Chapter 3

Raman Scattering
Characterization of Hexagonal
GalN Layer on Sapphire
Substrate

3.1 Introduction

In polar semiconductors, the free carrier plasma interacts with the longitudinal optical (LO)
phonon via their macroscopic electric fields. As a results of this interaction, instead of a pure
plasmon and a pure LO-phonon, Varga [1] proposed two coupled modes which have mixed
phonon-plasmon characters for the first time. Raman scattering from LO-phonon-plasmon cou-
pled modes in III-V semiconductors are extensively studied. The first observation of light
scattering by photo excited LO-phonon-plasmon (LPP) coupled modes in III-V semiconductor
was reported in GaP which was excited by the high-power pulsed dye laser [2]. Subsequently,
extensive studies of light scattering by single-particle and collective excitations of the electron-
hole plasma have been carried out, mainly on GaAs [3]. By contrast, very few studies have been
reported so far on GaN. The first experiment on LPP coupled mode in GaN has been reported
by using the infrared reflectivity and absorption measurements [4, 5]. This is because it has
been difficult to grow high-quality GaN and undoped GaN films generally have a characteristic
of n-type conductivity with a residual donor concentration of more than 10!° ¢cm=3 due to native
defect or residual impurities. Recently, epitaxial films of GaN on sapphire substrates with high
crystal quality and free-electron concentration of the n-type in the range from 1 x 10 to 1x 101°
cm™2 by Si doping technology [6] have been reported. The development in the growth technique
of GaN has been enabled one to characterize undoped and doped GaN by Raman spectroscopy.

In the heteroepitaxial GaN grown on sapphire substrate, there are two main problems: high
mismatches of 1) lattice constants (ag,N < agapphire: ¢GaN > cSapphire) and 2) thermal
expansion coefficients (o) between GaN film and substrate (ag,N < aSapphire)‘ These mis-
matches lead to large amount of interfacial biaxial compressive stress for GaN film at 300K,
which causes a high density of dislocations and associated threading defects. Thus, the perfor-
mances of light emitted diodes (LEDs) and laser diodes (LDs) suffer from severe and deleterious
effect. The problems caused by the lattice mismatch have been eliminated by using a GaN or an
AIN buffer layer [7, 8, 9]. However, the thermal stress can hardly be avoided in a heteroepitaxial
structures. Control of the residual stress constitutes an actual issue towards high performance
of electrical or optical devices.

Optical spectroscopy techniques such as Raman scattering spectroscopy have long been rec-
ognized as extremely efficient methods to investigate compound semiconductor bulk as well as
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heterostructures. This method is non-destructive way and requires no contact fabrication. Fur-
thermore, it is applicable from micro to macro region by using a microscope. If phonons, which
are straightforward signatures of bonds, are found to be well adapted probes they can be used
to sample stress, interface morphology, free carrier concentration, mobility of free carrier, phase
mixing, etc [10, 11, 12, 13]. Therefore, Raman scattering technique has bee a powerful tools
for studying the electromc [14] and lattice dynamic properties [15] of semiconductor, and to
characterize the crystalline quality of epitaxial layers.

In this chapter, the characteristics of A1(LO)-phonon-plasmon coupled mode in n- and p-type
GaN and the residual thermal stresses in post-growth patterned n-type GaN characterized by
Micro-Raman scattering measurements will be discussed.

3.2 Experiments

Raman scattering measurements were performed using a JASCO NRS-2000 triple-grating spec-
trometer with a liquid nitrogen-cooled charge coupled device (CCD) array at 300 K. In most
measurements, a 30 mW, 514.5 nm, argon ion (Art) laser was used as the light sotirce. A 50x
(Na = 0.8) objective was employed, giving a laser illuminated spot of 1.5 to 2.5 pm in diam-
eter, and resolutions were in the range from 0.1 em~! to 1.0 ecm™!. The quasi-back-scattering
geometry was employed.

A 2.4-pm-thick Si (n-type dopant) or Mg (p-type dopant) doped GaN film was grown via
metalorganic chemical vapor deposition (MOCVD) at 1050°C on a 334 pm (0001) sapphire
substrate with a 30-nm-thick GaN buffer layer deposited at 530°C. Trimethylgallium (TMG)
was used as a group-I11 source, and ammonia (NHs) was used as a group-V source. SiHg4 diluted
in Hy (10 ppm) was used as a n-type dopant. The carrier gas was hydrogen (H»). No cracks
were observed in both the epitaxial layer and substrate. The carrier concentration of films were
determined by Van der Pauw Hall measurement at 300 K. :

3.3 First-Order Raman Effect in Hexagonal Phase GaN

The primitive cell in the hexagonal structure contains twice as many as atoms as that of cubic.
Since hexagonal structure belongs to the space group C3, (P63mc), a group theory analysis of
q = 0 lattice vibration predicts six optical modes. The full reducible representation may be
decomposed into irreducible representations according to I' = A; + 2By + Ey + E3. The various
optical phonon modes are illustrated in Fig. 3.1. The E; modes are Raman active, 4; and E4
modes are both Raman and infrared active and B; modes are silent, i.e, forbidden in Raman
as well as infrared excitation modes. It is well known that an optical phonon, which is infrared
active, will split into a LO and a transverse optical (TO) component due to the macroscopic
electric field associated with the longitudinal vibration. As a results, A; and E; optical phonon
modes are considerably influenced by macroscopic electric field. In the hexagonal structure,
the phonons allowed in a backscattering geometry are given in Table 3.1, for the attainable
polarization configurations on the two types of sample surface which are shown in Fig. 3.2.

Figure 3.3 shows typical Raman spectra from undoped GaN film grown on sapphire substrate
at 300 K. From Van der Pauw Hall measurement, the film shows n-type conductivity and carrier
concentration as 1.28 x 10 ¢m~2 at 300 K. The phonon frequencies of all the observed modes
are summarized in Table 3.2 and good agreement with the results of others. Some forbidden
modes regarding to Raman selection rule are observed because the incident light is not exactly
normal to the surface of the samples.
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3.4 Mechanisms and Theory of Raman Scattering from
Phonon-Plasmon Modes

3.4.1 Mechanisms

The Raman scattering from LO-phonon-plasmon coupled modes occurs by means of the following
A and B terms:

A: modulation of the optical polarizability by the atomic displacements (deformation potential
scattering) and by the microscopic longitudinal electric field (electro-optical scattering),

B: scattering due to density fluctuations of the free carriers.

The Raman efficiencies due to these mechanisms were deduced by several authors. The line
shape of the coupled mode has been analyzed by the model developed by Hon and Faust, Klein
et al. and Irmer et al. Klein ef al. have indicated that the A term in SiC and GaP is dominant
compared with B term. Irmer et al have extended the treatment developed by Klein et al
to include the effect of phonon damping in Raman cross section. The Raman efficiency given
by Irmer et al. consists of A and B terms. The A term in cross section derived by Irmer et
al. coincides with that obtained by Hon and Faust who have calculated the Raman shape of
LO-phonon-plasmon modes regarding the crystal as a dielectric continuum.

3.4.2 Th'eoretical consideration

The Raman efficiency I4 (due to A term) due to the deformation-potential and electro-optic
mechanisms is given by
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where wr and wy, are the TO and LO phonon frequencies, respectively, v is the plasmon damping
constant, I' is the phonon damping constant, wy and wy are the incident and scattered photon
frequencies, Vp is the volume of the unit cell, ny and ns are the refractive indexes at w; and ws
and n,, is the Bose-Einstein factor. And C is the Faust-Henry coefficient, which is determined
by the intensity ratio between LO and TO phonons in the undoped GaN, which is given by
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where wp is the plasmon frequency ,
5  4mne
o= 0, (35)
and n is the free carrier concentration, €., is the high frequency dielectric constant and m* is
the effective mass.

Raman scattering method is based on detecting the changes in the frequency and linewidth
of the longitudinal optical (LO) phonon spectra, which arise in the doped samples due to the
interaction between the phonon and the plasma mode of the gas. From the analysis of the
frequency shift and line shapes of the LO-phonon-plasmon modes by fitting w,, v, I and C' in
eq. (3.1), the concentration and mobility of the carriers can be determined.

3.5 Experimental Results and Discussion

3.5.1 A;(LO) phonon-plasmon coupling in n-GalN

Two coupled modes (w4, w-) can be observed in GaAs or InP with high mobilities. According
to the coupled-mode theory, the frequencies of two coupled LO-phonon-plasmon modes (w+) in
a doped polar semiconductor in the limit of long wavelength and with no phonon or plasmon
damping are given by

1 ' 1/2
we =5 {Who+wh)+ [(who +wh)? —twhuho] "’} (3.7)
According to this, GaN with concentration of 1 x 10*7 em™3, taking wio = 736 cm™!, wro = 534
cm~! and m* = 0.2-mg, eq. (3.7) gives w. = 67.9 cm™! and wy = 739 cm™'. However, plasmons

are over-damped in GaN, SiC, II-VI compounds and GaP because of large collision damping [16].

" For these films, the low-frequency branch of LO-phonon-plasmon coupled mode is not observed

due to the broadness and the high-frequency branch shows a slight shift to the higher frequency
side with the broadening of the LO mode as the carrier concentration is increased.

Figure 3.4 shows the frequency shifts of E; and A;(LO) phonon modes. It should be noted
that the frequency shift and line broadening of £, and A;(LO) phonon modes have not observed
with increasing an Art laser power up to 100 mW. Thus, the heating effect of the samples
were neglected under the laser power of 30 mW used in this study. The frequency of the Ej
mode in all samples here did not vary (568.2 0.2 cm~?!) with the Hall carrier concentration.
This indicates that F, phonon frequencies are independent of the carrier concentration. The
frequency of A;(LO) phonon mode increases slightly with increasing Hall carrier concentration
below 1017 ¢m™3, and increases rapidly above 3 x 1017 ¢cm 3. The variation of the LO-phonon
frequency with carrier concentration indicates that the LO-phonon mode is coupled with the
over-damped plasmon in doped GaN crystals.

As mentioned in § 3.4.1, two main mechanisms (A and B terms) contribute to the Raman
efficiency. However, the contribution of A term (deformation potential scattering and electro-
optic mechanisms) is larger compared to that of B term (charge density fluctuation mechanism)
in SiC [17] and GaP [18]. _

The A;(LO) phonon spectra have been tried to fit the calculated line shape mentioned in
§ 3.4.2 to observe A; (LO)-phonon-plasmon coupled mode by means of the least squares method.
The Raman intensity of each A;(LO) phonon spectra are normalized by the peak intensity.
Prior to fit, the Faust-Henry coefficient C was determined by using eq. (3.4). In this fitting,
a fixed value of C as 0.55 is used for all the samples. This C value gives an asymmetric line
shape. A rise of the low-frequency side of the A;(LO)-phonon-plasmon coupled mode is very
sensitive to C. Figure 3.5 shows typical line shapes of the experimental and the fitted spectra of
the A;(LO)-phonon-plasmon coupled mode. The theoretical fit is shown by the solid line. The
agreement between the experimental and fitted line shapes is fairly good.

