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We report the determination of free-electron concentration and mobility of free-standing GaN
nanowires (NWs) by line shape analysis of the coupled longitudinal optical phonon-plasmon Raman
modes (L+). The E;“gh phonon mode at 566.9 cm™' with a sharp linewidth of 2.8 ¢cm™ indicates
strain free NWs with high crystalline perfection. The lattice temperature of the NWs was varied
between 313 and 472 K by varying the excitation laser beam power. For unintentionally doped
samples at room temperature, an average electron concentration and mobility of strain free NWs
were found to be ~2X 10'7 c¢cm™ and 460 cm?/V s, respectively. We have shown that the electron
concentration does not change significantly over a temperature range between 313 and 472 K. The
electron mobility decreases at high temperatures, in agreement with literature data for compact
layers. For Si-doped NWs, the L+ phonon peak is strongly upshifted indicating a higher free-carrier
concentration of about 1 X 10'® cm™. Asymmetric broadening observed at the lower frequency side
of the L+ phonon peak might be ascribed to the enhancement in surface optical modes due to the

high surface-to-volume ratio of NWs. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3148862]

I. INTRODUCTION

Semiconductor nanowires (NWs) are emerging as pow-
erful building blocks for future nanodevices such as light
emitting diodes,l_3 laser diodes,“’5 photodetectors,é’7 chemi-
cal and biochemical sensors,*” and high-temperature and
high-power electronic devices'™!" because of their inherent
interesting material properties. A remarkable progress has
been made both in the synthesis of GaN-related Nws!> 1
and device process technologies.s’”’16 However, some of the
basic properties of the NWs including electrical properties,
lattice dynamics, and surface optical (SO) modes remain
poorly investigated. Measurement methods for the electronic
transport properties of GaN NWs are needed to facilitate the
design and modeling of NW-based devices. Transport studies
are typically performed by Hall-bar contact schemes to de-
rive free-electron concentration and mobilities. A cumber-
some and labor intensive electron-beam lithography process
is often used to fabricate metal contacts on NWs for electri-
cal studies.!” However, Hall-effect measurements of test
structures fabricated by this process have not yet been re-
ported. On the other hand, Raman scattering provides a fast
contactless and nondestructive method to determine the elec-
trical parameters on an area spatially defined by the focal
size of the optical beam.'®!" Further information on the in-
teraction of the free-electron plasmon with phonons, optical
surface phonon modes, strain, and crystalline quality of NWs
can be obtained simultaneously using the Raman technique.

In doped polar semiconductors with significant free car-
rier concentration, the longitudinal optical (LO) phonons
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strongly interact with free-carrier plasmons through electric
fields, which produce two coupled LO phonon-plasmon
modes, denoted by L+ and L—. The character of these modes
highly depends on the plasmon frequency (w,). When w, is
lower than the uncoupled LO phonon frequency, the L—
mode behaves like a plasmon, whereas the L+ mode is
phononlike. The frequency of the L+ mode increases with an
increase in carrier concentration, and, at high carrier concen-
tration, the character of the L+ mode changes from phonon-
like to plasmonlike.w_21

In unintentionally low doped GaN, the L+ mode is found
at higher frequency from the LO phonon due to the strong
coupling with plasmons. The L+ mode shifts further to
higher frequency and broadens with increasing carrier con-
centration. This behavior was exploited in order to evaluate
the doping carrier concentration by an empirical formula®

n=1.1x10"(w,, — 0 0)""*

(valid for n <1 X 10" cm™) (1)

where, n is the carrier concentration, wy . is the frequency of
the L+ mode, and wy g is the frequency of the uncoupled LO
phonon (w; =735 cm™). For a precise evaluation of carrier
concentration and mobility by Raman scattering, a line shape
analysis based on the carrier scattering deformation-potential
mechanism should be employed.lg_21 The carrier densities
evaluated from Hall measurements have been reported to be
in good agreement with the calculated values by line shape
analysis.19 A previous study on the electronic properties of
GaN nanostructures by line shape analysis was based on a
bundle of as-grown vertically aligned NWs.'” However, the
phonon-plasmon approach has not been applied to evaluate

© 2009 American Institute of Physics
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the electronic properties of free-standing NWs (FSNWs) as a
function of lattice temperature. The aim of this article is a
detailed line shape analysis of u-Raman scattering spectra
recorded in the backscattering configuration under various
excitation laser power to elucidate the intrinsic properties of
free-standing GaN NWs (free-electron concentration and
mobility) as a function of lattice temperature.

