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Abstract

RAMAN SCATTERING IN GaN AND ZnO
By Shinobu Nagata, M.S.
A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science at Virginia Commonwealth University.

Virginia Commonwealth University, 2007

Major Director: Mikhail Reshchikov
Assistant Professor, Department of Physics

The Micro-Raman scattering technique has been used for the study of GaN and
Zn0. Capabilities of the Raman technique and existing literature on Raman spectroscopy
in GaN and ZnO are reviewed. About 50 GaN and ZnO samples with a wide range of
properties are studied. From the analysis of positions of the E," and A;(LO) phonon
modes, biaxial stress and plasmon coupling of the A;(LO) mode are observed and
compared to a bulk GaN sample. The stress-related shift rate for the A;(LO) mode in
hexagonal GaN is established to be 2.7 + 0.4 cm™/GPa through series of GaN with low
free carrier concentration. Bulk ZnO and ZnO layers grown on sapphire have been
studied, and no biaxial stress is found in ZnO layers. Doping and impurity modes
resulted in disorder-activated scattering in ZnO. The choice of the laser for study of GaN

and ZnO layers on sapphire substrate is discussed.



I. Introduction

Gallium nitride (GaN) has attracted much attention in recent years for its
outstanding electronic properties employed in numerous applications such as
optoelectronic devices and high-power, high-frequency electronic devices. Despite all
the advances in the growth of GaN material and the fabrication of GaN based devices,
there remain unsolved problems with reproducibility of high-quality material and stability
of devices. Most of the problems are related to the presence of point and extended
defects in this semiconductor.

Zinc oxide (ZnO) is another important semiconductor that is considered as a
potential competitor for GaN-based light-emitting devices in the ultraviolet and blue
spectral range. Compared with GaN, ZnO has the advantage of its large exciton binding
energy of about 60meV and its thermal stability at room temperature.

Raman scattering is an effective tool for the study of GaN and ZnO. It has the
advantages that it is non-destructive, and contact-less and requires no special sample
preparation for performing the experiment. Extensive studies have already been done on
GaN and ZnO utilizing the Raman scattering technique. The aim of this work is to
summarize what is known about GaN and ZnO from Raman spectroscopy, determine
capabilities of the micro-photoluminescence-Raman set-up at Physics Department of

VCU, and study various GaN and ZnO samples by Raman spectroscopy.



II. Literature Review

While Rayleigh scattering is the elastic scattering of light by matter, Raman
scattering is the inelastic scattering of light by matter. The energy of the incident laser
light is therefore either gained (anti-Stokes scattering) or lost (Stokes scattering) in the
process of Raman scattering. Classically, when a molecule placed in an electric field, its
electrons will be displaced relative to its nuclei, thus developing an electric dipole
moment. For small fields, the induced dipole moment 4, is proportional to the field
strength ¢,

H; =ae,

where « is the polarizability of the molecule, which is a measure of ease with which the
electron cloud of the molecule can be distorted. With a fluctuating electric field, the field
strength ¢,

&= g,co82mty,,
where &,1s the equilibrium field strength and 27zv, is the angular frequency of radiation.
A molecule placed under such fluctuating field will result in the same fluctuating scatter
of frequency v, , known as Rayleigh scattering. Similarly, for harmonic vibrations of a
diatomic molecule, coordinate gy along the axis of vibration at time t is given by,

q, = q,cos2mv,t

For small vibrational amplitude, the change in polarizability is



= +a_a 2zt
a=qQ, Laquoqocos v,

Therefore, considering both the fluctuating electric field and the harmonic vibrations

within molecules, the induced dipole moment will be of the form,

(0a)
H; = QyE,COS2 TVt + L—aJ £odo [cos2n(vy +v,)t + Cos2m(v, —v,)t]
oq, . 2

The first term then describes the Rayleigh scattering, and the remaining terms describe
the Stokes and anti-Stokes Raman scattering. In summary, light will be scattered with
frequency v, for Rayleigh scattering and will be scattered with frequency vyt vy, for
Raman scattering. The intensity measured in Raman spectroscopy is the change in
polarizability squared, and Raman scattering occur only if the polarization within the
material changes. This polarizability is a tensor quantity with x, y, and z direction

components expressed in matrix form through a relation between the induced dipole
moment and the electric field as,
£

(12, (
W 2}
H, ,

With the polarizability tensor, Raman intensity S is given by

R
Q

(a, a, a,)
= Layx ayy a}’zJ
a, a, a,

S ol e aeg 2!
where ep and eg are polarization for the incident and scattered light, respectively. For a

crystal of wurtzite hexagonal structure, diagonal elements of the polarizability tensor

correspond to so-called A; phonon mode, off diagonal elements of the polarizability



tensor correspond to E; mode, and both diagonal and off diagonal elements correspond to
the E, mode of vibration.
2.1 Phonon modes and Raman lines in Wurtzite Crystals

Group theory predicts eight sets of phonon normal modes that are observable at
wave vector k ~ 0 (I" point) where two of them are acoustic. The remaining 6 optical
phonon modes that can be observed in a crystal with the wurtzite hexagonal structure as

shown in Figure 1,

Figure 1. Optical phonon modes of the wurtzite hexagonal structure.’

The observable phonon modes depend on the scattering geometry of the sample. In the

conventional notation, z(X,y) z , Z corresponds to the direction of incident light, z to the

direction of scattered light, x to the polarization direction of the incident light, and y to



the polarization of scattered light. The A; mode can be observed when the incident and
scattered light has parallel polarization, while the E; mode is observed only in crossed
polarization. The allowed modes for each scattering geometry are summarized in Table 1
with the z coordinate along c axis of the wurtzite hexagonal structure. Note that in the
majority of work on GaN and ZnO, as well as in the current work, the scattered light was
unpolarized and the experimental configuration is a combination of the last two

configurations of Table 1.

Table 1. Raman configurations of allowed modes in hexagonal nitrides."