It should be noted that the line shape of fitted 4;(LO)-phonon-plasmon coupled mode became
asymmetric and was worse if B term (the density fluctuation mechanism) was included into A
term discussed § 3.4.1. Therefore, A term was dominated in GaN like SiC or GaP.
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Figure 3.6(a) shows the experimental and fitted A;(LO)-phonon-plasmon coupled mode for
several carrier concentrations measured by Van der Pauw Hall measurement at 300 K. All the
samples were evaluated that the plasmon frequencies (wp) were much smaller than the plasmon
damping constants (y) (wp < 7). This result indicates that the plasmon in n-type GaN has
large damping rates and the LO-phonon is coupled with the over-damped plasmon.

Using eq. (3.6), the free carrier concentration n from the values of the plasmon frequency
obtained by the line shape fitting where the values of the effective mass of electron (m*) and the
high-frequency dielectric constant (€.,) were set to 0.2 - mg and 5.35, respectively.

In Fig. 3.6(b) the values obtained by Raman analysis are plotted against the carrier concen-
tration deduced from Van der Pauw Hall measurements. It clear that the carrier concentrations
obtained by Raman analysis are good agreement with those obtained by Hall measurement.
Therefore, Raman method may be well established to determine the free carrier concentration
of n-GaN.

The plasmon damping constants obtained by Raman analysis increase with increasing the
concentration of carriers. The values of v are plotted in Fig. 3.7 as a function of those deduced
from Hall measurement (yg) which is given by

€
9
m* g

v = Ry (3.8)
where py is the Hall mobility and Ry is the Hall factor. In the calculation of vy, the acoustic
phonon is assumed to be a dominant mechanism and then Ry is equal to 37/8.

It seems that the plasmon damping constants obtained by Raman analysis did not coincide
with the ones obtained by Hall measurements.- Irmer et al. [19] reported deviation between the
damping constants obtained by each method (Raman and Hall measurements) in GaP. They
concluded this results in terms of the broadening effect of A;(LO) phonon by doping rather
than LO-phonon-plasmon coupling. Bairamov et al. [20] reported the line shape of the coupled
mode in ZnO crystal dependent on the laser power at 77 K. They suggested that the creation of
nonequilibrium carriers by the laser radiation is responsible for the difference between the values
of damping constants deduced from Raman analysis and those from Hall measurement. As
mentioned above, the laser power dependence of A;(LO) phonon frequency shift has not observed
in this study up to 100 mW. Thus, this explanation can not be applied to the results of this
study. One of possible explanation of the relative larger deviation between the spectroscopical
(Raman) and electrical (Hall) is the considered scattering mechanism. If the ionized impurity as
well as the acoustic mechanisms contribute to the carrier scattering (add the impurity ionized
scattering mechanism into eq. (3.8), the values of v may reduce. However, the detail mechanism
1s not clear at this time.

3.5.2 A;(LO) phonon-plasmon coupling in p-GalN

For p-type GaN samples, the dopant as Cp;Mg was used. In general, hydrogen in a Mg-doped
p-type GaN film forms a complex with Mg and electrically passivates the impurities. To realize
p-type conductivity, a low energy electron beam irradiation (LEEBI) or thermal annealing is
performed. In this experiments, the samples were annealed at 800° C for 30 minutes in a nitrogen
environment to release hydrogen and obtain p-type conductivity.

Figures 3.7(a) and 3.7(b) show the Raman spectra of p-type and undoped samples in wide and
low frequency ranges. There is no significant shift of A;(LO)-phonon frequency in p-type GaN
with increasing Mg doping concentration both with and without high temperature annealing
treatments. The phonon frequencies from p-type GaN in the range from 400 to 900 cm™! are
almost same as those obtained from undoped GaN except Raman intensities. This is strikingly
different from that of n-type GaN as discussed earlier. However, from Fig. 3.7(b), there is a clear
continuum band in Raman signal below 350 cm™! in p-type GaN. This continuum band is may
be attributed to single-particle excitation of free carriers due to inter-valence-band transition as
reported in heavily doped p-type Si [21]. Fano-interference effect appears when a sharp discrete
transition overlaps with a continuum transition and interferences with it [22]. This interference -
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" effect was weakly observed in the tail of the Ey phonon band.at 143 cm~t. Looking at the

detail of Raman signal around Es phonon mode, the asymmetric feature is observed and the
spectral dip corresponding to anti-resonance appears at a higher frequency side. Harima et
al. have observed that the symmetric feature becomes evident with increasing hole density and
suggested that the Fano interference feature could be used as a measure of hole concentration [23].
At this time, there has not obtained the relationship between the Fano interference feature and
Mg concentration clearly. Thus, it is difficult to conclude whether the hole concentration can be
obtained from the Fano interference feature or not. v

In order to reveal the reason why A;(LO)-phonon frequency in p-type GaN does not change
like n-type GaN, the theoretical calculations in terms of phonon damping constant (I'), plasmon-
damping constant (v) and carrier concentration (or plasmon frequency wp) were performed. In
the calculation, the simple form reduced from eq. (3.1) was used. The Raman efficiency I, is
given :

€
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where C is Faust-Henry coefficient and ¢ is given by eq. (3.5).

Figures 3.8(a), 3.8(b) and 3.8(c) show the results of calculation of LO-phonon-plasmon cou-
pled mode under various plasmon damping conditions. The phonon damping constant I' was
set to 20 cm~! and the carrier concentration were varied from 1 x 10*7 to 1 x 10*® cm™3 in
the calculations. The A;(LO) phonon shift were observed in both undamped (wp > 7) and
weakly damped (wp < ) conditions. In heavily damped (wp < 7), however, the frequency
shift was not observed. These calculated results indicate that the plasmon damping factor in
p-type GaN is much larger than those in n-type GaN. Furthermore, the hole effective mass
(= 0.8) is heavier than that of electron effective mass (= 0.19). These effects strongly affect the
A1 (LO)-phonon-plasmon -coupled mode in p-type GaN.

3.6 Strain Relaxation in Post-Growth Patterned GalN
Film

3.6.1 Sample preparation

In this section, the residual strain behavior of GaN film grown on a sapphire with various post-
growth patterned squares fabricated by the focused ion beam (FIB) etching were studied by
micro-Raman probing at 300 K. The growth conditions were mentioned in § 3.2. The carrier
concentration of post-growth patterned GaN film as n type of 1.28x10'7 ¢cm™3 was determined
by Van der Pauw Hall measurement at 300K. After growth, the sample was etched with the
width of 2 um to make the square L varying from 5 pm to 100 um fabricated by FIB etching.
Top and cross-sectional images of post-growth patterned GaN are shown in Fig. 3.10.

3.6.2 Theoretical estimation of stress

Prior to experiment, the thermal stress in the as-grown GaN on sapphire was estimated by the
model of Olsen and Ettenberg [24]. The theoretical and experimental investigations of the stress
in the GaN on sapphire substrate have been reported by Hiramatsu et al. [25] and Kozawa et
al. [26] In their reports, the same model (Olsen and Ettenberg [24]) was used assuming that the
origin of the stress was due to only the difference in the thermal expansion coefficients between
GaN and sapphire. This model is expressed in terms of Young’s modulus E;, thickness of film ¢;
with length L and width W, curvature &, force F; and moment M;, where i = 1 and 2 represent
sapphire and GaN as shown in Fig. 3.11. In this study, the same methodology was used to
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calculate the stress and curvature. When no external forces are applied, the forces and moments
are in equilibrium:

> Fi=0 (3.11)

il
e
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The other equation is obtained by solving for the strain ¢ at the interface between sapphire and
GaN as '
Fz F1 (t]_ + tz)K)

= FotsL  EitiL 2

The strain ¢ is defined as ¢ = AT - (@3 — @3), where «; and a5 are the thermal expansion coeffi-
cients of sapphire and GaN, respectively and AT is the difference between growth temperature
and room temperature. The stress distribution in the ¢-th layer o;(2) is given by the sum of the
stress due to the forces Fj/t;W and the bending stress E;k(z — t;/2), where z is the position
measure from the bottom of i-the layer. Assuming that L & W and spherical bending, the two-
dimensional stress can be estimated by one-dimensional stress as ¢;(z)|2p = 0:(2)1p/(1 — v),
where v is the Poisson’s ratio.

The parameters used in the calculation are listed in Table 3.4. The stress of 0.59 GPa and
curvature of 0.13 m~! are obtained for the GaN film thickness t5 of 2.4 um which is the same
as the sample studies here. :

&€

(3.13)

3.6.3 Experimental results and discussion

Figure 3.12 shows the Fs phonon mode frequency and the full width at half maximum (FWHM)
of E; mode phonon spectra as a function of L. The E, peak (at the center of the square) shift to
the lower frequency, that is the relaxation of compressive stress in the plane of the layer, which
is about 2 cm~! with decreasing the square size L. The estimated change of internal stress is
about 6 kBar by using the biaxial stress coefficient of 2.9 cm~!/GPa reported by Demangeot et
al. [27). :

They showed the phonon frequency as a function of biaxial stress that was calibrated by the
2 K reflectance study of energy difference between A (I'g valence band - I'7 conduction band) and
B (T'7 valence band - T'; conduction band) excitons. The observed E3 phonon frequency of as-
grown sample in this study was similar to that of theirs. Thus the calculated stresses addressed
in this study are highly reliable. It should be noted that the stress value of as-grown sample
estimated here is good agreement with that estimated by the theoretical calculation discussed
in § 3.6.2.

It is found that the internal stress changes drastically, below L=40 um, as shown by the
slopes of the dashed lines in Fig. 3.12(a). The Aw of E; modes vary from 1.6 cm™! (L=5 um)
to 1.4 cm™! (L=100 pm) as a consequence of the change of the elastic constants with strain by
the effect of post-growth patterning. The Aw drastically decreases as increase in L below L=40
and saturates at the value of as-grown.

Figures 3.13(a) and 3.13(b) show the mapping of E; phonon mode frequency measured by
scanning the Raman probe in the direction as shown in the inset. In both results, the stress
is almost zero at the edge of the pattern. But it increases drastically in several um from the
edge (the stress gradient is drastically changes in = 10 pm) and then gradually approach to
the equilibrium value in each L. Thus, the stress distribution is occurred in the square, that
is, the peripheral and internal regions. The stress relaxation mechanism occurred at near edges
is attributed to the expansion of the edges (edge facet is free to move) of layer by post-growth
patterning [28].

The A;(LO) phonon mode can couple with collective excitation of free carriers via longitudi-
nal electric field and form LO-phonon-plasmon coupled mode as discussed in § 3.4.1, 3.4.2, 3.5.1
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and 3.5.2. The spectral line shape of LO-phonon-plasmon modes changes sensitively with the
doping concentration [29], however, the effect of internal stress is not clear till now. As seen in
Fig. 3.14, the peak shift of A;(LO) phonon measured at the center of each square is about 0.8
cm ~! (736.8 - 737.6 cm ~1) which is much smaller than that of E; phonon mode. For the line
width of A;(LO) phonon as shown in Fig. 3.14(b), the variation of line width is much smaller
than that of 5 phonon mode. However, the change of linewidth in A;(LO) phonon is same as
that observed in E,. Based on the biaxial stress coefficient as 0.8 cm™!/GPa in ref. [27], the
small change of A;(LO) peak shift reflects the weak influence of the in-plane biaxial stress to
the A;(LO) phonon mode compared to Ez mode. This is strongly attributed to the polariza-
tion, where A;(LO) phonon is polarized in the z direction and E, phonon is polarized in the
z — y plane as shown in Fig. 3.1. The spring constant (Ga-N) in the z — y plane changes rather
than those in the z direction, especially at the edge facet, by the post-growth patterning. Thus,
almost no shift is observed in A;(LO) phonon by changing the square size L.

