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ABSTRACT

We reported the systematical study of optical properties of hexagonal Al,Ga; N epitaxial films grown on c-sapphire
substrate using metal-organic chemical vapor deposition. By performing Fourier transform infrared spectroscopy
measurements, the high-frequency dielectric constants and phonon frequencies can be obtained by theoretically fitting
the experimental infrared reflectance spectra using a four-phase layered model. The high-frequency dielectric constant of
Al,Ga;_N varies between 4.98 and 4.52 for ¢, (polarization perpendicular to the optical axis) and between 4.95 and
4.50 for &, (polarization parallel to the optical axis) respectively when the aluminum composition changes from 0.15 to
0.24. Furthermore, from experimental infrared reflectance spectra of Al,Ga;_N films, a specific absorption dip at 785
cm ' was observed when the aluminum composition is larger than 0.24. The dip intensity increases and the dip frequency
shifts from 785 to 812 cm™ as aluminum composition increases from 0.24 to 0.58. According to the reciprocal space
map of x-ray diffraction measurements, the emergence of this dip could be resulted from the effects of strain relaxation
in AlGaN epitaxial layers due to the large lattice mismatch between GaN and AlGaN epitaxial film.
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1. INTRODUCTION

Hexagonal GaN and AIN semiconductors, and AlGaN alloys, have attracted considerable attention due to their
successful applications in the fabrication of high-performance electronic and optoelectronic devices, such as
heterostructure field-effect transistors,' ultra-violet light-emitting diodes,” and laser diodes.”” By varying the alloy
composition, different electrical and optical properties can be obtained in a wide spectral range from 3.4 to 6.3 eV. In
order to further engineer these alloys and related optoelectronic devices, it is necessary to work on the fundamental
properties of these materials. The infrared optical response of these alloys is important for the determination of crystal
quality and phonon properties. Recently, Sun et al. proposed the idea of developing terahertz quantum cascade lasers
with GaN/AlGaN quantum-well structures, which have more advantages than GaAs-based material system.’ Since the
carrier dynamics and temperature-dependent performance of quantum cascade lasers are closely related to the phonon
energies, the study of composition-dependent phonon energies will be also conducive to the design and develop of
nitride-based quantum cascade lasers. Generally, GaN, AIN, and Al,Ga;_.N alloys can be deposited on sapphire, silicon
carbide, silicon, or GaAs substrates by using different growth methods.” ® Except for GaAs substrates, GaN and its
related compounds grown on these substrates have the hexagonal wurtzite structure (o-phase). Therefore, they are
natural optically anisotropic uniaxial crystals.” In the hexagonal Al,Ga,_,N alloys with space group C; , both the

transverse-optical (TO) and longitudinal-optical (LO) modes spit into the axial (4;) and planar (£7) optical modes due to
the anisotropy in the macroscopic electric field induced by polar phonons. The 4; and E; modes are both infrared and
Raman active according to the selection rules. Yu ef al. studied the infrared reflectivity spectra of GaN and Al,Ga;_ N
with aluminum compositions of 0.087, 0.27, and 0.35.1° They found that the £, mode, which arises from the disordered
state of the alloys, can be observed in the refractivity spectrum of Al,Ga;_N. Holtz et al. reported optical studies on
Al,Ga,_,N alloy layers grown on (111)-oriented silicon substrates by combining Fourier transform infrared (FTIR) and
Raman spectroscopy studies.'' Besides, Hu ef al. studied the optical properties of hexagonal Al,Ga,_ N (x from 0.05 to
0.42) epitaxial films with Si doping concentration up to 10'® cm™ grown on c-plane sapphire substrates using infrared
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reflectance spectra.'> The longitudinal-optical phonon plasmon (LPP) coupled modes of n-type hexagonal Al,Ga, N
films were also discussed in their studies. Nevertheless, the phonon-related studies on Al,Ga; N epitaxial films mostly
focus on the composition-dependent infrared spectroscopy. To the best of our knowledge, the effects of strain relaxation
of Al,Ga;_N epitaxial films on infrared reflectance spectra are hardly reported in literature.

In this study, we will discuss the composition dependence of infrared optical phonon modes in Al,Ga;_N epitaxial layers
grown on c-plane sapphire substrates using Fourier transform infrared reflectance measurements. The effects of strain
relaxation of Al,Ga,_,N epitaxial films on infrared reflectance spectra are investigated as well. Furthermore, the infrared
reflectance spectra of GaN/sapphire and Al,Ga; N/GaN/sapphire are theoretically fitted by using the factorized form of
the dielectric function for the entire frequency region measured.