Configuration Mode

x(y, )% A(TO), E,

x(z, z); A((TO)

x(z,y)x Ei(TO)

x(y,2)y E|(TO), E«(LO)
x(y,y)z E,

z(y,x)z E,

z(y, y); A(LO), Ez

Letter symbols A, E;, and E, all refer to specific types of phonon vibrations within the
crystal depending on the direction of vibrations. TO refers to the transverse optical
phonon, and LO refers to longitudinal optical phonon. To increase the amount of
information obtained from the Raman spectroscopy experiment, many implementations
of the technique have been made. One of these is Resonant Raman scattering, which
enables on enhancement of the signal by matching the energy of the laser to the band gap

energy of the sample. Another is Micro-Raman scattering, which allows for a quick



overview of the spatial variation of various physical quantities in a specimen by using a
microscope in combination with the laser. In addition, the spectrum obtained can be
studied at different temperatures, and under stress. Below is an overview of the major
studies done on GaN and ZnO utilizing these Raman spectroscopy techniques.
2.2 Lattice properties of GaN and ZnO

No lattice-matching substrate exists for pseudomorphic epitaxial growth of GaN.
For this reason, sapphire is widely used because of its low cost, high stability at high
temperature, and its ability of being able to grow in good quality epilayers in the
hexagonal phase.> GaN grown on sapphire substrate commonly contains high density of
structural defects because of the lattice mismatch between GaN and sapphire. The main
Raman lines observed from GaN grown on c-plane sapphire are the E," longitudinal
optical phonon mode (LO), and the A;(LO) modes. Typical Raman spectra of hexagonal

GaN are shown in Figure 2.
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Figure 2. Typical Raman spectra of hexagonal GaN with different scattering geometries.1 Note that the
configuration and spectrum in the top portion of the figure are the most common in studies of GaN and

ZnO by Raman spectroscopy.

Typical phonon frequencies (cm™) observed at 300 K from hexagonal GaN and ZnO are

given in Table 2.



Table 2. Typical phonon frequencies (cm™) observed at 300K for hetero-epitaxial gallium nitride ﬁlmsl,
and ZnO®.

GaN on GaN bulk ZnO bulk
Sapphire
Hexagonal
(Wurtzite)
EX 144 144 99
A(TO) 531.8 531 382
Ei(TO) 558.8 560 414
E! 567.6 568 439
A (LO) 734 574
Ei(LO) 741 580
Substrate Sapphire

Thickness ( #m) 50-70

Different research groups obtained slightly different values of phonon frequencies

in hexagonal GaN (see Table 3). The reasons for these differences are discussed below.

Table 3. Phonon frequencies of hexagonal GaN in cm™: T=300K".

TO LO
Hexagonal A E; Ay E; EZH
Reference 4 537 556 737 .. 571
References 5 and 6 533 559 568
Reference 7 532 560 569
Reference 8 710 741
Reference 9 533 558 568
Reference 10 531 560 568
Reference 11 534 563 736 745 572

2.3 Effect of stress on Raman spectrum

Harima et al' noted that the E,"” mode and the A;(LO) mode shift with biaxial
strain in the c-plane of the hexagonal GaN layer. The stress-shift rate has been evaluated
by Demangeot et al'? as 0.8cm™ GPa™ for the A;(LO) mode, and 2.9 cm™ GPa™ for the

E," mode. Figure 3 below shows the stress shift for the A;(LO) mode and the E," mode



in hexagonal GaN. Note that due to large error bars in case of the A;(LO) mode (Figure.

3), the determined stress-shift rate may also include large error bars.

738

488 nm
77K

737 |

736 |
g 735
£ 571.5 -
= 488 nm
- 77K
(]
g 570.5)
~
569.5|
EZ
568.5 A
0 2 4 6 8
INTERNAL STRESS (kBar)

Figure 3. Stress shifts of the A;(LO) and E," phonon modes in Hexagonal GaN grown on sapphire
substrate.'?
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The E," mode is usually chosen for observation of strain since it is the strongest and
sharpest line in the spectra and has a high shift rate. Some other groups also reported
stress-shift rates for the E," mode of 6.213, 4.214, and 2.7 cmGPal.1®

In addition to strain, the experimental geometry was also observed to have an
effect on the shape of the A;(LO) Raman line. The study was done by L. Shi et al"
where they discuss the effect of angular dispersion on the Raman line shape. The
geometrical set up of the Raman scattering experiment can yield significant change in full

width at half maximum (FWHM) of the A;(LO) mode as demonstrated below on Figure

4,
(a) ene from laser from laser
lens / iris
10 spactrometer | r to spectrometer
"; }_- L.
collecting I
lens beam locti
sample splitter ;::sm
sample
Geometry A Geometry B

intensity (Arbitrary Units)

P Tig

730 732 734 736 738 740 742 744 746
Raman Shift (cm™')

Figure 4. (a) Two geometries used for measurement of A;(LO) mode in GaN; (b) room temperature
Raman spectra of A ;(LO) mode in GaN obtained in geometry A and B. The two specra are normalized to
the same intensity.'®
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The line width of the GaN A, (LO) phonon mode was reduced from12 cm™ to less than 6
cm’'. This is not an effect due to defects in the sample, but is considered as the angular
dispersion of A;(LO) mode’s frequency.

M. Kuball'® in utilizing these concepts of stress/strain and line width being
relative to the Raman spectrum, studied Raman spectroscopy for its utility in process and
growth monitoring/control of GaN. The study was done in an attempt to gain better
control of material parameters during the growth of GaN. 325 nm excitation is used for
probing of phonons over a surface layer, and 488 nm excitation is used for probing of
phonons averaged over a sample. A correlation between E," Phonon modes of the
Raman spectra with stress and its crystalline quality was identified. The unstrained GaN
E," phonon frequency is claimed to be 567 cm™. In observation of stress, an increase in
the E," phonon frequency from the unstrained frequency is said to be under compressive
stress, decrease from the unstrained frequency is said to be under tensile stress, and
narrow width of the E," peak is said to reflect high crystalline quality of the sample.

The Raman line-width at negligible slit width and the corresponding phonon

lifetime 7 are known to have the energy-time uncertainty relation,

Where AE is the Raman line-width in units of cm'l, and £=53%x10"2cm™'s. Raman
line-width and the corresponding phonon lifetime for some samples are summarized

Table 4.
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Table 4. The zero-slit width Raman linewidth (I') and the corresponding phonon lifetimes (1) in the GaN,
and ZnO crystallites."’

