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A comprehensive study on Raman spectroscopy with different excitation wavelengths, sample sizes, and sample

shapes for optic phonons (OPs) and acoustic phonons (APs) in polar and non-polar nano-semiconductors has been

performed. The study affirms that the finite size effect does not appear in the OPs of polar nano-semiconductors, while

it exists in all other types of phonons. The absence of the FSE is confirmed to be originated from the long-range Frohlich

interaction and the breaking of translation symmetry. The result indicates that the Raman spectra of OPs cannot be

used as a method to characterize the scale and crystalline property of polar nano-semiconductors.
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1. Introduction

Due to the finite size effect (FSE), the Raman
spectral feature of phonons will change with sam-
ple sizes and shapes.[!l The FSE on the Raman fre-
quency has been observed in Ge,?! Si,[®l diamond, !

(5] Besides,

and single-wall carbon nanotubes (NTs).
we observed in nano-semiconductors that the Raman
frequency also shifted with the excited light wave-
length, which was named as diameter-selective Ra-
man scattering (DSRS) or resonant size selection
effect (RSSE),I"! and had been confirmed to be a man-
ifestation of the FSE.[%7 Although the FSE on Ra-
man spectral features has been accepted widely, the
RSSE and the FSE were not observed in some nano-
semiconductors.3~10 Up to date, the absence of RSSE
and FSE was reported only in optic phonons (OPs) of
polar nano-semiconductors, and it is not clear whether
they exist in OPs of non-polar nano-semiconductors
and acoustic phonons (APs), as well as, whether they
relate with the sample shapes. Moreover, the origin
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and the nature of the absence of the FSE have not
been exposited yet. Obviously, it is very important
not only in science but also in technologic application.
In this paper, we present a comprehensive Raman
spectral study on the FSE of the Raman frequency
for not only OPs but also APs in both polar and
non-polar nano-semiconductors with different sample
shapes. The origin and the nature of the absence of
the FSE will be discussed. We have found some new
phenomena in this comprehensive study based on a

series of previous experiments.

2. Experiment

In the experiments, the size-distributed samples
with different shapes were used, which were the po-
lar ZnO nano-particles (NPs, 8 nm)!" and NTs
(30-100 nm),[*? polar GaN nano-wires (NWs, 6-
13 nm)™3 and NPs (20-80 nm),[** and non-polar di-
amond NPs (20 nm).[**) Besides, the nearly uniform
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sized ZnO NPs (d; ~ 5.7 nm, ds ~ 17.5 nm, and
ds ~ 18.2 nm)!*% and diamond NPs (D; ~ 10 nm,
Dy ~ 20 nm, and D3 ~ 30 nm)[15] were also used.
Spectral measurements were performed by using
Renishaw 1000 Raman microprobes at room temper-
ature with the back-scattering geometry. The lasers
of 488 nm, 515 nm, 633 nm, and 785 nm were used
on different samples in the experiments respectively.
The Raman spectral measurements were done with
a spectral resolution of about 1-2 ¢cm™!, which was
dependent on the excitation wavelength. The laser

power was kept low, and thus no heating effect was

3. Results and discussion

Firstly, the results of study on the RSSE, i.e.,
the dependence of Raman frequency on the excita-
tion wavelength Aey, for polar ZnO NPs and NTs,
GaN NWs and NPs, and non-polar diamond NPs are
shown in Figs. 1 and 2. In Fig. 1, the Raman spectra
of the first-order APs do not appear as we could not
measure them, which is because the first-order scatter-
ing of APs is forbidden in bulks!!] and the first-order
scattering permitted in nano-semiconductors is usu-
ally pretty weak. Instead, the observed Raman spec-
tra of second-order APs 2TAH and 2LAM are shown

observed. together with the second-order OP 2Eq(L).
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Fig. 1. Observed Raman spectra and Raman frequency shifts versus excitation wavelength Aex for polar ZnO NPs
((a) and (b)) and NTs ((c) and (d)), as well as polar GaN NPs ((e) and (f)) and NWs ((g) and (h)). Labels Ea(L),
E2(H), EiT, A1, and Aj1, mark low-frequency Eg, high-frequency Eg, transverse E1, transverse A1, and longitudinal

A1 OP modes, respectively; LA and TA mark longitudinal and transverse A symmetry APs, respectively. Superscripts

M and H mean the frequency values taken at M and H boundary points of the Brillouin zone, respectively. Number 2

represents the second-order scattering.