2. EXPERIMENT

Hexagonal Al,Ga; N epitaxial films in an entire aluminum composition range were grown on c-plane sapphire
substrates by metal-organic chemical vapor deposition (MOCVD). AlGaN films were deposited using a low-pressure
vertical reactor (EMCORE D75) with a fast rotational susceptor. Trimethylgallium (TMG) and trimethylaluminum
(TMAI) were used as group III precursors and ammonia (NH;) as group V precursor, respectively. Hydrogen and
nitrogen purified by purifier were used as the carrier gas. The rotating speed was controlled to be 900 rpm during the
growth of epitaxial layers. The group IIl and V precursors were separated in two manifolds and mixed before they
entered the reactor. Prior to material growth, the sapphire substrate was annealed in H, ambient at 1100 °C for 5 min to
remove any residual impurities on the sapphire surface. Figure 1 shows a schematic diagram of the AlGaN layer with a
GaN buffer on the sapphire (0001) substrate. For all samples, a normal 30-nm-thick GaN nucleation layer was deposited
at 500 °C. Before growing a 0.4-um-thick Al,Ga, N film, a 2-um-thick GaN buffer layer was grown on the GaN
nucleation layer. All the growth conditions of GaN buffer layers were the same. Al,Ga;_N epilayers in composition
range of 0 < x < 0.3 were grown in N, and H, mixture ambient gas and at pressure of 100 Torr. For the composition
range of 0.3 <x <1, the Al,Ga, N epilayers were grown in N, and H, mixture ambient gas and at pressure of 50 Torr in
order to obtain a better aluminum incorporation efficiency."” For the AIN epilayers, in order to obtain better crystal
quality, the samples were grown in a pure N, ambient gas and at pressure of 100 Torr. The growth process was in-situ
monitored by a filmetrics F-series thin-film measurement system.

AlGa; N film 5

2-um GaN bulk —>

30-nm GaN nucleation layer — >,

Sapphire (0001)

Fig. 1. Schematic diagram of the AlGaN thin film grown with GaN buffer layer on a sapphire (0001) substrate.

The compositions and crystal quality of Al,Ga;_ N films on GaN were measured by using a double crystal X-ray
diffraction (Bede Scientific D1) and electron probe microanalyzer (JEOL JXA-8500F). The surface morphology was
observed by atomic force microscope (AFM). The infrared reflectivity spectra were collected at room temperature by
Bomen Fourier transform infrared spectrometer. We used nonpolarized light and a Fourier transform spectrometer,
equipped with KBr beam splitter and a mercurcy-cadmium-tellride detector cooled down to 77 K. The incident angle
with respect to the plane of incidence was kept at 75° (Brewster’s angle was about 68°). The infrared reflectance
spectrum of one-side-polished c-sapphire substrate was measured as well and no mathematical smoothing has been
performed for the experimental reflectance spectra. The sample size should be lager than 1.5x1.5 cm® to collect the all
reflected beams.

3. THEORY

Since hexagonal Al,Ga,_,N epilayers are uniaxial crystals, the p (electric-filed vector E parallel to the plane of incidence)
and s (electric-field vector E perpendicular to the plane of incidence) modes of plane electromagnetic waves can not be
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independent of each other as the incident beam is oblique with optical axis, which is c-axis in hexagonal crystal system.
Therefore, we employ a 4x4 matrix in order to calculate optical response of anisotropic media. This method is provided
by Schubert and can be applied in the well-known transfer matrix method for multi-layer anisotropic meida."* The
dielectric functions of anisotropic films in the x—y plane (perpendicular to the c axis, & = ) and in the z plane (parallel
to the ¢ axis) are g, and g, respectively. The total transfer matrix M7 can be expressed as the following product: M7=
M;,M\M>)M.,. Here, M;, and M., are the incident and exit matrices, respectively. The incident matrix M, can be expressed

as
0 1 —-1/n,cos®, 0
0 1 1/n,cos® 0
M, = a €95 ' M
" | 1/cos®, O 0 1/n,
—1/cos®, 0 0 1/n,

