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Abstract
We present a Raman scattering study of ZnSe over a temperature range from 80 to
580 K. Both of TO and LO modes of ZnSe nanowires are observed a red-shift with
elevating temperature, and its intrinsic broadening is larger than that of bulk counterpart. The opticalphonon lifetime of ZnSe nanowires are longer than that of nanoparticles but shorter than that of bulk, which can be attributed to the different surface to volume ratios. Some overtones and multi-phonon peaks are also observed at
high temperature due to the larger wave vector q. The 2TA1(K) and multi-phonon
peaks TA(X,K) + LA(X) appears at the temperature that is higher than room temperature. The intensity of overtones acoustics TA(L) elevates with increasing temperature while the surface mode disappears at temperature higher than 296 K. Detailed investigations on temperature-dependent phonon characteristics provide essential component for understanding confined phonons effects at small scale.
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1. Introduction
ZnSe has attracted intense research interest due to their advanced optical and electrical
properties and potential applications in room-temperature continuous-wave laser, lightemitting diodes, blue and green light emitting devices [1] [2] [3]. Recently, one-dimensional nanomaterials have been extensively studied due to its novel and superior properties and potential applications as building blocks in nano-scale electronics [4] [5] [6]
[7]. Consequently, different forms of one-dimensional ZnSe nanostructures [6] [8]-[19]
have been synthesized in pursuing improved physical properties. Good knowledge of
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the vibration properties of this material is essential to understand transport properties
and phonon interaction with the free carriers, both of which have great impact on optoelectronic device performance [10]. In polar semiconductors, carriers already excited
to the conduction band relax toward their ground state mainly by Fröhlich interaction
with the longitudinal optical phonons [11] [12] [13]. Thus, the dynamics of the phonon
population strongly affects the performance of high speed optoelectronic devices. Raman scattering measurements are well suitable to obtain information about the materials quality of wide band gap semiconductors, as well as to analyze some more specific
aspects of lattice dynamics, such as isotopic effects, phonon lifetimes [14] [15] [16] [17]
[18]. Therefore, extensive investigations on lattice dynamics of various ZnSe nanostructures by using Raman spectroscopy have been reported [19] [20] [21] [22]. However, the majority of Raman studies are carried out only at room temperature, barely at
low temperature or merely at high temperature. Few investigations are done at room
temperature together with local low and high temperature at the same time. It is well
known that variation of temperature has proven to be a powerful probe for understanding electronic and optical phenomena in condensed phases. Changes in temperature can vary inter-atomic distances and vary the overlap among adjacent electronic
orbitals [23]. Thus, temperature dependence of phonon modes may provide useful information on the electronic states of energy transfer and electron-phonon coupling [13]
[24]. Moreover, some Raman investigations on one-dimensional ZnSe nanomaterials
remain controversial or indistinct [19] [25] [26] [27] [28]. Furthermore, the phonons
are related to the properties such as thermal expansion, entropy, specific heat, thermal
conductivity, electrical conductivity, optical and dielectric properties, diffusion mechanism, phase change phenomena [29] [30] [31] [32]. So it is important to understand
phonon characteristic in one-dimensional ZnSe nanomaterials changing with temperature.
In this paper, we present systematic investigations on temperature-dependent phonon characteristics of ZnSe nanowires in order for better understanding the temperature dependent behavior of phonons, which provide essential component for understanding confined phonon effects at small scale.