Il. EXPERIMENT

Self-assembled GaN NWs were fabricated by plasma-
assisted molecular beam epitaxy on Si (111) substrates under
nitrogen rich (Ga/N<1) growth conditions at 780 °C,
which leads to the desired columnar growth in c-direction.
Details of the fabrication process can be found elsewhere.'?
The GaN NWs were also nominally doped with Si impurity
atoms (Fg;=1.0X 10~ mbar) under identical growth param-
eters used for undoped GaN NWs [Fg,=3.0X 10~® mbar,
rf-power P;=500 W, and nitrogen flow rate of 5 SCCM
(SCCM denotes standard cubic centimeter per minute)]. The
diameter and density of the Si doped as-grown GaN NWs is
much less than that of undoped counterpart. The Si found to
act as an antisurfactant in GaN growth which reduces the
adatoms mobilities resulting in well isolated GaN NWs with
the diameter ~70*+20 nm. FSNWs with an average diam-
eter of ~125%25 nm was suspended on a glass template by
removing them from their original substrate. It is considered
that the c-axis NW lies along the x-axis with respect to the
template’s surface. u-Raman scattering measurements were
performed in backscattering geometry with a spectral reso-
lution of 0.3 cm™'. A wavelength of the 514.5 nm of an
Ar-ion laser was used as excitation source and the laser beam
was focused through a microscope (100X, numerical aper-
ture of 0.9) to a spot size of about 1 wm in diameter. A
liquid nitrogen cooled charge coupled device was used to
collect the scattered signal (1800 grooves/mm grating). In
order to study the behavior of phonons, the laser power de-
pendent Raman spectra were recorded between 0.25 to 3.65
mW excitation powers.

lll. RESULTS AND DISCUSSIONS

A typical cross-sectional field emission scanning elec-
tron microscope micrograph of GaN NWs is shown in the
inset of Fig. 1. An assembly of NWs which are well sepa-
rated and quite homogenous in length and diameter distribu-
tion can easily be achieved by optimizing the growth param-
eters.

Group theory predicts four Raman active modes at the
I'-point of the Brillouin zone of hexagonal GaN: A,, E|,
ENeh and EY™." Since A and E, are polar modes, they split
into two components due to the interaction by long range
Coulomb fields which leads to energy differences between
phonons polarized longitudinally (LO) and transversely (TO)
to the direction of propagation of the phonons. Figure 1
shows a Raman spectrum of GaN FSNW measured in qua-
sibackscattering geometry for a laser power of 0.25 mW.
Forbidden optical modes are also present in Fig. 1 they can
be related to morphic quasimodes, which appeared due to
symmetry violation of crystal axes orientation. If the NWs
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FIG. 1. Micro-Raman spectra of a free-standing GaN NW recorded in qua-
sibackscattering geometry for excitation laser power of 0.25 mW near the
sample surface. The inset shows a cross-sectional SEM image of as-grown
GaN NWs on Si (111) substrate.

