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Comprehensive experimental and theoretical studies are reported on the infrared reflectance (IRR)/trans-
mittance (IRT) spectra to empathize the vibrational and structural properties of Si-doped GaN films grown on
sapphire substrate using metal-organic chemical vapor deposition technique. Systematic analysis of the IRR/IRT
spectra is achieved in the framework of a 4 x 4 transfer matrix methodology by meticulously including both the
surface roughness and effective transition layer. With careful simulations, we have demonstrated that it is
possible to achieve a very good fit to the polarization dependent reflectivity spectra of Si-doped GaN/Sapphire —

allowing to ascertain film thickness d, charge carrier concentration N, root-mean squared roughness and many
other parameters. In the context of Berreman effect, our investigations of IRT spectra for an ultrathin Si-doped
GaN film in the oblique geometry has provided a direct evidence of identifying the optical phonons and coupled
plasmon-longitudinal-optical phonon modes, in good agreement with the IRR and Raman scattering spectroscopy
(RSS) data. From these results, we strongly believe that the measurements of IRT spectra in obliquely incident
radiation should be considered as a complementary tool to the RSS for epitomizing doped III-Ns and/or any other
ultrathin films of technologically important compound semiconductor materials.

1. Introduction

Group III-Ns (AIN, GaN and InN) have gained considerable attention
in recent years due to their potential demands for conceiving various
electronic and optoelectronic devices [1-20]. Synthesizing ternary al-
loys (AxB1xN, with A, B =Al, Ga and In) have provided greater flexibility
of tuning energy band gaps Eg(x) from near infrared (N-IR) to deep ul-
traviolet (D-UV) region. The benefits of using III-Ns over many other
wide bandgap semiconductors are related to their exceptional electrical,
structural and mechanical properties viz., low dielectric constant; large
break down field; high thermal conductivity; higher bond strength; high
temperature/radiation resistance, etc. These traits have made them
valuable for designing not only short-wavelength laser diodes,
blue-green light-emitting diodes (LEDs), sensors, detectors, photo-
catalysts, high-temperature, high-power, high-frequency, high-density
data storage devices for energy application [7,8] but also exploiting
them in space-exploration [14] needs.

Among other III-Ns, GaN is the most promising material. It crystal-
lizes in 2H- wurtzite (wz); 3C- zinc blende (zb); and rock-salt (rs)
structures. Usually, the GaN is grown on a sapphire (Al;O3) c-plane
substrate (c-axis perpendicular to the sample surface) has the hexagonal
wz structure. Major issues that hindered the early progress of using GaN
in device applications included (a) the growth and reproducibility of
crystalline morphology [21,22], (b) pervasive unintentional n-type
conductivity [23-26], (c) lack of efficient p-type dopants [27-30], and
(d) the absence of lattice matched/thermally compatible substrates
[31-36]. Controlled growth of GaN/Sapphire films has been achieved
[21,22] by using a metal-organic chemical vapor deposition (MOCVD)
with a two-step process. The films, however, exhibited high density of
various defects especially in the interface region, and often with a rough
surface [37-39].

Reactivation of Mg acceptors (a") to attain p-type doping [27-30] in
GaN with adequate free hole concentration helped fabricate p-n junction
blue LEDs. Despite these successes there are many challenges for
improving the quality of n- and/or p-doped GaN/Sapphire epifilms
[21-36]. For commercial use of III-Ns, it is equally essential to identify
both the intrinsic and/or doped impurities — assess their influence on
structural, electrical and optical properties. While the Si dopant in III-V
compound semiconductors acts as an amphoteric defect [40,41] — its
role in GaN is either sparse and/or contradictory [42-44]. While several
reports exist on the electrical properties of Si-doped GaN [1-18,42-44] —
a few studies are known [37-39], however, on the structural properties
of Si-doped GaN/Sapphire films.