From Fig. 1, it can be found that the frequencies
w of all observed first-order OPs Eo(H), E11, A1, A1
and second-order OP 2E5(L)™ do not shift with the
excitation wavelength, while the frequencies of double
longitudinal and transverse APs 2LAM and 2TAH at
M and H boundary points of the Brillouin zone both
change with the excitation wavelength, and the later

matches the observed Raman spectral results of first
order APs in ZnO NPs with various sizes reported in
Ref. [17]. These results affirm that the RSSE does
not exist in OPs but exists in APs of ZnO and GaN
nano-semiconductors, which is also independent of the
sample shapes. Figure 2 shows that the RSSE exists
in OPs of diamond NPs.
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Fig. 2. (a) Observed Raman spectra and (b) Raman

frequency shift versus excitation wavelength Aex for non-
polar diamond NPs. Label OP marks the optical phonon
mode.

The direct exhibition of FSE on Raman frequency

is shown by using the observed results of Raman fre-
quency shifts with sample sizes for polar ZnO and non-
polar diamond NPs. The results are shown in Fig. 3,
which indicate that the FSE does not exist in OPs of
ZnO NPs, but exists in APs of ZnO NPs and OPs of
diamond NPs.

shown in Figs. 1 and 2.

These results corroborate the results

The results shown in Figs. 1-3 exhibit a regular
pattern that the FSE only absents in the OPs of polar
nano-semiconductors regardless the shapes of the sam-
ples, while the other kinds of phonons including all of
APs and the OPs in non-polar nano-semiconductors
exhibit the FSE.
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Fig. 3. Observed OP Raman spectra and Raman frequency shifts versus sample sizes for polar ZnO NPs ((a)

and (b)) and non-polar diamond NPs ((c) and (d)).

For the absence of the FSE, Demangeot et al.["]
suggested that it could be explained by using a very
flat optical phonon dispersion curve near the center
of the Brillouin zone, resulting in that the FSE could
not cause a notable effect on the change of phonon
energies. Note that in general, the phonon disper-
sion relation of nano-semiconductors is not the same

as that of the bulk materials, therefore, the validity

of the suggestion based on the traditional bulk dis-
persion curve is questionable. Nevertheless, we test
this explanation based on bulk dispersion curves. Ac-
cording to the theoretical dispersion curves of ZnO!®!
and GaN[9 bulks, we estimate the deviated values
away from the zone center at 1/3 position along high-
symmetry directions I' - K, I' — M, and I' — A of

the Brillouin zone, as listed in Table 1.

Table 1. Estimated wavenumber values (cm 1) deviated away from the zone center at 1/3 along high-symmetry
directions I' — K, I' — M, and I" — A of the Brillouin zone for ZnO['8 and GaN.[9]

Phonon mode Gal Zn0O
I' - K I —- M I — A I' - K I — M I — A
E1L -5 0 —a) 30 14 )
Ayr 10 10 —a) 13 13 a)
Aqp, —a) —a) -5 19 10 2
Eo(H) 15 15 19 11 -5
Eir 10 2 -16 -16 -8
Eo (L) 45 20 -5 0 0 -16

) In these high-symmetry directions, the dispersion curves were not presented in Refs. [18] and [19].

097801-3



Chin. Phys. B Vol. 21, No. 9 (2012) 097801

We consider that if the deviated value is larger
than the largest measured error of 2 ecm™1, the corre-
sponding dispersion curve cannot be considered as a
flat one near the center of the Brillouin zone. From
Table 1, we can see that for all the OP modes, there
is no phonon with its deviated wavenumber smaller

than 2 cm™!

away from the zone center at 1/3 along
the three high symmetry directions of the Brillouin
zone. However, the experiments shown that no FSE
appears in these modes, meaning that the above in-
terpretation is not reasonable. To seek a reasonable
interpretation, we should get rid of the traditional idea
and start from the analyzing of all experimental facts
carefully.

We pay attention to the fact that the absence of
the FSE summarized above appears only in the OPs
of polar nano-semiconductors. It is well known that
the key difference between polar and non-polar semi-
conductors is whether the individual atoms carry elec-
trical charge or not. This implies that the polar semi-
conductors must possess a long-range Coulomb po-
tential induced by the electrical charge, in addition to
the short-range van der Waals deformation potential
that exists in all non-polar and polar semiconductors.
Moreover, note that the OPs are the collective excita-
tion of out-phase vibration of atoms/ions in lattices,
while the APs are the in-phase vibration.!??! Thus, the
OPs in polar semiconductors produce a unique long-
There-
fore, it is reasonable to expect that the Frohlich inter-

range Frohlich electron—phonon interaction.

action is the origin of the absence of the FSE.
The relation of Frohlich interaction Hp, with
phonon wavevector ¢ and sample volume V can be

approximately expressed as[?!]

