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Abstract

We report an investigation of the optical and structural properties of wurtzite phase Al,Ga, ,N/AIN
structure grown on Si(111) within the compositional range of 0 < z < 1. The study focuses on provid-
ing essential physical quantities for the fabrication process control, namely the composition dependence
of phonon mode energy and refractive index. Three complementary techniques, infrared ellipsometry,
Raman spectroscopy and X-ray diffraction, have been used to minimize %ncertaintyﬁi%ur analysis.
Based on the high quality and nearly strain-free Al,Ga;_,N/AIN double layer samples, we determined
the calibration curve for the A;(LO) phonon mode. We have also constructed the ellipsometry model
which uses a-prior: knowledge of experimentally measured A;(TO) phonon mode frequencies. From the
best model fit to the collected ellipsometry spectra of the entire sample series, we obtained the anisotropic

refractive indices of the Al,Ga;_,N alloys with a very satisfactory accuracy.

I. Introduction

The group III nitrides and their heterostructures are technologically important in optoelectric, high power
and high frequency electronic devices, owing to the materials’ wide tunable bandgap [1] and the ability

of formation a two-dimensional electron gas with high sheet charge carrier density [2]. The f/:;}prication of
e

group III nitride devica;'can use sapphire, silicon-carbide or silicon substrates [3]. Among j\ghﬁﬁ, silicon
substrate attracts considerable attention due to the potential of bringing down the fabrication cost, by

using less expensive material and boosting the production volume with large diameter wafers.

The well known obstacle in fabrication of high-quality layers is the lattice mismatch between the nitrides
and the silicon substrate, as well as the difference in their thermal expansion coefficients. The problem
causes phase separation and high defect density in the epitaxial layers, which makes the quality of the
GaN epitaxial layer by direct growth on silicon far from satisfactory. In order to overcome this prob-

lem, an alternative approach of introducing an interlayer, like (HT)AIN-Si [4], (LT)AIN-(HT)AIN-Si [5],
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Al Ga;_;N step-graded layer [6], Al;Ga;_,N composition graded layer [7], have shown improved GaN

layer quality due to the released strain above the interlayer.

In this paper, we focus on evaluating the high-quality wurtzite Al,Ga;_,N/AIN heterostructures grown
on silicon (111) surface. By combining mid-infrared (MIR) ellipsometry with Raman spectroscopy and
X-ray diffraction (XRD) techniques, we address the extraction of important parameters of the nitride
layered structures, aimed at providing information for optimization of Al,Ga;_,N on silicon epitax-
ial technology. We firstly present the results of XRD measurement, identifying the composition and the
strain of the nitride layers. Then, we report on Raman spectroscopic analysis aiming at the compositional
characterization of the Al,Ga;_,N alloy, the retrieved phonon frequencies provide essential reference for
modeling ellipsometric spectra. Finally, we perform a spectroscopic ellipsometric analysis of the layered
samples in the whole compositional range of the Al,Ga;_,N alloys. Using the anisotropic multilayer
model, we have achieved good agreement between the measured and modeled ellipsometric data. The
determined dielectric function of each layer provides essential reference for further optimization of the

Al,Ga;_,N/Si fabrication process.

I1. Samples and Experimental Methods

The samples used in our research were provided by ON Semiconductor company. The wurtzite phase
Al,Ga;_.N/AIN double layers were grown by Metalorganic Chemical Vapour Deposition (MOCVD)
method in a commercial reactor Veeco TurboDisc K465i on undoped Si(111) wafers. Hydrogen and ni-
trogen were used as the carrier gases and ammonia, trimethylgallium and trimethylalluminium as the

source materials. Each sample consists of a thin AIN nucleation layer followed by p, thl;ker Al Ga1 IN
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of r rs. A sample with a single nucleation layer on silicon substrate has also been provided

as a reference.

The X-ray experiments were performed using Rigaku Smartlab diffractometer. We have used a parabolic
multilayer mirror as a collimator, a germanium 2 x 220 channel-cut monochromator and a linear position

sensitive detector. For the hexagonal wurtzite structure of Al, Ga;_,N alloy, the position of the diffraction
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peak in reciprocal space (Q., @.) can be calculated)»{following formulas:

27 4dr 3
.=2c e = —=Vh?+k2 +m2. 1
Q=S¢ and Q e h2 + k2 +m (1)

We have assumed that Al,Ga;_.N obey the linear Vegard’s law dependence of both lattice parameters

on the Al concentration z according to Refs.[8, 9, 10]:
a(z) = (1 — r)agan + zaain, and c(z) = (1 — 2)cgan + TCalN. (2)

Since the surface of our samples is stress free, the in-plane and out-of-plane strain components are
connected via Poisson ratio, which can be approximated by the value of v = 0.26 for whole composition

range [11, 12],

Vacxp —a(x) " Coxp — €T} _o (3)

i a(z) c(x)

Thus, the XRD measurements allow us to decouple composition and stress in each individiual layer of
Al;Ga;_;N structure. The relative precision of the lattice parameters measurement is about 4 x 1072,

which corresponds to the composition precision of dz ~ 1%.