The incident matrix M;, depends only on the angle of incidence @, and the index of refraction #n, of the ambient material,
which is unity for air in this study. M, and M, are the propagation matrix including the effects of crystal anisotropic
properties and phase shift induced by layer thickness of the Al,Ga; N layer and GaN bulk underlying. The general form
is expressed as

cos(kydN ) 0 0 i(N_ /& )sin(kydN )
Iy 0 cos(kydN ) —i(1/N,,)sin(k,dN ) 0 , )
- 0 —iN, sin(k,dN,) cos(k,dN ) 0
i(e. /N _)sin(k,dN ) 0 n, cos(ky,dN )

where d is the film thickness, k) = 2n/A, A is the incident wavelength, N,. and N,, can be obtained by applying Snell’s law
with the incident angle @,,"

N, =Je 1-11/ J&)sind, I 3)
N, = e, 1-10/ 2, )sin®, I - )

Furthermore, the exit matrix M., has following form

0 0 cos®, O

Y 1 0 0 0 ’ (5)
ex —Jgsy cosd)y 0 0 0
0 0 & 0

where &, and &, are the anisotropic dielectric functions of sapphire substrates. The angle ®, and @, can also be obtained
applying Snell’s law. The s and p-polarized reflectance can be written as follows:

2
_ M10M22_M12M20 s (6)
' MooMzz - Monzo
2
:‘M30M02_M32M00 . (7)
g ‘MzoMoz_MzzMoo

It is noteworthy that the hexagonal nitride-based materials are uniaxial crystals. The s-polarized mode, whose electric-
field vector E is perpendicular to the optics axis is known as the ordinary rays. Therefore, the s-polarized reflectance
spectra have similar spectral shape under different angles of incidence. However, the p-polarized mode, whose electric-
field vector E is perpendicular to the ordinary rays is the extraordinary rays. The p-polarized reflectance spectra are
sensitive to the angles of incidence, which can effectively response the optical anisotropic properties.
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Since the reststrahlen regions of sapphire overlap with those of GaN and AlGaN, it is difficult to identify the phonon
frequencies directly from the measured infrared reflectance spectra. Separately modeling the reflectance spectra of
sapphire, GaN/sapphire, and AlGaN/GaN/sapphire is necessary to extract the phonon modes and dielectric function of
each layer. A three-phase layered model is used to calculate the reflectance spectra of air/GaN/sapphire. We applied the
obtained fitting parameters of the three-phase model in the subsequent four-phase model calculations for the Al,Ga, N
epilayers (air/Al,Ga,_,N/GaN/sapphire).'® For uniaxial crystal, the dielectric tensor ¢ is required to completely describe
the optical properties,'" "’

e 0 0] e, 0 0
e=|0 & 0]=[0 & 0 (®)
0 0 & 0 0 g

For polar semiconductor materials, the contribution of / polar crystal lattice modes to the infrared dielectric function at
photon energy /hw can be expressed using a factorized model with Lorentzian broadening,'* '*°

L@ =iy 00— @
8(&)) _ gw,jH ;O,z/ .7L0,z/ = (9)
i2l Org; ~ 10,0 — @

where j is equal to “//” or “L”, which denotes the dielectric functions and phonon frequencies parallel or perpendicular to
the optic ¢ axis, respectively. @Lo, /10, @ro, and yro; represent the phonon frequency and the broadening value of the
ith LO and TO phonon, respectively. The parameters wro 1, @ros, ®o.i, and @i o are equal to the common used
notations of the frequencies of the £,(TO), 4,(TO), £,(LO), and 4,(LO) modes, respectively. The model parameters &,
and &, are the high-frequency dielectric constants for polarization parallel and perpendicular to the optical axis,
respectively. The best-fit parameter values including high-frequency dielectric constants and phonon modes (@ro and
@L0) in equation (9) can be obtained using a Levenberg-Marquardt algorithm.?' This approach is an efficient nonlinear
calculation method for many parameters fitting. The fitting is based on minimizing the following error function ¢:

»_Ig
5ZNZR

i,exp — Nical
i=1

2

(10)

where N is the number of experimental data points, and R;e, and R;., are the experimental and calculated values,
respectively.