are tilted relative to the laser excitation direction, then the
scattered signal from the wire are not at the crystal-symmetry
axes. The A; (TO) and E}¢" mode frequencies are found at
533.1 and 566.9 cm™!, respectively, and they are consistent
with strain free values from literature.'® The Ay and E| are
polar modes in which long range electrostatic forces govern
over crystalline anisotropy, under this circumstance the inter-
mixing of A; and E; modes can easily be identified from the
A,-E, splitting. The observed E,(TO)-A(TO) splitting in the
NWs of 25 ¢cm™! is slightly smaller than the E,(TO)-A,(TO)
splitting of 27 to 29 cm™! for bulk GaN, as reported in the
literature.'” " From the similarity of the E,(TO)-A,;(TO)
splitting in the NWs to the E,(TO)-A;(TO) splitting in bulk
GaN, it can be concluded that intermixing between the A,
and E; modes in NWs is small. The violation of Raman
selection rules in the backscattering geometry for NWs can-
not be intimately related to the intermixing of phonon
modes. Thus, it can be concluded that the observed L+ mode
is purely due to LO phonons of A; symmetry. A full width at
half maximum (FWHM) of the sharp E5" mode of 2.8 cm™!
exhibits a good crystalline quality of strain-free FSNWs. The
coupled mode of L+ is observed at 739.4 cm™'. The theoret-
ical frequency of the L— mode for the given plasmon fre-
quency (136 cm™') corresponding to the L+ mode is at
98 cm™'.?® Due to the superposition with the Rayleigh tail
below 100 cm™, this mode is not clearly resolved in our
NWs. Thus only the L+ mode has been used for the line
shape analysis.

Figure 1 also shows a broad asymmetric peak centered
around 703.1 cm™! at the lower frequency side of the L+
phonon mode. It might be assigned to a SO mode which is
normally absent in bulk compact GaN films.”’ The origin of
the SO mode can be tentatively attributed to the high
surface-to-volume ratio and the broken longitudinal symme-
try at the surface of NWs. Table I shows the phonon frequen-
cies and symmetries of the strongest modes observed in the
first-order Raman spectra of hexagonal GaN NWs for the
excitation laser power of 0.25 mW (31.8 kW/cm?). The
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TABLE 1. Typical phonon frequencies and symmetries (for 0.25 mW) ob-
served by Raman scattering for free-standing hexagonal GaN NWs.

Frequency
(cm™)
FS-GaN NW GaN bulk Symmetry
311-316 317 A, acoustic overtone®
410 410 Aj: acoustic overtone”
419 420 A, and E;: acoustic overtones”
533.1 5326+23° A,(TO)
558 560+3.1° E,(TO)
566.9 566.2° Ebieh
703.1 SO: surface optical mode
739.4 735+16" A,(LO)/L+
“See Ref. 23.

®See Refs. 19 and 23-27.

strain free values of GaN are also tabulated for comparison.
The Raman scattering on FSNWs is preferable because it
provides well resolved phonon peaks and also excludes the
influence of Si substrate in the spectrum. The A;(TO) pho-
non frequency is about 533 cm™! which is always superim-
posed with the long tail of Si substrate peak as it has intense
broad phonon peak at 520 cm™!.

As the NWs were suspended on the insulating glass
plates which have poor thermal contact, the NWs are easily
heated during laser irradiation. The experimentally recorded
maximum intensities (E}zﬁgh) of stokes and weak anti-Stokes
lines, and Lorentzian fitted peak position of Egigh stokes have
been used for the determination of laser induced lattice tem-
perature. The temperature rise of the NWs due to laser in-
duced lattice heating at various excitation laser power (0.25
to 3.65 mW) was determined from the intensity ratio of the
E;‘igh Stokes peak to corresponding anti-Stokes peak30

1
= o expl(fiwg fkyT), 2)
Ixs

where I is the intensity of Egigh Stokes, g is the intensity of
E}Z“gh anti-Stokes, kp is the Boltzmann constant, and 7

] K ,b
B °,° ‘0_ 472 K)
3 3 65 mw
] b) 5 L+
(425 K) (472 K)
] 2.75mwW 3.65mW
7 ] ] (425 K)
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FIG. 2. Laser power dependent Raman spectra of GaN NW (a) Raman shift
of the EF¢" phonon mode and (b) coupled LO phonon-plasmon mode.
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FIG. 3. Linewidth and peak positions of E‘;igh and L+ modes as a function of
lattice temperature. (a) FWHM of ESiE" and L+ modes and (b) peak position
of EN¢" and L+ modes.