GaN Zn0O
Raman r T r T
modes (cm™) 10" s (cm™) 1012 s
Ey- 0.5 10.1 0.9 5.9
E," 3.9 1.4 59 0.9
Ei(TO) 5.6 0.95
A(TO) 11.6 0.46

Leah Bergman et al,'” with their comparative studies of AIN, GaN, and ZnO, were able to
conclude that the phonon lifetimes related to the Raman line-width are correlated with the
impurity concentrations. An increase in impurity concentration by two orders of
magnitude in AIN resulted in ~50% decrease in phonon lifetimes, and the phonon
lifetimes are assumed to be either controlled by the anharmonic effect in decay of phonon
to other Brillouin zone, or from destroyed translational symmetry of the crystal due to
impurities. Experiment performed with GaN showed results similar to the AIN
crystallites. Because of the correlation between the Raman line-width and phonon
lifetimes, it is important to have small enough slit width when interpreting the results.
Figure 5 shows the dependence of the E; Raman line width on the slit-width of Raman

spectrometer.
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E2 Raman Linewidth (cm™ )
&

0 100 200 300 400
Stit Width (1 m)

Figure 5. The E," modes (lower curves) and the E,"” modes (upper curves) of the AIN (squares), ZnO
(circles), and GaN (diamonds) as a function of the slit width."”

Table 4 also shows a relatively long phonon lifetime of a ZnO crystallite indicating high
quality in ZnO compared with other crystallites.

The fundamental band gap of GaN was found to be dependent on strain. M.
Klose et al,'® using a plane-wave expansion of the wave function along with norm-

conserving ab initio pseudopotentials calculated the band gap. With a compressive strain

of 0.2x107 to 1.4 x 107, the band gap E, at room temperature was observed to increase
by 30 meV for GaN. The observed increase in band gap E, was also consistent in
measurement with the photoluminescence spectra.
2.4 Free carrier concentration

In addition to the investigation of lattice properties, there are electronic properties
that can be determined through study of Raman spectra. Different methods in estimation
of the free carrier concentration from Raman spectra are discussed. M. Kuball'® in his

study of Raman modes found a correlation between the A;(LO) mode and the free carrier
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concentration. The A;(LO) mode splits into the lower (L.) and upper (L) branches to
phonon-plasmon coupling. The upper branch of the A;(LO) mode, here referred as L+, is

shown for GaN samples with different concentration of electrons in Figure 6.

llllll]llllllllll]lllll
n=12x10"7 cm-3
MOCVD-GaN
300 K
5 ﬂ 2.2x10"7
= % As (L)
=
B
s
o
= 7.8x1017
1.2%x10'8
3.6x10'8
0 | S | § I I T I i1 4
700 750 800 850 900

Raman Shift (cm=1)

Figure 6. Raman spectra of n-type GaN for different doping levels."®

It can be seen from Figure 6 that with increasing carrier concentration, the L; mode shifts
to higher wavenumbers, broadens, and weakens in intensity. Position of the L. and L+
modes can be found as follows.'

The dielectric function &(w) is given by

2 2
-, ®p

@ 2
g((o):gw 1+ 2L 2 . - .
o, - —iol o(w+iy)
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where w, and @, are the uncoupled frequency of the A;(TO) and A;(LO) mode,
respectively, I' is the damping rate of the phonon, and y is the damping rate of the

plasmon. Plasmon frequency w, is given by

47ne’
wp = 1/—* ,
E,m
where n is the free carrier concentration, ¢, =5.35 is the optical dielectric constant of
GaN, and m" = 0.2m, is the effective mass of GaN. The frequencies of the L. and L.

modes can be found by letting ¢(w) = 0 and neglecting the damping rate of the phonon I"

and plasmon y

o st} {or-0i] +aoi[or -]}
W, = + .
. 2 2

This dependence is shown on Figure 7 with solid lines in combination with the plasmon
frequency (dotted line). Thus, from the frequency of the A;(LO) mode, one can estimate

concentration of electrons in GaN or vice versa
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Figure 7. A;(LO) phonon-plasmon-coupled modes L. and L. in n-type GaN as a function of the free
carrier concentration.'®

Another method in estimating free carrier concentration was introduced by Wetzel et al'®.
These authors proposed the following empirical formula,
n=11x10"Ae""™

where Aw is shift in the A;(LO) mode, but this relation is only valid for n <1x 10" em™.

For a more precise evaluation of free carrier concentration and carrier mobility p,
the Raman lineshape can be modeled semi-classically with considerations of deformation
potential and electro-optical mechanisms in Raman scattering efficiency given by’

I(w) = SA(@)Im[-1/ &(w)],

where S is a constant, and A(w) is an interference factor given by,
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Aw)=1+2Cw,’ [a),,z;/(a)T2 -0*)-o’T(0® +y° - a)Pz)] /A
+C?w," | A) {co,,2 [}/(a)L2 -w,)+T(w,” - 2a)2)] +0’T(0* + 72)}/ (0, - w,)

with,

A= co,f}/[(cor2 -0y + (a)F)2]+ o’ T(w, -0, )’ +77)
where C is the Faust-Henry coefficient related to the Raman intensity ratio of LO and TO
phonon bands in an undoped crystal. Compared with the method of obtaining the free
carrier concentration from the dielectric function, this method of fitting has an advantage
in being able to determine the plasmon damping constant y , which is related to the Hall

mobility g, =e/(m’y). A similar approach of finding the free carrier concentration was

used by V Emtsev et al*°

. By calculating position (©+) and width (y+) of the L, phonon
mode for a large set of samples with different n and L, these authors plotted a nomogram

which provides relation between frequency shift, line broadening, concentration, and

mobility in GaN samples as shown in Figure 8.

3| m*=02m, 20 o
10 ; 46% T
100 T
200 5
7102 400 §
5 600 T
= 1000
- 31400l
+
pus
100
101
16
101110 g0 101 102 103

Figure 8. Nomogram for evaluation of the electron concentration and mobility in n-GaN from Raman
20
spectra.
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From the shift and broadening of the L; mode in Raman spectra, one is able to estimate

both the free carrier concentration n, and the Hall mobility g, . In their study of point
defects in y -irradiated n-GaN, Emtsev et al*® have found that the defect production rate

with electron or gamma-irradiation is dependent on the dopant concentration. The result
led to conclusion that the true concentrations of radiation defects are larger than the
concentration of free carriers just after irradiation.
2.5 Defects, Doping and impurities
2.5.1 Defects in GaN
Changes in doping and impurity levels in GaN can have an effect on its Raman

spectrum. Sun et al*!

studied strong outgoing multiphonon resonance Raman scattering
in implanted GaN in comparison with that in high-quality as-grown GaN samples. Figure

9 shows emission spectra caused by 325 nm He-Cd laser on the left (I), and 514.5 nm Ar"

laser on the right (II).
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3.0x10" — ——

0]
2.5x10°3 ” TR0K 1
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3 1| swo £
:%‘15x104 Raman it o 1 &
[]
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0.0

Raman shift (cm”) Raman shift (cm™)

Figure 9. Raman scattering spectra excited by 325 nm (I) and 514.5 nm (II) laser lines: (a) as-grown GaN
sample, (b) Be-implanted GaN sample without annealing, (c) Be-implanted GaN sample with
postimplantation RTA at 600 C, and (d) Be-implanted GaN sample with postimplantation RTA at 1100 C.
The first, second, third, fourth, fifth, sixth, and seventh LO phonons are labeled as 1.0, 21O, 3LO, 4LO,
5LO, 6LO, and 7LO, respectively. The inset shows the multiphonon resonant Raman scattering spectra in
the frequency range of 500-4000 cm™ with a logarithmic y axis. “S*” stands for sapphire substrates.”’