4. RESULTS AND DISCUSSION

In order to investigate the phonon frequencies of GaN and Al,Ga;_N epilayers on sapphire substrates, it is necessary to
obtain the knowledge of the dielectric function for sapphire substrate and identify the influences from sapphire phonon
modes. The infrared dielectric anisotropy and phonon modes of sapphire are completely studied by Schubert ef al. using
infrared spectroscopic ellipsometry.”” They determined the ordinary and extraordinary infrared complex dielectric
functions as well as all infrared-active phonon modes of single crystal c-sapphire for wavelengths from 3 to 30 gm. In
this study, we directly applied all physical parameters of c-sapphire including two high-frequency dielectric constants,
four distinct infrared-active modes with dipole-moment oscillation perpendicular to the ¢ axis, and two modes with
dipole-moment oscillation parallel to the ¢ axis from the reported values by Schubert et al.. These lattice vibrations are
split into longitudinal and transversal optical modes due to coulomb interaction.”” Figure 2 shows the experimental
infrared reflectance spectrum (dotted line) and calculated reflectance spectrum (solid line) by employing the physical
parameters of c-sapphire from Table 1.%° It is found that the calculated infrared reflectance spectrum of c-sapphire is in
good agreement with the experimental result. Since the sapphire substrates are commercial available and stable in crystal
quality, we do not numerically fit the measured reflectance spectrum of sapphire in this study. Figures 3 and 4 show the
optical function within the infrared spectral range for the ordinary (solid lines) and the extraordinary (dotted lines)
optical functions. The spectral positions of the £, (E_Lc) and 4,, (E//c) phonon modes are indicated by brackets within
the upper part of the graphs. The dotted brackets denote the LO phonons, and the solid brackets denote the TO phonons.
The n and k optical functions provide important information about infrared absorption peak and phonon energies of
sapphire substrate, and are critical references for subsequent numerical fitting about GaN/sapphire and
AlGaN/GaN/sapphire structures.
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Fig. 2. Experimental (dotted line) and calculated (solid line) infrared reflectance spectra of the c-sapphire substrate.
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Fig. 3. Ordinary (solid line) and extraordinary (dotted line) refractive index for c-sapphire.
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Fig. 4. Extinction coefficients of ordinary (solid line) ray and extraordinary (dotted line) ray for c-sapphire.

Table. 1. Physical parameters of c-sapphire used in the calculation.”

Exs oro (em™) oo (em™) Y10 YLo

E, 3.077 384.99 387.60 33 3.1
439.10 481.68 3.1 1.9

569.00 629.50 4.7 59

633.63 906.60 5.0 14.7

Az, 3.072 397.52 510.87 5.3 1.1
582.41 881.10 3.0 15.4

Proc. of SPIE Vol. 6894 68941U-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/25/2014 Terms of Use: http://spiedl.or g/terms



The experimental (solid lines) and theoretical (dashed lines) infrared reflectance spectra of sapphire, GaN, AIN, and
Al,Ga,_,N epitaxial films with aluminum composition x from 0.15 to 0.58 are shown in Fig. 5. It is obvious that there is a
sharp dip at 755 cm™' in GaN and all Al,Ga,_N spectra compared with the spectra of sapphire. This dip is induced by
LO phonon due to the optical anisotropy in the GaN material. Specifically, the p-polarized light of nonperpendicular
incidence in the hexagonal epilayers can be interacted with the LO phonon mode and make it infrared active. For
experimental reflectance spectra of Al,Ga, N films, the incorporation of 15% aluminum results in an additional dip at
about 648 cm ™' as compared with that of GaN. Moreover, the dip intensity increases with the dip position slight shift of
toward higher frequency when the aluminum composition increases in the range from 0.15 to 0.58. The dip was also
observed in the experimental reflectance spectra of Al,Ga,_,N measured by Yu et al.."’ They supposed the origin of this
dip is related to the £, mode, which results from the random distribution of alloy constituents and the elimination of the
translational symmetry of the lattice.

Reflectance (a.u.)
i

| L LA CUL I B UL L B ™ L B S A T B R B L

Sapphire
(I IR R B RS B

560 640 720 800 880 960 1040

=

Wavenumber (cmfl)

Fig. 5. Experimental (solid lines) and theoretical fitting (dashed lines) infrared reflectance spectra of sapphire, GaN on
sapphire, and Al,Ga,_,N films on sapphire with different aluminum compositions.