Infrared reflectance (IRR)/transmittance (IRT) [45-53] and Raman
scattering spectroscopy (RSS) [54-59] are considered highly apposite
for identifying phonon traits of both perfect and/or imperfect

semiconductors. Many researchers preferred, however, using IRR over
the RSS as the former technique is one of the fast-turnaround methods
for establishing key optical parameters of semiconductor materials.
Earlier, we have exploited the IRR spectroscopy [49] at near normal
incidence and successfully characterized zb 3C-SiC films grown on
(001) Si by chemical vapor deposition method. A two-component
Bruggeman model was adopted to elucidate atypical divots observed
within the reststrahlen band region [48,49] by assuming the coexistence
of crystalline and intergranular grains — forming the heterogeneous
3C-SiC films. In GaN/Sapphire samples, there are reports [37-39,
51-53] which relate the observed diminishing average reflectance of
interference fringe contrasts at higher frequencies, to the surface
roughness. Yet, the methods used in those papers to examine the
reflectance spectra remained limited to being qualitative.

Plasmon-LO-phonon (PLP) coupling is one of the most important
phenomena observed [50-56] in doped semiconductors. It is normally
perceived by RSS [54-56] for appraising the charge carrier concentra-
tion N. The optical detection of PLP modes by IRR has also been possible
[50-53]. Such investigations by IRR spectroscopy are carried out for
both the low doped n-GaN [51] (N < 2 x 10'7 ¢cm~3) and high Si-doped
[50,52] GaN/Sapphire epitaxial layers (3.1 x 107 em™3 < N < 3.6 x
10'° cm™3). However, theoretical analysis of IRR response reported in
Refs. [50-53] have considered assuming GaN layers to be isotropic
despite the wz structure and the fact that Berreman [60] resonance is
observed at the A; (LO) mode frequency. As E; (LO) and A; (LO) pho-
nons belong to different crystal directions, proper assignment of these
modes requires anisotropic data treatment [61-63].

In this paper, we have reported a comprehensive experimental and
theoretical study of IRR/IRT spectra on several Si-doped GaN/Sapphire
films prepared using MOCVD technique (cf. Sec. 2). A classical 4 x 4
transfer matrix method [62] is adopted to calculate the frequency
dependent dielectric functions by considering both the orientation and
geometry of the samples (cf. Sec 3). The effects of surface roughness and
effective transition layer (ETL), detected (cf. Sec. 2.1.1-2.1.3) in the
transmission electron microscopy (TEM) and atomic force microscopy
(AFM) are meticulously included in the formalism (cf. Sec. 4). Evidence
is offered for the influence of surface roughness and ETL on the observed
IRR spectra of Si-doped GaN/Sapphire epifilms. With these factors, it is
demonstrated that a very good fit to the polarization dependent reflec-
tivity spectra of Si-doped GaN/Sapphire samples is possible — allowing
one to accurately determine film thickness d, charge carrier concentra-
tion N, root-mean squared roughness and many other parameters
influencing the IRR spectra. In the context of Berreman effect [60], our
simulation of the IRT spectra for an ultrathin Si-doped GaN film in the
oblique geometry has provided a direct evidence of identifying optical
phonons and coupled plasmon-LO-phonon modes — in very good
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Table 1

Basic properties of the MOCVD grown undoped (#8S,) and Si-doped GaN/Sap-
phire (#S; — #8Ss) samples. The values of charge carrier concentration N
(10Ycm™3), film thickness d (ym) and mobility 4 (cm?/V s) are extracted
appropriately from the Hall, IRR and RSS measurements (see: text).

Sample N (107ecm™3) d (pm) u (em?/V s)
Fitted Fitted XRD ” IRR  Fitted
Hall ” IRR ¥ Raman @ Hall ” IRR ¥ Raman
b b
So 0.327 3.58 3.61
(undoped)
S1 3.58 3.36 3.72 2.43 2.47 295 295 383
Sa 6.57 9.07 8.83 1.941.95 227 225 272
S3 4.855.10 5.20 1.99 2.00 268 265 330
S4 7.6511.2 9.95 2.03 2.05 209 207 243
Ss 2.77 2.87 3.08 1.621.67 374 384 410
# This work.

b Ref. [57,58].

