FXB-LO
and FXB-2LO follow the exciton peak closely as temperature increases. This clearly supports
that the FXB-LO and FXB-2LO are indeed excitonic in origin (as we have identified) and are
not impurity-related. As the binding energy of the bound excitons in CdS is not much more
than 20 meV, they will be ionized at RT (kg7 ~25 meV) and would not be observed.”
Therefore, the BE spectrum of CdS NWs at room temperature is dominated by the radiative
recombination of FXA.

Despite the extensive studies on the PL recombination dynamics of CdS nanostructures,
there has been much confusion over their recombination mechanisms as various mechanisms
have been ascribed to different CdS nanostructures which include NWs and nanocrystals
(NCs)."" %2 For example, Titova ef al. had measured the recombination dynamics in single
CdS NWs and had assigned the short lifetime (<80 ps) as being dominated by the
non-radiative surface recombination; and the longer recombination lifetimes to the spatially
localized states.’” Matsuura ef al., on the other hand investigated the PL decay dynamics of
CdS NCs embedded in Al,O3; matrix and attributed the short and long decay lifetimes at high
temperatures to the recombination of free-excitons and shallowly-trapped excitons,
respectively.38 A surface modification study (utilizing PMMA coating of the NWs) will allow
us to elucidate the appropriate origins of the lifetime components in our CdS NWs. ¥ Figure
3(a) shows the TRPL spectra of the same individual CdS NW (with diameter ~120 nm)

before and after coating with PMMA. The PL decay was monitored at an energy of 2.45 eV.



Prior to the PMMA-coating, the decay transients can be fitted using a bi-exponential decay
function expressed as follows:

I(t)=A,exp(=t/z)+ A, exp(-t/z,), (2)

where A; and A, are the amplitudes (or weighting factors); and 7; and © are the
corresponding lifetimes. The red solid lines are the fitted curves based on equation (2), where
71and 7, are found to be 0.15 £+ 0.08 ns and 0.42 £ 0.08 ns, respectively. The short component
71 1s ascribed to the surface related non-radiative recombination processes and the long
lifetime is attributed to the recombination of free excitons in CdS NWs.** Our assignment is
based on the following analysis: PMMA coating of the NWs is expected to suppress the
contributions from the surface states, which indeed resulted in only the longer decay lifetime
(0.59 £+ 0.08 ns) remaining. Further validation of their origins is obtained from the integrated
PL spectra of the CdS NWs with different diameters (i.e., 80 nm to 315 nm). Enhanced BE
emission is observed following PMMA coating (Figure 3(b) — (e)). This is attributed to the
passivation of the NW surface containing a large amount of defects that contribute to the
non-radiative pathways. It should be noted that a thin film of PMMA would change the
dielectric environment of the CdS NWs and affect the outcoupling of the photons. The
thickness of the PMMA film in our experiment is estimated to be around 200 nm. Given that
the refractive index of CdS NW, PMMA and air (at 500 nm wavelength) are 2.82, 1.49 and
1.00 respectively, we can estimate the outcoupling efficiency of bare CdS NW and
PMMA-CdS NW — as shown in a schematic in Figure S1 (a) and (b). For a fixed collecting

lens, after coating with PMMA film the collecting efficiency is evidently decreased due to the

10



large refraction angle (B) compared to the incidence angle (a).The objective used in our
experiment is a Nikon 50 x (N.A.= 0.55, sin a = 0.55) and the outcoupling efficiency after
coating with PMMA is estimated to decrease by ~63%. Even with this decrease in coupling
efficiency after PMMA coating, the increased PL signal measured from the CdS NW after
PMMA coating is clear evidence that the PMMA film actually passivates the CdS NW
surface, yielding enhanced emission. FTIR measurements revealed the absence of any strong
chemical interactions between the PMMA and CdS (see supporting information Figure S2)
even though it has a passivating effect on the CdS surface dangling bonds. The
surface/interfacial effects of PMMA on the CdS NW surface are very complex topics by
themselves and are certainly non-trivial.*" ** However, it is not the focus of this work to
unravel their interaction mechanisms.

