Chapter 5

GalN and Aleal_xN on sapphire
substrates

5.1 Introduction

Gallium-aluminium nitride alloys may be promising materials for optical applications,
particularly light-emitting diodes based on InGaN/AlGaN heterostructures grown on sap-
phire substrate have achieved practical level) and an electrically pumped III-V nitride
lasers have also been reported.?”® The successful application of these materials in the fab-
rication of optoelectronic devices, encourages increasing work on the characterization of
the fundamental properties of these materials. Usually, GaN grown on Al,O3 (0001) has a
hexagonal wurtzite structure, and the optical axis (i.e., the hexagonal c axis) of the film is
perpendicular to the substrate plane.?) Therefore, GaN on sapphire is optically anisotropic
with two independent refractive index constants, n, (E.Lc) and ny (E || ¢). The knowledge
of this is critical in designing new optoelectronic devices. Suffice it to say that the recent
development of the GaN laser diode would have been impossible without overcoming the
difficulties with the production and maintenance of a crack-free GaN layer®. Thus mechan-
ical characteristics of GaN materials are also key parameters for its successful application.

The optical transmission, which is effective and accurate method to determine the optical
constants below the fundamental absorption edge, has been used to study GaN by several
authors.”® The accuracy of refractive index n in the transmission method is mainly deter-

mined by the accuracy of thickness measurements.”) Spectroscopic ellipsometry (SE) has
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widely been used as a nondestructive technique to investigate the optical response of semi-
conductors. In particular, the film thickness can be determined very accurately by fitting
SE data (A,U) in the interference part of spectrum using a suitable model.?) Adachi et al.
also proposed that the overall precision in the index value was 0.02 using the three-phase
model analysis for (Al,Gai—;)o5In0sP quaternary alloys on GaAs in the interference part of
spectrum.!®) And, the depth-sensing indentation technique provides complete information
on the mechanical behaviors of solids studied. It has wildly been used to investigate the
hardness and the pressure-induced phase transformation of semiconductor materials.!*12)

In this chapter, a method has been described to determine the optical contants of GaN
grown on sapphire over the energy range of 0.78 - 4.77 eV by spectroscopic ellipsometry
(SE) and optical transmission measurements . An excellent fitting of SE measurement data
(A,U) can be obtained using the Sellmier dispersion equation, provided the fitted data set
1s limited to the interference part of the spectrum.

The method is proposed to determine the thickness and index n; from the interference
fringes of the polarized reflectance |rs| (ELc) at two incident angles, 65° and 75°, and index
n)| from the interference fringes of the polarized reflectance |r,| at an incident angle of 75°.
The accuracy to which n, nj and thickness are determined, which depends on the accuracy
of the incident angle measurements and is quite independent of the optical contants of the
substrate and overlayer on the surface, is estimated to be better than £2%. An excellent
agreement between the calcﬁlated results and measurement have been obtained.

It has been studied that the surface deformation of GalN film on sapphire by means
of depth-sensing indentation experiments with the pointed diamond (Berkovich triangular
pyramid) and 5 pm radius spherical-tipped diamond. We have found that the critical
transition load for the onset of plastic deformation is dependent on the thickness of film.
“true hardness” of GaN film on sapphire have been calculated, and compared with the
results of InGaN films on sapphire.

The dielectric function of Al,Ga;_,N below the fundamental band edge and assume a
two layer model for samples of Al,Ga;_,N/GaN/Sapphire have been described by sum of

Sellmeir dispersion relationship and a free exciton. An excellent simultaneous fit of the
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model to measured ¥ data of SE at three angles of incidence, 40°, 50° and 60° has been

obtained.

5.2 Characterization for GalN film on sapphire sub-

strate
5.2.1 The optical constants of GaN film on sapphire substrate
Experimént

Undoped GaN epitaxial layer was grown on one side polished sapphire (0001) substrate by
metal-organic chemical-vapor deposition (MOCVD), using ammonia (NH;) as the nitrogen
source. The uncoated backside of the substrate was rough and was mirror polished before
the optical transmission measurement. The SE measurement was carried out at an incident
angle of 60° over 260 to 830 nm wavelength range, and optical transmission measurement
over 370 to 1600 nm wavelength range. Both the measurements were performed at room

temperature.

Results

The measured SE data, A and ¥, of the GaN film in the interference part of spectrum are
shown in Fig. 5.1 (dotted lines). We analyze these experimental data using a Sellmeir-type
dispersion relationship'®

A
A2 — Al
k(A) = 0, (5.1)

() = Ao+

where Ap, A; and A, are the fitting parameters and A is the wavelength of light (in microm-
eters). The fitted A and W spectra, simulated with the best-fit model parameters which
are summarized in Table 5.1, are shown by solid lines in Fig. 5.1. The thickness (1.25 gm)
of GaN film matches closely with that obtained by SEM cross-sectional thickness measure-
ment (1.3 ym). The fit was done by minimizing the mean square error d; (unbiased).'¥

The excellent fit is found in the wavelength range larger than 400 nm, and the deviations of
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Figure 5.1: Measured (dotted line) and calculated (solid line) A and ¥ spectra of GaN on
sapphire substrate in the interference part of the spectrum.
the fit from the experimental data above 3.4 eV are due to the absorption of light because
of the interband transitions.

An optical transmission spectrum of the same sample is shown in Fig. 5.2. Transmission

of the bare sapphire substrate, T, is also shown in the same figure as the dotted line,

which is calculated by using the expression!®)
2n,
To= (5.2)

where n, is refractive index of sapphire, taken from the ref. 13. As can be seen from Fig. 5.2
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Table 5.1: Best-fit parameters of GaN on a sapphire substrate determined by SE measure-
ments. The 90% confidence limits are given with (£).

Aq A; (nm?) A, (nm?) Thickness d (nm?) &
2.2740.02 304.7£7.8 294.04+4.5 1250.2+16 6.2
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Figure 5.2: Optical transmission spectrum of GaN on sapphire substrate.

| that the lowest energy maximum (4th order) of the interference fringes coincides with T.
Two conclusions can be made from this; first, the absorptioh coefficient is zero near this
- wavelength region, second, the roughness of the surfaces on both sides of the sample can
be ignored. |
The film thickness, d, obtained by fitting to SE data, together with the order m of the

interference fringes, is then used to obtain refined values of refractive indices from the
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relationship!®

mA

and are shown by the solid circles in Fig. 5.3. Using the same thickness of the film,
refractive index spectrum of GaN has also been obtained from SE measurements and is
shown in Fig. 5.3 by the solid line. For comparison, the refra,c;cive index spectrum of GaN,
obfa,ined from ref. 4, is also shown in Fig. 5.3 as a dashed -line. The deviation between
these two experimental data is about 2% at 1.0 €V. However, this deviation is within the
experimental error of the transmission measurement (2%)* and SE.

Using the refractive indices obtained from transmission measurement and the thickness
in Table 5.1, the absorption coeﬂicient as a function of wavelength are calculated following
the formula of the interference-free transmission (T,) details of which are given in ref. 13.
Fig. 5.3(b) shows the plot of absorption coefficient versus wavelength obtained by both the
SE and transmission method. Absorption coefficient is much smaller than that given in
ref. 8 in the energy range of 0.78 - 3.0 eV, indicated that the deep level at ~2.0 eV is not
observed in our sample. The non-zero absorption coefficient below the fundamental band
may be due to contribution from the deep level at near 1.0 eV. A free exciton characteristic
structure is observed and is shown in the inset of Fig. 5.3(a). High-temperature free exciton
luminescence in GaN has also been observed by photoluminescence and photoreflectance
spectra.®16) A simple estimate of transition energy of the exciton based on the Lorentzian

line-shape functional form is!'?)