Figure 9 shows (a) Raman spectra from the as-grown GaN sample, (b) the as-implanted
GaN sample, (¢) the implanted GaN sample after rapid thermal annealing (RTA) at
600°C for 40 s, and (d) the implanted GaN sample annealed by RTA at 1100°C for 40 s.
The implantation is confirmed by the presence of seventh order A;(LO) multi-phonon
modes, and this is verified from the fact that the seventh order peak is only observable for
implanted GaN in outgoing multi-phonon resonant Raman scattering instead of pure un-
doped GaN. This is explained as the exciton-mediated multi-phonon Raman scattering
and the strongly impurity-induced Frohlich interaction being dominant with the excitation

relatively close to the resonance of the fundamental band gap of GaN.
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Raman spectra can help in evaluating sample quality in relation to irradiation.
R.X. Wang et al** have studied the effect of neutron irradiation on GaN epilayers.
Raman spectra of the sample in comparison with the as-grown sample to the low-dosage,

middle-dosage, and high-dosage samples is shown in Figure 10.

experimental
o fitting

High-dosage

Intensity (a.u)

T L) ,‘I T T
520 540 560 580 720 730 740 750 760
Wave humber (cm™)

Figure 10. Micro-Raman spectra of GaN samples, both as-grown and irradiated by neutron with different
dosages.”

The A; (LO) phonon peak has been observed to shift towards lower frequency with
increasing neutron irradiation dosage. This shift was explained by a decrease of carrier
concentration in the sample with increasing neutron irradiation dosage.
Photoluminescence spectra of the sample gave similar results, namely an increase in
FWHM was observed, which indicate degradation of crystalline quality of the sample.
The photoluminescence spectra of as-grown, low-dosage, middle-dosage, and high-

dosage neutron irradiation samples are shown in Figure 11.
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Figure 11. Low-temperature photoluminescence spectra of GaN samples, both as-grown and irradiated by
neutron with various dosages.”

With increase in neutron dosage, the structural quality of the sample has been observed to

deteriorate. Data obtained through these measurements are shown in Table 5,

Table 5. Values of the fitting parameter for Raman A(LO) mode and the photoluminescence FWHM.*?

Irradiation dosage : 0 1x 107 5% 10" 1x10'°
Parameters
@p 120 105 55 50
4 300 265 259 218
r 5.4 7.1 7.0 6.8
1o (x 10" cm™) 2.9 2.5 1.3 1.2
Photoluminescence FWHM 3.34 3.55 3.66 3.84
(meV)

Some peculiarities in Raman spectra can be revealed by the use of different lasers.
Ramsteiner et al*® studied polycrystalline GaN having both cubic and hexagonal phases.

They observed that intensity of Raman lines depends on photon energy of the laser. Four



peaks in this work were peaks A, B for cubic GaN, and A*, B* for hexagonal GaN,

which are shown below in Figure 12,

. GaN / GaAs
B TO E,
th =241eV N\ /
T=10K
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20 30 40 50 60 70

RAMAN SHIFT (meV)

Figure 12. Low-temperature (10 K) micro-Raman spectra of GaN/GaAs at sample locations with mixed
cubic/hexagonal (a) and cubic (b) GaN phases. Excitation was at 2.41 eV.>*

Dependence of the Raman scattering intensity on incident photon energy in this

experiment is shown in Figure 13.
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cathodoluminescence (CL) spectrum (b) of the same sample. The excitation conditions of the CL spectrum

correspond to the Raman experiments. The solid and dashed-dotted curves in (a) are drawn to guide the

eye.?

Maxima of the scattering probability for peaks A and B have been found to be around

2.35eV, which is close to position of the yellow luminescence band in the same sample.

In addition, the peak intensities of A and B lines have been found to be dependent on

temperature, and the vibrational Raman scattering at non-resonant excitation should not

be temperature dependent. From these observations, the four peaks A, B, A*, and B*

were attributed to Raman scattering in resonance with transitions of the yellow

luminescence. This is illustrated in Figure 14.
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Figure 14. Raman scattering resonance model for peaks A and B. The photon energies of the incident and
scattered light are indicated by @, and @q, respectively.”

In this model, the first step of the Raman scattering process is explained by excitation of
an electron from an occupied deep level state to an excited shallow donor state (2S or
3S), and the final step as recombination of an electron from a donor ground state (1S)
with the hole at deep level state. From the large width of the A and B peaks, it was also
concluded that the cubic GaN had a higher donor concentration.

Harima et al** studied local vibrational modes (LVM), which are the induced
atomic oscillations in a limited range around the impurities, in relation to Mg and H
atoms by means of Raman spectroscopy. Two additional lines at 657cm™ and 260cm™

that appeared after annealing the sample at temperature of 600 ° C as shown in figure 15.
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Figure 15. Raman spectra for Mg-doped p-type GaN samples annealed at different temperatures (lower-
frequency region).?*

The 657cm™ peak has been considered to be the LVM of Mg-N stretching, and the mode
intensity is nearly proportional to the hole concentration p. The 260cm™ peak is
considered as an LVM due to defects induced by ion implantation with nearby
frequencies. Weakening of the two modes indicates the disappearance of p-type
conductivity, and so the sample is considered p-type conductive in the temperature range

of 600°C to 900°C.
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In another Raman scattering experiment, Kaschner et al* observed 5 high
vibrational modes, and 3 low vibrational modes due to magnesium doping in GaN
sample. The scattering intensity was observed to increase with increasing Mg doping

concentration as shown in Figure 16.

Scattering Intensity (arb. u.)