2. Experiment
ZnSe nanowires were synthesized via one-step thermal evaporation as described in our
previous work [33], which is easily operated and repeatable. Briefly, ZnSe powders were
located at the center of the furnace and a silicon wafer covered with Au was placed
downstream away the furnace center to collect the products. The furnace was then
pumped down to a base pressure of ~1.2 × 102 Pa. Argon gas was introduced into the
tube at a constant flow rate of 50 sccm (standard-state cubic centimeter per minute).
The total pressure was kept at ~2.2 × 102 Pa during the experiment process. The furnace
was maintained at 1250˚C for 1.5 hours before it was cooled down to room temperature.
The as-fabricated ZnSe nanowires were characterized by X-Ray Diffraction (XRD),
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field emission scanning electron microscopy (FESEM) and transmission electron microscope (TEM). Raman spectroscopy of the ZnSe nanowires samples under different
temperature varying between 80 K and 580 K were carried out using Renishaw in ViaReflex micro-Raman spectroscopy system with 532 nm radiation. The low-temperature
Raman spectra were recorded by contacting the sample with the cold finger of a Dewar
with liquid nitrogen as the coolant. The high-temperature Raman data were obtained
by using a minitype furnace to heat the sample stage. All the Raman spectra were recorded when the set temperature was stable, and all the data were obtained from the
same point on the sample. The spectral resolution was less than 1 cm−1 and the focal
area of the laser is about 1 μm2. A series of temperature dependent Raman spectra at
different points of our samples are collected and all of them are almost identical to the
same one. All the data analyzed in the sections below are treated carefully to reduce the
errors.

3. Results and Discussion
The X-ray diffraction (XRD) pattern of the as-synthesized ZnSe nanowires is shown in
Figure 1(a). All these diffraction peaks can be indexed as the zinc blende phase ZnSe
without other impurities peaks, indicating that the product is a pure compound. The
diffraction peaks of Au and Si come from the catalyst and the Si substrate. Sharp peaks
with small full width at half maximum (FWHM) revel a good crystallinity of our samples. Figure 1(b) presents the SEM image of ZnSe nanowires with good uniformity and
wire-like morphology. The nanowires are of 50 - 150 nm in diameter with several tens
of micrometers in length. Detailed microstructures of the as-grown nanowires were
further investigated using transmission electron microscopy (TEM) and selected-area
electron diffraction (SAED). Figure 1(c) shows a typical TEM image of ZnSe nanowire.
The nanowire shows a uniform diameter of 100 nm along its whole length. The corresponding selected area electron diffraction (SAED) pattern and the high-resolution TEM
(HRTEM) image taken from part of an individual nanowire are shown in Figure 1(c)
and display a 〈 01 1 〉 zone-axis SAED pattern.
Both From HRTEM image and SAED pattern, we can find that ZnSe nanowire is
single-crystal grown along with <111> direction and there is no mismatch or defect in
this nanowires.
Figure 2 shows the room-temperature (296 K) Raman spectrum of ZnSe nanowires.
Five peaks at 137.5, 189.0, 203.5, 251.0 and 290.0 cm−1 are observed. The peaks at 203.5
and 251.0 cm−1 are attributed to the scatterings of the transverse optical (TO(Γ)) and
longitudinal optical (LO(Γ)) phonon modes of ZnSe [34]. The peak around 290 cm−1
may be originated from the defects in ZnSe nanowires according to the reference [26].
However, since there are no defects observed in ZnSe nanowireshere, thus we tend to
assign this mode to the multi-phonon peak: TA(X,K) + LA(X) [19]. The attribution of
the peaks at 137.5 and 189.0 cm−1 still remain controversial and indistinct [19] [25] [27]
[28] as mentioned in the introduction section. Actually, simply assigning these peaks to
a certain mode are not rigorous with this resolution, because all these modes energy are
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Figure 1. The (a) XRD pattern, (b) SEM image and (c) TEM image of as-fabricated ZnSe nanowires. The upper and lower insets in
(c) are the corresponding HRTEM image and SAED pattern, respectively.

very close and they cannot be distinguished from each other in the phonon spectrum
[35]. However, a qualitative relationship can be obtained from the phonon spectrum
[35] [36]: ωTA(L) < ωTA(X) ≈ ωTA2(K) < ωTA1(K) < 100 cm−1 < LA(X) < 200 cm−1. We can
tentatively assign the two peaks at 137.5 and 189.0 cm−1 to 2TA(L) [28] and 2TA1(K)
[19], respectively, on the basis of the qualitative relationship.
To investigate the anharmonicity and understand the electron–phonon interactions
in ZnSe nanowires, the temperature-dependent Raman studies of ZnSe nanowires were
carried out by varying the temperature starting from nearliquid-nitrogen temperature
(∼80 K) until 580 K, which is presented in Figure 3. At all the temperature, there are
strong scattering intensities of both TO and LO phonon modes. However, the intense
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Figure 2. Raman spectra of ZnSe nanowires measured at room temperature.