% = A’ (E — Eo + i)™ (5.4)
where A and ¢ are the amplitude and phase of the line shape, respectively, and Eqg and T" are
the energy and empirical broadening parameter of the transition, respectively. Character-
istic parameter m is equal to 2, and describes the nature of interband excitonic transition.
From the numerical fitting of second derivative of the dielectric function € with respect to
photon energy using Eq. 5.4, we found exciton transition energy at room temperature to

be 3.44 eV, in reasonable agreement with the reported result of 3.42 eV, obtained from

modulated photoreflectance measurements and photoluminescence spectra. 6)
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Figure 5.3: The optical constants of GaN on sapphire vs. wavelength. (a) the refractive
indices determined from SE (solid line) and transmission (data points) compared with data
from ref. 4. (b) the absorption coeflicient determined from SE (solid line) and transmission
(data points). The expanded figure of absorption coefficient obtained by SE is shown in

the inset.
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5.2.2 Optical anisotropy of GaN film on sapphire substrate

Experiment

An undoped GaN epitaxial layer was grown on a sapphire (0001) substrate by metal-
organic chemical-vapor deposition (MOCVD), using ammonia (NHs) as the nitrogen source

(details will be published elsewhere). The sample did not contain a buffer layer. The
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SE measurement was carried out at an angle of incidence of 70° over a 360 to 830 nm
wavelength range, and polarized reflectance measurements (|r;| and |r,|) were taken at
angles of incidence of 65° and 75° over a 360 to 830 nm wavelength range. All of the

measurements were performed at room temperature.

Results

Using the formulae according to ref. 18, the polarized reflection coefficients can be written
as,

[ri[? + 2rir} cosp; + |rj[?

ri? = — - - 5.5
Il 1 4 2r{r} cosf; + |ri|2|ry|? (5:5)
(=) (-1
1+ 2riry cosf; + |ri *lr3|?
J =D,
and here the phase difference §; is given by
1/2
4rd {n? —sin® ¢
Bs = ( ) (5.6)

s — A ?
for s polarized light (the electric vector perpendicular to the plane of incidence), and

_ Amdn, (nﬁ — sin? ¢>1/2

P /\n”

(5.7)

for p polarized light (the electric vector parallel to the plane of incidence). In Eq. 5.5,
use has been made of the conditions, i.e. both the film and substrate are nonabsorbing
materials (k=0) and the c-axis is perpendicular to the interface. The basic equation for

interferehce fringes is
B; = mm. (5.8)

For r{r% > 0, m is an even integer for maxima and an odd integer for minima, and for
rirl < 0, m is an odd integer for maxima and an even integer for minima. It is clear from
Eq. 5.6 and 5.7 that if ny=n_, B, is equal to f;.

In Fig. 5.4, we plot B;A/47 as a function of wavelength for incidence angles of 65° and

75°. It is obvious that B,\/4x is larger than 8,\/47 over the entire measured wavelength
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Figure 5.4: The phase difference, Af; /47, determined from the wavelength of maxima and
minima of the s and p polarized reflection spectra (¢, the incident angle).
range at an incidence angle of 75°. Therefore, it can be concluded that n) is lager than n
over this wavelength range.

Using thé interpolation of the cubic spliﬁe method, the average thickness d of film from
Eq. 5.6, at two incident angles, 65° and 75°, can be written as,

2 1 (B, 65°) — BZ (N, 75%)) .
=% Z\J 47 (sin?75° — sin? 65°) >

‘

This yielded d =1241.6 & 42 nm for our sample of GaN film on sapphire, which is in
good agreement with the result of our SEM cross-sectional thickness measurement (1.3 um).
Once the thickness d of the ﬁlm is determined, the indices n and n| can be obtained‘ using
eqs. 5.6 and 5.7, and the results are shown in Fig. 5.5. The refractive index spectrum of

GaN, obtained from ref. 19, is also shown in Fig. 5.5 (dashed line) for comparison. The
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Figure 5.5: The refractive indices n (o, e), taken from the incident angle 65° and 75°,
respectively, and n)(A), taken from the incident angle 75°, determined from the phase
difference, Af;/4m, and the thickness of the film (¢, the incident angle). The solid lines
are the fit to a Sellmeir-type dispersion relationship n?(A)=1+AM?/(A\%-B). The dashed line
represents the refractive index of ELc for GaN on sapphire taken from ref. 19.

deviation between these two experimental data is about 1% at a wavelength of 600 nm.
This deviation is within the experimental error of SE. Over the entire wavelength of mea-
surement, the largest difference (n-n.)/ny in the refractive indices for ELc and E || ¢
is 3%. It is important to estimate the high-frequency dielectric constant, €.,. Let us fit
the experimental data of both the n, and nj using a simple theoretical model, i.e. the

first-order Sellmeier equation:% 21

AN?

where A and B are the fitting parameters and X is the wavelength of light (in micrometers).

The parameters obtained by fitting are as follows: A=4.14 and B=0.038 mm? for ELc,
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and A=4.31 and B=0.034 mm? for E || c. The value, e¢,,=14+A (A — o0), is a good
approximation for €4, in this one-oscillator model.?%22) The values we obtained for ¢, are
5.14 for ELc and 5.31 for E || c. These values are larger than those given in ref. 5 (4.5),

and closer to the direct experimental observations (5.35).2%24)
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Figure 5.6: Calculated spectrum (solid lines) of the spectroscopic ellipsometry parameters,
A and U, using the results of n; , nj) and thickness of the film determined from the polarized
reflection spectrum. The dashed lines indicate the corresponding experimental spectrum

at an angle of incidence of 70°.

Figure 5.6 shows the numerically calculated spectrum of SE data A and ¥ (solid line),

using results of the ny, n and thickness at an angle of ancidence of 70°. The details of
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the calculation procedure of ellipsometry angle A and ¥ for uniaxial anisotropic media
is given in ref. 18. The dashed line is the measured data obtained by SE at the same
incident angle. ‘It is evident that the theoretically calculated data agree excellently well
with the experimental data in wavelength ranges above 400 nm, and that the deviations
of the calculated data from the experimental data below 400 nm is due to the non-zero

absorption coefficient.

5.2.3 The mechanical constants and “ture hardness” of GalN

films on sapphire substrate
Experiment

Undoped GaN ¢pitaxial layers were gfown on sapphire (0001) substrate by metal-organic
chemical-vapor deposition (MOCVD), using ammonia (NH3) as the nitrogen source. The
thicknesses of GaN films studied are between 1.3 ym and 2.4 um. The thickness of films
were determined by means of spectroscopic ellipsometry (SE) and high resolution scanning
electron microscopy (SEM) method. Indentation experiments were performed using the
ultra-micro-indentation system UMIS-2000 equipped with a triangular sharp diamond in-
denter (Berkovich type) under higher (Pmqes=500, 400, 300, 200, 100, 50 and 20 mN) and
lower (Ppq.,=10, 9, 8, 7, 6, 5 and 4 mN) maximum indentation loads, and using alternat-
ing load-partial unload model with spherically tipped diamond indenter of 5 um radius
of 50 mN maximum indentation loads. All of the measurements were performed at room

temperature.