— T 1 T T T T T T
2100 2150 2200 2250 2300 2350

Raman Shift (cm™)

Figure 16. Room-temperature Raman spectra of GaN with different Mg content in the high-energy rangy.
A new mode appears at 2129 cm™' for the highest Mg-doped sample.”®

Spectra (A), (B), (C), and (D) correspond to respective Mg concentrations of 8x10"%cm>,

1.2x10"cm™, 9x10"8cm™, and 6x10'8cm™. Lower frequency spectra can be observed

with different scattering geometries as shown in Figure 17.
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Figure 17. Room-Temperature Raman spectra of sample A for different scattering configurations
indicating the A, symmetry of the new modes.>®

Theoretical cluster calculations of Kaschner et al®> verified that these are due to Mg
doping.

2.5.2 Defects in ZnO

Haboeck et al*® found four additional lines that are assumed to be nitrogen-related

vibrations due to doping of ZnO with N. Intensities of additional modes have been
shown to increase along with nitrogen concentration as also found in experiments
performed by Wang et al**. Figure 18 shows Raman spectra of ZnO:N films with
increasing nitrogen concentration from bottom to top in the energy range of the host

phonons along with additional modes around 2300cm™.
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Figure 18. Room temperature, 488 nm excitation Raman spectra of ZnO: N films with increasing nitrogen

concentration from bottom to top in the energy range of the host phonons (left) and around 2300 cm-1

(right). The dashed lines on the left indicate the positions of the nitrogen related LVMSs. The spectra were
normalized to the E2 (high) mode of ZnO (left) and the N2 vibration in air (right), respectively. They were

offset vertically for clarity.”

Vibrational modes in low-energy region are summarized in Table 6,

Table 6. Vibrational modes in the low-energy region of ZnO :N samples.26

Frequency Origin Assignment
(cm™)

275 ZnO:N nitrogen-related
332 ZnO 2E,(M)

437 Zn0O E,"

510 ZnO:N nitrogen-related
567 GaN E,"

582 ZnO:N nitrogen-related
643 ZnO:N nitrogen-related
735 GaN A1(LO)

856 ZnO:N nitrogen-related
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The additional modes around 2300cm™ have been analyzed with Lorentzian fit and
revealed four nitrogen-related vibrations of 2253cm™, 2277cm’™’, 2291cm™, and 2304cm’™

as shown in Figure 19.

I v I v |
ZnO:N, RT, 1
- A = 488 nm
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2250 2300 2350
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Figure 19. Raman spectrum (black dots) of a highly doped ZnO: N sample in the vicinity of
2300 cm™. The upper curve represents a fit consisting of five Lorentzians and a parabolic
background (dashed curve).26
The peak corresponding to the vibration of N, in air has been interpreted as vibration of
lattice-bound nitrogen or complexes.

Five anomalous vibrational modes found between 270 cm™ to 860 cm™ were
linearly correlated with their nitrogen doping concentrations. Since these modes were

also found with other dopants such as Ga, Fe, Sb, and Al, it was suggested that the

vibrational modes are unrelated to nitrogen and are caused by other uncontrolled dopants.
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Manjon et al*’ described these lines as silent modes of wurtzite ZnO that are allowed due
to breakdown of translational crystal symmetry due to the incorporation of dopants and
impurities.

Nickel et al*® reported two vibrational modes near 1414 cm™ and 1585 cm’,
which were attributed to the presence of carbon sp” clusters, showing significant
enhancement in nitrogen-doped ZnO. In addition, local vibrational modes of NO, NNO,
Zn-H, CO,, and C=N complexes have apparently been observed. These modes were also
accompanied by a breakdown of translational crystal symmetry that causes the well-
known ZnO phonon modes to disappear. Additional vibrational modes near 1933 cm’™
and 2004 cm™ have been found with large carbon sp” sites disrupting the ZnO lattice.
The 2004 cm™' line has been assigned to stretching vibration of **Zn-H. The local

vibrational mode of 2283 cm™ of CO, was theoretically estimated and verified as a

V= K(i'f'i\
B kmc mOJ ’

where « is the effective spring constant, and m¢ and mg are the masses of carbon and

simple harmonic oscillator™®

oxygen, respectively. Nickel et al*® concluded that carbon atoms are readily incorporated
during film growth, and the amount of carbon in the samples can be minimized with
adjustments of flow ratios of the II/VI precursors. However, absence of carbon related
lines in the Raman spectra does not necessarily mean that ZnO samples are free from

carbon.
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Ye et al*’ studied the effect of lattice dynamical behaviors due to phosphorous

doping of ZnO. P doping caused six anomalous modes at 364, 478, 504, 520 655, and

-1 . . . . . . .
866 cm™ . Their Raman spectra in comparison with other references is summarized in

Table 7.

Table 7. Phonon modes frequencies in 7n0:p.%”

@, (cm™) @, (cm'l) Assignments
present work reported

96 1013 E,"

198 208" 2B,

330 332° [E;"-E2"]
364 _ LVM

436 437 E,"!

478 - LVM

504 509,° 507 [B1 +E,"]
520 516, 513° 2B"

580 577 A"

655 645° ¢ [E,"+BY]
866 857° [Ei™+E,"]
1154 1149,° 1160° 2A,"or 2E,"

# Raman spectra on Zn0.”
® Raman spectra on ZnO.*!

° Raman spectra on ZnO films.*
4 Raman spectra on ZnO: Al films.*

Two modes of 364 and 478 cm™
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Wang et al** studied ZnO implanted by N* with different implantation
concentrations. Figure 20 shows ZnO Raman spectra with increasing N concentration

ranging from 5x10'" to 1x10"° cm™.

1 T T T T 7
a: un-implanted

b: 5x10"7

c: 1x10'8

d: 5x10'®

o: 1x10'°
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Figure 20. Raman spectra of (a) unimplanted ZnO crystal and N'-implanted ZnO with different

concentration of N (b) 5x10'%, and (c) 1x10", indicated in units of cm>

As expected, the E; high LO mode, and the A; LO mode were observed at 438cm™! and at
575cm™. An additional peak at 275¢cm™ proved to be an induced change of vibration in
Zn atom due to the neighboring N~ atom. Other additional peak observed at 505cm™ and
648cm™ were assumed to be modes induced by damage of the crystal lattice due
bombardment during implantation.
2.6 Dislocations, inversion domains

Raman scattering can be used to monitor and observe the characteristics of
dislocations and inversion domains. G. Nootz et al*” studied correlations between Raman
spectrum and distance from the GaN/Sapphire interface. E,(high) and E;(TO) phonon
modes were selected for observation, and the frequency dependence on distance from the

GaN/Sapphire interface has been observed and is shown in Figure 21.
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Figure 21. Peak frequencies of the Raman E," and E,(TO) modes as a function of distance to the substrate
interface. The solid lines represent exponential fits to the data points with asymptotic values of 567.2 and
558.3 cm’, respectively. The open symbols show results from a second experiment on a sample grown
under the same conditions.

