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Abstract Micro-Raman spectra of E,(high) phonon mode
in Cu-doped ZnO nanocombs have been presented in detail
with different Cu compositions under the temperature
ranging from 83 to 443 K grown by a simple catalyst-free
chemical vapor deposition method. The alloy disorder
effect has been investigated by analyzing the asymmetric
broadening of E,(high) phonon mode and Cu-induced
localized vibration mode at room temperature. In addition,
we resort to a theory model including the lattice thermal
expansion and anharmonic phonon—phonon interaction,
which can well describe the temperature dependence of
Raman shift and linewidth of E,(high) phonon. In com-
bining with the theory model, we have revealed an
increasing anharmonic effect on the Raman shift and
linewidth behaviors with increasing Cu composition. Fur-
thermore, it is found that the lifetime of E,(high) phonon
mode shortens with enhancing the anharmonicity.
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1 Introduction

Recently, considerable attention has been paid to diluted
magnetic semiconductors (DMSs) for exploiting spin in
magnetic materials along with the charge of electrons for
application in “spintronic” devices [1]. Among the tran-
sition-metal-doped ZnO DMSs, both theoretical and
experimental investigations have shown that Cu can be
used as a p-type dopant in the natural n-type ZnO [2, 3].
Therefore, recent experimental work mainly focuses on the
growth of thin films [4, 5] or nanostructures [6, 7] of Cu-
doped ZnO by a variety of methods, and accordingly the
analysis on the magnetic characterization with the
emphasis on the origin of the ferromagnetic behavior in
Cu-doped ZnO. Another important fact is that doping Cu
ion in ZnO can significantly alter its chemical, electrical,
and optical properties [8]. One of the most important
aspects of substitutional semiconductor alloys is the nature
of the alloy potential fluctuations. Therefore, it is necessary
to further understand the lattice dynamical properties in
Cu-doped ZnO [6].

As a fast and contactless probe of the lattice vibration in
semiconductors, Raman scattering can provide a great deal
of information about the phonon vibrations in the center of
the Brillouin zone [9]. In ternary semiconductor alloys,
Raman spectra of phonon modes, including an asymmetry
linewidth broadening, Raman frequency shift, and an
emergence of disorder-activated modes, will change with
compositional disorder. The detailed information on lattice
dynamics can be obtained via observing the parameters of
Raman phonon mode, such as Raman frequency, linewidth,
and lifetime [10-12]. Additionally, the Raman scattering is
also greatly sensitive to the lattice temperature. It is very
important to study the evolution of these parameters with
temperature for practical applications of ternary alloys

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-016-0348-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-016-0348-5&amp;domain=pdf

814 Page 2 of 5

J. F. Kong et al.

[13]. However, few studies are done on detailed investi-
gation on the temperature dependence of the phonon
behavior in Cu-doped ZnO [14], in contrast to the com-
prehensive analysis of temperature effects on Raman
scattering for other ternary alloys [15, 16]. The substitution
of Cu ions at Zn ion sites in ZnO may breakdown the
translational symmetry because of the modifications of the
crystal lattice, and thus, the information of phonon decay is
an essential aspect to understand the lattice dynamical
behaviors.

In this paper, we synthesize the Cu-doped ZnO nano-
combs by a simple catalyst-free chemical vapor deposition
method at 750 °C. Furthermore, Raman spectra of Cu-
doped ZnO nanocombs have been comprehensively
investigated as a function of temperature (83—443 K) with
different Cu compositions (0-3.24 %). In order to study the
temperature and dopant effects on the E,(high) phonon
mode in the Cu-doped ZnO nanocombs, we employ a
theoretical model to accurately describe the Raman
downshift and linewidth broadening. It is found that the
anharmonic effects are enhanced with the increase in Cu
dopants and temperature for the E,(high) phonon mode. In
addition, we will also demonstrate the anharmonic effect
on the Raman frequency, linewidth, and lifetime.