Results and Discussion

In Fig. 5.7 we show the typical examples of the indentation hysteresis loops registered
under higher (P,,...=500, 400, 300, 200,.100, 50 and 20 mN) (a) and lower (P,,,,=10, 9, 8,
7,6, 5 and 4 mN) (b) maximum indentation loads for the undoped GaN film grown by the
MOCVD on sapphire substrate with a film thickness of 1.3 pm. In the loading-cycle parts,
there obviously appears a pop-in (P), which corresponds to occurrence of dislocation loop

nucleation, as observed for sapphire, but not for InGaN.1)

—-113 -



CHAPTER 5. GaN and Al,Ga;_.N on sapphire substrates

500

400+

300}

200+

Indentation load {mN]

100

(=]

| i 1 L
0 200 400 600 800 1000
(a) Indentation depth [nm]
10

Indentation load [mN]

1 I 1
0 20 40 60 80 100 120 140

Indentation depth [nm]
(®)

Figure 5.7: The indentation hysteresis loops obtained for undoped GaN on sapphire sub-
strate under (a) higher and (b) lower maximum indentation loads.

It is worth noting that the critical load force (P..;;), at which the pop-in occurs, presents
the significant differences for samples with different thicknesses of film. The value of P
appears to be greater for the thicker films. We suspect this phenomenon to be associated
with differences of the crystal quality on tile surface of the film, because in usual case with
increasing thickness, the crystal quality on the surface of the film will be greatly improved.
We found a similar behavior for GaAs films grown on Si by MOCVD.

In order to estimate the maximum shear stress existing beneath the loaded indenter at
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Figure 5.8: Schematic load-partial unload procedure to investigate the elastic-plastic re-
sponse of GaN on sapphire with a spherical indenter of 5 ym radius.

the occurrence of the displacement discontinuity, we used the spherically tipped diamond
indenter of 5 ym radius, beneath which the stress distribution is found to be more “well-
behaved” than beneath a nominally pointed indenter.?’) An alternating load-partial unload-
displacement curve for sample with 1.3 pm film thickness is shown in Fig. 5.8. Below the
critical load P..;; indention response of the samples exhibits wholly elastic behavior, and
average critical load Pcrit, at which pop-in occurred, is about 21.0+2 mN for 29 indention
test. The elastic analysis for the spherical case leads to the following relationship between

~ the load, P, and the indenter displacement, h:%%)

P

B3/ = (9/16)"? ———
Eefle/z

(5.11)

where Es is the effective composite elastic modulus and R the radius of curvature of the

indenter. A plot of h®?2 versus P thus will be a straight line whose slope, S, can be used to
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find the effective value E.s; from

1
SR1/2

Ees; = (9/16)"/? (5.12)

The value of E.;; is 244 GPa and 237 GPa for samples with 1.3 ym and 2.4 pm film
thicknesses, respectively. The difference between the above two values is about 2.9%,
which is within the experimental error. Therefore, the thickness of GaN epifilm has no
influence on the results presented in this study. The effective modulus value (E.ss) for

each indenter/substrate combination can be calculated by

1—v2 1—v

. 2 _1
Eegs = [ 7 “t s] | (5.13)

where the subscripts i and s refer to the indenter and material measured, respectively, E
is Young’s modulus, and n is Poisson’s ratio. For diamond?®), E;=1000 GPa, ;=0.25 are
used and because of lack of Poisson’s ratio and elastic constants for GaN, we have used the
Poisson’s ratio of AIN (0.287)?" for the calculation. Thus calculated Young’s modulus for
GaN is found 290 GPa, which is very close to that of AIN (283 GPa).?")

The maximum shear stress occurring in the film at the critical load P, is given by:?®)

f)c:'r'itEl‘2 ) 1/

(5.14)

Tmax = 0.12 ( 2

In this way, the maximum shear stress has been calculated for the two samples with

Table 5.2: The maximum shear stress values occurring at the critical load P ..

Material E (GPa) Tmer (GPa) E/7Tpes

GaN (2.4 pm) 290 5.4 ~53
GaN (1.3 pm) 290 4.6 ~63
Al,03 (0001) 390 8.5 ~46

different thicknesses of GaN films and is shown in Table 5.2. The maximum shear stress
of sample with 2.4 pm film thickness is obviously larger than that of sample with 1.3 pm

film thickness.
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Figure 5.9: The relationship between the indentation loop energy U, and the maximum

indentation load (U, —P%2 ) for GaN under (a) higher and (b) lower maximum indentation
loads.

The linear relationship between the indentation loop energy (U, ) and the applied maxi-

mum indentation load (P,...) has been used to calculate “true hardness”,??)

1 1 1
=y ———— P32 15
U 3V aptan?eyp H ™ (5:15)

where oy and 3 are the geometrical constant and the semiapex angle of the indenter,
respectively. The data from Figs. 5.7(a) and 5.7(b) have been reploted in this way ; as

shown in Figs. 5.9(a) and 5.9(b). The data of indentation loop energy (U, ) versus maximum
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Table 5.3: The “true hardness” value of the GaN, InGaN and sapphire crystal measured
by higher-load (20 mN < P, < 500 mN) and lower-load (2 mN < P, < 10 mN)
indentation experiments and calculated according to Eq. 5 (ap = 3%/2 and % = 67.3° for
the triangular tip indenter).

. True hardness (GPa) True hardness (GPa)
Material (99 UN < P,... < 500 mN) (2 mN < Ppuep < 10 mN) |
undoped GaN 53.6 56.3
undoped InGaN 52.0° -
sapphire 81.6% -

¢ taken from ref. 11

indentation load (Ppq.) show reasonable fits to straight lines. The results for the hardness
of GaN, together with that of Ing1GagoN grown on sapphire and bulk sapphire, are listed
in Table 5.3. It is found that the hardness of GaN is larger than that of Ing;GaggN.

5.3 The optical properties of Al,Ga;_,N/GaN het-

erostructure on sapphire

Experiment

Al,Ga;_,N/GaN single heterostructure were grown on 2-inch-sapphire (0001) substrate
using the horizontal atmospheric pressure metal-organic chemical-vapor deposition (MO
CVD) method. Trimethylgallium (TMG), trimethylaluminum (TMA) and ammonia (NH3)
were used as source materials. The sapphire substrate was first heated at 1100°C for 10
min in a stream of hydrogen followed by the deposition of 30-nm-thick GaN as the buffer
layer at 530°C. Then, a GaN layer with thickness of about 1.5 pm and an Al,Ga;_N layer
with thickness in the range of 0.2-0.5 mm were grown at a fixed temperature of 1050°C.
The molar fractions of AIN were determined by electron probe micro analysis (EPMA)
and the thicknesses of the films were determined by both high resolution scanning electron
microscopy (SEM) and spectroscopic ellipsometry (SE). The automatic ellipsometry used
was of the rotating analyzer type. The 75 W xenon lamp was used as the light source, and

the SE measurements were carried out in air over 360 to 830 nm wavelength range with a
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step of 2 nm at three angles of incidence, 40°, 50° and 60°. Details concerning the structure
of three samples studied are listed in Table 5.4.