=h/2m where h is Planck’s constant. The estimated local
temperature (hereafter it is referred to as lattice temperature)
is ~313 K for the excitation laser power of 0.25 mW. The
laser induced lattice temperature increases linearly with the
increase in excitation power. Figures 2(a) and 2(b) show the
corresponding EX¢" and A,(LO) phonon shift, respectively,
as a function of excitation power. The phonons shift to lower
frequency and the integrated intensity increases with the in-
crease in laser power. The frequency of the Egigh mode shifts
from 566.9 to 566.3 cm™' (redshift of 0.6 cm™') when the
excitation power increased from 0.25 to 3.65 mW. Addition-
ally the coupled mode substantially shifts from 739.4 c¢cm™!
to lower frequency by about 1.0 cm~'. The plausible expla-
nation for the redshift is the lattice temperature rise in NWs
due to the laser irradiation. Figures 3(a) and 3(b) show the
FWHM and peak positions of E'Z’igh and L+ phonon as a
function of lattice temperature. Although the change in E'z‘igh
peak width is marginal as a function of temperature, the L+
mode is over damped with the plasmon. Further, it can easily
be observed that the EY¢" and L+ phonons linewidth in-
creases and that the Raman frequency shift decreases with an
increase in lattice temperature.
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The Raman intensity profile of a coupled L+ mode for
hexagonal crystals can be expressedﬂ’31 as

1
IA=SA(w)Im[—m:|, (3)

where o is the Raman frequency, S is a proportionality con-
stant, and &(w) is the dielectric function. The parameter A(w)
is given by3 !

Alw)=1+ 2Cw%[w,2,y(w%— ;)
—w; Nw], + 7 - wf,)]/A
+(Copf Mo, o] - 07) + T(w, - 207,)]

+ wi+r(wi+ + 72 }/(w% - w%") > 4)

A= (- 0l)?+ (0, 1)7)
+ w%+r(wi - sz)(w%+ + ,y2)’ (5)

where, wy and w; are the unstrained TO- and LO-phonon
frequencies, respectively, and y and I' (FWHM of peak) are
the plasmon and phonon damping constants, respectively. C
is Faust-Henry coefficient which determines the ratio of
scattering by TO and LO phonons in an undoped GaN
31 . .
crystal.”” w, is the plasmon frequency and w,, is the fre-
quency of coupled mode. The dielectric function &(w) is

given by the contribution of plasmon and phonon

e(w)=¢g,[1+ (wi - sz)/(wZT— wi,{ —iowl)

- wf,/(w%+ +iw; )] (6)

The line shape of the coupled mode L+ can be fitted with the
function given in Eq. (3). e(w) and A(w) are functions of the
plasmon damping constant (), phonon damping (I"), and
plasmon frequency (w,). The proportionality constant S is
reasonably treated as independent of carrier concentration.
The precise fitting of the line shape is quite important for the
unique determination of the fitting parameters 7y, I', and w),.
The strain free values of A,;(TO)=533 cm™! and the un-
coupled A,(LO)=735 cm™! are used as constants for fitting.
Careful attention has been paid to the baseline correction of
the experimental data and the deconvolution of the asymmet-
ric low frequency peak denoted as SO mode in Fig. 1. The
inset of Fig. 4 shows a typical line shape of the experimental
(open circle) and the theoretical fitted curve (gray line) of the
phonon-plasmon coupled L+ mode. The reproducible fitting
parameters vy, I', and w, have been obtained from the above
line shape analysis. They can be related to the free-carrier
concentration (n) and effective electron mass (m*=0.2m,)
(Refs. 19 and 20) by

2

ne
w) = s (7)
and
e
y=— (®)
m’u

The electron concentration (n) and mobility () are obtained
by a line shape analysis of the coupled mode L+ recorded at
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FIG. 4. (Color online) The electron mobility as a function of laser induced
temperature in comparison with data extracted from literature for GaN bulk
[31,32] and NWs [18]. The inset shows Raman spectrum of coupled LO
phonon-plasmon mode (L+) of free-standing GaN NWs for 1 mW (the gray
line is the fitting curve by line shape analysis and open circle is the experi-
mental curve).