2 Experimental details

Cu-doped ZnO nanocombs were grown on Si substrate in a
horizontal tube furnace by a simple thermal evaporation
method. A mixture of Zn powders (99.99 % purity) and
CuCl, (99.99 % purity) powders was loaded into an alu-
mina boat, which were placed at the center of a horizontal
quartz tube. Then, carefully cleaned n-type Si (100) sub-
strates were placed about 10 cm away from the evaporation
source along the downstream position of the carrier gas. By
a mechanical rotary pump to remove the residual oxygen,
the quartz tube was evacuated to ~2 Pa before heating.
Next, the carrying gas mixed with O, (flow rate of
50 sccm) and Ar (flow rate of 300 sccm) was introduced
from one end of the quartz tube after the furnace was
heated to 750 °C at a rate of 10 °C/min. The evaporation
was performed at 750 °C for an hour. After the experiment
was over, the furnace was cooled naturally to room tem-
perature. Finally, the Cu-doped ZnO nanocombs have been
successfully obtained. The prepared samples displayed the
light yellow surface layer on the Si substrate. Temperature-
dependent micro-Raman scattering spectra were performed
in a backscattering geometry of z(x,—)z configuration
using a high-resolution Jobin—Yvon LabRAM HR 800UV
system. The 514.5-nm line of an Ar ion laser was focused
on four samples (a laser spot size of ~1.3 um) by a 50x
optical microscopy objective with a numerical aperture of
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0.5 yielded. A PHI Quantum 2000 X-ray photoelectron
spectroscopy (XPS) (Chanhassen, MN, USA) was
employed to measure the bonding characteristics. The
morphologies of Cu-doped ZnO nanocombs were obtained

by field emission scanning electron microscopy (FE-SEM)
(Philips XL30FEG).

3 Results and discussion

Figure la displays the room-temperature Raman spectra of
four Cu-doped ZnO nanocombs with different Cu contents.
We have assigned the modes at ~437 cm™' [the sharp
Raman peaks], ~330, ~384, and 580 cm™! to the E;.
(high) phonon modes, the second-order acoustic mode, A,
transverse optical mode, and E longitudinal optical mode,
respectively [17]. These phonon behaviors are character-
istics of Cu-doped ZnO nanocombs, which will provide
much physical information on the alloy disorder effect and
electronic state localization [3]. It is noted that the E,(high)
phonons shift to lower frequency and asymmetrically
broaden as the Cu composition increases. In addition, an
additional mode near 534 cm ™' is found in the Cu-doped
7ZnO nanocombs, which can be attributed to the substitu-
tional incorporation of Cu ions into the host ZnO lattice
[18]. Moreover, the intensity of the additional mode
enhances with the Cu composition increasing, indicating
that more lattice defects triggered by Cu doping are
introduced in Cu-doped ZnO samples. As an example,
Fig. Ib presents the XPS spectra of Cu-doped ZnO
(1.17 %), and the inset shows the typical FE-SEM image of
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Fig. 1 a Room-temperature spectra of Cu-doped ZnO with different
Cu compositions, b XPS of Cu 2p for Cu-doped ZnO (1.17 %)
nanocombs, together with the corresponding SEM pattern shown in
the inset, ¢ asymmetry I',/I's and Raman shift Aw of the E,(high)
phonon mode versus Cu content, d temperature-dependent Raman
spectra of Cu-doped ZnO (1.17 %) nanocombs
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the corresponding sample. The peaks of Cu 2p3/2
(933.1 eV) and Cu 2p1/2 (952.5 eV) demonstrate that Cu
ions are a bivalent state in Cu-doped ZnO nanocombs [19].
That is consistent with room-temperature Raman spectra of
Cu-doped ZnO nanocombs (Fig. 1a).