Both the E," and E;(TO) modes have been shown to increase in frequency with
decreasing distance from the GaN/Sapphire interface. The change in phonon frequency
was attributed to change in the amount of strain within that region. For observation of
this effect, the dependence of the phonon frequency shift on dislocation density is

presented in Figure 22.
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Figure 22. Correlation between peak position of the E,(TO) and E,"” Raman modes and dislocation
density. Data from two different GaN samples (64 and 36 um thick) are shown.*

Both the E;™ and E, (TO) phonon frequencies have been observed to increase, and this
correlates with dislocation density increasing with decreasing distance from the
GaN/Sapphire interface.

Due to the polar nature of GaN, mixed polarity with the Ga-face and the N-face
regions, otherwise known as inversion domain boundaries (IDB), may result in the
sample. A schematic cross section of the inversion domain is illustrated in Figure 23.

Ga-face N-face
IDB

[0001]

8P
GaN

AIN b 0001]

sapphire

Figure 23. Schematic cross section of the GaN-based lateral polarity heterostructure. The direction and
magnitude of the spontaneous and piezoelectric polarization are depicted by the direction and length of the

. 6
arrows, respectively.’
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Park et al’® used micro-Raman scattering for the study of the inversion domains in GaN.

The Raman scattering showed a shift in the E," mode peak position as shown in Figure

24,

[Tlll|||ll|l||||l llllll]lllllllll'
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Figure 24. Raman spectrum of the E," peak of GaN (the Ga- and N- face regions)."’6

This difference in peak position along with the FWHM has also been noted to shift

depending on the distance from the IDB as illustrated in Figure 25,
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Figure 25. Peak position and FWHM of the Raman E,"” mode determined by fitting the Raman
peak with a Lorentzian function.>®
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A summary of the results, with plasma frequencies, phonon damping constants, plasmon
damping constants, Faust-Henry constants, free carrier concentration, and free carrier

mobility obtained from line shape analysis, is given in Table 8.

Table 8. Plasma frequencies, phonon damping constants, plasmon damping constants, Faust-Henry
constants, free carrier concentration, and free carrier mobility obtained from line shape analysis.

@, T 1 YV 1 n, ,121
(cm'l) (cm™) (cm™) C (sz/V s) (em®/V s)
N face 1 185 3.3 813 0.4 3.9x 10" 60
N face 2 193 2.9 764 0.4 4.2x 10" 64
Ga face 1 146 3.2 912 0.4 2.4x% 10" 54
Ga face 2 148 3.0 964 0.4 2.5% 10" 51

The N-face has been found to have a higher probability of incorporating donor impurities
such as oxygen. This led to a relief in compressive stress and higher electron
concentration compared with the Ga-face.

Raman spectra of an n-GaN/Sapphire sample also includes contributions from the
thick sapphire substrate. Figure 26 below show the n-GaN/Sapphire spectra in a sample

where the A;(LO) mode from GaN overlaps with the E, Sapphire mode,
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Figure 26. Raman lineshape analysis for the coupling of the LO-phonon and free
carrier.”’
For the study of strain and/or doping level across the substrate to the surface, Feng et al*’
moved the 514.5 nm laser focusing spot across the thick GaN layer from the substrate or
GaN/sapphire interface side to the surface. Results of their experiment are shown in

Figure 27.
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Figure 27. Raman spectra of an undoped MOCVD-grown GaN/sapphire with excitation at 514.5 nm in the
backscattering geometry at room temperature, (a) with the incident laser light along the normal direction of
the film, i.e. parallel with the c-axis of wurtzite GaN, and (b)-(i) with incidence on the cross-section of the
film, i.e. perpendicular to the c-axis of GaN.*’

In the above experiment, the E;(LO) mode shifted ~3 cm’ higher, indicating a variation
of strain and/or doping level in the film growth direction. In addition to their strain/or
doping level studies, Feng et al*” used the 325nm UV laser for study of the sample. With
UV excitation, photoluminescence broad band at ~3400cm™ has been observed as shown

in Figure 28.
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Figure 28. Raman spectra of a MOCVD-grown p-GaN/sapphire excited with 325 nm laser. LO phonon
replicas up to m=6 are observed. The inset shows photoluminescence spectrum between 2.3 and 3.75 eV,
with Mg-related 2.8-3.0 eV photoluminescence transitions.*’

2.7 Effect of hydrostatic pressure
Perlin et al'® thoroughly studied hexagonal GaN by Raman scattering under

hydrostatic pressure. The observed pressure dependence of Raman lines from 0 to 50

GPa is shown in Figure 29.
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Figure 29. Pressure dependence of observed Raman lines.'?



Pressure dependence of the observed modes was nearly linear but for better fit, it was
expressed by a polynomial,

o(em)=0o,+c'p+o"p’
where p is pressure in GPa. With fitting parameters, Gruneisen parameter y '° can also

be evaluated by

_5do
o dp

Results for fitting, and Gruneisen parameters are all listed in Table 9,

Table 9. Used fitting parameters.10

Mode o, o' o e
A, (TO) 531 4.06 -0.0127 1.184
E, (TO) 560 3.68 -0.0078 1.609
E,"! 568 4.17 -0.0136 1.798
E," 144 -0.25 -0.0017 -0.426
L 260 0.40 0 0.377
L, 339 3.31 0 2.392
L, 682 3.35 0 1.203
Ls 715 3.21 0 1.100
Ls 732 3.37 0 1.128

The above high-pressure Raman scattering, experiments revealed a phase transition of
GaN at 47 GPa. Above this pressure, the sample blackened and all phonon modes
disappeared from the Raman spectrum. The change in the Raman spectra after the 47

GPa pressure increase is illustrated in Figure 30.
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Figure 30. Raman spectra of GaN at ambient conditions. (a) Initial spectrum. (b) Spectrum obtained after
arunto 47 GPa.10

which shows the initial Raman spectrum of GaN (a), the spectrum after the 47 GPa
pressure applied (b). A sharp drop in the lattice constants is observed at 47 GPa as shown
in Figure 31 where the pressure dependence of the lattice parameter is obtained up to the

phase transition,
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Figure 31. Pressure dependence of the lattice parameter up to the phase transition. The circles and square
are taken, respectively, at increasing and decreasing pressure; the continuous line is the result of the fit with
a Murnaghan equation of state.'”
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The observed phase transition process have been shown to be a reversible process where
the reverse transition is observed at 30 GPa, and is complete around 20 GPa.