Raman spectra of the double layer saiples were measured using a Renishaw InVia Raman microscope in
backscattering configuration, with excitation laser wavelength of 633 nm. The circular spot on the sample
has the diameter of about 1 um. With the excitation energy in the visible range, the signal monitors the
whole layered structure which is transparent for the entire Al composition level of the nitride alloys (GaN
has the lowest bandgap energy among the series of alloys, about 3.4 eV at 300 K). Also, a strong signal
from the silicon substrate is observed. The silicon peak has been used for the instrument calibration
prior to each collection of the spectrum. The observed width of the peak is determined by the natural
linewidth and instrumental resolution. For the main silicon peak, we typically achieve a full-width at
half-maximum (FWHM) of 3.5-4.2 ecm™! at room temperature. Raman spectra provide information on
lattice vibrations. The intensity of the Raman signal follows selection rules which are determined by the
Raman tensor of the material and the polarization of the scattered electric field vector. Two scattering

configurations of the Raman measurement have been used, namely z(-,-)Z and z(-.-)Z in Porto’s nota-

tions, are collected from the top of the wafer cenpter and from the side of cut wafers'/EEE[@H‘E?%7
. . . \M . .
respectively. The background signal of silicon ye/ been subtracted. The spectral positions of Raman
bands are of primary interest in determining the composition and assessing the quality of nitride layers
and the stress due to the lattice mismatch [13]. The value of the phonon mode energy has been retrieved

directly as its intensity maximum of the Raman lineshape, with the accuracy of +0.5 cm™?. Using the

two measurement configurations, we have obtained the A;(LO) and A;(TO), E; 2(TO) frequencies in the

V)
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complete sample series.

Spectroscopic ellipsometry measurements were performed on a commercial ellipsometer (Woollam IR-
VASE Mark I) in reflection geometry with the Polarizer-Sample-rotating Compensator (PSCr) configu-
ration. The spectra were collected with a DTGS detector in thewd range of 333 - 6200 cm 1,
with the spectrometer resolution Wf 4 em~ L. For each wafer, two angles of incidence W
were used, 60° and 75°. The relationship between the measured ellipsometric quantity p and the Fresnel

reflection coefficient 7 is given by

3t

v/ Ry .
= Y _Poi0bo—3%s) — tan(T)eld, (4)
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The modeling of the cllipsometry data was done with the WVASE software. The model consists of the
substrate, two uniaxial layers and a surface roughness layer at the top. The substrate has been described
by a dispersion model provided by the software (si_ir.mat) [14]. The surface roughness of the top layer
has been modeled using the Bruggeman effective medium approximation (B-EMA) bewteen the ambient
and the top layer with equal volume fractions [15]. The epitaxial layers are uniaxially anisotropic with the
optical axis oriented normal to the substrate surface. We have modeled the in-plane and the out-of-plane

dielectric functions independently. The Fresnel reflection coefficients of p- and s- polarization states are

given by:
sin?
=p 1-— — /&, cos b = - -
i o= Dt _ ot = S:  Cosf — /& —sin® 0 )
PI= T — s = Fs = p ’
Ei;ilc 1 sin 9 Ve cosd Ei. cosf++\E — sin® 0
€, COS

where 6 is the angle of incidence, &, and €. are the in-plane (ordinary) and out-of-planc (extraordinary)

dielectric function, respectively.