Figure 1c exhibits the asymmetric ratio I',/I's (solid
squares) and the frequency shift Aw from that of pure ZnO
nanocombs (solid circles) as a function of Cu content,
where I', (I'p) is defined as the low-frequency (high-fre-
quency) half width at half maximum in the phonon line.
The asymmetric ratio I',/I"s and the frequency shift Aw of
the E,(high) phonon increase with the increasing of Cu
content. This result comes from the alloy potential fluctu-
ation, since not only topological disorder but also structural
disorder is induced by atom substitution in ternary alloys
[12, 20]. As a result, the disorders break the translational
symmetry, leading to the contribution of ¢ # 0 phonons to
the Raman line shape. In order to accurately calculate the
frequency shift and linewidth of E, phonon modes, we
have employed spatial correlation model (SCM) to fit the
Raman spectra of E,(high) phonon mode in different
temperatures. Figure 1d shows the temperature dependence
of Raman spectra of the E,(high) phonon mode in the Cu-
doped ZnO nanocombs with 1.17 % Cu composition in the
range from 83 to 443 K. It is found that the E,(high)
phonon peak broadens and shifts to lower frequency with
increasing temperature. In the following, we mainly focus
on the changes of the Raman shift, linewidth, and lifetime
of the E,(high) mode in Cu-doped ZnO nanocombs with
temperature.

Figure 2 shows the Raman frequencies of the E,(high)
mode as a function of the temperature for four Cu-doped
ZnO nanocombs. The Raman frequency decreases with
increasing temperature, because of the thermal expansion
of the lattice and the anharmonic coupling of the phonon.
Including the temperature-dependent peak position, the
Raman frequency w(7) can be shown as [21]:

o(T) = wo + Aw (T) + A (T) (1)

where @ is the harmonic frequency, Aw,;(T) is the fre-
quency shift due to the thermal expansion of the lattice and
can be written as Aw(T)= —woy fOT [oe(T') + 201,
(T’)]dT’, with y the Griineisen parameter [22], o, and a, the
parallel and perpendicular temperature-dependent coeffi-
cients of linear thermal expansion of ZnO, respectively
[23]. Aw,(T) is the frequency shift due to phonon decay
processes.

The phonon decay term Aw,(T) depicts the anharmonic
coupling between phonons. Considering the anharmonic
phonon coupling to two phonons (three-phonon process)
and three phonons (four-phonon coupling), it can be given
by [21]
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Fig. 2 Measured Raman shifts of the E,(high) phonon mode in Cu-
doped ZnO nanocombs with different Cu compositions as a function
of temperature. The experimental values are shown as the solid
squares. The solid curves display the theoretical calculation results
relating the contributions from the different terms in Eqgs. (1) and (2),
respectively, with wq (dashed-dot-dotted curves), wy + Aw, (dashed-
dot curves), wy + Aw, (dashed curves)

2
AU)d(T) = A (] + 7e(hwo/2kBT) — 1>

3 3
+B<1 + e(hoo/2ksT) | + (clhon/2kT) 1)2>

(2)

The anharmonic constants A and B are related to the rel-
ative probability of the occurrence of each process and
taken as fitting parameters to the experimental data.
However, the E,(high) phonon cannot decay into two
longitudinal acoustic (LA) or transverse acoustic (TA)
phonons of equal frequency and opposite wave vector in
the three-phonon process for ZnO, since one half of the
E>(high) phonon energy is less than the energy gap
between the acoustic and optical phonon branches
(@E, (high) <2mwLATA) [22]. On the other hand, E,(high)
phonon is located at the lower edge of the optical phonon
branch, so it also cannot decay into a transverse optical
(TO) phonon and a TA (LA) phonon. In consequence, we
only need to take into account the four-phonon process for
the fitting of the decay of the E,(high) phonon in Cu-doped
ZnO nanocombs with the symmetric decay of zone-center
phonons into three phonons to the frequency wg/3,
respectively. The solid curves in Fig. 2 are the calculated
phonon frequencies with an increase in temperature using
Egs. (1) and (2). The fitting parameters wy and B are given