The surface related PL component (i.e., PL quenched by the dark surface states) can
then be estimated from the expression (Zy/pyvma — Lwio PMma)/ L pvma. With increasing NW
diameter, the percentage of surface related PL decreases, as shown in Figure 3(f). This
behaviour is consistent with the reduction of the surface-to-volume ratio for the thicker CdS
NWs. With a high surface-to-volume ratio in the thinner NWs, surface defects, near surface
traps and surface adsorbed species, offering alternative relaxation pathways for the
de-excitation of photo-excited carriers, play a significant role in the carrier relaxation
dynamics in these one dimensional systems.* It is extremely challenging to experimentally
measure the quantum yield of a single CdS NWs. Given that our data in Fig 3(b) — (e)

showed an increase in emission intensity (after PMMA coating) under the same

11



photo-excitation conditions (i.e., the same optical setup and for the same NW), it is therefore

reasonable that our PMMA-coated NWs exhibited an increase in PL quantum efficiency

# of photons emitted . . . . .. .
= v Further discussion on the increase in PL emission can be found in

" #of photons absorbed’

the supporting information (see Figure S1). In addition, contributions from the donor bound
excitons could also be discounted as the TRPL measurements were performed at room
temperature. Hence, we can attribute the fast and slow decay lifetimes to originate from the
recombination of excitons near the surface and at the “bulk”™, respectively; or more generally
from the defect-rich regions near the surface (i.e., dominated by the non-radiative component)
and the defect-free regions located within the NW “bulk” (i.e., dominated by the radiative
component).

The influence of NW diameter on the recombination rate in single CdS NWs was also
investigated. Figure 4(a) shows the TRPL data from single NWs (without PMMA coating)
with comparable lengths of 8 um and with diameters ranging from 80 nm to 315 nm. The red
solid lines are fitting curves based on equation (2). The decay lifetimes and their respective
weighting factors (in %) are listed in Table 1. Figure 4(b) shows the decay transients from the
same NWs following PMMA coating and they were fitted with a single exponential function
(with decay lifetime 7',). Both the fast (7;) and slow (72) decay lifetimes exhibit an increasing
trend as the CdS NW diameter increases as shown in Figure 4(c) and (d). A similar trend is
also obtained for 7', (after PMMA coating). Although similar trends had also been previously
reported for CdS NCs and ZnO NWs, the mechanisms need not be the same.**6 Henceforth,

we shall focus on the mechanisms in our NWs. In our case, CdS NWs have diameters ranging
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from 80 to 315 nm which is significantly larger than the exciton Bohr radius (~ 2.8 nm),*
therefore there are no quantum confinement effects in these NWs. In addition, the surface
depletion induced quantum confinement effect reported for CdS nanobelts could also be
excluded in our NWs as the PMMA coating of the NWs would strongly weaken the surface
depletion effect.'

Table 1 shows the relative fractional intensity (A;- 7;) of each lifetime component. The
fast lifetime is dominant in the smaller NWs (e.g., ~56.5 % in the 80 nm NW) and its
contribution increases with decreasing NW diameter — consistent with the increasing
surface-to-volume ratio in the thinner NWs. This results in a fast decay in the hundreds of
picoseconds. After PMMA coating, the fast component is suppressed and the remaining
lifetime 7', is comparable to 7 (without PMMA coating). The slow decay component 7, is
attributed to the FXA recombination from within the “bulk” region of NWs. The decay
lifetime (~0.4-1.2 ns) is comparable to that measured for bulk CdS (~0.5-1.0 ns),”’ but is
significantly longer than some reported single CdS NW studies (~80 ps) and nanosheets
(~200 ps).’” ** This long exciton decay lifetime attests the high quality nature of our
as-synthesized sample. In general, the PL decay rate is a sum of the radiative and
non-radiative decay rates:

T =Tx T, ()
where 7p;, 7z and 7z are the PL, radiative and non-radiative decay time constants,
respectively. The decrease in the PL decay rate with increasing NW diameters may arise from

either a decrease in 1/zzor a decrease in 1/zyg. Possible origins for the former includes: (1)
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surface scattering effects’® and (2) exciton-polariton effects; while those for the later includes:
(3) the effects of a non-uniform defect concentration over the NW diameter, or (4) surface
state effects. Amongst these possible effects, only surface scattering effect (1) is the most
likely origin for the decrease in PL decay rate. In the former (radiative) case, (2) the
exciton-polariton effect is dominant in the case where the NW dimension is comparable to
the emission wavelength (i.e., ~hundreds of nm)™*. The CdS NWs are typically tens of
micrometers long, so this effect is not likely to have a big contribution to the radiative
recombination rate. Furthermore, the PL decay rates versus the CdS NW diameter do not
follow a linear relationship.”® The nonlinear behaviour between the decay rates and NW
diameter also suggests that the exciton-polariton effect is not effective here. The latter
(non-radiative) effects could also be discounted as: (3) all the samples were grown under the
same conditions and it is reasonable that the NW “bulk” amongst the samples would have
almost the same amount of defects (on average); and (4) surface states would only have a
dominating effect on the surface related fast recombination lifetimes.