3.6.4 Stress reduction mechanism

Up to now, the stress reduction of GaN on sapphire substrate by using post-growth patterning
method is discussed. The detail mechanism is not clear at this time, however, this may be due
to the following mechanism.

The interface between GaN and sapphire substrate is rigidly connected even after post-growth
patterning, however, the edge facet gradually moves outside (“edge moving effect”) as it is away
from interface to GaN top surface as shown in Fig. 3.15(a). Thus, the compressive stress at the
interface remains relatively constant value. Furthermore, Fig. 3.12(a) indicates that the “edge
moving effect” affects the residual stress at the center with square size L < 40 um, however, 1t
does not much affect at the center with square size L > 40 pym. The value L = 40 pm depends
on the thickness of GaN layer.

The “edge moving effect” reduces the internal stress abruptly in several ym from the edge
(peripheral region) and this effect is not much depend on the square size L from Fig. 3.15(b).

3.7 Conclusions

In this chapter, the detailed discussion of A;(LO)-phonon-plasmon coupled mode in various
concentration of n and p-type GaN on sapphire substrate and the residual thermal stresses
in post-growth patterned n-type GaN on sapphire substrate characterized by Micro-Raman
scattering technique at 300 K were presented.

In ntype GaN, A;(LO)-phonon-plasmon coupled mode was observed and Raman spectra
were performed line shape fitting based on the deformation potential scattering and electro-
optical scattering mechanisms. The good agreement between the observed in this study and the
theoretical fitted shapes was obtained. The free carrier concentrations and plasmon damping
constants are determined and compared to those values obtained by Hall measurements. It is
demonstrated that Raman measurement is a suitable technique to determine the free-carrier con-
centration. On the other hand, p-type GaN did not show A; (LO)-phonon-plasmon coupled mode
clearly. The theoretical calculation indicates that this characteristic is due to a over-damped
plasmon damping factor (plasmon damping factor >> plasmon frequency) and an effective hole
mass. A clear continuum band in the low-frequency region below ~ 350 cm~! was observed.

Reduction of the thermal stress in the post-growth patterned GaN on sapphire substrate
was observed. The relaxation of compressive stress was observed with decreasing the square
size L, especially in < 40 um. The stress increased significantly within 10 ym away from edge,
saturated. It was found that the internal stress was less important for the A;(LO) phonon
characteristic. These findings provide important hints for a device geometry.
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Table 3.1: Selection rules of ¢ = 0 Raman modes in GaN for various configurations used in the
experiments. X, Y and Z are parallel to the [0110], [2110] and [0001] direction in the GaN film,
respectively.

Sample surface Polarization configuration Phonon

Face(0001) ZYV)Z A1(LO), B
Edge X(Z2)X A(TO), B,
X(YVX A(TO), E{(LO)

Table 3.2: Zone-center optical phonon frequencies in wrutzite GaN, in unit of cm™!.

Reference A;(TO) A;(LO) E4(TO) E;(LO) E;

[30] 533 735 561 743 569
[31] 533 735 561 742 570
[32] 534 736 563 746 572
This work 531 734 558 741 568
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Table 3.3: Parameters used in A;(LO) phonon-plasemon coupling characterizrion.

Parameter | Notation Optimized | Constant Value
wi/2 Incident and scattered phonon frequencies wy = 19435 cm™!
ni/2 Refractive indices of crystal at wy/y ny = 2.3912
wr/T LO-phonon and TO-phonon frequencies wr = 531 cm™!
wp Plasmon frequency O

Ny Bose-Einstein factor

¥ Plasmon damping constant O

r Phonon damping constant O

c Faust-Henry coeflicient O 0.55 (Optimized)
EL Macroscopic electrical field

o Polarizability

n Free-carrier concentration

Vo Volume of the unit cell

m* Effective mass of the electron 0.20mgq

€00 Dielectric constant 5.35

Table 3.4: Parameters used in the stress calculation.

Parameters Sapphire (i=1) GaN (i=2)
Thickness (yum) T; 300 24
Young’s modulas (GPa) E; 425 [33] 196 [34]
Thermal expansion coefficient (x107¢/deg) «@;  7.50 [25] 5.45 [25]
Poisson ratio  y; 0.3 0.3
Temperature differnce (°C) Ap 1020
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Figure 3.1: Optical phonon modes in the hexagonal GaN structure.
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Figure 3.2: Raman scattering measurements were performed in backscattering geometry with
X(Z-)X,X(Y-)X and Z(Y—)Z configurations.
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Figure 3.3: Typical Raman spectra of undoped GaN epitaxial layer at 300 K. The spectral