0.25 mW excitation laser power to be 2.2X 107 c¢cm™ and

460 cm?/V s, respectively. Note that the temperature of the
laser-heated lattice at incident power of 0.25 mW (313 K) is
only slightly higher than room temperature and hence the
carrier concentration and mobility can be treated as room
temperature values. The line shape analyses of lattice tem-
perature dependent Raman spectra shed some light on the
behavior of phonon and plasmon vibrations in NWs. The
carrier ~ concentration is  fairly constant (2.1-2.2
X 10" ¢cm™) over the temperature range between 313 and
473 K. This behavior is consistent with data reported for
bulk GaN samples of weak activation energy (E,
=14 meV).32’33 The carrier concentration derived from an
empirical formula described in Eq. (1) for room temperature
is about 4X 10" cm™3. The accurate line shape analysis
gives only about 2.2 10'7 cm™. The carrier concentration,
mobility and plasmon frequency obtained by this line shape
analysis are expected to be more accurate because the fitting
includes all the parameters which influence the transport
properties of carriers and mobilities. Figure 4 shows the elec-
tron mobility plotted as a function of laser induced tempera-
ture in comparison with data extracted from literature for
GaN bulk™ and NWs.'® The linear decay of mobilities be-
tween 460 and 100 cm?/V s for 313 to 473 K shows that the
LO phonon scattering becomes dominant in NWs, as do
most of the bulk GaN samples. The rate of decay quite
agrees with the reported temperature dependent electron mo-
bilities of GaN compact layers.32’33

The line shape analysis model has also been extended to
Si-doped GaN NWs for the determination of doping levels.
Figure 5 shows the coupled LO phonon spectra of vertical
aligned as-grown Si-doped and undoped GaN NWs for 3.65
mW laser excitation power. As a result of Si doping, the L
+ mode is displayed at 749.3 cm™!, thus shifted by 9.9 cm™!
as compared to undoped GaN NWs (739.4 cm™!). The broad
peak centered at 723 cm™ is ascribed to the SO mode which
is upshifted by 20 cm™' as compared to undoped NWs. For
the line shape analysis the influence of scattered SO phonon
mode has been suppressed by extremely careful peak fitting.
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FIG. 5. (Color online) Micro-Raman spectra of vertically aligned undoped
and doped GaN NWs recorded in backscattering geometry for excitation
laser power of 3.65 mW. The inset shows a fitting curve for Si doped GaN
NWs by line shape analysis.

The inset of Fig. 5 shows the comparison of the experimental
and fitted line shape curve of the L+ mode for doped GaN
NWs. By fitting, w, and 7y are found to be 328 and
2841 cm™!, respectively. The electron-plasmon damping ()
is several folds stronger than that of undoped NWs
(385 cm™'). The line shape and frequency of the L+ mode
can be correlated with an enhanced electron concentration
due to Si-doping. The laser induced lattice temperature for
the excitation power of 3.65 mW is about 470 K. The esti-
mated donor concentration and mobility for the doped GaN
NWs from Egs. (7) and (8) are n=1.3X10'"" cm™ and u
=15 cm?/V s, respectively. As expected, Si-doping substan-
tially increases the donor concentration of intentionally
doped wires and decreases the electron mobility.

IV. SUMMARY

In summary, the line shape analysis of excitation power
dependent u-Raman scattering has been proven to be a non-
contact versatile tool to measure the electrical, optical, and
surface properties of free-standing GaN NWs. The electron
concentration of strain free NWs at room temperature is
about 2X 10" ¢cm™ and found to be insensitive to lattice
heating. The estimated room temperature mobility is
460 cm?/V s and found to decrease with temperature in
agreement with published data for bulk GaN layers. The do-
nor concentration and mobility for the doped GaN NWs are
about 1X 10" ¢cm™ and 15 cm?/V s, respectively.
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