Along each direction, the transverse optical (TO) and longitudinal optical (LO) phonons are described

using Lorentzian lineshapes [16], with their oscillator strength A, elgenflequeinc

w and broadening vy
determined by the fitting. W ghe coupling between th

@SV
phonon’ pairs,
C Ar
espemally at around 50%-50% mixture of the Al-Ga, yx’l{ re@ulEé{(asymmetrlc hneqhap%of the%@l
ué (o g
mode( Hence, also have made }h( attempt to adopt the so-called 4-parameter TOLO model [17],
which allows to access the LO frequency directly and adapts to the asymmetric phonon absorption pro-

files. However, [m {jur trials, the advantage=ofthe TOLO model for-better-describing-the-asymmetrie-
7 oL il
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free parameters. Therefore, we resort=tG.the harmonic oscillator approximation (HOA)-appreach-which—
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_-using-the-symmetrie-Lorentizian-to-analyze-our-ellipsometry..data %d,d@sg@eoﬁe E; (GaN like)

mode is-slightly-asymmetricleading-a-fitting-errorbar-of determined-phonon-pesition-abeut-5-em=1, the
‘(ggst,;Qf'\the ellipsometric spectra is 6}1&!@(36 very well fitted. . é C
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The in-plane phonon mode E;(TO) is known to follow the so-called “two-mode” behavior, which is due

to the contrast in bond-lengths or mass difference in alloy mixtures [18, 19, 20]. Our model accounts for

this phenomenon by using two independent Lorentz oscillators. For the out-of-plane phonon mode, the

“two-mode” behavior is insignificant for the alloys with the Al content below 85% [21, 22]. A single mode

is used in our analysis procedure to approximate the out-of-plane phonon contribution. It is important

to point out that the ellipsometric measurement is not sensitive to the TO phonon modes along the

out-of-plane direction (Eq. 5); we have therefore fixed their parameters using the values determined from

the Raman experiments.

Dispersion in the transparent range due to the polar vibrations is contained in the used models w}nle )
the electronic contribution is negligible due to the large bandgaps (above 3.4 V). IIM theygﬁ'

frequency limit of the dlelectrlc function, €., and the layer thickness are set to be free parameters in the
P A\ .

ﬁttlng { {/ L e L(/ (/O’W/{I'\V Y/ L\ A{/&l

The dielectric functions of the epitaxial nitride layers have been obtained through the global fitting of

the parameterized model to the measured ellipsometric quantities ¥ and A. The goodness of fit has been

ang the Root Mean Square Deviation (RMSD):“?Meﬁned as:

7/\,( 8 M‘4.-. / fL
2 2
P \med \Ile_xp Ar_nod _ AE_XP
D= —
RMb 2N M Z ( oy ) ’ ( A ) 7 Y

where N is the number of (¥, A) pairs, M is the number of variables in the model, and ¢ is the standard

deviation of the experimental values

N [ =

ITI. Results and Interpretations

A. XRD

Reciprocal space maps were collected in the vicinity of three reciprocal lattice points (0002), (0004), and

(1124) for all samples.
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FIG. ITTIA1 Reciprocal space map of x-ray scattered intensity in the vicinity of 1124 reciprocal lattice point
of Alp.30Gag.70N/AIN/Si sample. Red line shows the position of the ideal unstrained Al,Gaj_ ;N peak. Left
bottom and right top end of the line correspond to pure GaN and AIN lattice, respectively. Position of the
diffraction peak along the red line is proportional to the chemical composition. The offset of the peak position

from the red line is proportional to elastic strain as indicated by the arrows.

Figure IITA1 shows the measured data at the lattice point (1124) of the Al1=30% sample. Two diffraction
peaks were observed for all samples, corresponding to the nucleation AIN layer and Al,Ga;_.N layer.
From the peak position in the asymmetric 1124 diffraction we have determined both a and c lattice
parameters. The measured values were then used to evaluate chemical composition and strain of both

AIN and Al,Ga;_.N layers. The results are summarized in the Tab. IITA1.



Al,Ga; ;N AIN
Al(%) Exa €2z Erx €2z
0 0.002 -0.001 0.006 -0.004
5 0.001 -0.001 0.003 -0.002
11 0.001 -0.000 0.003 -0.002
19 0.001 -0.001 0.005 -0.003
30 -0.003 0.002 0.003 -0.002
42 -0.003  0.002 0.003 -0.002
49  0.000 0.000 0.003 -0.002
60  0.000  0.000 0.003 -0.002
71 0.000 -0.000 0.003 -0.002
79 0.000 -0.000 0.002 -0.001
85 0.002 -0.001 0.003 -0.002
100 0.004 -0.002 = =

TAB. IIIA1 In-plane £, and out-of-plane ¢, strain components.