In above section it was found that the refractive index of GaN below the fundamental
band gap energy can be adequately described by Sellmeir dispersion equation and also we
observed a clear free exciton absorption in high-quality GaN sample was also made at room
temperature. So, in order to describe the dielectric function of Al,Ga;_,N more accurately,
the sum of Sellmeir dispersion equation and the exciton expression has been used to fit the
SE data, which can be expressed by the following equation,

2

e (5.16)

Buw? N 4w
wi—w? 2 — (hzk2/m*) we —w? —ilw

e(w)y=A+

Here, the first two terms together are called the first-order Sellmeir dispersion equation'®
and the third term is the contribution from the exciton, which have been used to analyze
the exciton of GaN in reflection spectra by M. Tchounkeu et al..!®) we is the transverse
frequency related to the exciton with an effective mass m*, 4ra.w? is the polarizability of
the exciton resonance at w=0 and k=0, and I, is the damping parameter used to account for
the interactions of the exciton with the phonons and extrinsic defects. It can be mentioned
here that the SE parameter ¥ is not sensitive to the presence of overlayer on the surface,
such as oxide and rough layer, and therefore the comparison between the model and the
experiment is made on the ¥ curve only in order to ignore the effect of such overlayers in
the fitting.>®) In addition, simultaneous fit to the spectra of ¥, measured at three angles
of incidence (40°, 50° and 60°. ) are carried out to further increase the reliability of the

parameters obtained by fitting, and the root-mean-square (rms) fractional error o, defined

by

(5.17)

- 119 -



CHAPTER 5. GaN and Al,Gay_,N on sapphire substrates

has been used as judgment of the quality of the fit between the measured and calculated
data, which has also been used by C. C. Kim et al.®") in simultaneous fits to dielectric

function ¢ (w) and its derivatives with respect to energy for GaAs.

Table 5.4: Best fit parameters of Al,Ga;_,N/GaN on sapphire substrate determined by
SE measurements and SEM thicknesses measurements.

Sample dy (pm) dy (pm)  Exciton Braodening
No. structure SE SEM SE SEM Energy (meV) o
(eV)
I GaN/Sapphire 0 /1396 /  3.44 35 0.167
Al0.087Gagg1sN -
2 GaN/Sapphire 0225 02 1532 15 873 22 0.159
Alp151Ga0.849N
3 /GaN /Sapphire 0310 0.3 1552 1.5 3.95 78 0.232

We first attempt to fit the data of sample 1 using the above-mentioned method, assuming
a three-phase (ambient/GaN/Sapphire) model. The refractive index function of sapphire
was taken from ref. 13. The calculated ¥ spectrum for sample 1 is shown in Fig. 5.10 by solid
line, and the parameters obtained are shown in Table 5.4. An excellent agreement between
the measured and calculated spectra has been obtained as can be seen from Fig. 5.10. The
refractive index function of sample 1 in the wavelength range of 300 - 830 nm, along with the
refractive index of GaN taken from the previous report, is shown in Fig. 5.11. It is obvious
that there is no appreciable difference between the two results at whole wavelength range
measured. It can be noted here that for all samples the refractive index n and extinction
coefficient k in the wavelength region above the bandgap are obtained by assuming a two-
phase (such as, ambient/GaN) model. This assumption of two-phase model is justified by
two reasons. First, the penetration depth of light from the surface is about 100 nm in the
wavelength range above bandgap. Since, the top layers for all the samples are thicker than

100 nm, the effect of bottom layer and/or substrate is negligible in the above wavelength

vregion. Second, not considering the overlayers on the surface does not deteriorate the fitting

of SE spectra, A, below the fundamental band edge. Therefore, it is reasonable to estimate
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Figure 5.10: Measured (dotted line) and calculated (solid line) ¥ spectra of sample 1, for
incident angles of (a) 40°, (b) 50° and (c) 60°, respectively.
the refractive index n and extinction coefficient k of films at above the bandgap in order
to compare the results. |

The other. two fits to the data of samples 2 and 3 are also performed assuming the four-
phase (ambient/Al,Ga;_.N/GaN/Sapphire) model. For GaN, refractive index function
(n+ik) obtained by.the fitting analysis for sample 1, which is also shown in Fig. 5.11, has
been used. In Fig. 5.12 the complete coincidence between the measured and calculated data
is shown for sample 2, and the parameters of the two samples, 2 and 3, are summarized

in Table 5.4. The refractive indices n and extinction coefficient k as a function of photo-
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Figure 5.11: The optical constants of Al,Ga;_,N vs. wavelength. (a) the refractive indices
determined by SE (b) the extinction coeflicient k. The refractive indeices of sample 2 and
that from ref. 19 are shown in the inset.

energy are also calculated fof both the samples, 2 and 3, and the data are plotted in
Fig. 5.11(b) and (c) as dashed lines; in the inset of same figure refractive index function
of sample 2 (Algg7Gago13N) and that of Alo_lGa;()_.gN taken from ref. 19 are shown for
comparison purpose. Our refractive index is found to be 2% smaller than that from ref. 19,
this deviation perhaps arises from two distinct experimental method. We have further
calculated SE data A using the refractive index (n+ik) and thicknesses of each layer and

have shown in Fig. 5.13 by solid line. It is clear that the difference between the measured
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Figure 5.12: Measured (dotted line) and calculated (solid line) ¥ spectra of
Alp0s7Gag913N/GaN on sapphire substrate, for incident angles of (a) 40°, (b) 50° and
(c) 60°, respectively.
and calculated data is very small at the wavelength range measured. This indicates that
our samples have good surface morphology and thin oxide film.

As shown in Table 5.4, the thicknesses obtained by SE and SEM are very close. Therefore,
it is proved that our model adequately describes the measured data. The exciton energies
have been obtained from Eq. 5.10, where the term %’ijwe has been neglected because of its

extremely small value compared to term w? and this energy value of sample 1 obtained is

in agreement with our previous result for GaN. The exciton energy is also found to increase
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Figure 5.13: Measured (dotted line) and calculated (solid line) A spectra of sample 3 using
the refractive index (n+ik) and thicknesses of films determined by fitting, for incident angle
of (a) 40°, (b) 50° and (c) 60°, respectively. ‘

with composition x.

5.4 Conclusion

Using an accurate film thickness which can be obtained by SE, one can determine optical
functions of GaN by both SE and transmission method leading to the same results in the
common wavelength region. The free exciton absorption in high-quality GaN sample is

evidently observed at room temperature, with the transition energy at about 3.44 eV.
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However, the deep level. absorption near 2.0 eV is not observed.

The refractive indices nand n) as a function of wavelength over the wavelength range
of 370 to 820 nm have obtained. The calculated spectra of the refractive indices n and |
are also analyzed using the first-order Sellmeier equation. The values of the high-frequency
dielectric constant obtained are 5.14 for (ELc) and 5.31 for (E || ¢). These values are close
to the direct experimental observations (5.35).

Young’s modulus of GaN film on sapphire substrate using the nano-indention experiment
have been estimated, and found that the maximum shear stress depends on the quality of
the crystal. The maximum shear stress is 5.4 GPa for the high-quality GaN film. The
“true-hardness” of GaN film is 53.6 GPa, which is larger than that of Ing;GagoN film on
sapphire, and smaller than that of sapphire.