resolution was 1 cm™1!.
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Figure 3.6: Analyvsis of A;(LO) phonon-plasmon coupled mode.
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Figure 3.8: Raman spectra of p and undoped GaN.
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Figure 3.9: Simulated 4,(LO) phonon-plasmon coupled modes in p-type GaN.
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Figure 3.10: Top and cross sectional images of post-growth patterned GaN sample.
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Figure 3.12: F5 phonon mode characteristics as a function of square size L.
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Chapter　3Raman　ScatteringCharacterization　of　HexagonalGaN：Layer　on　S3pphireSubstrate3．1IntroductionIn　polar．semiconductors，　the　f士ee　carrier　plasma　interacts　with．．　the　longitudinal　optical（LO）phonon　via　their　macroscopic　electric　fields，　As　a雫esults　of　this　interactio11，　instead　of　a　pureplasmon　and　a　pure正O−phonon，　Varga［1］proposed　two　coupled　modes　which　have　mixedphonon−plasmon　characters　fbr　the丘rst　time．　Raman　scattering　f士om正O−phonon−plasmon　cou−pled　modes　in　III−V　semicollductors　are．extensively　studied．　The缶st　observatioll　of　Iightscattering　by　photo　excited正O−phonon−plasmon（正PP）coupled　modes　in　III−V　semiconductorwas　repo平ted　ill　GaP　which脚a8　exci七ed　by　the　high−power　pulsed　dye　laser［2］。　Subsequently，extensive　studies　of　light　scatterihg　by　sipgle−particle　and　colle6むive　excitations　ofもhe　electron−hole　plasma　have　been　carried　out，　mainly　on　GaAs［3］．　By　contrast，　very　fbw　studies　have　beenreported　so　far　on　GaN．　The　first　experiment　on　LPP　coupIed　lnode　in　GaN　has　been　reporもedby　using　the　inhared　reflectivity　and　absorption　measurements［4，5］．　This　is　because　it　hasbeen　di伍cult　to　gめw　high−quality　GaN　and　ulldoped　GaN　films　generally　have　a　characteristicofπ，type　conductivity　with　a　residual　donor　concentration　of　more　than　1019　cm−3　due．to　nativedefbct　or　residual　impurities．　Recently，　epitaxial　films　of　GaN　on　sapphire　subs七rates　with　highcrystal　quality　and　f血ee−electron　concentra七ion　of　theπ一type　in　the　range　from　1×1016　to　1×1019cm−3　by　Si　doping　technology［6］have　been　reported．　The　development　in　the　growth　techniqueof　GaN　has　been　enabled．one　to　characterize　undoped　and　doped　GaN　by　Raman　spectroscopy　　In　the　heteroepitaxial　GaN　grown　on　sapphire　substrate，　there　are　two　main　problems：highmi・m・t・h…f1）1・ttice　c・n・tant・（・G・N＜・S・pPhi・e，・G。N＞・S。pPhi，e）and　2）th・・m・1・xp…i・n…伍・i・nt・（α）b・tween　G・N且lm・nd・ub・t・・t・（・G。N＜・S。p並hi，e）・Th・・e　mis−matches　lead　to　large　amount　of　interfacial　biaxial　compressive　s七ress　fbr　GaN飢m　a七300　K，which　causes　a　high　density　of　dislocations　and　associated　threading　defbcts．　Thus，もhe　perfor−rnances　of　light　emit七ed　diodes（LEDs）and　laser　diodes（玉Ds）．suff6r　from　severe　and　deleteriousef驚ct．　The　problems　caused　by　the　lattice　mismatch　have　beell　eliminated　by　using　a　GaN　or　anAIN　buf飴r　layer［7，8，9］．　However，　the　thermal　stress　can　hardly　be　avoided　in　a　heteroepitaxialstructures．　Control　of七he　residual　stress　constitutes　an　actual　issue　towards　high　perfbrmanceof　electrical　or　optical　devices．　　　Optical　spectroscopy　techniques　such、as　Raman　scattering　spectrgscopy　have　long　been　rec−ognized　as　extremely　ef巳cient　methods　to　investigate　compound　semicgnductor　bulk　as　well　as一195一heterostruc七ures。　This　method　is　non−destructive　way　and　requires　no　contact　fab．rication．　Fur−thermore，　it　is　apかlicable　from　micro　to　macro　region　by　using　a　microscope。　If　phonons，　whichare　straightfbrward　signatures　of　bonds，　are　fbund　to　be　well　adapted　probes　they　can　be　usedto　sample　stress，　in七erface　morphology，　f士ee　carrier　concentration，　mobility　of茸ee　carrier，　phasemixing，　etc［10，11，12，13］．　Therefbre，　Raman　scattering　technique　has　bee　a　powerful七〇〇lsfbr　studying七he　61ectronic［14］and　la七tice　dynamic　properties［15］of　semiconduc七〇r，　and　tocharacterize　the　crystalline　quality　of　epitaxial　layers．　　　In　this　chapter，　the　characteristics　of、41（正0）一phonon−plasmon　coupled　mode　inπ一and　p−typeGaN　and　the　residual　thermal　stresses　ln　pos七一growthかa七ちernedπ一type　GaN　characterized　byMicro−Raman　scatte血g　measurements　will　be　discussed．3．2ExperimentsRaman　sca七tering　measurements　were　perfbrmed　using　a　JASCO　N耳S−2000　triple−grating　spec一．trome七er　with　a　liquid　ni七rogenrcooled　charge　coupled　deマice（CCD）array　at．300　K．In　mosちmeasurements，　a　30甲W，5！415　hm，　argon　io雌．（Ar＋）la6e士was．used　as　the．light　so亘士ce．．A50×（ノ〉且＝0，8）objective　was　employed，　giving　a　laser　illumina七ed　spot　of　1・5　to　2・5μm　in　dialn一．eter，　and　resolutions　were　in七he　range　from　O．1　cm−1　to　1．O　cm−1．　The　qua8i−back−sgatもefinggeometry　was　employ6d・　　　A2．4一μm−thick　Si（η一type　dopan七）or　Mg（Ftype　dopant）doped　GaN飢m　was　gぬwn　viame七alorganic．chemical　vapor　deposition（MOCVD）a七1050。C　on　a　334μm（0001）sapphiresubs七rate　with　a　30−nm−thick　GaN　buf艶r　layer　deposited　at　530。C．　Trimethylgallium（TMG）was　used　as　a　group−III　source，　and　ammonia（NH3）was　used　as　a　group−V　sohrce．　SiH4　dilutedin　H2（10　ppm）was　used　as　aη一type　dopan七．　The　carrier　gas　was　hydrogen（H2）．　No　crackswere　observed　in　both　the　epi毎xial　layer　alld　substrate．　The　carrier　concentration．of丘lms　were．determi且ed　by　Van　der　Pauw　Hall　measuremellt　at　300　K．3．3First−Order　Raman　Effect　in　H：exagopal　Phase　GaNTh6　primitiv6　cell　in．the　hexagonal　structureとontainS　twice　as　many　as．　ato：ns　as　that　of　cψic．Since　hexagonal　struct廿re　bglongs　to七he　space　group　C醤レ（P63γηc），　a．group　theory．a皿aly『is　Qfq＝Ola七tice　vibration　predicts　six　optical　n享。（ユes．　The　full　redμcible　represehtation．may　be．dec6mposed　into　irreducible　representations　accordipg七〇r＝ノ11十2B1十五孜十E2．　The　vε頃ousoptiとal　phonqn　modes　are　illustrated　in　Fig．3．1．．The　E2　modes昂re　R琶man　active，、41　and．ε1modes　are　both　R昂man　and　infrared　active　andβ．P　modes　are　silent，　i．e，．fbrbidden　in　Ramanas　well　as　inf血ared　excitation　modes．　It　is　weIl　kno曲that　ap　optic31　phonφn，　w車ich　is　infraredactive，　will　spli七into　a　LO　and　a　transVerse　optical（TO）co血pollent、d耳e　to　tねe．　macroscopicelec七・1・飼d・・…i・t・d　with　th・1・ngi七・di・al・ib・・ti・n・A・a・esult・，且・・nd　E・・pちi・al　phQ・・nmo．4曾s帯e　considerably　in且ueHced．by血acroscopic　elgctric　field．．In七he．　hexagqnal　strμc七ure，the　phQnon6　a皿owed　in　a．backscattering　ggome七ry　ar♀given　in　Table　3．．1，　fbr　the　a七tainablepol毎riza七ioll　co面g耳rations　on　the　tw6　types．　of　sample　surfaOe　which　are　shown　in　Fig．3．2「．　　　Figure．3．3　shows　typical　Ran｝an　spec七ra　from　undoped　GaN　filni　g士oWn　on　sapphire．　substrateat　300K．　From　Van　der　Pauw　Hall　measurenien七，　the丘hn　sho宙sη一七ype　conductivi七y　and　carrierconcentra七ion　as　1．28．×1016　cm一．3　at．300．K．　The　phonon　f士eduencies　of　all　the　observed　mQdesare　summarized　in　Table　3．2　and　good．　agreemen七with七he　resμ1ts　of　others・some　fbrbidden畿認翻、離s齢量．「μle　a「e．oやse「vedbecause　thr’ncidg戸t．’ighl’s　notexaゆ一196一3．4Mechanisms　and　Theory　of　Raman　Scattering　fromPhonon−Plasmon　Modes．3．4．1MechanismsThe　Raman　sca七tering　f士om　LO−phonon−plasmon　coupled　modes　occurs　by　means　of　the　fbllowing．4and　B　terms：　　．4：modula七ion　of　the　optica正polarizability　by　the母tomic　displacemen七s（defbrma七ion　pQtential　　　　　scatt・・i・g）・・d　by　th・mi・…c・pi・．1・・git・di・・1・lect・i・丘・ld（・lect・g一・pti・al　scatt・・i・g），　　B：scatむering　due　to．　densi七y且uctuations　of　the　hee　carriers．The　Raman　e缶ciencies　due　to　these　mechanisms　were　deduced　by　several　authors．．　The．lineshape　of　the　coupled　mode　has　been　analyzed　by七he　model　developed　by　Hon　and　Faust，　Kleinθオα乙and　Irmerεオα乙Klein　8fα乙have　in4icated　tha七七he．4　term　in　Siq　and　GaP　is　dominantcompared　with　B　term．　Irmer　eオα乙have　ex七ended　the七reatmen七developed　by　Klein　eオα乙to　include七he　ef琵ct　of　phollon　damping　in　Raman　cross　sec七ion．　The　Raman　e缶ciency　givenby　Irmerεオα乙consists　of．4　andβterms．　The．4　term　in　cross　section　derived　by　Irmerεオα」．coihcides　with　that　ob七ained　by　Hon　and　Faust　who　have　calculated　the　Raman　shape　ofLO−phonon−plasmon　modes　regarding　the　crystal　as　a　dielectric　continuum．