Apart from few samples, é/ Tab. IIIA1 indicates that the strain in the upper Al,Ga;_,N is very well
g

relaxed. Two wafers (30 and 42% Al) had an upper layer only about 250 nm thick, hence we observed

><higher strain in those samples as-measured-by-—X-ray—diffractionr= Furthermore, the evolution with

the Al content is related to the variable growth conditions. The samples with low Al content have also

&

a largéylattice mismatch between the first and the second layer, resulting in a lower level of structural

quality as seen in 0% and 5% Al content sample.

B. Raman

The spectral range of the out-of-plane longitudinal optical mode (LO) of A; symmetry (730-870 em™ 1) is
of particular interest for the characterization purposes since it is accessible in the simple z(-,-)Z backscat-
tering configuration. Measured Raman lineshapes on a series of double-layer samples are shown in Fig.

IIIB1. The spectra were obtained in the z(-,-)Z backscattering geometry and the silicon contribution was

subtracted.
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FIG. IIIB1 Raman spectra in z(-,-)Z backscattering geometry. The Raman intensity is the difference between
the nitride epitaxial layer and silicon substrate of each wafer. The strongest peak of each spectrum is at the

A1 (LO) frequency of AlGaN alloys.

Evidently, the A;(LO) modes are sensitive to the Al concentration but rather insensitive to the strain.

From previous studies, the relationship between the mode energy and the Al concentration has been

established [21, 23]. The position of Raman bands is in one-to-one correspondence with the composition

and the strain in the film. Shown in Fig. IIIB2 is a summary of the A;(LO) phonon frequency as a

function of the Al concentration values deduced from our XRD measurements. The-data-arecoltected——
___from different-batehes-of samples-with-non-identieal preparation-conditions. Despite-of the-differences;the

___calibration-curve-presents an uniform trend: To finid the necessarycalibration curve for alloy compositions;————

w\@third—order polynomial is-used-for-fitting-the-data, giving—

iR Y 4
w (1/em) = 734332 + 2.74@@ ~ 0.0203(2§)a + 0.000079@Qx3, (7)
iy Mo ek ,51 AN
with z in atomic percenéj‘ The standard deviation of the measured peak positions from the polynomial

is about 1.2 cm~!. Since the estimated uncertainty of Raman peak position is less than 0.5 cm~1!, the

deviations are likely to be due to the uncertainties of the XRD results. Our ié[ﬁé‘sﬁéws a good agreement

with the data reported by Davydov et al.,[22]. TUn A f Nl A
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FIG. ITIB2 Summary of the A;(LO) mode positions measured in z(-,-)Z configuration as a function of Al
content. The Mcaﬁbration curve of Ag({LLO)-mode-energy-as-a-funetion-of-alloy pesitton-is shown

Qa /)/Z\V/i(red line. [tiz' {:f)

Shown in Fig. IIIB3 are Raman spectra measured in z(--)# backscattering geometry. The transverse
optical vibrations of A; mode also exhibit a strong dependence on the Al concentration. The mode en-
ergy can be easily determined since the A;(TO) mode is well separated from the E(TO) M modes
which are identified as E; (high) or a E;(TO). For Al content > 30%, the positions of GaN-like modes of
Es(high) and E; (TO%almost coincide. The E2(high) frequency of AIN-like mode lies around 10 cm ™!

below the E;(TO) [22], Wlead} Q%ikture of both)ea’.}gin our oMRaman spectra. A detailed

description of the two modes will be addressed in })6 ellipsometry analysis.
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The A1(TO) mode frequency of the whole series of samples is summarized in Fig. IIIB4. For comparison

W, the strain of epitaxiallayers’along the 2-axis direction is presented in the same graph. The XRD

values demonstrate the majority of the Al,Ga;_,N layers are close to strain free, apart from the samples

with Al composition around 30%-40%. The plot clearly demonstrates a correlation between the A;(TO)

mode energy and the out-of-plane lattice distortion. Note tha‘p\.<“this effect is absent in the A;(LO) modes.
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C. Ellipsometry

Experimental and best-fit model spectra for AIN/Si and a selected Al,Ga;_,N/AIN/Si sample are shown
in Fig. IIIC1. In the mid-infrared Mrange, the ellipsometry data consists of interferences and

phonon resonance features. The former one is sensitive to the structure of the thin film layers, and the

latter one reﬂects)a@he compositim&rgﬁ(s( of th%lloys and assesses epilayer quality.