The optical constants of Al,Ga;_,N can be accurately expressed as the sum of Sellmeir
dispersion equation and a free exciton below the fundamental band edge. The free exciton
energy of Al;Ga;_.N has been obtained by simultaneously fitting to SE data U measured
at three angles of incidence, 40°, 50°and 60°. The values obtained vary from 3.44 to 3.95

eV when the composition x varies from 0 to 0.151.
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Chapter 6

Inhomogeneous TiO, thin films

6.1 Introduction

Titanium dioxide is a large band gap semiconductor of exceptional stability and has di-
verse industrial applications. In recent years, sol-gel derived nanocrystalline TiO, thin films
of anatase phase are becoming of increasing importance because of their beaJse of prepa,ration
and potential application in the areas of photovoltaics, sensing devices, photocatalysis and
microelectronics.!) Consequently, the determination of the optical 7constants and evaluation
of microstructural features such as surface roughness in these films are important.

Wide variations in the optical and physical properties of TiO, thin films deposited by
different techniques have been reported.? The aim of this work is to study the optical
constants and depth profile of sol-gel derived TiO, thin films in order to better under-
stand their optical properties. Spectroscopic ellipsometry (SE), which is known to be a
very useful and non-destructive technique to investigat/e the optical properties of inhomo-
geneous films, has been used together with transrrlission spectroscopy to study our films.
Ellipsometric determination of optical constants of inhomogeneous TiO, films deposite.d
by different evaporation techniques has been reported by various authors where they as-
sumed a linear variation in the refractive index along the thickness of the film.>% In this
work, a four-phase model (air/rough surface layer/inhomogeneous TiO, layer/substrate)
has been used to fit the SE data, taken in the wavelength range of 260 - 830 nm. In the
inhomogeneous layer, void distribution has been assumed to vdr’y instead of the variation

in the refractive index (n) and the unknown dielectric function of TiQj; is described by a
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single oscillator form. An excellent agreement between the calculated and measured data
of SE in the 335 - 830 nm wavelength range has been obtained. However, determination of
the extinction coefficient k by fitting SE data, with the dielectric function being described
by a single oscillator, is not very accurate near and above the fundamenta,l‘ band gap. For
the accurate determination of k, Forouhi and Bloomer derived a formalism of k()) above
the fundamental band gap based on quantum-mechanical theory of absorption.” Kim used
this formalism with spectroscopic ellipsometry and transmission spectroscopy for the si-
multaneous determination of n, k and void distribution of electron-beam (EB) evaporated
amorphous TiO, thin film.® In this work we calculated the extinction coefficient for both
the amorphous and nanocrystalline TiO; thin films from transnﬁssion spectrum using the
refractive index, thickness and void of each layer determined by SE. Our as-deposited and
low temperature annealed (400°C) films were amorphous as observed by X-ray diffraction
(XRD) analysis. At higher annealing temperature (600°C), films were found to be poly-
crystalline with crystal structure matching with the anatase modification of TiO, lattice.
Scanning electron micrograph (SEM) showed the 600°C temperature annealed sample to
be nanocrystalline with porous structure. Details of the experimental and theoretical pro-
cedures are described in the subsequent sections and the results obtained are compared

with those reported by others for TiO, films deposited by different techniques.

6.2 Experimental

TiO, thin films were deposited on vitreous silica substrate by sol-gel method using tita-
nium tetra-isopropoxide, Ti(C3H70)4, as the starting material for Ti. The details of the
sol solution preparation are described elsewhere.”)

Films were coated on vitreous silica substrate by dip-coating method with a pulling speed
of 0.1 mm/sec. The films coated were dried at 80°C for 15 minutes and heat treated at
400°C for 1 h and the process was repeated for 5 times. Two films thus obtained were
annealed for 6 hours at 400 and 600°C, and hereafter will be referred to as sample 1 and

sample 2, respectively.
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The measurements of spectroscopic ellipsometry were carried out at an angle of incidence
of 75° in the wavelength range of 260 - 830 nm. The automatic ellipsometry used was of
rotating analyzer type, fitted with a 75 W xenon lamp as a light source. Back surface of the
substrates were roughened and blackened before ellipsometric measurements to eliminate
back surface light reflection. Transmission spectrum of the samples was taken before SE
measurements over the wavelength range of 300 - 1600 nm for the accurate determination
of extinction coefficient k. The transmission spectrum of the bare vitreous silica substrate
was also taken to determine its refractive index. All the measurements were performed at

room temperature.

6.3 Theoretical treatment

The ellipsometric parameters ¥ and A are defined as usual from the ratio of reflected

amplitudes for s and p polarization

_r

= Me’m"‘s&) = tan Te'® (6.1)
rs |rs

In the case of an inhomogeneous film of thickness d upon a nonabsorbing substrate with
index of refraction ns, in a medium with refractive index ng, refractive index of the film
is not uniform but varies as a function of distance along the thickness of the film. The
refractive index profile for such a system is illustrated in Fig. 6.1. Under the simplifying
assumption that the reflection of light from the interior of the film can be ignored, the
detailed expressions of ¥ and A have been given by Z.®) It has also been shown by Carniglia
that ellipsometric data at half-wave (HW) points, defined as wavelengths that are multiples
of twice the optical thickness, in the tan¥ spectrum (hereafter referred to as tan¥(HW)),
offers a sensitive measure of the degree of inhomogeneity. Under the condition of extinction

coefficient k=0, cosA=1 and the tan¥ (HW) results in expression®

tan U (HW) _ (nponp2 - nplan)/(nSOnSZ - nslns3) (6.2)

(npoan + nplan) (nsons2 + nsln.s‘S)

where

. 1/2
Nsi = (nf — n2sin? 00) ,
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Figure 6.1: Typical refractive index profile of an inhomogeneous film of thickness d upon
a non-absorbing substrate with refractive index ns in a medium with refractive index ng.

" Refractive index of the film varies from n; at the outer surface of the film to n, at the inner

surface.

1/2
22 22
Npi = nz/(nz — ngsin 00) .

Here 6, is the angle of incidence, ny and n, are the refractive indices at the outer and
inner surfaces of the inhomogeneous layer, respectively. In particular, when the film is

homogeneous, i.e. nyj=n,, tan¥ (HW) is given by

tan U (HW) = (e =1ws) [(n0 = ns) g (6.3)
(npo +np3)/ (150 + ns3)

showing that for homogeneous film W(HW) is equal to ¥, the amplitude reflectance ratio
of the uncoated substrate, and is independent of the index of the film. T‘hus, from the
difference between ¥, and W(HW), one can get an idea about the degree of inhomogeneity
of a film which is defined by An/7; here 7 is the average refractive index of the film and
An=n;-n,.