3．4．2　Theoretical　considerationThe　Raman　ef丑ciency玩（due　to．4　terエn）due　to　the　defbrmation−potential　and　electro−opticmechanisms　is　given　by玩＝d2且dωdΩ1鰹（ω2　c）4（轟）2（・・＋1）亘・mCl），lA（3．1）where．4＝十十1＋2ぴ塗　　　　　　△・2mr（ω　　　　［ω多7（ω多一ω2）一ω2r（ω2＋γ2一ω多）］△（ω易ωぞ一ω易）］晦1一ω券）3−2ω2）＋ω2r（ω2＋72））］，（3．2）and　　　　　　　　　　　　　　　　　　　　　　　　　　　△＝ω剤（ω多一ω2）2＋（ωr）2］　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＋ω2r（　2　　　2ω五一ωT）（ω2＋72），　　　　　　（3．3）whereωT　andωL　are　the　TO　and　LO　phonon　frequencies，　respectively，γis　the　plasmop　dampingconstant，　r　is　the　phonon　damping　constant，ω1　andω2　are　the　incident　and　scat七ered　photonfrequencies，▽b　is　the　volume　of七he　unit　cell，π1　andη2　are　the　re丘active　indexes　atω1　andω2andηωis　the　Bose−Einstein　factor．　And．Ois　the　Faust−Henry　coef丑cient，　which　is　determinedby　the　intensity　ratio　between　LO　and　TO　phonons　in　the　undoped　GaN，　which　is　given　by　　　　　　　　　　　　　　　　　　　　　　傷1一．（ω1十ω五ω1十ωT）2器（・＋ω綜呈）・　　（・ρ　　　The　dielectric　functionξis　given　in　the　presence　of　f士ee　6arriers　is　given　by　　　　　　　　　　　　　　　　　　　　　　・一…｛・＋。多謡。r一ω（葺、の｝，・　（・・5）一197一曲ereωp　is　the　plasmon　f士．equency　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・多一罪，一　．　．．（…）andηis　the　free　carrier．concentration，εOo　is　the　high　f士equency　dielectric　constantεmd　m＊isthe　ef琵ctive　mass．　　　Raman　sca土七e血g．me七hod　is　b認ed　oエ1　detecting　the　changes　inもhe　frequency　and　linewidth．of　the　longitudinal　optical（LO）phonon　spectra，　which　arise　in　the　doped　samples　due　to　theinteraction　between　the　phonon　and　the亘lasma　mode　of．　the．gas．　From　the　analysis　of　thefrequency．shift　and　line　shapes　of　the　IO−phonon二pla串mon　modes　by丘t七ingωp，’γ，　r　and　O　ineq．（3．1），the　concen七ration　and　mobility　of　the　carriers　can　be　determined．．3．5Experimental　Results．and．Dis¢ussion5．5．1　A1（：LO）phonon」plasmon　coupling　inη一GaNTwo　coupled　modes（ω＋，ω⇒cap　be　observed　in　GaAs　or　InP　with　high．mobilities．　Accordingto　the　cou亘led−mode　theory，　the　frequencies　of　two　coupled　LO−phonon−plasmon　modes（ω圭）inadoped　pol昂r　semiconductor　in　the　limi七〇f　long　wavelength　and　withロ。　phonon　or　plasmondamping　are　given　by　　　　　　　　　　　　　　　　　・圭一1｛（ω盆。＋ω多）＋［（・呈・＋・多）2一・弱・］1／2｝・．．．（r7）According　to　this，　GaN　with　concentration　of　1×1017　cm−3，．takingωLo＝736　clh−1，ωTo＝534cm−1　and　m＊＝02．・mo，eq．（3．7）givesω＿＝67．9　cm−1　andω＋＝739　cm−1．宜owever，　plasmonsare　over−damped　in　GaN，　SiC，　II−VI　compounds　apd　GaP　because　of　large　collision　damping［16］，For　these　mms，　the　low−frequency　branch　of玉O−phonon−plasmon　coupled　mode　is　not　observeddue　to　the　broa（iness　and　the　high−frequency　branch　shows　a　slight　shift　t6事he　higher　frequencysi4e　with　the　broadening　of　the　LO　mode　as　the　carfier　concentratiQn　is　increased．　　　Figure．3．4　shows　the．frequency　shifts　of　E2　and≧41（LO）phonon　modes．　It　should　be　noted．七hat　the　frequency　shif七and　line　broadening　of　E2　and．A1．（乖O）phonon　modes　have　Ilot　observedwith　incre認ing　an　Ar＋laser　power　up　to　100　mW．　Thus，　the　hea七ing　e驚ct　of　the　samples．were　neglec七ed　under七he　la3er　power　of．30　mW　use4　in　this　study．　The丘equency　of　the　E2mode　in　all　samples　here　did　not　vary（568．2土02　cm−1）〜vith　the　Hall　carrier　concen七ratioh．Th五s　indicates　t車a七E2　phonQn　frequencies　are　independent　of　the　carrier　concentratioh・Thefrequency　of．A1（LO）phonon　mode　increases　slightly　with　increasing　Hall　carrier　concentrationbelow　1017　cm−3，and　increases　rapidly　above．3×1017　cm−3．　The　v耳riation　of　the　LO−phonon丘equency　wi七h　carrier．　concentration　indica七es．that　the　LO−phohon　mode　is　coupled　with　theover−damped　plasmon　in　doped　GaN　crystals．　　　As　ment主oned　in§3．4．1，　two　main　mechanisms（．A　andβterms）contribute　to　the　Ramane絹ciency．　However，　the　contribution　of、4　term（defbrma七ion　potential　scゆttering　and　electro−optic　mechanisms）is　larger　compared　to　that　of．8　te面（ch3rge　density　fluctuation　mechanism）in　SiC［17］and　GaP［18］．　　　The．41（正0）phonon　spectra．have　been　tried　to．且t七he　calculated　line　shape　mentioned　in§3．4．2to　obsεrve　A1（LO）一phonon−plasmon　coupled　mode　by　means　of　the　least　squares　me七hod・The　Raman　intensity　of　each．A1（正0）phonon　sp6ctra　are　normalized　by　the　peak　intellsity．Prior　to　fit，七he　Faust−Henry．coef丑cien七〇was．р?ｔｅｒｎｉｉｎｅｄ　by　using　eq．（3．4）．　In．this　fitting，a丘xed　value　of　O　as　O．55　is　used　fbr．all　the　samples．　This　O　value　give串．　an　asymmetric　lineshape．　A　rise．of　the　low−frequency　6ide　of　the。41（LO）一phonon−pl昌smon　coupled　mode　is　verysensitive　toσ．　Figure　3，5　shows　typical　line　sha診es　of　the　experimental　and　the　fitted　spectra　ofthe．41（LO）一phonon−plasmon　coupled　mode．　The　theoretic急l　fi七is　shown　by庫e　solid　line。　Theagreemen七between　the　experimental　and　fi七七ed　line　shapes　is　fairly　goQd．　　　It　should　be　noted　that　the　line　shape　offitted．A1（LO）一phonoh−plasmon　coupled　mode　becameasymmetric　and　wa8　worse　if　B　term（the　densi七y　fluctua七ion　mech批nism）was　included　into且ter血discussed§3．4．1ドTherefbre，．4　ter鵬was　dominated　in　GaN　like　SiC　gr　GaP．一198一　　　Figure　3．6（a）shows　the　experimental　and且tted．A1（玉O）．phonon−plasmon　coupled　mode　fbrseveral　carrier　concentrations　meaεロred　by　Van　der　Pauw．H：all　measurement　at　300　K．　All　thesamples　were　evaluated　that　the　plasmon　f艶quencies（ωp）were　much・smaller　than　the　plas血ondamping　collstants（’γ）（ωp《’γ）．　This　result　indicates　thaもthe　plasmon　inη一type　GaN　haslarge　damping　rates　and．　the正O−phonon　is　coupled　with　the　over−damped　plasmon．　　　Using　eq．（3．6），　the丘6e　carrier　concentrationη．f士om．　the　values　of　the　plasmon　frequencyobtained　by　the　line　shape且tting　whereもhe　values　of　the　e価ctive　mass　of　electron（m＊）alld　thehigh一丘equency　dielectric　constant（εo。）were　set　to　O．2・η30　and　5．35，　respectively．　　　In　Fig．3．6（b）the　values　obtained　by　Raman　analysis　aTe　plotted　against　the．carrier　concen−tration　deduced　from　Van　der　Pauw．　Hall　mea8urements．　It　clear　that　the　carrier　concentrationsobtained　by　Raman　analysis　are　good　agreemenもwith．those　obtained　by且all　measurement．Therefbre，　Ram昂n　method血ay　be　well　established　to　determine　the　free’carrier　concentrationofπ一GaN。　　　The　plasmon　damping　constants　obtained　by　Raman　analy串is　increase　with　increasiig　theconcentration　of　carriers．　The　value60f’γare　plotted　in　Fig．3．7　as　a　function　of　those　deducedfrom　Hall　measurement（’γH・）which　is　given　by　　　　　　　　　　eγH＝RH　　　　　　　　m＊μ且』，（3．8）whereμH　is　the　Hall　mobility　and　RH　is　the　Hall　f』ctor．　In　the　calculation　of’γE，　the　acousticphonon　is　assumed　to　be　a　dominant　mechanism　and　then．配H　is　equal　to　3π／8．　　　It　seems　that　t取e　plasmoll　damping　constants　obtained　by　Raman　analysis　did．not　coincidewith　the　one60btained　by　Eall　measurements．・Irmer　eオ．α乙［19］reported　deviation　betw6en　thedamping　constants　obtaihed　by　each　method（Raman　and　Hall　measuremen七s）in　GaP．　Theyconcluded　this　results　in　terms　of　the　broadening　6ffbctρf．A1（正O）phonon　by　doping　ratherthan　LO−phono且一plasmon　coupling．　Bairamov　eオα乙［20］reported　the　line　shape　of　the　coupledmode　in　ZnO　crystal　dependent　on　the　laser　power　at　77　K．　They　suggested　that　the　crea七ion　ofnonequilibrium　carriers　by　the　laser　radiation　is　responsible　fbr七he　diffbrence．between　the　values．of　damping　constants　deduced負om　Raman　analysis　and　those　f士om　Hall　measurement．　Asmentioned　above，the　laser　power　dependence　of　A1（LO）phonon　f士equency　shifL　has　not　observedin　this　study　up　to　100　nqW．　Thus，　this　e翼planation　ca加ot　be　applied　to　the　results　of　thisstudy．　One　of　possible　explanation　of　the　relative　larger　devia七ion　between　the　spectroscopical（Raman）and　electrical（Hall）is七he　considered　scattering　mechanism．　If　the　ionized　impurity　aswell　as　the　acoustic　mechanisms　contribute七〇the　carrier　scattering（add　the　impurity　ionizedscat七ering　mechanism　into　eq．（3．8），the　values　of’γH　may　reduce．　However，．the　detail　nlechanismis　not　clear　at七his　time．3．5．2A1（：LO）phonon−plasmon　coupling　in　p−GaNFor　p−type　GaN　samples，　the　d6pan七as　Cp2Mg　was　used．　In　generall　hydrogen　in　a　Mg−dopedpマtype　GaN丘lm　fbr畑acomplex　with　Mg　and　e16ctrically．