In Fig. 5, it is found that when the aluminum composition is smaller than 0.24, the theoretical fitting reflectance spectra
according to equation (9) are in good agreement with experimental results. However, when the aluminum composition is
0.24, a new dip at about 785 cm ™' can be observed in the experimental reflectance spectrum. The dip intensity increases
with increasing aluminum composition and the dip frequency shifts from 785 to 812 cm™' as aluminum composition
increases from 0.24 to 0.58. In order to further investigate the origin of this dip, the reciprocal space maps (RSMs) of x-
ray diffraction intensity of Aly»GaggN and Aly,4Gag 6N films were performed around an asymmetrical GaN (IOTS)
Bragg peak as shown in Fig. 6. As depicted in Fig. 6 (a), the maximum of the Aly,GaygN reciprocal lattice points is at
fully strained position. Since the layer thicknesses of all Al,Ga,_,N films are nearly the same, we assume that the lattice
constant of Al,Ga;_ N films with aluminum composition smaller than 0.2 is fully coherent to that of GaN bulk.
Furthermore, when the aluminum composition of Al,Ga; N films increases from 0.2 to 0.24, the maximum of the
Alg24Gag 76N reciprocal lattice points shifts from a fully strained to a partially relaxed position, as shown in Fig. 6 (b).
The degree of strain relaxation shall progressively increase with increasing aluminum composition under the condition of
similar AlGaN layer thickness due to the large lattice mismatch between GaN and AIN. By comparing Fig. 5 and Fig. 6,
it is found that the emergence of the dip at 785 cm™' and the strain relaxation of AIGaN film occur at the same aluminum
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composition. Moreover, the dip intensity increases with aluminum composition, which results in the increased degree of
strain relaxation as well. Therefore, we deduce that the origin of this dip is attributed to the strain relaxation of ALGa; N
films. Since the phonon properties are closely related to the lattice vibration, crystal structure, and alloy composition, it
can be expected that the fully strained, partially relaxed, and fully relaxed AlGaN films shall eliminate the translational
symmetry of the lattice, which influences the phonon properties and is characterized from the infrared reflectance
spectra. It is reasonable that the measured infrared reflectance spectra of Al,Ga; N films with aluminum composition
larger than 0.24 cannot be excellently fitted by the symmetric physical model. The effect of strain relaxation of
Al,Ga;_,N films should be considered in the determination of phonon frequency since it is difficult to grow fully strained
AlGaN film with high aluminum composition.

7400

Qy x10*(rlu)

7600

Qy x10*(rlu)

7400 =

2700 2800 2900
Qx x 10*(rlu)

Fig. 6. Reciprocal space maps of (a) Aly,GaygN and (b) Aly,4Gag 76N epitaxial films.

The best fitting parameters of GaN/sapphire, and Al,Ga,_N/GaN/sapphire with aluminum composition from 0.15 to 0.24
are shown in Table 2. Since the fitting parameters of the reflectance spectra of Al,Ga; N films with aluminum
composition larger than 0.24 are not reliable due to the mismatch between measured and calculated reflectance spectra,
these parameters are not shown in Table 2. The anisotropic high-frequency dielectric constants &, and &, decrease
and the phonon frequency of @ro and @i increase with increasing aluminum composition. The high-frequency dielectric
constants of Al,Ga;_,N decrease from 4.98 to 4.52, which are located between the values of 5.01 for Al ¢37Gage;3N and
4.5 for A10A27G3.0A73N.10

Table. 2. Best fitting parameters of GaN/sapphire as well as Al,Ga,_,N/GaN/sapphire with aluminum composition from 0.15
to 0.24 determined by infrared reflectance spectra.

GaN Al 15GaggsN Aly2Gag gN Al 24Gag 76N

&l 5.11 498 4.77 4.52

0l 5.07 4.95 4.65 450
o101 (cm™) 559.1 565.2 570.3 575.8
wroy/ (cm™) 533.1 542.1 545.3 550.7
ool (em™) 742.2 775.1 787.6 790.2
@0/ (em™) 734.5 762.1 775.8 780.6
oo (em™) 628.6 625.9 623.7
@ro,/ (cm™) 638.3 640.2 643.7
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5. CONCLUSIONS

In summary, we have grown AlGaN films with different aluminum compositions for the study of composition-dependent
phonon mode energies. The phonon mode frequency can be obtained from theoretically fitting the experimental FTIR
spectra. However, we found that the calculated reflectivity spectra cannot be excellently fitted by the physical model
when the aluminum composition is larger than 24%. According to asymmetrical RSMs measured around the GaN

(IOTS) reflection, we suggest that this condition attributed to the emergence of a new dip at 785 cm™' which can be
observed as the strain relaxation of AlGaN film occurred. An advanced physical model is necessary for fitting the
infrared reflectivity spectra of relaxed AlGaN films.
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