Lastly, we shall discuss the surface scattering effects (1). Given that the exciton
diffusion length in CdS films is ~650 nm (at RT)"? and our NWs have a diameter ranging
from 80 nm to 315 nm, it is plausible that the excitons would have undergone scattering or
interaction with the NW surface many times before eventually decaying to the ground states.
Such scattering events or interactions make them even more susceptible to trapping at the
surface defect states. This effect would be more significant in the thinner NWs than the

thicker ones (Figure 4(d)). However, this scattering mechanism is different from that of the
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non-radiative surface trapping effect (3). This is because after PMMA coating of the NWs, 7
remains relatively comparable to but still larger than the values of z (prior to the PMMA
coating). This larger value (see Figure 4(d)) is consistent with the quenching of the surface
trapping sites, thus permitting longer effective “scattering lengths” and hence the longer 7.
We are therefore convinced that this scattering mechanism (1) plays an important role in the
nanostructure size dependent exciton recombination dynamics. Following this interpretation,
one can expect that the two lifetimes should diverge with decreasing NW diameter. From
figure 4d, we do see a diverging trend - the two lifetimes are almost overlapped when the NW
diameter is large, while the two lifetimes diverge when the NW diameter is small (though it
appears that the lifetime converges for the smallest size (within the reported error). We must
acknowledge that although surface scattering play a dominant role here, other factors such as
the non-passivated area which is in contact with the substrate and the effective thickness of
the PMMA layer on top of the NW will also have some effect on the exciton lifetime.
Interplay of these effects will smear out the distinct trends and this interplay is more severe in
the smaller NWs. Hence, we can only expect an approximate trend for the free exciton
lifetimes before and after passivation as a function of NW diameter.
CONCLUSIONS

In summary, we present a comprehensive temperature-dependent and TRPL study on the
size-dependent exciton decay dynamics of high quality CdS NWs fabricated by the VLS
method. Two exciton decay channels, with a short lifetime 7; and a long lifetime n, are

respectively identified as originating from (a) surface states related non-radiative
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recombination and (b) free-exciton A (FXA) radiative recombination. As the NW diameter
decreases from 315 nm to 80 nm, the FXA decay rate increases monotonically. TRPL
measurements, together with surface passivation treatments, verified that the increasing FXA
decay rate is attributed to the enhanced surface scattering in thinner NWs. The surface state
related non-radiative decay rate also increases with decreasing NW diameter as a result of the
larger surface-to-volume ratio in the thinner NWs. Our findings have discerned the interplay
between these effects and advanced the understanding of size-dependent optoelectronic

properties of 1-D semiconductor nanostructures.
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Figure and table captions:

Figure 1. (a) X-ray diffraction pattern of the as-prepared sample. (b) PL spectrum of a typical
CdS NW taken at room temperature. The insets are the TEM and HRTEM images of CdS
NW grown along the [001] direction. The unlabeled scale bar is 50 nm. (c) PL spectrum of
CdS nanowire taken at 77 K. Open circles are the experimental data, while the solid red line
is the multi-Gaussian fit of the spectra and the deconvolved peaks are given by the blue solid
lines.

Figure 2. (a) Temperature-dependent steady-state PL spectra of a CdS NW sample with a
diameter of ~200 nm obtained at an excitation density of ~10 mW/cm®. All the data were
normalized by the FXA intensity and the solid lines follow the peak positions. (b)
Temperature-dependent PL peak positions of FXB, FXA, FXB-LO and FXB-2LO. The solid
line is the fitting curve using the Varshni equation.

Figure 3. (a) TRPL spectra at ~2.45 eV for CdS NW with a diameter of 120 nm before and
after coating with PMMA. (b)-(d) PL spectra acquired from CdS NWs of different diameters
— before and after coating PMMA. The inset is the corresponding SEM image. The excitation
wavelength is 405 nm with an excitation density ~10 mW/cm®. (f) Percentage of surface PL
as a function of NW diameter.

Figure 4. (a) TRPL spectra at ~2.45 ¢V for CdS NWs with different diameters, the solid red
lines are the fitting curves using a bi-exponential decay function. (b) TRPL spectra of the NW
samples shown in (a) after coating with PMMA. The solid red lines are the fitting curves
using a mono-exponential decay function. (c) and (d) Decay lifetimes t; and 1, from CdS
NWs with and without PMMA coating as a function of NW diameter.

Table I. Decay constants and the amplitudes obtained from the fits based on equation 2.
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Figure 2
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Figure 3
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Table 1

Weighting
Factor(%)
Nanowire (nm) T,(ns) 1,(ns) 1,(ns) Ay A,
80 0.10(+0.02) 0.36(*£0.07) 0.48(40.07) 56.5 435
120 0.16 (=0.02) 0.46(+0.07) 0.62(+0.07) 50.1 49.9
205 0.19(+0.02) 0.63(+0.04) 0.79(+0.05)  40.4 59.6
315 0.42 (£0.01) 1.21(£0.03) 1.24(+0.04) 315 68.5
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