pおsivates　the　impurities．　Tk）realizep−type　conduc七ivity，　a．　lo脚ehergy　electron　beam　irradiation．iLEEBI）or　thermal　annealiエ1g　isperfbrmed。　In　thi6　experiments，　the　samples　were　annealed　at　800。Cfbr　30　minutes　in　a　nitrogehenvironment　to　release　hydrogen　and　obtain　p−type　conductivity．　　　Figures　3，7（a）and　3．7（b）show　the　Raman　spectra　ofμype　and　undoped　samples　in　wide　andlow　frequency　ranges．　There　is　no　significant　shift　of／11（LO）一phonon　frequency　in　p−type　GaNwith　increasing　Mg　doping　concentration　both　with　and　without　high　tempetature　annealingtreatments．　The　phonon　frequencies　from　p−type　Ga丼in　the　range　f士om　400　to　900　cm−1　arεalmost　same　as　those　obtained　from　undoped　GaN　except　Raman　intensities．　This　is　strikinglydi価rent　from　that　ofπ一七ype　GaN　as　discussed　earlier．　However，　f士om　Fig。3．7（b），七here　ls　a　clearcontinuum　band　in　Raman　signal　below　350　cm−1　ih　p−type　GaN。　This　continuum　band　is　maybe　at七ributed　to　single−par七icle．excitation　of負ee　car士iers　due　to　inter−valence−1）and　transition　asreported　in　heavlly　doped　p−type　Si［21］．　Fano−interfbrence　eff6ct　appears　when　a　sharp　discretetransition　overlaps　with　a　continuhm　transition　and　interf6rence3　with琵［22］．　This　interfbrence一199一’・ef琵ct．was　weakly　oわserved　in　theもail　oξもhe　E2．　phonon　band．at　143℃m−1．　Looking　at　thgdetail　of　R包lnan．　signal　around　E2　phonQn　mode，　the　asymmetric．fbature．．is　observed．and　thespectral　dip．．　corresponding　to．　an七i−resonance　appears　at．　a　higねer　f士equency　side．＝Hari卑a　eオα1．have　observed　that　the　6ymmetric　fba七ure　becomes　evident　with　increasing　hole　density．an4suggested　that　the　Fano　interfbrence　fbature　could　beused　as．昂measure　of　hole　cohcentratiQn［23］．At　this　time，　there　has　not　obtaihed七he　relatio耳ship　between　the　Fano　inter琵rence魚ature　andMg　concentraちion　clearly．．Thus，　it　is　dif丑cult　to　conclude　whether．七he　hole．concentra七ion　can　beobtained　from　the　Faロ。．．in七erfbrence　f6ature　orロot．　　　　In　order．to　reveal　the　reason　why．A1（LO）二phonon　frequency　in　Ftype　G3N　does　no七chaロgelikeπ・type　GaN，　the　theore七ical　calchlations　in　terms．of　phonon．damping．constant〈r），．．plasmop．damping　constanポ（のand　carrier　concentration（or　plas卑on　frequellcyωp）wer6⇔erfbrmed．、　Inthe　calculation，　the　simple　fbrm　reduced　from．eq．（3．i）waβused．．The　Raman　ef丑ciency．ZA　is91ven　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　璃加Cl＞一．．　．（…）with　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　A讐舞ω2］2，．　　（・…）whereσis　Faust』e耳ry　coe伍cient　apdεis　given　by　eq．．．（3．5），　　　Figures　3．8（a），3．8（b）．apd　3．8（c）show　the　results．　Qf　calcu！ation　of箪0−phonon−plasmon　cou」pled　mode　under　various　plosmon　damping　co耳ditions。　The　phQnon　damping　co箪sちant　r　wasset七〇20　cm−1　and　the　carrier　concentration　were　varied　f士om　1×1017七〇1×1018　cm−3　inth・．・al・・1・tiq・・．　Th・且、（正O）ph・n・n・hi銑w・・e・・b・e・v・d　i・．b・th　und・mp・d（ωP＞7）．a・dweakly　damped（ωp≦’γ）condition呂．　In　heavily　dalhped（ωp《、’γ），　however，．the丘eque耳cyshift　was　no七〇bserved．　These　calculated　re6ults　indicate　that　the　pl昂smQn　d昂mping　factor　in銑tyめe　GaN　is　mロch　larger　than　th6sβinπ一type．GaN．恥rtherlnore，　the．hole　ef琵ctive　mass（二∠0．8）is　heavi6r　tha耳that　of　electron　e伽ctive．rnass（＝0・19）・These　e恥cts　s七ron｛琴ly　aff⇔ct　the：A1（LO）一pho耳qn−plasmQn．coupled　mode　ln　p−type　GaN・3．6Strain　Rela文ati6n　in　Post−Growth　Patt6rned　GaNFilm3．6．1S融mple　preparationIn　this　sec七ion，　the　residual　strain　behavior　of　GaN　film　grown　on　a　sapphire　wi七hマarious　post−growth　patterned　squares　faわrica七ed　by　the．fbcused　ion　beam（FIB）e七¢hing　were　studied　bymicro−Raman　probing　at　300　K．　The　growth　conditions栂ere．高?ｎｔｉｏｈｅｄ．．@in§3．2．　The　carfiefcQncentration　of　pos七一growth　p耳tterned　GaN丘1m　asπtype　qf　1．28×1017卿一3　was　determinedby．　Van　der　Pauw　Hall　measurement　at　300K．　Afもer．　grow庫，　the串ample　w聞etched　with　thewidth　of　2μm　to　make　the　square　L　varying　f士om　5μm　tQ　100μm　fabricated．by　FIB　etchi耳9・Top　and　cross−sectiollal　images　of　post−growちh　patterned　GaN　are　shown　in　Fig．3．享0．．3．6．2Theoretical　estimation　of　stressPrior　to　6xperihlent，　the．thermal　stress　i耳the　as−g竿q噛zn　GaN　on　s昂pp疎ire　waS　esちimated　by　themodel　of　Olsen　and　Ettenberg［24】．　The　theoretical　and　experimental　invesちigati6ns　of　the　stressin．烽?ｅ　qaN　on　sapphire．rubstrate．?ａｖ６　b6en　repqrted　by　Eira孟atsu　eオ．ｿ乙［25］apd　Kozaw耳eオα」ジ［26］In　their　repoτ七s，七he　same車6del（Olsen　and　E七七eゆerg［24D　was　used　assuゆng　that　theorigin　of　the　stress　waβdue．七〇16nly�nhe　dif艶rence　i耳the　thermal　expanslon　cgp軍cien七s　betWeenGaN　and　sapPhire．　This　model　is　expr6sSed　ln　ter．ms　of　Ybung’S血odhlu串画工，thickne部of　filmちwith　le耳gth　L　and面idth　V7，　c虹Vature布，　f¢ce．島ahd　moment　1鴎，where信．＝1and　2　represehtsapphirβand　GaN　as　shoWh　in　Fig．．3ユ1．　In　this昌t照y，　the　sa耳ne　methodolqgy　was「耳se可to一200一1calculate　the　stress　and　curva七ure．　When　no　external　fbrces　are昂pplied，　the丘）rces　and　momentsare　in　equilibrium：　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Σ揚＝0　．　　　　　（3．11）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　‘＝1書［撃＋賜｛　ゴ　　　　　　　　　　ちΣち一互ゴニ1｝］一・・（3．12）The　other　equation　is　obtained　by　solving　fbr　the　strainεat七he　interface　between　sapphire　andGaN　as　　　　　　　　　　　　　　　　　　　　　　　　　　　・一轟一論、＋（禦κ・　　　（・・13）The　strainεis　defined　asε＝△2「・（α1一α2），　whereα1　andα2　are　the　thermal　expansion　coe伍一cients　of　sapphire　and　GaN，　respectively　and△T　is　the　diff6rellce　between　growth　temperatureand　room　temperature．　The　stress　distribution　in　th6ゴーth　layerσ2（之）is　given　by　the　sum　of　th6stress　due　to　the　fbrces瓦／孟¢W　and七he　bellding　stress島κ（z一ち／2），　where　z　is七he　positionmeasure　f士om　the　bottom　of乞一the　layeL　Assuming　that五〜V7　and　spherical　bending，　the　two．dimensional　stress　can　be　estima七ed　by　one−dimensional　stress　asσ乞（之）12．D＝σ盛（z）11p／（1一の，where〃is　the　Poisson，s　ratio．　　　The　parameters　used　in　the　calculation　are　listed　in　Table　3．4．　The　stress　of　O．59　GPa　andcurvature　of　O．13　m『1　are　obtained　fbr　the　GaN　film　thickness孟20f　2．4μm　which　is七he　sameas　the　sample　studies　here．3．6．3Experimental　results　and　discussionFigure　3．12　shows　the　E2　phonon　mode丘equency　and　the　f皿ll　width　at　half　maximum（FWHM）of　E2　mode　phonon　spectra　as　a　function　of五．　The　E2　peak（at　the　cehter　of　the　square）shifもtothe　lower　f亡equency，　that　is　the　relaxation　of　compressive　stress　in　the　plane　of　the　layer，　whichis　abou七2cm−1　with　decreasing　the　square　size五．　The　estimated　change　of　internal　stress　isabout　6　kBar　by　using　the　biaxial　stress　coe伍cient　of　2．9　cm−1／GPa　reported　by　Demangeot　eオα乙　［27］．　　　They　showed　the　phonon丘equency　as　a　function　of　biaxial　s七ress　that　was　calibrated　by　the2Kre且ectance　study　of　energy　diffbrence　between／1（rg　valence　band−1’7　conduction　band）andB（r7　valence　band−r7　cond耳ction　band）excitons．　The　observed　E2　phonon丘equency　of　as−grown　sample　in　this　study　was　similar　to　that　of　theirs．　Thus七he．モ≠撃モ浮撃≠狽?ｄ　stresses　addressedin　this　study　are　highly　reliable．　It　should　be　noted　that　the　stress　value　of　a8−grown　sampleestimated　here　is　good　agreement　with　that　estimated　by　the　theoretical　calculation　discussedin§3．6．2．　　　It　is　fbund　that　the　internal　stress　changes　drastically，　below五＝40μm，　as　shown　by　theslopes　of　the　dashed　lines　in　Fig．3．12（a）．　The△ωof　E12　modes　vary　f士om　1．6　cm−1（五＝5μm）to　1．4　cm−1（五＝100μm）as　a　consequence　of　the　change　of　the　elastic　constan七s　with　strain　bythe　eff6ct　of　post−growth　patterning．　The△ωdrastically　decreases　as　illcrease　in五below五＝40and　saturates　at　the　value　of　a8−grown．　　　Figures　3．13（a）and　3．13（b）show　the　mapping　of　E2　phonon　mode　f士equency　mea8ured　byscanning　the　Raman　probe　in七he　direction　as　showll　in　the　inset．　In　both　results，　the　stressis　almost　zero　at　the　edge　of　the　pattern．　But　it　increases　dra8tically　in　severalμm　fセom　theedge（the　stress　gradien七is　drastically　ch包nges　in弼10μm）and　then　gradually　approach　tothe　equilibrium　value　in　each五．　Thus，　the　stress　distribu七ion　is　occurred　in　the　square，　th3tis，七he　peripheral　and　internal　regions．　