S (1)

Formula (1) demonstrates that the small volume V
makes the Frohlich interaction be critical in the nano-
semiconductors comparing with its role in the bulks.
In fact, the Frohlich interaction induced scattering
in nano-semiconductors and superlattices has been

(2] Besides, formula (1) indicates that

emphasized.
the Frohlich interaction plays a key role at ¢ ~ 0
of the Brillouin zone. Based on the above two fac-
tors, the Raman scattering of OPs in polar nano-
semiconductors is possible to occur at ¢ ~ 0 only,
and thus the frequency must be independent of the
sizes of nano-semiconductor samples. Therefore, the
absence of the FSE observed above is possible to be

well interpreted by means of the Frohlich interaction.

Moreover, for multi-phonon (MP) Raman scattering,
the occurring of Raman scattering only at ¢ ~ 0
also implies that Raman frequencies of higher order
k phonons, wy, should be integral times of the fre-
quency of the first order phonon wy, i.e., wp = kw;.
This is against to the traditional viewpoint that the
MP Raman spectrum is related to the phonon den-
sity of states (PDOS) and thus the Raman frequen-
cies of MP should not be integral multiples of SP, i.e.,
wi = kw; should not occur.?® This implies that if
wr = kw; is observed, the above proposition on the
origin of the absence of the FSE is confirmed indepen-
dently. The relation of wy = kw; has been observed in
the experiments reported by our group,?¥ and thus a
solid confirmation for the above explanation has been
given.

The active region of Frohlich interaction Hpy, is
estimated at the scale of a unit cell, i.e., 1-10 nm,
while that of the deformation potential interaction
is the space between atoms at the lattice sites, i.e.,
around 0.1 nm. This implies that the characteristic
lengths of the phonons possessing the Frohlich inter-
action and the deformation potential interaction are
1-10 nm and 0.1 nm, respectively. It is well known
that an infinite system possesses the translation sym-
metry. However, no physical system is ever infinite
in a spatial space, so an infinite system is described
as such a system that the boundary influences can
be ignored.[?® Obviously, the boundary influences for
the phonons with the deformation potential interac-
tion and with the Frohlich interaction cannot show
any difference in the case of bulk samples with the
scale of larger than 100 nm; however, it must be dif-
ferent for the nano-semiconductor samples with the
size of around 10 nm. Thus, it should be expected
that the translation symmetry is broken for the OPs
in polar nano-semiconductors and is maintained for
all the other kinds of phonons with only the deforma-
tion potential interaction. Moreover, it is well known
that if a solid has no translation symmetry, it must
not have the long-range order and be amorphous; cor-
respondingly, its Raman spectrum should possess an
amorphous feature.[? Therefore, the feature of Ra-
man spectra can be used to test whether the mainte-
nance or breaking of the translation symmetry. Ref-
erence [27] reported that although the Raman spec-
tra of non-polar crystalline semiconductors, such as
porous silicon and Si NWs, exhibited the crystalline
Raman feature, the Raman spectra of OPs in polar
nano-crystalline semiconductors GaN and ZnO pos-
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sessed amorphous features. Thus it can be conclude
that the proposition on the loss of long-range order
and the breaking of translation symmetry is true.

4. Conclusion

In summary, we perform a comprehensive Ra-
man spectral study and affirm that the FSE occurs
in all APs and OPs except for the OPs of polar nano-
crystalline semiconductors. Based on the fact that the
long-range Frohlich interaction occurs only in the OPs
of polar semiconductors, we propose that the absence
of the FSE is originated from the Frohlich interac-
tion. This proposition is confirmed by the observed
relation of MP Raman frequency wy = kw;. We also
suggest that the Frohlich interaction in polar nano-
semiconductors results in the loss of long-range or-
der and the breaking of translation symmetry in OPs.
This suggestion is confirmed by the amorphous feature
of the Raman spectra of OPs in polar nano-crystalline
semiconductors. The above results are very important
in Raman spectral applications, for example, Raman
spectra of OPs in polar nano-semiconductors cannot
be used as a characteristic method to test the FSE
and to obtain the information on scale and crystalline
property of polar nano-semiconductors, although it
has been successfully and widely used as a charac-
teristic method in bulk and nano-materials.
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