@ Springer



814 Page 4 of 5

J. F. Kong et al.

Table 1 Fitting parameters for

the Raman frequencies, Cu content wo (cm_l) B (cm_l) Iy (cm_l) C (Cm_l) Tanharmonic (PS)

linewidths, and lifetimes of the 83 K 308 K 433 K

E>(high) phonon mode of Cu-

doped ZnO nanocombs 0 439.81 —0.011 431 0.31 1.70 0.65 0.29
1.17 % 439.19 —0.034 6.05 0.39 1.66 0.64 0.28
2.36 % 438.99 —0.096 10.25 0.40 1.64 0.63 0.28
324 % 438.90 —0.137 12.11 0.55 1.58 0.60 0.26

in Table 1 in the case of different Cu compositions. We

note that the results of theoretical analysis agree well with o Zn0O

the experiments of the Raman shift with an increase in § /3

temperature under different Cu compositions. In order to £ M l

distinguish the contributions of the lattice thermal and = M (b)

anharmonic decay effect for the Raman shift, we have also 5 5 M

presented the net contribution of Aw;(T) and Aw,(T) in 12F 2 230 §

Fig. 2. It is noted that the anharmonic decay to other 2 | Q1T Cuo

phonons is mainly responsible for the Raman frequency s ME

. . £ I

downshift through four-phonon processes with low Cu 3 06 M

composition, especially in the high-temperature range. 3 M (b"

However, the lattice thermal process also plays a key role 03 [ (¢)

in the Raman frequency downshift with high Cu compo- 100 200 300 400 0 200 400 600 800

sition (3.24 %).

Several factors, involving the finite resolution of the
spectrometer [24], the alloy-induced disorder, and the
anharmonic decay of the phonon [25], all contribute to the
linewidth broadening I'(T) of the Raman peaks, whereas
the finite resolution of the spectrometer and alloy-induced
disorder induced the phonon linewidth broadening, which
are not dependent on the temperature. Although the lattice
thermal expansion is leading to the Raman frequency shift,
it is not responsible for the broadening of the phonon
peaks. Therefore, the pure anharmonic broadening mainly
results in the decay into lower-energy phonons for the
temperature-dependent phonon linewidth. Similar to the
temperature-dependent Raman frequency, the phonon
linewidth can be expected by the assumption of the
asymmetric decay into two phonons with frequencies w
and w, and symmetric decay into three phonons with fre-
quency mg/3. According to the above analysis, the asym-
metric two-phonon decay process will not occur for the
E5(high) phonon mode in Cu-doped ZnO nanocombs, and
thus, the temperature-dependent phonon linewidth I'(T)
can be described by [21]:

F(T) = FO + Fanharmonic

3 3
oo/ 2ksT) _ | (elhoo/2ksT) — 1 )2

(3)

where I is attributed to inherent defect or impurity scat-
tering. The second term represents the symmetric decay of
four-phonon process. Anharmonic constant C is related to
the probability of the occurrence of this process. Figure 3a

=Ty+C|1+
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Fig. 3 a Measured Raman linewidths of the E,(high) phonon mode
in Cu-doped ZnO nanocombs with different Cu compositions as a
function of temperature. The solid curves display the theoretical
calculation results with Eq. (3). b The calculated phonon DOS of pure
7ZnO recorded in Ref. [22], and b the calculated phonon DOS of CuO
recorded in Ref. [27]. The position of wy/3 is marked by an arrow.
¢ Lifetime t(7) of the E,(high) phonon mode of Cu-doped ZnO with
different Cu compositions as a function of temperature. The solid
curves are the theoretical calculation results with Eq. (4)

displays the temperature-dependent linewidths of the E,.
(high) phonon mode in Cu-doped ZnO nanocombs using
the least-square fit of Eq. (3) (solid curves). The fitting
parameters I’y and C are also presented in Table 1.