To demonstrate the effect of degree of inhomogeneity on tan ¥ spectrum, a series of tan ¥
spectrum is drawn in Fig. 6.2 for single-layer films (solid lines), together with the tan¥,
spectrum (dashed line), with An/#i; here i varying from -15% to +15% in steps of 7.5%,
for an incidence angle of 75°. Here, the average refractive index of the film is assumed to be
2.3, and that of the substrate to be 1.5. It is clearly seen from Fig. 6.2 that the spectrum of

tan® at the HW points shift from values above that of the tan¥, spectrum to values below
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Figure 6.2: Calculated tan¥ spectrum (solid curves) for films together with the tanV¥,
spectrum (dashed line) for the substrate with An/n(n, the average refractive index 7)
varying from -15% to +15% in steps of 7.5% for an angle of incidence of 75°. The average
refractive index 7 of the film is assumed to be 2.3 and that of the substrate to be 1.5.

that of tanW, as An/n varies from -15% to +15%. Two conclusions can be drawn from this
figure: i) the larger the degree of inhomogeneity An /7, the larger is the difference between
tanWU, and tan¥(HW), ii) position of tanW(HW) points relative to tan¥, spectrum depends
upon the sign of An/#, i.e., for n; > n,, tan¥W(HW) < tan¥, and vice versa. Another point
worth noting is that there is no significant effect of the value of average refractive index
on the value of tan¥(HW) which has a strong dependence on the degree of inhomogeneity.
This point is clearly depicted in Fig. 6.3 where the tanV spectra for single-layer films (solid
lines), together with the tan¥, spectrum (dashed line), are drawn with average refractive
index varying from 1.7 to 2.5, and keeping the degree of inhomogeneity An/n constant
(-15%). With the increase in the average refractive index, small increase in the value of

tan¥(HW) is observed. However, compared to the large change in tan¥(HW) (~ 40%) for
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a relatively small change in An/# (15%), this change in tan U (HW) (~ 5%) for a relatively
largé change (47%) in 7 is quite small. Furthermore, all tan¥(HW) points remain on the
same side of the tanU, spectrum despite a large change in # and thus the sign of An/7
remains unaffected by the change in 7. It should be mentioned here that the above analysis
is valid only for situations where the substrate has a lower refractive index than that of
the film, i.e., ns < 7, and the incidence angle is 75°. This particular case is discussed
because it matches with our problem where we have used vitreous silica substrate which
has an average refractive index (1.5) lower than that for TiO; (2.2 - 2.6).? For TiO, films
on substrates with higher refractive indices, such as Si, the relative positions of tan¥ and
tan®, spectra will change and the above discussion has to be modified. A change in the
incidence angle will also affect the relative positions of tan¥ and tanW, spectra.

Using the same assumption invoked earlier in the calculations of tanV in SE, i.e., the
reflection of light from the interior of the film can be ignored, the amplitude transmission

at normal incidence can be written as

;= t10t23 exXp (—26)
1 + riores exp (—126)’

(6.4)

where t;0 and t,3 are the Fresnel transmission coefficients at the medium-film and the film-
substrate interfaces, respectively, and rigp and re3 are the corresponding Fresnel reflection

coefficients, and are given by

21 2nq
t10 = 3 to3 = 9
no + N ng + n3
and
Ng— M Ng — N3
Ti0 = y T23 = .
ng + 11 ng + N3

The transmission T can be written as

ning
T =

t , (6.5)

NgNa
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Figure 6.3: Calculated tanW spectrum (solid lines) for films, together with tan¥, spectrum
(dashed line) for the substrate, with average refractive index varying from 1.7 to 2.5.
The degree of inhomogeneity An/n(n, the average refractive index 7) for all the films is
considered to be constant (-15%).

The Bruggeman effective-medium theory (EMT), considered as an important tool to inves-
tigate inhomogeneous film, is used to calculate the effective dielectric function of the film.
The mathematical formula can be expressed as:?

Em — € 1—¢
Em + 2¢ +fvl+25 =0, (6.6)

(1 - fv)

where €,, is the dielectric function of main constituent material and fu is the volume fraction
of void. In this equation the dielectric function of void is taken to be 1. In our SE data

analysis, the unknown dielectric function of TiO, is described by a single oscillator

ry, 2
c=¢ + (es_goo)wt
© 0wl —w? —ilgw

(6.7)

where ¢, represents the high-frequency dielectric constant, €, is the oscillator strength,

w; the frequency and I'g the damping factor of the oscillator. The unknown parameters
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can be numerically determined by minimizing the following mean squares deviation with a
regression program (unbiased):
N
9 1

- 2N—PZ

=1

[(tan we® — tan U)” + (cos AP — cos A;’“’)2], (6.8)

where N is the number of data points and P is the number of unknown model parameters.

6.4 Results and discussion
6.4.1 Spectroscopic ellipsometry

A four-phase structure (air/rough surface layer/inhomogeneous TiO2 /substrate) as shown
in Fig. 6.4 has been used in the simultaneous fitting of measured parameters A and ¥ of
SE. The roughness layer on the surface was modeled as an effective mixture of 50% TiO,
and 50% void. Inhomogeneity of a film results from the non-uniform packing density of the
film which is usually expressed by the volume fraction of void fv. In our fitting analysis
f, is varied from f,,=0 at the outer surface of the film to f,; at the inner surface. This
simplifies the calculation than considering the refractive index varying along the thickness
of the film since f, is a function of distance only while refractive index is a function of both
distance and wavelength. However, it should be noted that our assumption of f, varying
from zero at the outer surface to f,; at the inner surface is only for the sake of obtaining
the distribution of dielectric function along the depth of the film by fitting to ellipsometric
data and shows only relative variation in the void fraction along the thickness of the film.
The change in refractive index along the depth of the film will follow the change in fur
After obtaining the refractive index by fitting to SE data, actual void distribution along
the depth of the film has been calculated using the “yoid-free” refractive index of anatase
TiO; as Kim did.%) |

Measured (solid circles and plus sign) and fitted (solid lines) cosA (top) and tan¥ (bot-
tom) spectra of samples 1 and 2, together with the calculated data of bare substrate (dashed
lines), are shown in Fig. 6.5. An excellent agreement between the experimental and fitted
cosA and tan¥ spectra for both the samples have been obtained. From this figure, HW

fringes at 350 and 550 nm for sample 1 and at 345 and 500 nm for sample 2 are observed.
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TiO, film d,
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air
Figure 6.4: Schematic diagram of the film structure used in SE fitting.

At wavelengths 550 and 500 nm, i.é., at the HW fringes for sample 1 and 2, respectively,
cosA =~ 1 and tan¥(HW) = tan¥;. cosA = 1 illustrates that extinction coefficient k of the
films is close to zero in this region whereas tanU(HW) = tanW, shows the inhomogeneity
of the films. For both the films tanW(HW) < tan¥,, indicating n; > ny for both the films
according to our analysis discussed in the previous section, and larger difference between
tanU(HW) and tan¥, indicates larger inhomogeneity for sample 2, which has a nanocrys-
talline structure of anatase phase, than for sample 1 which is amorphous, as observed by
X-ray diffraction analysis.

Table 6.1 shows the best fit model parameters used in the simulation of cosA and tan®
spectra. The high frequency dielectric constants obtained are 2.83 and 3.7 for samples 1
and 2, respectively. However, as pointed out by Gerfin et al. for ITO films,'®) here also ¢/

does not represent the true high-frequency dielectric constant /. The optimized dispersion
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Figure 6.5: Measured (solid circles and plus sign) and fitted (solid lines) cosA (top) and
tan®¥ (bottom) spectra of samples 1 and 2, together with the calculated data of bare
substrate (dashed lines).

formula can be regarded only as a mathematical description of the optical properties below
the band edge region of the semiconductor. The value of €/, can be determined graphically,
as shown in Fig. 6.6 and are found to be 4.16 and 4.39 for samples 1 and 2, respectively,
which are close to that determined by S. Y. Kim for “void-free” value (4.8) of electron-
beam-evaporated TiO, thin film. The thickness of sample 2 is smaller than that of sample
1 (from Table 6.1), indicating higher packing density and larger refractive index for sample
2 than for sample 1, may be due to the crystalline nature of sample 2, and is consistent

with the results feported by Vorotilov et al. for sol-gel derived TiO; thin films.') In
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Figure 6.6: Graphical determination of the high-frequency dielectric constant of the two
samples.