Goni et al’® studied the effect of pressure on optical phonon in GaN. A slight
increase in LO-TO splitting near the E; mode has been observed for the GaN with

pressurized condition. Figure 32 shows the pressure dependence of each phonon modes

of GaN.
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Figure 32. Measured zone center phonon frequencies (symbols) versus hydrostatic pressure for 2H-GaN.

Solid lines represent the results of ab initio calculations. Dashed lines are linear fits to the experimental
38

data.

Transverse dynamic effective charge is also determined from the LO-TO splitting and
was observed to be constant under pressure for GaN. This is known to be an effect due to

the strong directional covalent bonding of the nitrides that behave under compression in a
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similar manner to carbon-based solids. The stress-shift rate of the E," phonon mode was

4.24 +0.03 cm™.®

Decremps et al® studied hydrostatic pressure dependence of Raman spectrain a

relatively wide range of 9 GPa for wurtzite ZnO. Figure 32 and Figure 33 shows the

pressure dependence of each of the phonon modes of ZnO.
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Figure 33. Rmana spectra of single-crystalline ZnO
under different hydrostatic pressures in the
backscattering geometry. The spectra are shifted

upward for clarity.
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They found, as predicted by theory, that the LO-TO splitting of the E," is weakly

pressure dependent. The E;" mode frequency has the only negative dependence on
pressure, and Raman peaks disappear at 8.7 GPa.

2.8 Effect of Temperature

Raman scattering can be used to monitor temperature change. Link et al*” have
studied the temperature dependence of the Raman spectra for a GaN sample. Their aim
was in determination of local temperature of a GaN p-n diode in operation. The
temperature dependence of the Raman shift and line-width of the E, and A;(LO) phonons

were studied in preparation of this measurement with results shown in Figure 35.
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Figure 35. Measured (a) Raman shifts and (b) linewidths of the E, and A;(LO) phonons of GaN
as a function of temperature.*
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The axis on the right in Figure 35 is scaled for the A;(LO) phonon mode, and the axis on
the left is scaled for the E; phonon mode. Although the A;(LO) phonon mode has been
has the largest shift in its frequency with temperature, the E, phonon mode is preferable
since the coupled mode of the A;(LO) phonons and plasmons is observed instead of pure
A1(LO) phonon. Figure 36 (a) shows the dissipated electrical power in the diode as a

function of the applied voltage to the GaN sample.
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Figure 36. (a) Measured electrical power dissipated in a GaN pn diode in dependence on the applied
voltage. (b) Raman shift of the E," phonon (left-hand axis) and sample temperature deduced therfrom
(right-hand axis).*

Figure 36 (b) shows the Raman shift of the E; phonon and sample temperature deduced

from (a).
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Tabata et al* observed a reduction in the signal to noise ratio in Raman spectrum
of GaN going from T=300K to T=80K. With the use of their shortest frequency Ar" laser
(4579 Angstroms), they observed an additional sharp peak at 737cm™’, assumed to be the
A(LO) mode. Figure 37 below shows the Raman spectra obtained with 3 different Ar"

laser frequencies (a) 5145 A (b) 4880 A and (c) 4579 A for T=300 K.

GaN/GaAs B2G GaN/GaAs
[Hexagonal/Wurtzite Hexagonal/Wurtzite
T=300K ELLO (GaNy T=80K |~
- EITO <
—— ﬂ
:
-'%' S © 5
c 3 2
§| i
£ § ®) 8
MW g
x2 (@
200 400 600 - 800 400 500 600 700 800
Raman shift (cm™) Raman shift (cm™)
Figure 37. Raman spectra of a hexagonal GaN Figure 38. Raman spectrum from a hexagonal GaN

layer at 300K. Three different lasers used are (a) layer at 80K with 4880A laser.*
5145 A (b) 4880 A and (c) 4579 A.*

The 573 cm™ peak of Fig. 35 and 571 cm™ peak of Fig. 34 have been shown to be in
good agreement with the E>" mode of Hexagonal GaN.

The temperature dependence of the E," and A;(LO) modes in ZnO has been
studied by Alarcon-Llado et al*® with temperatures ranging from 80 K to 850 K.
Experiments are done with 514.5 nm Ar" laser in the backscattering configuration. The
E," mode frequency has been observed to shift and broaden in its FWHM with increasing
temperature. Figure 31 shows dependence of FWHM, and Raman shift with increasing

temperature for the E,! mode,
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dependence of the line width (squares) and frequency (triangles) of the E,” mode. The dashed line is a fit

of the anaharmonic decay model to the FWHM data. The temperature dependence of the E," frequency

given by the model is plotted as a dot-dashed line.**

The asymmetry observed for the E,"” mode Raman spectra has been described as an

anharmonic interaction from combinations of transverse and longitudinal acoustic

phonons. Figure 40 are graphs prepared for the A;(LO) mode in the 80-560 K

temperature range,
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Figure 40. (a) Raman spectra of the A;(LO) mode for the temperatures in the 80-560 K range after
background subtraction. Lower panel: fit to the Raman data (circles) used to determine the baseline (dotted
line) for the spectrum at T=200 K. (b) Temperature dependence fo the FWHM (squares) and frequency
(triangles) of the A(LO) mode as determined from the Raman spectra. The dotted and dashed lines are fits

of Egs. (3) and (4) to the experimental data.*

The A;(LO) mode has been found to be symmetrical, unlike the EzH mode.
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ITII. Experimental Details

3.1 Micro-Raman Set-up
Raman measurements were performed with a Horiba Jobin Yvon Raman
spectrometer using the internal 632.817nm HeNe laser. Figure 41 is a picture of the

Micro-Raman spectroscopy set up at the VCU physics department.

Figure 41. Micro-Raman spectroscopy of VCU physics Department.



50

Sampling is done through a standard Olympus Microscope with a 100x microscope lens
over an XY stage, where the sample is mounted on the Microscope slide as shown in

Figure 42.

Figure 42. XY stage of the Micr-Raman scpectroscopy setup. The cable shown at the bottom is the Neon
lamp added for better calibration of measurements.

After dispersing with a 600 mm™' grating, the signal was detected with the liquid
Nitrogen cooled CCD camera, and data were analyzed with Labspec software version

4.18.