The　stress　relaxation　mechallism　occurred　at　near　edgesis　attributed　to　the　expansion　of　the　edges（edge　facet　is　ffee　to　move）of　layer　byりosも一growth．patterning［28］．　　　The　A1（LO）phonon　mode　can　couple　with　collective　excitation　of　fじee　carriers　via　longitudi−nal　electric　field　and　fbrm正O−phonon−plasmon　coupled　mode　as　discussed　in§3．4．1，3．4．2，3．5．1一201一and　365。2，　The　spectral　line　shape．of正O−phonon−plas血on　modさs　ch耳nges　sehsi七ively　with　thedoping　concentra七ion［291，　however，　the　eff6ct　Qf　internal　stress．is　not　clear　till　now：As　seen　inFig．3．14，　the　peak　shift　of　A1（LO）やhonon　measured　atもhe　center　of　each　square　is　abou七〇．．8cm−1i736．8−737．6　cm−1）which　is　much　smaller　than　that　of　E2　phonon　mode．　For　the　line曳vidth　of．A1（10）phonon　as　shown　in．Fig．3．14（も），　the　variation　of　line　width　is　much　smallerthan　that　of、謬2　phonon　mode．　However，　the　change　of　linewidth　in．A1（LO）phonon　is　same　asthat　observed　in．E2．　Based　on　the　biaxial　stress　coe缶cient　as　O．8　cm−1／GPa　in　ref．［27］，　thesmall　change　oL41（LO）peak　shif七．　re且ects　the　weak　influence　of　the．in−plane　biaxial　stress　tothe．．41（Lρ）phonon　mode　compareαto　E2享node．　This．is　strongly　attribhted　to七he　polariza．tion，　where．41（LO）phonon　is　pol��rized　in　the　z　direction　and．E2　phonon　is　polarized．inψe露二〃plahe　as　shown　in　Fig．3．1．　The　spring　constant（Ga−N）in　the露一刀plane　changes　ratherthan．those　ill　the之directio11，　especially　at　the　edge．?ａｃｅｔ，　by七he　po6t−grow七h　patterning．　Thus，almos七no　shifむis　observed　in．A1（LO）phonon　by　changing　the　square　size五．3．6．4Stress　reduction　mechanismUp七〇now，　the　stress　reduction　of　GaN　on　sa⇔phire　substrate　by　u串ing　pos七一growth　patterningme七hod　is　discussed．D．she　detail　mechanism　is　not　clear　a七this　time，　however，　this　may　be　dueto　the　fbllowing　mechanism．　　　The　interface　betweell　GaN　anヨsapphire　substra，ちe　is　rigidly　connected　even　after　pos七一growth．patterning，　h6壷ever，　the　edge　facet　gradually血oves　outside（“edge　moving　effbct，，）“s　it　is　awayfrom　int6rface　to　GaN　top　surface　as　shown　in　Fig．3．15（a）．　Thus，　the　compres6ive　s七ress　at　thein七erface　remains　relatively　constant　value．　Furthermore，　Fig．3．12（a）indica七三that　the“edgemoving　effbct’，　aff6cts　the　residual　stress　at　the　center　with　square　size五≦40μm，　however》itdoes　not　much　affect　a七the　center　with　square　size五≧40μm。　The　value五＝40μ甲dependson　the七hickness　of　GaN　layer．　　　Theζ‘edge　moving　effbct”reduces　the　intemal　s七r6ss　abruptly　in　severalμm　f士om　the　edge（P・・iph…1・egi・n）and　thi・．・価・t　i…tm・・h　d・p・nd・n　th・・qua・e・ize随・m　Fig・．3・15（b）・3．7．ConclusionsIn　thi畠chapter，　the　de七ailed　discussion　of．41．iLO）」phonon−plasmon　coupled卑ode．　in　variousconcentration　of物and　p−type　GaN．on　sapphire　subs七rate　and　the　residual　thermal　stressesin　pos七．growth　patternedπ一type　GaN　on　sapphire　substrate．characterized　by　Micro−Ramanscattering　technique　at　30QKwere　pぞesentedl　　　Inπ一type　GaN，．41（LO）一phonon−pla呂mon　coupled　mode　was　observed　and　Raman　spectrawere　perfbrmed　line　shape　fittingわased　on　the　defbrmatio耳potential　sca七tering　and　electro一．optical　scattering　mechanisms．　The　good　agreement　between　the　6bserved　in　this　study　and　thetheoretical舐ted　shapes　was　oわtained，　The　f士ee．carrier　concentra七ions　an4　plasmon　dampingconstants　are　determined　and　compared、to　those　values　obtained　by　Hall　measurements．　It　isdemonstrated　that　Raman　measur6men七is　a　suitable　technique七〇de七erlnihe　the　free−carrier　con−centration．　On　the　other　hand，　Ftype　GaN　did　not　show．A1（LO）一phonon−plasmon　coupled　modeclearly．　The　theore七ical　calculation　indic邸es七hat　this　characteristic　is　due　to　a　over−dampedplasmon　damping　factor（plasmon　damping　fac七〇r》plasmon　frequency）and　an　eff6ctive　holemass．　A　clear　continuhm　band　in　the　low−frequency　region　below〜．350　cm−1　was　Qbserved．　　　Reduction　of　the　thermal　stress　in　the　post−growth　patterned　GaN　on　sapphire　substratewas　obser．ved．．she　relaxation　of　compressive　stress　was　observed輌th　decreasing　the　squaresize五，　especially　in≦40μm．　The　stress　increased　sig耳i丘cantly　within　10μm　away　from　edge，saturated．　It　was　fbund　that七he　internal　s七ress　was　less　i血portant．fbr　the　A1．（LO）phononcharacteristic．　These且ndings　provide　impor七allt　hints　fbr　a　device　geometry．一202一Table　3．1：Selection　rules　of　g＝ORaman　modes　in　GaN　fbr　various　configurations　used　in　theexperiments．　X，　Y　and　Z　are　parallel七〇the［0110］，［2110］alld［0001］direction　in　the　GaN丘lm，respectively．Sample　surface　Polarization　con丘guration　PhononFace（0001）z（yy）zA・（LO），1醒2Edgex（zz）xx（yy）xA、（TO），E2A・（TO），E1（五〇）Table　3．2：Zone−center　optical　phonon　frequencies　in　wrutzite　GaN，　in　unit　of　cm−1．ReferenceA・（TO）△・（LO）E・（TO）E1（LO）E2［301［31］［32］This　wor：k533533534531735735736734561561563558743742746741569570572568一203一TabIe　3．3：Parameters　used　in．A1（Lρ）phonon−plasemon　coupling　characterizrion．ParameterNo七ationOptimizedConstant　Value砂112．Incideht　and　s（lattered　phono血frequenciesω1＝：．P9435cn吐一η112Re丘active　indices　of　crystal　atω1！2η1＝2．3912ω五／TLO−phonon　and　TO−phonon薫requenciesωTニ531cm−1ωPPlasmon丘equellcy○ηωBose」Einstein　fa6tor’γPlasmon　dampillg　constant○r．Phonon　damping　cons七ant○oFaust−Henry　coe缶cient○0．55（Optimized）E五Macroscopic　electrical丘eldαPolarizabilityηFree−carrier　concentration％Volume　of　the　unit　celIm＊Eff6ctive　ma8s　of　the　electron0．20mo．600．Dielectri¢constan七5．35Table　3．4　Parameters　u臼ed　in　the　stress　calculation．ParametersSa童）phire（歪＝1）GaN（∫＝2）　　　　　　　　　　　　　　　　　　　　　　　　Thickness（μm）　　　　　　　　　　　　　　　　　Ybung，s　mod耳la串（GPa）Th6rmal　expansiqn　coef丑cient（×10−6／deg）　　　　　　　　　　　　　　　　　　　　　　　　　　Poisson　ratio瓦αゴ300425［33］7．50［2510．32．4196［34］5．45［25］0．3Temperature　diffbrnce（。C）△T1020’．一Q04一ヨ8舎。　■巳1　　　旨Z　　■11■■■1■　■　8舎O　I21　　　塁Z　　圏1■■■ll■■■■1■AlおG、一皐三E1・◎⇒・一一ゆよ　i含＝昌匿■■■■■■■Il■1■■B1¢6w）　　三三、　　E2（Low）・《〉ゆ一一ゆ舎冨旨旨金■■三三羅置匿ll暫11■■1111■1■■■■B1（High）？ゐ隔■■■■■．レX　　E2（High）・◎・ゆ一一ゆxFigure　3．1：0ptical　phonon　modes　in　the　hexagonal　GaN　structure．一205一　　　　　　　　　　、受・m卿t・・ing　　　　　　＼　　＼　　　　　　　　＼　　、三曲1訟漁iiiiiiiiiiiiiiiiiiiiFace（0001）XY　　　　　　　　　　匿　　　　　　　　　　冨　　　　　　　　　　＝Incident　Lase端Beam　　　　l　　　　　　　　　　号SaX含∈lR・m・nS・att・血gi．a　hire　　　　　　Yまi驚……1Figure　3．2：Raman　scatterillg　measurements　were　perfbrmed　in　backscattering　geometry　wi七hX（2「一）X，X’（y一）X　and　Z（y一）Z　configurations・一206一A1（TO）E1（TO）↓／E2　　　　ロX（Z・）XE1（正0）曾●目溢詰属．：呂鶏8日自壽A1（TO）E2　　　　コX（Y・）XA19E1（TO）＼E2Z（X・）ZA1（：LO）400　425　450　475　5�@0525　550　575　600　625　650　675　700　725　750　775　800　Wave　Number¢m・1）Figure　3．3：Typical　Raman　spectra　of　undoped　GaN　epitaxial　layer　at　300　K．　The　spec七ralreso正ution　was　l　cm−1．一207一↑目9h⇔�@登�@』oo‘　750　748　746　744　742　740　738　736　734568．6568．4568．2568．0567．8A1（：LO）Phonqn●　●●●●●●E2　Phonon●●●●●　　　　　　　　　　1016　　1017　　10斗8　　1019　　　　　　　　　　　　　　　Carrier　Density（cm−3）Figure　3．4：The　peak　positions　of．醒2　and．41（正O）plasmon　modes　are　plotted　as　a　function　ofthe　carrier　concen七ration．一208一富唱溢）言切��→印唱�@N眉目o1．0o．90．80．70．60．50．40．30．2E文P．：Fito710720730740750760770Wavenumb♀r（cm・1）780790じ認翻翻嚇まdo論。lxpe「’mental　and　ca’cu’・七・d　R・m・nl’nes　sh・p…f・h・A（叫一209一．、（●日．『ヨε．魯．’易、唱．�@．・　印Exp．■騨■■Fit．　一■■■nH＝8．4　x　1018一1一■一圏1■ロ顧nH＝9．3　x　1017■摩ロ鼻口願鼻唱夢ロ■■直6’　　nH＝1．7　x　1017　　聰自陶鞠●■r簡　　　　　　　璃陶嗣■■隔陶嗣口　　n血＝1．1x1017　9贈鞠鞠r剣曹　　　　廟■1陶噛蘭画■1馳一日　　nH＝1．3　x　1016．簡鞠鞠嗣駒嗣日噛圏宙齧嚴ｩ一■　725　　730　　735　　740　　745　　750　　755　　．760　　　　　　　Waマenumber（ρm’1）．（・）h・・可t・・f舳・d△、（LO）ph・n・n　R�p…pect・a・・mp訂・dwith　experimental　results．　　1019�D冒三’お1018�@お1≡δ・0・7目壽．　　1016300KGaN：Si　　　　　　1016　　　　　　　　1017　　　　　　　．．1018　　　　　　　　1019　　　　　　　　　　Hall　Carrier】）ellsity（cm・3）　　　（b）Th・倉ee−61ect・・n・・ncent・ati・n・・btぬ・d　f・・皿R・m�pm・掛　　　・urem・nts　c・mpa・ed　with　lh・・e丘・m　H母1　m・a・urem・nt・・Figure　3．6：AIlalysis　of．A1（LO）phonon一めlasmon　coupled　mode．一210一　　　　　　　　　　　ρ　　　　　　　　　　　目　1500　　　　　　　　　　　§　　　　　　　　　　　農1400　　　　　　　　　　　塔　　　　　　　　　　　0　1300　　　　　　　　　　u　　　　　　　　　　　bの　　　　　　　　　　．臼　1200　　　　　　　　　　　畠　　　　　　　　　　　目　　　　　　　　　　　儒　1100　　　　　　　　　　9　　　　　　　　　　　書1000　　　　　　　　　　　紹　　　　　　　　　　＝　900　　　　　　　　　　　18・鬼。＿。。8。＿。。、、。。、2。。、3。。　　　　　　　　　　　　　　　　Ha11．Plasmρn　Damping　Const紐nt（りm−1）Figure　3．7：The　plasmon　damping　constant　7　calculated　from　the　Raman　scatte血g　measurementda七a　versus　those　obtained　f士6m　thp　Hall　me昂sロτement　data．