Figure 3. Temperature-dependent Raman Spectra of ZnSe nanowires.

ties of modes associated with acoustics phonons are sensitive to temperature variation.
The 2TA1(K) and multi-phonon peaks TA(X,K) + LA(X) appears only above the room
temperature. With the temperature changing from 80 K to 580 K, the intensity of overtones acoustics TA(L) increases, while the surface mode [37] [38] disappears when arriving at room temperature. A discussion on modes associated with acoustics phonons
and surface mode will be discussed latter. Note that, for the TO-phonon and LOphonon modes, there are asymmetry broadenings and redshifts in the Raman line
shapes with the increasing temperature, which can be ascribe to the anharmonicity in
the vibrational potential. The temperature variations of the linewidths and line centers
of the TO- and LO-phonon modes at the Brillouin zones can be given by [39] [40]:
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where Г0 is the broadening due to the disorder and boundary scattering in crystal, the
second part of the equation is the damping part induced due to the three- and fourphonon process cubic and quartic anharmonicities, respectively. The x and y in the
above formulae can be written as:

x=

hcω0
2k B T

y=

hcω0
3k BT

where ω0 is the intrinsic frequency of the optical phonon, A, B, C and D are anharmonic constants, h is Plank’s constant, c is the speed of light in vacuum, kB is the Boltzmann
constant.
Figure 4 shows the temperature-dependent peak positions and linewidths of optical
phonon mode of the ZnSe nanowires. Both peak position and linewidth of TO and LO
modes have redshifts and broadening. The theoretical curves are in good agreement
with the experimental points. The fitted values of constants involved in Equation (1)
and (2) for the best theoretical fit to the experimental TO mode phonons are: ω0 =
209.2, C = −0.013, D = −9.2E−7, Γ0 = 3.3, A = 0.0016, B = 4.0E−6 cm−1; while refer to
LO mode phonons: ω0 = 256.4, C = −0.020, D = 1.2E−6, Γ0 = 5.9, A = −0.0023, B =
2.7E−5 cm−1. When comparing the anharmonic term constants (A, B, C, D)between TO
and LO mode, the values of the cubic anharmonic constants of both TO and LO modes
are much bigger than those of quartic constants. It means that the three-phonon
process is dominant and the four-phonon decay process is subordinate [41]. The intrinsic frequency of both LO and TO modes downshifts and the intrinsic broadenings
are larger compared with the bulk ZnSe [42]. Moreover, the constants |A| and |C| are
decreasing in nanoparticles than in bulk [42]. It indicates that anharmonic effect is
more important in bulk than in ZnSe nanowires.
The linewidth is reciprocally related to the phonon lifetime of the decay process, so
we can use a simple relation =
τ 1 πcΓ [42] to estimate the lifetime of phonons in
terms of uncertainty principle, which is showed in Figure 5. One can find that the lifetimes of both TO and LO modes are decreasing with the increasing temperature. The
reason is that the number of phonons is increasing with the elevating temperature. The
increasing phonons numbers cut down the scattering mean free path, which raise the
chance of scattering between the phonons, and thus reduce the lifetimes. The ratio

τ 1 τ 0 obtained by calculating the ratio Γ0/Γ1, which varies from 4.1 to 29.6 for LO
mode when the temperature decreases from 580 K to 80 K. It is much larger in ZnSe
nanowires than in bulk [38], this implies that the phonon decay due to anharmonic effects is important for bulk. It is observed that the phonon lifetime in ZnSe nanowires is
310
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(a)

(b)

Figure 4. Temperature-dependent line center and linewidth variation of (a) TO mode and (b) LO
mode in the ZnSe nanowires.