Table 6.1: Best-fit model parameters of the sol-gel derived TiO, thin films on vitreous silica
substrate determined by spectroscopic ellipsometry. The f,; is the volume fraction of void
at the inner surface of layer 2. The 90% confidence limits are given with (4).

Sample e, s wi(eV) To(eV) fui d; (nm) d; (nm) 6
1 283+ 4.07+ 439+ 0.20& 0.097+ 4.74t 148.74+ 0.005
0.03 0.05 0.03 0.01 0.002 0.03 0.001
2 3.70+ 4.52+ 4.06+ 0.25+& 0.210+ 2.19+ 133.41+ 0.008
0.06 0.1 0.07 0.02 0.003 0.03 0.001

Fig. 6.7 we show the grading profiles of refractive indices obtained for samples 1 and 2 at
500 nm wavelength. Almost linear index gradient along the depth of the films has been
obtained. Note the larger index gradient and smaller refractive index at the inner surface

of sample 2, indicate severer inhomogeneity of nanocrystalline film, as has also been found
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Figure 6.7: Depth profile of the refractive indices at 500 nm wavelength for the two samples.

by Susan et al. for sol-gel derived Pb(Zr,Ti)O3 film.!® The higher refractive index at the
outer surface of the films can be explained in terms of densification and crystallization of
the as deposited films which begin at the surface and gradually pfogress towards the depth
of the film during the course of annealing.'® Actual void distribution along the thickness
of the film has been calculated using the refractive index of anatase Ti0,% and is found to
vary from 28% to 35% from the outer surface to the innér surface of the film for sample 1
and from 25% to 38% for sample 2 for the same. These values are much larger than that
reported for EB evaporated TiO; thin film (16%).8) The presence of high percentage of void
is a common feature for sol-gel derived oxide thin films. Figure 6.8 shows the variation of
the degree of inhomogeneity An/# with photon energy for both the samples, obtained by
our fitting results. It shows much larger degree of inhomogeneity An/7 for sample 2 than

for sample 1 and is consistent with Fig. 2 where larger difference between tan¥(HW) and
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Figure 6.8: Variation of the degree of inhomogeneity An/n(n, the average refractive index
7) with photon energy for both the samples.

tanW, has been observed for sample 2 than for sample 1, indicating larger inhomogeneity
for sample 2. Furthermore, the degree of inhomogeneity of sample 2 varying from 12% to
14% is much lafger than those reported for TiO, films deposited by EB evaporation (3
-5 %)‘ and 1f sputtering (5 %) techniques? while that for sample 1 varying from 5% to
6% is close to those reported values. This shows that high temperature annealing severely
degrades the homogeneity of the film. One reason for the higher degree of inhomogeneity
for sol-gel derived thin films may be that in this method films are coated layer by layer with
each coating followed by drying of the films at sufficiently high temperature (>100°C) while
in other techniques, such as, EB evaporation and rf sputtering, films are deposited in a
single run. However, the underlying mechanism that further deteriorates the homogeneity

of the film upon annealing at high temperatures is yet to be investigated.
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6.4.2 Transmission spectroscopy

For the multilayer structure of our film, we use potential transmission y according to

Berning et al. which is given by¥

Wavelength (nm)
1600 800 500 | 400 300
10 1 I I I i
0.8F
S
o 0.6
Q
g
g
‘§ 0.4}
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Figure 6.9: Measured (solid circles and plus sign) and calculated (solid lines) transmission
spectra of both the samples in the wavelength range of 300 - 1600 nm. The solid lines are
obtained by using the extrapolated optical constants and thicknesses determined by SE.
The dashed line shows the measured transmission spectrum of the bare substrate.

T T; '
\I/:—: ¢ 9
1—-R ]‘_z-:[l—R,-’ (6.9)

where Ti, Ri are the transmission and reflection of ith layer, respectively. Figure 6.9 shows
the measured (solid circles and plus sign) and calculated (solid lines) transmission spectra
of both the samples together with the measured transmission spectrum of the bare sub-
strate (dashed line) in the wavelength range of 300 - 1600 nm. The solid lines are obtained

by using the extrapolated optical constants, thicknesses and void distribution determined

- 142 -



CHAPTER 6. Inhomogeneous TiO, thin films

by SE. Good agreement between the experimental and calculated data in the long wave-
length region has been obtained while at the short wavelength region, the deviations of
the calculation from the experimental data is due to the inaccurate extinction coefficient
obtained by fitting SE data using a single oscillator which does not accurately reflect the
effect of interband transitions occurring at and above 3.2 eV. It can be noted that the

indirect band gap of anatase phase TiO, is about 3.2 eV.

0.8
2.8
| —— Sample 1
26— Sample 2 - 06
v
= 24 g
s 2
E g
© 221 104 8
08 8
5 =
% 20} =
4}
- 02
1.8
L6 hess o
el - 0.0

05 1.0 15 2.0 25 3.0 35 40 45
Photon Energy (eV)

Figure 6.10: Refractive index n (top) and extinction coefficient k (bottom) spectra of the
sample 1 (dashed lines) and 2 (solid lines).

The extinction coefficient k() for both the samples are obtained over the wavelength
range 300 - 1600 nm from the transmission spectra, using the extrapolated refractive indices

and structure parameters of the films obtained by SE. In Fig. 6.10 we show the refractive
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index n (top) and extinction coefficient k (bottom) spectra for both the samples over the
energy range 0.77 - 4.0 eV. Sample 2 shows larger refractive index than sample 1 and
is attributed to the increase in packing density and crystallinity of the film at elevated
temperature, which are evident from the thickness measurement and XRD analysis. This
result is in good agreement with that by Suhail et al., for magnetron sputtered TiO, thin
films deposited on vitreous silica substrate, where they reported similar increase in the
refractive index with increasing annealing temperature.'® Sharper increase in k above the
fundamental band gap for sample 2 shows the crystalline nature of the film. Note the
nonzero extinction coefficient of sample 2 at a much lower photon energy than the band

gap energy indicates scattering effect in the nanocrystalline TiO, thin film.

6.5 Conclusions

Sol-gel derived TiO; thin films, both amorphous and nanocrystalline, are investigated for
optical properties by spectroscopic ellipsometry and transmission spectroscopy. A method
to fit simultaneously the measured parameters of SE, ¥ and A, for inhomogeneous thin
film has also been described. Instead of the refractive index, volume fraction of void has
been assumed to vary along the thickness of the film in the fitting analysis and an excellent
fit has been obtained for both the amorphous and nanocrystalline TiO; films. Nearly linear
refractive index gradient has been obtained for both the samples with sample 2 having a
larger index gradient than sample 1 showing deterioration of homogeneity with increase in
annealing temperature. The degree of inhomogeneity obtained are 5-6% and 12-14% for
samples 1 and 2, resﬁectively, and are higher than those reportéd for TiO, films deposited
by EB evaporation (3 - 5 %) and rf sputtering (5 %) techniques. Extinction coefficients
k()) of the samples are calculated from the transmission spectra. Nonzero k values for
sample 2 at photon éneréies much lower than the fundamental band gap energy (3.2 €V)

show scattering effect in the nanocrystalline TiO; film.
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Chapter 7

Summary

The principle motivation of the present work was to explore the optical properties of
bulk materials and thin films deposited on various substrates by using the spectroscopic
ellipsometer. In this work, there were several different facets of the problem. These in-
volved surface treatment of samples measured, selecting on of a suitable analysis model
and requirement of much computational efforts. Here we summaries the salient features of
this work.

