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In this letter, using both off-resonant and resonant Raman spectroscopic techniques, the correlation
of optical phonons and structural disorder in As+ implanted ZnO single crystals has been
investigated. An additional broad peak shoulder at 550 cm−1 between the transverse optical and
longitudinal optical 共LO兲 phonons was clarified to be resonant Fröhlich optical phonon mode in the
framework of effective dielectric function. Under resonance condition, an asymmetric broadening
and softening of the LO phonon along with a blueshifted luminescent peak revealed the decreasing
phonon coherent length and nanocrystallization with increasing fluence, respectively, in good
agreement with the observations of transmission electron microscopy and atomic force
microscopy. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3067997兴
Recently, ion implantation technique has been attempted
in ZnO to realize p-type conductivity.1–3 However, the ionbeam interaction introduces lattice disorder and extended defect regardless of the pronounced dynamic annealing
process.4–8 Hence, a thorough understanding of damage accumulation and stability of implantation induced defects is
highly desirable. Raman scattering, as a nondestructive
method, could be employed to monitor the implantation induced lattice modifications and disorders.8–11 In ZnO, the
anomalous vibrational band between 520 and 600 cm−1 has
been ascribed to the ion bombardment induced disorderactivated longitudinal optical 共LO兲 modes,8,10,11 while the
similar bands, named as “surface optical phonons,” also appeared in some ZnO nanostructures.12,13 Recently, Friedrich
and Nickel9 clearly established that the 577 cm−1 mode in
the resonant Raman spectra of H- and N-implanted ZnO is
due to the resonantly enhanced LO phonons via Fröhlich
interaction. In fact, the frequencies of the Fröhlich modes
can be tuned within the frequency gap between bulk transverse optical 共TO兲 and LO phonons, strongly dependent on
the environment of the host material lattice. In this letter, we
revisit the interpretation of this anomalous vibrational band
to be Fröhlich character in the framework of the effective
dielectric function. The correlation of optical phonons with
lattice disorder and surface modification has also been discussed.
The samples used were high quality single crystal ZnO
共0001兲 grown by hydrothermal method. 150 keV As+ ions
were homogeneously implanted at the fluence range from
2 ⫻ 1013 to 5 ⫻ 1015 cm−2 at room temperature, and the
samples were tilted 7° relative to the incident beam to minimize channeling effect. Figure 1共a兲 shows the bright-field
cross-sectional transmission electron microscopy 共XTEM兲 of
ZnO implanted with As+ fluence of 5 ⫻ 1015 cm−2. Three
regions with distinct image contrast are observed, as denoted
by A, B, and C and shown in Figs. 1共b兲–1共d兲, respectively.
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Small defect clusters or dislocations are visible inside region
C, as accompanied by numerous stacking faults perpendicular to the 关0001兴 direction. The upper edge of the buried
damage region B contains minimal damages as a consequence of dynamic annealing during implantation,6,7 and the
defects are larger in size and smaller in density, exhibiting
asymmetric distribution along depth. The surface layer indicated by A comprises misoriented nanocrystallites.
The Raman measurements were carried out at room
temperature using the Ar+ laser 共514 nm兲 and He–Cd laser

FIG. 1. 共a兲 High-resolution bright-field XTEM image of 5 ⫻ 1015 cm−2 As+
implanted ZnO single crystal, and 共b兲–共d兲 are the enlarged images of regions
A–C denoted in image 共a兲, respectively.
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FIG. 2. 共Color online兲 共a兲 Off-resonant Raman spectra of undoped and
different fluence implanted ZnO. 共b兲 The line shape fitting and experimental
phonon peaks of As+ implanted ZnO with a fluence of 8 ⫻ 1014 cm−2.