一211一曾●ヨ『臼ε昏’窃8印も自貫目．．2E2（10w）↓E2（high）Sapphire　　　↓．ρ一GaN（1x1018　cm・3）　　　　　Undoped　GaNA1（LO）　　　↓　　　　200　　　300　　　400　　　500　　　600　　　700　　　800　　　　　　　　Wavenumber（cm1）（a）Wide　range　f士equency　spectra　of　p　and　undoped　GaN．　Spec−tra　are　shifted　arbitraエiIy証ong　the．originate　for　comparison．曾●霞．『臼ε告’易5．1≡國も自差目£p・GaN（1x1018　cm−3）　　　　　・Undoped　G3N　↑E2（10w）　　↑S劉ppllire　　　150　　200　　250　　300　　350　　400　　450　　500　　　　　　　　W紐venumber（cm1）（b）Low　f士equency　spectra　of　p．and　undoped　GaN．　The　spectraare　plotted　without　shifting　along　the　originate．Figure　3．8：Raman　spec七ra　of　p　and　undoped　GaN．一212一　3’ヨ溢　眺り’易唱�@りHUnd紐mped．！1x1017　cm−3♂9ノノ5x1017　cm−3ノ／7x1017　cm・3／1x1018　cm3　紹．目ゴ』　h唱り�@一HWeakly　damped　　！1x1017　cm・3！！！　　！5x1017　cm3ノ！　　ノ7x1017　cm−3　’ノ1x1018　cm・3700　　　　　720　　　　　740　　　　　760　　　　　780　　　　　800　　　　　　　W訊venumber（cm−1）　（a）Simulated　for　u皿damped　condition（ωP＞’γ）．700　　　　　720　　　　　740　　　　　760　　　　　780　　　　　800　　　　　　　W紐venumber（cm−1）（b）Simulated　for　weakly　damped　condition（ωp≦ッ）．曾●目『曇ε昏●お8HHeavily　dampe，’”．　　ノ5x1017　cm−3，’�`一．Vx1017　cm−3、、　　＼1x1018　cm−31x1017　cm・3　　　　　　　　　　　　　　　700　　　　　720　　　　．740　　　　760　　　　　780　　　　　800　　　　　　　　　　　　　　　　　　　　　　　Wavenμmber（cm曽1）　　　　　　　　　　　　　　　（c）Simulated　for　heavily　damped　condition（ωp《ッ）．Figure　3．9：Silnulated．41（LO）phonon−plasmon　coupled　modes　in　p−type　GaN．一213一，Top　Image2ρμm回；磯　　　■塵　　　■I　　　II　　　Il　　　II　　　■I　　　II一一ｨiドー一一　　　Il　　　蓼l　　　lI　　　圏1　　　■■11i．ii．i｛「；1●　　　工・aser　Spotぐ一一　Scan　Direction　　　　　　　　　　関S註bphire　Substrate2．4鵬334μm　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・　　　　　　　　　　　　　　Cross　Sectional　ImageFig。，e　3．・・恥P。。d　cr。ss　sec七i。n。l　im。g，、。f　p。，t．9，。wth　p。tt邑m，d　G。N，ampl。．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Lロ亀　覧　覧　亀　　覧　　、　　覧，づρ」蔭’　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　　じ　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　．　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　　．　　　．1　ノ　’’．’φ”’1　φ’G劉NII■■圏．E2．’っ’SaPPhire■■■II置1匿置1．1塵E1F・f醗F・fM・Figure　3．11：　　づρ”『・h・m・tic　cr・ss−secti・n・1　　Kき．1　　　　　　　　　　　　　　　　　　　　　「view　of　GaN／sapphire　used　the　stress　calculation．一214一　甲自εおニ震昌器詫き570．0569．5569，0．568．5568．0567．5●…ide　sq・・re工A・・9mw・　　　φげ1φ∂角φ8の　　　　　　　　　　　　E2　mode　　　　　　　1●〆　工1●1箸二甚．智馨．渥100μm70μm50μm．4030μm脚105μm560　　　　565　　　　570　　　　575　　　　580Wave　Number（cm・1）　　0　　　　20　　　　40　　　　60　　　　80　　　　100　　　　　　　Square　Si2eL（μn1）（a）E2　mode　hlequehcy　as　a　function　of　square　size　L．76543210窟強冨＄仁の罵お●印　り．目εΣ≧1．701．651．601．551。501．451．40●、　、●＼　　　　＼　　　　　、　　　　　　、●　　　　　　　＼　　　　●・．＼●　　　　　　　　　一�_・工As・rown智「馳へ・…ぴ1　　　　　　　　　　　　　　　　0　　　　　20　　　　40　　　　60　　　　80　　　　100　　　　　　　　　　　　　　　　　　　　　　　　Square　SizeL（μm）　　　　　　　　　　（b）FWHM　of　E2．　mode．丘equency　as　a　flmctまon　of　sqμare　L．Figure　3．12：E2　phonon　mode　charac七eristics　as　a　fヒnction　of　square　size五．一215一569．5ρ臼56免0どお自56＆5自窪津56＆o567．5恥ip　　　o’口岬ロロ　　　∠．ムムム！ム1、iぐレ・。・…即κi鯉iiiiii　i　iiiil　　　　■巳■543．2105　　　　10．　　　15　　　　20　　　　25．正aserρ・siti・n（圃　030（』）u噂goo』りの一賃』�@り唱同（a）Mapping　of　E2　mode丘eqgency．　穿霞εお目5．．詫．≧569．5．569．0568．5568．0567。5Peripheral　　　　　　　Ooo　　　　　声。．ま11口口。囚　ム7／　i．：競A．@畢　　Centralぐ7．ヴ　oo／　　　　o・o　　　　　口．團■・中LゆliOL＝40回目L・36卿ムL＝20μ1n×正＝101皿5　　　　　10　　　．15　　　　20　　　　25　　　　30543210Laser　Posi舳（随）0宕邑鴇2お馬建＄三　（b）Mapping　of　E2　mode　f止equency　in（五agonal　direction．Figure　3．13：Mapping　of　E2　phonon　mode　frequency．一216「昏●i話8印幣霞還目2：LPPC　mode　　　　　　　　4」レdb‘陶幅■■膚画質り‘　8　8　君　848∂ら、　　nH＝1．2　x　1017ロ　�n覧　塾　　�j・．　As・grown　　　　　侮、齢匂軸触ρ亀・．．口　　　　　　　L＝100μm　　　　　　　L＝70μm　　　　　　　L＝50μm　　　　　　　L＝40四m　　　　　　　L＝30トum　　　　　　　正＝20脚m　　　　　　　L＝10μm　　　　　　　L＝570071072073q　740750760770780　　　　　　WavenUmber（¢m−1）（a）ム1（LO）mode丘equency　as　a　f�oction　of　square　size　L．　督日ど薯津5。35．25．15．04．94．84．74．64．54。4●、　、　　、　　、　　　、●　　　、　　　　ら●　、　　　　　、　　　　　、　　　　　　も　　　●．’、　　　　　　　、工As・rown　　●　　　●口陶w竃融嗣一目自陶晒自陶　　も●　　一．嗣廟隔聰噛二一，　　　　　●　　　　　　　　　　　　0　　　　20　　　　40　　　　60　　　　80　　　　100　　　　　　　　　　　　　　　　　　Square　SizeL（Fm）　　　　　　　（b）FWHM　of孟1（LO）mode丘equency　as　a　function　of　square　　　　　　　size　L．Figure　3．14：、41（LO）phonon　mode　characteristics　as　a　function　of　square　size五．一217一1しく40脚　　　　　　　兎kaser　Spot1／2μmExpansionﾋGaN330μmSappLire　Substrate2．Wa偽r　Ben血gGaN　Fi亘ms　　　　‡　　2．4FmStress■⇒1イaser　Spot　　　L肥μmExQion　G・N　Fi置m・330μmSapphire　Substrate　　‡2．4FmWa艶r　BendingFigure　3．15：GaN。（a）Stress　amund　sqμare　size　Lニ40μm．　　　　　　　　　　　　　　　　　　　　　　　　　嗣　　　　　　　’＝…’　　Cen¢ra匪Stress　Region　　　　　　　唖】　Periphera且S¢ress　Reg量on10μm0　7　142128L齢8　　　132．4μm瓠　・』　」「　　　　　「　　　　　　　　o［即］1　1FF撃e@　　　　1　　」　　　　　　・　　　　」333旨：「　：113GaN　F龍ms1FF@　1，P3　　　　旨@　　　匪330呼　　　　詔…；SaPP翫i「e　…S嗜bs‘『a‘e・i旨135圏　　　　」　　　1　　　　　’　　　1』　　　：　　　　　1　　　　　　、　　1．・　1『　　　1　　．　　　　　　　　　　　　　1　　9：9：i●・●．：；く　．i．　『i：∴∵．i’：．…”』　』』’i　I’aser　S　Is．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’　　　　　　　　　　　　　　　　　　（b）Stress　at　peripheral　a皿d　centraユ　　　　　　　　　　　　　　　　　　regiOnS　in　SqU〜皿e　SiZe　L．Stress　rela：xation　mechanism　and　stress　distribution　in　post−grow七h　patternedπ一type一218一Bibliog；raphy［1］B．B．　Varga：Phys．　Rev．137（1965）A1896．［2］」．E．　Kardontchik　and　E．　Cohen：Phys．　Rev．　Lett．42（1979）669．［3］G．Abstreiter，　M．　Cardona　and　A．　Pinczuk，　in瓦gんオ5cαオオer吻ゴπ50」2d∫玩ediもed　by　M．　　　Cardona　and　G．　G並ntherodt，　Topics　in　Applied　Physics　Vol．54（Springer−Verlag，　Be垣lin，　　　1984）．［4］A．S．　Barker，　Jr．　and　M．　Ilegems：Phys．　Rev．　B　7（1973）743．［5］R．Ruppin　a耳d　J．　Nahum：J．　Phys．　Chem．　Solids　35（1974）1131．［6］N．Koide，　H．　Kato，　M．　Sassa，　S．　Yamasaki，　K．　Manabe，　M．且ashimoto，　H：．　Amano，1（．　　　Hiramatsu　and　I．　Akasaki：J．　Cryst。　Growth　115（1991）639．［7］H．Amano，　N．　Sawaki，1．　Akasaki　and　Y．　Tbyoda：Appl．　Phys．　Lett．48（1986）353．［8］1。Akasaki，　H．　Amano，　Y．　Kbide，　K．　Hiramatsu　and　N．　Sawaki：J．　Cryst．　Growth　98（1989）　　　209．［9］S．Nakamura：Jpn．　Appl．　Phys．30（1991）L1705．　　　　1［10］G．Attolini，　L．　Francesio，　P．　Franzosi　and　C．　Pelosi：J．　AppL　Phys．75（1994）4156．［11］H．Tanino，　A．　Amano．　H：．　Kawanami　and且．　Matsuhata：J．　AppL　Phys．70（1991）7068．［12j　P．　Wickboldt，　E．　Anastassakis，　K．　Sauer　and　M．　Cardona：Phys．　Rev．　B　35（1987）1362．［13］F．Cerderia，　C．　J．　Buchenauer，　F．　H．　Pollak　and　M．　Cardona：Phys．　Rev．　B　5（1972）580．［14］P．Manuel，　G．　A．　Sai−Halasz，　L　L　Chang，　C．一A．　Chang　and　L．恥aki：Phys．　Rev．　Le七t．37　　　（1976）　1701．［15］B，Jusserand，　D．　Paquet，　A．　Regreny　and　J．Kerrarec：Solid　State　Commun．48（1983）499．［16］Y．Yugami，　S．　Nakashima，　A．　Mitsuishi，　A．　Umemoto，　M．　Shigeta，　K．　Furukawa，　A．　Suzuki　　　and　S．　Nakajima：J．　AppL　Phys．61，354（1987）．［17］M．V．　Klein，　B．　N．　Ganguly　and　P．」．　Colwell：Phys．　Rev．　B　6（1972）2380［18］D．T．　Hon　and　W．　L．　Faust：Appl．　Phys．1（1973）241．［19］G．Irmer，　V．　V．　Toporov　B．　H：．　Bairamov　and　J．　Monecke：Phys．　Status　Solidi　B　119（1983）　　　595．［20］BH．　Bairamov，　A．　Heinrich，　G．　Irmer，　V．　V．　Toporov　and　E．　Ziegler：Phys．　Status　Solidi　　　B119（1983）227．［21］F．Cerdeira，　T．　A．　Fjeldly　and　M．　Cardona：Phys．　Rev．　B　8（1973）4734．一219一［22］U．Fano：Phys．　Rev．124（1961）1866．［23］H．Harima，　H．　Sakashita，　T．．Inoue　and　S．　Nakashima：PToc，　o／71んθ5ecoπ4∫撹e糀α孟歪。πα1．　　　　Oo嘘Teπcεoη1�g磁ε55ε煽coπ面。オor5，0ct．27−31（1997），　Tokushima，　Japan．［24］G．H．　Olsen　and　M．　Ettenberg：J．　Appl．　Phys．48（1977）2543．［25］K・H’「amatsu，T・Detchp「ohm　and　I・Akasak’：J叫A叫r与・昌・・3『岬3）｛111211．．［26］T．Kozawa，　T．　Kachi，　H．　Nagase，　N．　Koide　and　K．　Manabe：J．ApPl．　Phys．75（1995）4389．［27］F．Demangeot，　J，　Fr“ndon，　M．　A．　Renucci，　O．　Briot，　B．　Gil　and　R　L．　Aulombard：Solid　　　State　Commun．100，207（1996）．［28］J．W．　Ager　III，　G．　Conti，　L　T．　Romano　and　C．　Kisielowski：Mater．　Res。　Socl　Symp。　Proc．　　　482，769（1998）．［291T．　Kozawa，　T．　Kachi，正し　Kano，　Y．　Taga，　M』ashimoto，　N．　Koide　and　K．　Mahabe：．　J．Appl．　　　Phys．75，1098（1994）．［30］T．Azuhata，　T．　Sota，　S．　Suzuki　and　S．　Nakamura：J．　Phys．：Condens．　Matter　7（1995）　　　H29．［31］H．Siegle，　L。　Eckey，　M．．　Ho鉦manh，　C．　Thomseロ，．B．　K．　Mey6r，　D．　Schikora，　M．　Hankeln．and　　　年・Lischkζ・S・！id　St・t・g・mmun・96（1995）943・［32］T。Kozawa，　T．　Kachi，　H．Kano，　Y。　Taga　and　M．　Hashimotol　J．AppL　Phys．75（1994）1098．［33］J．B．　Wach七man，　Jr．，．　W．　E．　Teザt，　D．　G』am，　Jr．　and　R．．P．　Stinch且eld：J．　Res．　Nat、　Bur．　　　Sちa耳dβ4A（1960）213．［34］V．A．　Savast6nko　and　A．．U，　Sheleg：Status　Solidi　A　48（1978）K135．．一Q20一