In chapter 1, the background and purpose of this research, and main analysis method
were described.

In chapter 2, we had dealt with the mathematical representations that are employed to
describe polarized light, and we used these representations to discuss the interaction of
polarized light with the optical components that may compose an ellipsometer. The math-
ematical tool are applied to analyze the theory of measurement in ellipsometer, including
to give a relation between the SE parameters (A and ¥) and the normalized Fourier coef-
ficients (az and b,) of the rotating-analyzer system. On the reflection of polarized light by
stratified planner structures is intended to provide results and techniques that are essen-
tial for the interpretation of ellipsometric data in terms of the macroscopic properties of
particular sample under measurement. We have also described the Levenberg-Marquardt
Method, which was widely applied to analyze SE data.

We place emphasis on our proposed analysis model (Modified Harmonic Oscillator Ap-

proximation Scheme for the Dielectric Constants of Semiconductor). The model presented
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here is mathematically simple, and related to the electronic energy-band structures of the
medium. This model is applicable over the entire range of photon energies, below and
above the lowest band gaps, and it exactly satisfies the Kramers-Kronig relations. It also
requires the minimum number of parameters to yield excellent simultaneous fits to &; (w)
and €, (w) and their first three numerical derivatives with respect to photon energy. The
parameters of the model can be determined as functions of x for Al;_,Ga,As.

In chapter 3, the characterization results of a strained GaP layer grown on a Si substrate
by spectroscopic ellipsometry have been descr}bed. The band-gap energies of GaP and Si,
GaP layer thickness and the GaP oxide layer for a strained GaP/Si heterostructure were
determined by the calculated fitting. The compressive stress applied to the GaP layer and
the tensile stress applied to the Si substrate decrease gradually with increasing GaP layer
thickness in the thickness range less than the critical thickness. The lattice relaxation of
GaP occurs gradually with increasing thickness.

The MOCVD-grown GaAs on Si have been investigated by SE. The results obtained
from the proposed model indicate that it can be simultaneously determined the thicknesses,
stress and crystalline quality. The tensile stress is applied to GaAs layer and the GaAs on
Si with A1GaP+SLS intermediate layer has best surface morphology and crystalline quality.
Further, the surface morphology of NaOCl-polished GaAs grown on Si have been measured
by SE and AFM. The maximum value of g5 (~4.77eV) is 24.5 and typical rms is 0.3 nm. The
depth of surface roughness determined by SE is in agreement with rms roughness obtained
by AFM. Therefore, the surface roughness of GaAs on Si can be reduced to 1/10 that in
the as-grown state using NaOCl-polishing, and the results of surface characterization by
SE are consistent with AFM measurements.

In chapter 4, poly-Si thin films, obtained by the crystallization of -Si by laser annealing
have been studied. Smooth poly-Si films have been obtained by the implementation of
two step irradiation technique, i.e., 344 mJ/cm? pulse followed by 250 - 276 mJ/cm? laser
energy pulse. A detailed analysis of the ¢ (w) demonstrate that increase of laser energy
Jead to an increase of the crystalline fraction and the crystalline grain size. It has also been

observed that the crystalline size saturates at 260 mJ/cm? laser energy. Also, poly-Si films
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exhibit tensile stress.

An amorphous thin films of Si;_,Ge, /Si alloys have been deposited on glass and single
crystal Si substrates by ion beam sputtering, and the composition (x) is controlled by
varying the area of silicon wafers placed on the germanium target. Upon XeCl excimer laser
annealing, these films reveal polycrystalline nature by both X-ray and SE measurements.
The composition (x) of Si;_,Ge, /Si films, evaluated from the SE dielectric function ¢ (w)
data using the second derivative technique, are in agreement with those obtained from
X-ray and AES measurements within their experimental limitations.

It has also been observed that the (111) orientation is predominant in all of poly-Si;_,Ge,
/Si films on both the substrates. This dominant of (111) orientation is attributed to
 the free surface energy of films which plays a major role in the crystallization process.
Furthermore, the detailed analysis of X-ray diffraction data and SE measurements show
that the a&erage microcrystallite size decreases with increasing Ge mole fraction, and the
volume fraction of crystalline Si; _,Ge,, /Siincreases With increasing laser irradiation energy.
These phenomena have been attributed to different degree of annealing and hence the
changing in the degree of crystallinity.

Finally, the optical gap of these films have been obtained in terms of Eqy (defined as the
energy at which « is equal to 104 crr.l“l) from the absorption coefficient spectra and the
value is found to be in the range of 1.05 - 1.28 eV for two Ge concentrations. These results
further support to conclude that the Si;_,Ge, /Si alloy provides continuously and widely
variable optical band gap.

In chapter 5, using an accurate film thickness which can be obtained by SE, one can
determine optical functions of GaN by both SE and transmission method leading to the
same results in the common wavelength region. The free exciton absorption in high-quality
GaN sample is evidently observed at room temperature, with the transition energy at about
3.44 eV. However, the deep level absorption near 2.0 eV is not observed.

The refractive indices n,and n| as a function of wavelength over the wavelength range
of 370 to 820 nm have obtained. The calculated spectra of the refractive indices nand n

are also analyzed using the first-order Sellmeier equation. The values of the high-frequency
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dielectric constant obtained are 5.14 for (E_Lc) and 5.31 for (E || c). These values are close
to the direct experimental observations (5.35).

Young’s modulus of GaN film on sapphire substrate using the nano-indention experiment
have been estimated, and found that the maximum shear stress depends on the quality of
the crystal. The maximum shear stress is 5.4 GPa for the high-quality GaN film. The
“true-hardness” of GaN film is 53.6 GPa, which is larger than that of Ing;GagoN film on
sapphire, and smaller than that of sapphire.

The optical constants of Al,Ga;_,;N can be accurately expressed as the sum of Sellmeir
dispersion equation and a free exciton below the fundamental band edge. The free exciton
energy of Al,Ga;_.N has been obtained by simultaneously fitting to SE data ¥ measured
at three angles of incidence, 40°, 50°and 60°. The V@Iues obtained vary from 3.44 to 3.95
eV when the composition x varies from 0 to 0.151.

In chapter 6, sol-gel derived TiO, thin films, both amorphous and nanocrystalline, are
investigated for optical properties by spectroscopic ellipsometry and transmission spec-
troscopy. A method to fit simultaneously the measured parameters of SE, ¥ and A, for
inhomogeneous thin film has also been described. Instead of the refractive index, volume
fraction of void has been assumed to vary along the thickness of the film in the fitting
analysis and an excellent fit has been obtained for both the amorphous and nanocrysfalline
Ti0, films. Nearly linear refractive index gradient has been obtained for both the samples
with sample 2 having a larger index gradient than sample 1 showing deterioration of ho-
mogeneity with increase in annealing temperature. The degree of inhomogeneity obtained
are 5-6% and 12-14% for samples 1 and 2, respectively, and are higher than those reported
for TiO, films deposited by EB evaporation (3 - 5 %) and rf sputtering (5 %) techniques.
Extinction coefficients k(A) of the samples are calculated from the transmission spectra.
Nonzero k values for sample 2 at photon energies much lower than the fundamental band

gap energy (3.2 eV) show scattering effect in the nanocrystalline TiO; film.
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