共325 nm兲 as the excitation sources for off-resonant and resonant measurement, respectively. Figure 2共a兲 shows the offresonant Raman spectra of ZnO samples implanted with
different As+ fluences. The E2H modes around 437 cm−1 decreased in intensity and broadened gradually with the increasing fluence, while the intensity of forbidden LO modes
around 575 cm−1 increased gradually, as compared to that of
undoped ZnO. These features revealed an increased lattice
disorder within the implanted layer. The distinct broad
modes around 520– 580 cm−1 become intense accompanied
by LO modes, as commonly observed in the Raman spectra
of implanted ZnO.8–11 Numerous studies correlate this
anomalous vibration mode to be the disorder-active LO
phonons, originating from high density of phonon states of
high-energy phonon branch.8,10,11 However, the similar vibration bands have also been reported as the interfacial optical phonons, exhibiting strong dependence on the dielectric
constant of the surrounding medium.12–14 In fact, these two
interpretations are consistent and the physics behind is resonant Fröhlich optical phonons.15–19 The total vacancy concentration caused by ion bombardment is much higher than
that of the implanted ion. Even if 1% of vacancies could be
present, its density is still as high as 1021 cm−3 for ion fluence of 5 ⫻ 1015 cm−2. In other words, the buried damage
layer consists of high density vacancy clusters and the relative porosity of ⬃1% of implanted layer. For porous material, the effective dielectric function will be different with
bulk material,

FIG. 3. 共Color online兲 Resonance Raman spectra of As-implanted ZnO
with different fluences in the ranges of 共a兲 350– 750 cm−1 and 共b兲
1800– 5500 cm−1.

= 574 cm−1, A1T = 380 cm−1, E1T = 408 cm−1, ⬁ = 3.7, N
mⴱ = 0.28me,
and
mobility

= 1.65⫻ 1017 cm−3,
2
= 5 V s / cm , the Fröhlich mode will be originated from the
ZnO
+ vac = 0, and the cordamaged layer 共c → 0兲 in terms of ⬜
−1
responding frequency is 553 cm , which is in the region of
the broad shoulder as shown in Fig. 2.
Next, we employ the same approach as described in the
case of Raman spectra of porous GaP 共Ref. 16兲 and GaN
nanocolumn15 to probe the Raman peak appearing at
550 cm−1. This peak was deconvoluted by multi-Lorentzian
fitting, where the Raman line shape is derived by the dominant excitation of extraordinary phonons with the averaging
weight due to multiple scattering,15,16
Ieo ⬃ Im关− 1/共储 cos2  + ⬜ sin2 兲兴exp共− 2/2兲,

共4兲

where  is the angle between the exciting light wave vector
and the direction parallel to the c-axis. The best fit obtained
in this way is shown in Fig. 2共b兲 by the dashed curve, which
is in reasonable agreement with the experimental spectrum
with porosity c of 2.5%. We note that the broad shoulder
below bulk LO mode is essentially due to the changes in the
dielectric constant of buried damage region and thus can be
employed to monitor the radiation effect on lattice modification. With increasing ion fluence, much increased in intensity. However, no measurable shift in this mode can be observed under off-resonant condition. This may be due to the
competition of the decreasing effective dielectric constant
储 = 共1 − c兲vac + cZnO
,
共1兲
and increasing plasmon frequencies caused by vacancies储
induced porosity and high free carrier concentration in the
ZnO
buried damage layer, respectively.16,17
+ 共1 − c兲vac vac
共1 + c兲⬜
 ,
共2兲
⬜ =
The implantation induced structural modification at the
ZnO
共1 − c兲⬜
+ 共1 + c兲vac
surface has been further addressed by the resonant Raman
spectrum with a small penetration depth of 325 nm line laser.
where c is the relative porosity of implanted ZnO and vac
The resonant Raman spectra in Fig. 3共a兲 show that the inten= 1. Taking into consideration the plasmon contribution, the
sity of LO phonons is enhanced greatly under resonance condielectric functions of ZnO are written as
dition, which implies the strong contribution of Fröhlich in2
teraction to the forbidden LO phonon scattering efficiency.20
A2 1L共E1L兲 − 2 − i␥