51

Note that in literature on Raman spectroscopy, the Raman shift is traditionally
denoted with letter o or v and expressed in wavenumbers, i.e. cm™. Although outside the
optical spectroscopy community, these symbols are usually used for angular and linear

frequency, respectively, in Raman Spectroscopy it is defined that

107 10’

Raman shift= w(cm™) = v(ecm™) = - ,
Ay(nm)  A(nm)

where the Raman shift is measured in wavenumbers (cm™), A,(nm) is the wavelength of
the laser line, and A(nm) is the wavelength of the scattered light. Figure 43(a) shows
schematically a Raman spectrum from GaN. Positive Raman shift corresponds to the
case A>Ay, i.e. emission of phonons in Raman scattering (stokes Raman). Negative
Raman shift corresponds to the case A<A, i.e. absorption of phonons in Raman scattering

(Anti-stokes Raman). One can also plot Raman spectrum as a function of wavelength

(Figure. 43 (b)), or photon energy (Figure. 43 (¢)).
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Figure 43. Schematical presentation of Raman spectrum (with main phonon modes of GaN) at a function
of phonon frequency (a), wavelength (b) and photon energy (c).

Positions of main Raman lines in hexagonal GaN in terms of cm™, nm, and eV are given

in Table 10.
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Table 10. Stokes and anti-stokes Raman spectra observed in different units.

Ey"- E,;"  Ai(LO)
o (cm™) 144 5682 734.6 Stokes
-144 -568.2 -734.6 Anti-stokes
A (nm) 638.64  656.42  663.67 Stokes

627.10  610.85 604.71 Anti-stokes
Ephoton (€V) 1.9408  1.8883 1.8676 Stokes
1.9766 2.029 2.0497 Anti-stokes

The laser line is much stronger than the Raman scattered signal (about 10° times). To
avoid damage to the detector and unwanted contribution of laser line tail when the
monochromator slit is not very small, a notch filter is placed on the path of the Raman
signal, which has a narrow absorption band at the position of the laser line.
3.2 Calibration of Raman Spectrum

Two parameters, Zero and Koeff in the Labspec 4.18 software, were adjusted in
our Micro-Raman system before the measurements for initial calibration. As discussed
earlier, Raman scattering is the incident laser light that either gains or loses energy due to
vibrations within the sample, and therefore the Raman spectrum shows lines at different
distances from the laser line. Adjusting the “Zero” parameter corrects the offset of the
grating angle when it is turned to a position in which the zero order diffraction signal that
corresponds to the grating position A = 0 nm enters the CCD camera. The offset is
calibrated with the white light of the built-in fiber optic light source.

The grating is driven with a sinus arm that is linear in wavelength. Once the zero
offset is calibrated, the scale between the grating rotation angle and the wavelength A is
adjusted by parameter “Koeff”’. The discrepancy observed in measured positions of Si

that is known to be at + 520.07 cm™ is corrected by adjustment of the Koeff value of the
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calibration menu. With proper alignment in zero position of the 520.07 cm™ stokes line,
the Micro-Raman system is calibrated. We have found that the above initial calibration
does not provide sufficient accuracy in position of Raman lines due to gradual floating of
the offset. This problem was solved by measuring positions of Ne lines as described
below.

Accuracy and reproducibility of our Micro-Raman system were carefully studied
with the measurement of Ne gas emission lines from a Ne lamp for which precise
positions are known from the National Institute of Standards and Technology (NIST)*.

Positions of Ne gas emission lines XiNIST

given in units of nm by NIST were converted to
cm’ by taking into account the HeNe laser wavelength (Agene=632.817 nm). This

conversion was done using the following formula,

o () = 10”10
l ﬂ’HeNe (nm) ﬂ’iN]ST (nm)

The Ne gas emission lines observed with our Micro-Raman set up are shown in Figure

44,
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Figure 44. Observable Ne emission spectra from Ne lamp, plotted as a frequency relative to HeNe
exitation laser line. Lines selected for calibration are numerated.

Table 11 shows the measured positions of the Ne gas emission lines in one of
experiments along with original NIST data in nm, converted from nm to cm™ NIST data,
and the difference observed between the experimental and calculated frequencies of Ne

lines.



Table 11. Frequencies of Ne gas emission lines from experiment, and NIST data. The NIST data is
converted from nm to cm™' in relation to the HeNe laser excitation of 632.817 nm.

i oS (mm) oS (em!) M(em) oS- o ( cm™)
1 638.29914 135.72121 132.7 3.0
2 640.2248 182.84312 179.8 3.0
3 650.65277 433.17606 430.2 3.0
4 653.28824 495.17781 492.0 3.2
5 659.89528  648.43719 645.4 3.0
6 667.82766  828.43370 825.4 3.0
7  671.7043 914.85344 911.8 3.1
8 692.94672 1371.23282  1368.5 2.7
9 703.24128 1582.48617 1579.8 2.7

10 717.3938 1863.01132  1859.8 3.2

11 724.51665 2000.05146  1997.2 2.9

12 743.88981 2359.50560  2356.7 2.8

13 748.88712 2449.20950  2446.4 2.8

14 753.57739 2532.31956  2529.2 3.1

Comparing positions of the Ne gas emission lines with the NIST data, a particular
measurement showed a nearly constant discrepancy of Ao = 3.0 + 0.04 cm’. The

discrepancy as a function of frequency in the above experiment is shown in Figure 45,
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Figure 45. Discrepancy between experimental o; and calculated ;""" positions of Ne gas emission lines
as a function of phonon frequency. Diamond are the plotted data, and the solid line is the linear fit.

From Figure 45 we observe within the 2500 cm™' scale range, the error in phonon
frequency is nearly constant. Note that most of our experiments on GaN and ZnO were
done in the range of phonon frequencies of 100 — 900 cm™. In addition, we observed that
this discrepancy measurement changes with time. Figure 46 shows an example of this

change in discrepancy measured in the same day.
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Figure 46. Change in discrepancy for different scans over 10 hour time frame.

To minimize the effect of the floating offset, we measured the Raman spectrum from
each sample twice. In the first measurement, the Raman spectrum was overlapped with
emission spectrum of Ne lamp placed under the sample, see Figure 47 (The samples and
sapphire substrate were transparent in this region of photons). Then the Raman spectrum
was repeated with Ne lamp turned off. As a result, reliable determination of the line
positions was achieved. The second scan (without Ne lines) was shifted according to the
NIST calibration and presented in Figure 48. Note that the variation of discrepancy
between positions of the measured and NIST Ne lines in the range from 100 to 900 cm™

did not exceed 0.2 cm™.
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Figure 47. Raman spectra with Ne gas emission lines for bulk GaN.
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