longer than that of ZnSe nanoparticles [38] while shorter than that of the bulkZnSe
[42], which can be attributed to the increasing scattering chances with the surface. With
the reducing of the dimension, the surface to volume ratio will go up. There are more
probabilities to scatter with the surface, which also reduce the phonon lifetimes.
It is noted that the TA(L) and TA(K) overtones at 137.5 and 189 cm−1 only appear at
a relatively high temperature. Since a higher temperature allows more scattering processes with a large values q, the interaction between the acoustic phonons and the
energy band electrons becomes more significant [43]. Therefore, more acoustic pho311
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Figure 5. Temperature dependence of the lifetime for TO and LO phonons.

nons will participate in the Raman scattering process at a higher temperature. The multiphonon peak TA(X,K) + LA(X) at 290 cm−1 shows the same propertiesas the fundamental phonon modes are sensitive to the change of measurement temperature. For the
2TA(L) phonon mode, there are no appreciable temperature dependent changes observed in the both line center and linewidth, indicating that the 2TA(L) mode does not
show the anharmonic effects. However, the intensity of the 2TA(L) mode of the ZnSe
nanowires is also greatly dependent on the temperature, which is shown in Figure 6(a).
Because the phonons are bosons, which are subjected to the Bose-Einstein distribution,
it results in the increasing of number of phonons with elevating temperature. Thus the
increasing phonons enhance the Raman scattering intensity. The intensity of secondorder Raman modes can be described as [44]:

(

I = K ⋅ e − ω kBT ⋅ 1 − e − ω kBT

)

−2

(3)

where K is constant term,  is reduced Planck constant, ω is phonon frequency, kB is
the Boltzmann constant. Figure 6(b) shows a good agreement between the calculated
curve and experiment values by using formula (3).
From the theoretical point of view, the surface mode can be detected by Raman scattering when the size is comparable with the wavelength of the incident laser light [38].
The dispersion relation ωSO(q) for a surface mode in an infinite long cylindrical nanowire can be written as [45]:
2
2
ω=
ωTO
+
SO
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(a)

(b)

Figure 6. Temperature-dependent (a) 2TA(L) mode of ZnSe nanowires and (b) its intensity variation with temperature.
2
2
where ω P is the screened ion plasma frequency given by ω=
ωTO
+ ω P2 ε ∞ , ε ∞ is
LO
the high frequency dielectric constant, which is equal to 5.7 [46], ε m is the dielectric

constant of surrounding medium, r is the radius of nanowires. f(qr) can be written as:
f ( qr ) =

I 0 ( qr ) K1 ( qr )

I1 ( qr ) K 0 ( qr )

Here Ij(qr) and Kj(qr) are the Bessel functions. For the different value of qr, the ωSO
can vary from 209 to 249 cm−1. Thus, we tend to assign the weak peak at 243.0 cm−1 got
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at 80 K to the surface mode [37] [38]. It is found that the energy of surface mode in
ZnSe nanowiresis larger than in nanoparticles at the same temperature [38], which may
be attributed to the different microtopography of ZnSe. It is noted that the surface
modes are observed only under low temperature and will disappear with the temperature increasing, which can be attributed to the anharmonic effects of LO modes.

4. Conclusion
The temperature dependent vibrational properties of ZnSe nanowires were investigated
by using Raman spectroscopy in 80 K - 580 K. All the scattering peaks were duly assigned to unitary modes. The asymmetrical broadening of phonon lines are attributed
to the anharmonic vibration. Compared with ZnSe nanoparticles and bulk counterparts, it is found that the phonon lifetimes in ZnSe nanowires are reduced significantly
with the dimension reducing, which can be attributed to the larger surface to volume
ratios in nanostructures. The surface mode is also observed in ZnSe nanowires at a low
temperature, while some overtones acoustics phonon and multi-phonon are also observed at high temperature. Different phonon behaviors imply a series unusual nature
of ZnSe nanowires compared with bulk counterpart. When implementing these ZnSe
nanowires based devices, many of the physical parameters should be handled carefully.
All of these results lay the experimental foundation for fabrication of ZnSe based nanodevices in future.
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