p
ZnO
−
,
储共⬜兲 = A1共E1兲 = ⬁
Another characteristic feature is that the asymmetric broadA2 1T共E1T兲 − 2 − i␥ 2 + i⌫
ening and measurable shift in the LO and two LO phonons
⌬ in the range between 3.5 and 8.7 cm−1 as the fluence
共3兲
increases from 2 ⫻ 1013 to 5 ⫻ 1015 cm−2, respectively. Ion
where A1共E1兲 is the uncoupled phonon frequency of the
implantation is an effective method to modify the surface
A1 共E1兲-type mode,  p = 冑Ne2 / ⬁mⴱ is the plasmon freporosity and nanocrystallization.7,21,22 It is evidently obⴱ
quency, ⌫共=e / m 兲 is plasmon damping rate, ␥ is phonon
served by atomic force microscopy 共AFM兲 in Figs. 4共b兲 and
4共c兲 that many nanosized voids are exposed to the surface,
damping rate, and N and mⴱ represent free carrier density and
resulting
in the
surface roughening. The root-mean-square
A1L
effective
mass of
electron,in respectively.
Given
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FIG. 4. 共Color online兲 共a兲 The calculated grain sizes and coherence length as
a function of As+ ion fluences. The coherence length was estimated from the
frequency shift of LO phonons in terms of well-known Phonon Confinement
Model. The grain sizes were estimated from the relationship between band
gap and size of nanocrystallites in terms of effective mass model. 共b兲 and 共c兲
are the AFM images of samples implanted with As+ fluences of 2 ⫻ 1014 and
5 ⫻ 1015 cm−2, respectively.

roughness increased from 1.09 to 4.86 nm with increasing
ion fluence from 2 ⫻ 1013 to 5 ⫻ 1015 cm−2. The lattice
within surface layer A extended only several nanometers and
misoriented with each other. Thus, these misoriented nanocrystallites will enhance the strength of intrinsic Fröhlich
interaction due to relaxation of the q = 0 selection rules and
⬃q2 proportional dependence in the finite-size domain.20 The
related phonon coherence length 共L兲 or the average size of
the undamaged crystalline regions could be evaluated by the
Raman shift of LO phonons in terms of the well-known
phonon confinement spatial model.23 The estimated phonon
coherence lengths 共L兲 shown in Fig. 4共a兲 decrease from
6.1 to 8 nm with ion fluencies increasing from 2 ⫻ 1013 to
5 ⫻ 1015 cm−2, indicative of nanocrystallization processes
during ion implantation.
The nanocrystallization effect of ion implantation is also
reflected by the modification of band gap with implanted
layer. Figure 3共b兲 shows the wide range resonance Raman
spectra of samples with different ion fluences. Besides LO
phonon peaks and interference oscillations, the broad peak of
hot luminescence shows a distinct blueshift from 3.264 to
3.412 eV with increasing ion fluence of 2 ⫻ 1013 – 5
⫻ 1015 cm−2. The electron energy loss spectra also exhibit a
wide band gap of about 3.45 eV within the implanted layer
for ion fluence of 5 ⫻ 1015 cm−2. The dominant origin of
band gap widening should be the quantum confinement
within the finite size of nanocrystallite, which has been extensively evaluated in other ZnO quantum structures.24
Based on the effective mass model, the evaluated sizes of
nanocrystallites increase from 3.8 to 26.2 nm with ion fluence increasing from 2 ⫻ 1013 to 5 ⫻ 1015 cm−2, in reasonable agreement with the phonon coherence length estimated
from LO phonon frequency shift, as shown in Fig. 4共a兲. The
slight overestimate of phonon coherence length is due to the
small redshift of LO phonons, which can be affected by other
factors. First, the extrinsic Fröhlich interaction mediated by
the localized electronic states bound to defect or impurity
could enhance the forbidden scattering efficiency independent of wave vector q, and thus will not cause the shift in
resonant LO phonons.25 Second, the increase in free carrier

concentration with increasing ion fluence will cause the increased frequencies of LO-plasmon coupling modes. This
will in turn lead the blueshift of LO phonons. The estimated
values of LO phonon and band gap were very close to the
statistic size by TEM investigation in Fig. 1共a兲. This indicates the validity and feasibility of nondestructive analysis
on damages and disorders in implanted sample by Raman
measurement.
In summary, we have investigated the correlation of
Fröhlich optical phonons with lattice disorder and surface
modification in As-implanted ZnO. The asymmetric broadening and softening of Fröhlich optical phonons revealed the
decreased phonon coherence length in the implanted layer,
indicative of nanocrystallines and nanoporosity. The band
gap widening by implantation also confirmed the nanocrystallization process, in good agreement with the observations
of TEM and AFM.
This work was supported by the Singapore Agency for
Science, Technology and Research 共A*STAR兲, under SERC
Grant No. 0521260095.
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