It is worth noting that the value of w( varies with Cu
composition, which can be ascribed well to the variation of
the lattice constant. Due to the incorporation of Cu sub-
stitutionally into the Zn sublattice, the lattice constants of
ZnO increase with the increasing in Cu composition [26],
leading to the decrease in wq. Furthermore, we can also
clearly observe that the anharmonic constants B and C of
the E,(high) phonon mode in Cu-doped ZnO alloys are
bigger than that in pure ZnO nanocombs, as given in
Table 1. In Cu-doped ZnO, the increasing impurity-in-
duced disorder with the Cu composition gives rise to an
increase in phonon density of states (DOS), resulting in an
increase in the probability of inelastic (anharmonic) scat-
tering between phonons and the substitutional atoms. In
addition, such a behavior is consistent with the calculated
phonon DOS of ZnO given by Serrano et al. (as shown in
Fig. 3b) [22], where the intensity of wg/3 (~ 147 cm_l)
increases with the decreasing of p, indicating an
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increasing of the occurrence probability of four-phonon
process. Moreover, the decreasing of wg with Cu compo-
sition also results in an increase in the phonon DOS in Cu-
doped ZnO due to the increasing CuO phonon DOS (the
lowest intensity at ~ 150 cm™ ') (as shown in Fig. 3b/)
[27]. As a consequence, the anharmonic constants due to
impurity-induced disorder enhance with the increase in Cu
composition. On the other hand, the increasing temperature
produces larger numbers of phonons, which also result in
an increase in probability in inelastic (anharmonic) scat-
tering between phonons and the substitutive atoms
[15]. The probability of inelastic decay of phonons will
become bigger with the increasing number of the substi-
tutive atoms. Therefore, the impurity-induced disorder
anharmonicity is quite obvious by an increase in temper-
ature in these Cu-doped ZnO nanocombs.

Finally, it is well known that the linewidth broadening is
usually connected with the lifetime t(7) of the decay pro-
cesses of the involved phonons. The estimated relaxation
time can be written by [15, 21]:

1 1 1
- = + ) (4)

T Telastic Tanharmonic

where Tepsic = 1/(27cl) is closely related to the elastic
scattering, and Tapharmonic = 1 / (anF anharmonic) is relation
to the anharmonic decay, with ¢ the velocity of light. Fig-
ure 3c exhibits the lifetimes 7(7) of the E»(high) mode in Cu-
doped ZnO nanocombs with different Cu compositions as a
function of temperature, and the solid curves are the theo-
retical fitting results. The anharmonic decay time (Tuunar-
monic) Of the E,(high) phonon mode in Cu-doped ZnO
nanocombs is also listed in Table 1. It is significant that the
lifetime of the E,(high) mode becomes shorter with an
increase in Cu composition and lattice temperature. It is
reasonable and understandable that the phonon mean free
path decreases with the increase in temperature due to the
thermal interaction, while the anharmonicity due to disorder
further enhances the decay of the E,(high) mode in Cu-doped
ZnO.

4 Conclusions

In summary, temperature-dependent Raman spectra have
been investigated in detail under the temperature range from
83 t0 443 K for the Cu-doped ZnO nanocombs with different
Cu compositions (0-0.324 %), grown by a simple catalyst-
free chemical vapor deposition method. By the aid of SCM
model, We obtain the phonon frequencies and linewidths of
the E,(high) mode in Cu-doped ZnO nanocombs throughout
the temperature ranges (83-443 K). A statistical model
involves the contributions of the thermal expansion, and
symmetric four-phonon coupling has been employed to fit

the temperature-dependent frequencies and linewidths. We
have explained in detail that the frequency shift and line-
width of E(high) phonon mode vary sensitively with tem-
perature and Cu composition in Cu-doped ZnO nanocombs.
Due to the variation in the lattice structure and phonon
density of states in Cu-doped ZnO, we can find that the
contribution of anharmonic effects of the four-phonon pro-
cess enhances with the increase in Cu composition.
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