A pronounced “two-mode” behavior of the E 1(TO) mode is seen in the ellipsometry spectra. The energy,

strength and broadening of the( nfwnodes were unambiguously determined through M /WA o
Wﬁttmg Th;\P\{MSD _generated-fromi using our<elipsometric-medel-is. around 6
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FIG. ITIC1 Measured and modeled ellipsometric angles ¥ and A. (Left panels) AIN/Si; (Right panels)
Alp.3Gag.7N/AIN /Si. The slight discrepancy between the model and experimental data at the long wavelength

region, is due to the measurement artifact of the silicon backside reflection.

The retrieved infrared spectra of the in-plane “two-mode” transition are presented in Fig. ITIC2, in terms

of the real part of the optical conductivity, which is defined as

01 = €p€aWw, (8)
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/h@ €0 is the permittivity of vacuum, e is the imaginary part of the dielectric function, and w is the

frequency of the light wave.
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FIG. IIIC2 The optical conductivity derived from the ellipsometric measurement of the in-plane respons}ﬂtﬁm

‘jb&;lggh\e’fvsthat ihe two peaks correspond to the two modes of E1(TO) phonon, tMalled GaN-like
and AlIN-like mode.

In Fig. I1IC2, the in-plane E; (TO) phonon clearly shows the so-called “two-mode” behavior. The results
are in a good agreement with the ab-initio calculation of the spectral density of states of the zone-center

optical phonons in Al,Ga;_,N alloys [21].

The dependence of the so-called “loss function” with the Al composition is presented in Fig. IIIC3. Since
the out-of-plane response consists of a single Lorentzian oscillator, the LO frequency is the position of
the peak of the imaginary part ofjh(—l /% the A;(LO) frequency corresponds to the zero crossing of
the real part of dielectric function. The TO frequency has been fixed in our model, leaving only oscillator
strength and damping to be fitted. The good agreement between the ellipsometric LO frequencies and

the experimental values from Raman measurements can be seen in Fig. IIIC4.
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FIG. ITIC3 The dielectric loss function for the A; mode of the Al,Ga;_ N alloys. It is calculated from the
out-of-plane dielectric function of the anisotropic ellipsometry model. The peak position corresponds to the

LO frequency of the A; mode.
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The anisotropic W&f the nitride epilayers is also reflected in the electronic contribution )rf/the

permittivity, €o. As shown in Fig. IIIC5, the out-of-plane best-fit values are consistently higher than the

calibration curve is identical to the one in the Fig. IT1IB2. /z

in-plane ones. Both components decrease with increasing Al content, due to the increase of the interband
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electronic transition energies. These dependences 9.1'e extracted-using-the-parabolic-fit-in the Al range
between 10% and 90%, giving

o (out-of-plane) = 5.58(3) — 0.005(1)z — 0.00008(2)2> 9)

and

/ Ayi"'
/i

I (in-plane) = 5.20(1) — 0.0084(8)z — 0.000024(9)12, (10)
o \.(: fo

where x is\{n atomic percent.
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FIG. IIIC5 The electronic contribution to the dielectric function es as a function of Al content. The Bluﬁ\ LQ \"/{/ ]
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solid lines present the parabolic fit in the Al range between 10% and QOWVWamed for 0% and

5% Al content samples are noticeably out of the trend since the samples with loggmﬂlco tent are subJect to

structural defects due to the lattice mismatch.
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IV. Conclusions /{u,( /LC'/ LC A/w ,,\”‘ L /Zi'["""‘ /“5)' !/ i .l(l;;f ol L/ /,n /N

Combining XRD, Raman and mid-infrared ellipsometry, we have systematically studied a series of

MOCVD grown Al,Ga;_,N/AIN/Si samples. Using XRD, we have determined Al content with the o
o

accuracy of ~ 1% and the anisotropic strain with the accuracy of\él x 107*. Our Al,Ga;_,N epitax- \/

ial layers show a very small lattice deformation cempared with the bulk material. TheM4

phonon mode frequencies were obtained using micro-Raman spectroscopy with excellent signal to noise
ratio, using two scattering configurations. The uncertainty of the extracted phonon frequencies are below
0.5 cm~!. Combining XRD and Raman results, we provide a calibration curve describing the relation

between the A;(LO) phonon mode energy and the Al content of the epitaxial nitride layer. The layer
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thicknesses and the M anisotropic response of the Al,Ga;_,N layers /ape/obtained simultaneously

from the analysis o%ellipsometry data. Good agreement between measured ellipsometric g@_t_itiesﬂ/ Q- J &Y
/and/A/and those calculated from our parametrized model has been achieved. The fit uses experimental

values of the A;(TO) determined by Raman experiment as a-priori knowledge, reducing systematic errors

of our fitting procedure.
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