agreement with the IRR [50-52] and visible RSS [54-56] measure-
ments. From these results, we strongly believe that IRT spectral mea-
surements in obliquely incident radiation should be considered as a
complementary tool to RSS for characterizing doped III-Ns or any other
ultrathin compound semiconductor materials (cf. Secs. 4 and 5) of
technological importance.
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2. Experimental details
2.1. Growth and characterization of n-GaN/sapphire

A two-step MOCVD growth process [21,22] was employed to prepare
high-quality Si-doped GaN samples with film thickness ranging between
1 and 4 pm on (0001) oriented sapphire substrate. An ultrathin (~25
nm) buffer layer was added first on sapphire at low temperature (450 °C)
followed by depositing GaN films at high temperature (1050 °C). The
role of buffer layer was to help form thermodynamically stable wz
structure during post-buffer GaN growth. For the epitaxial growth of
GaN - trimethylgallium (TMG) and ammonia (NHs, 100%) were utilized
as the primary chemical precursors. Mono-silane (SiH4) was used for
transforming GaN into n-type. Several Si-doped GaN epifilms (#S1-Ss)
were prepared under the same growth conditions with SiH, flux sys-
tematically modulated to achieve different doping levels. All n-GaN/-
Sapphire samples were characterized [57,58] by RSS, secondary ion
mass spectroscopy (SIMS), x-ray diffraction (XRD), AFM and TEM
methods to estimate film thickness d and the surface roughness. Free
charge carrier concentration N and mobility ; were derived from Hall,
sheet resistivity and IRR measurements. The mobility from Hall (IRR)
study was found decreasing from 374 (384) cm?/V s for N around ~ 2.77
(2.87) x 107 em ™3 t0 209 (207) cm?/V s for N ~ 7.65 (11.2) x10'7 em 3.

Fig. 1. (a) Electron diffraction pattern of GaN/Sapphire interface. Cross-section (XTEM) images of two MOCVD grown samples: Undoped #S, (b), and Si-doped GaN

#S4 (c). High resolution TEM image (d) of GaN/Sapphire interface #S, (see: text).
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The estimated y and N amounts to >90% of the total Si-concentration
suggested a very low compensation ratio. A very good quality of the
undoped GaN/Sapphire (sample #S,) of d ~3.6 pm was also prepared
exhibiting n-type behavior with N ~3.27 x 106 cm™ (cf. Table 1) due
to the presence of residual oxygen (O) donors.

2.2. Electron diffraction

Electron diffraction patterns from an MOCVD grown GaN/Sapphire
sample exhibit six-fold symmetry characteristics of a hexagonal mono-
clinic material - confirmed by diffraction from the cross-section sample
and high-resolution electron micrograph (see: Fig. 1 a)). The (1100)
planes of GaN layers are seen parallel [35,36] to the (1120) Al;Os3 planes
(i.e., [0001]a1203|] [0001]gan) with a measured lattice mismatch of
around ~ 16%.

2.2.1. Cross-sectional TEM

The bright field cross-sectional TEM (XTEM) image shown in Fig. 1
b) is for an undoped GaN (#8S,) sample and Fig. 1 c) is for Si-doped GaN
(#S4) sample. Both images show dislocation lines from the interface to
GaN film surface with high threading dislocation densities: the thread-
ing dislocation density in undoped GaN is about ~ 9 x 10® cm?, while in
Si-doped GaN it is about ~ 6 x 10 cm?.

In Fig. 1 d) the high resolution TEM (HRTEM) image of an undoped
GaN/Al,O3 interface is displayed. The sapphire region is shown in the
right-lower corner while the GaN film region is in the left upper area —
the middle area between the two arrow symbols is the transition buffer

Undoped .
GaN/Sapphire
f"‘w it
x%/‘
20 um

10

Si-doped GaN/Sapphire p)
SiHs=5 SCCM
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layer region where the obvious strain contrasts are visible.

2.3. Atomic-force microscopy

The 3D-AFM images displayed in Fig. 2 a) and Fig. 2 b) reveal surface
morphologies on an undoped (#S;) sample and Si-doped GaN/Sapphire
(#S4) sample, respectively. Clearly the surface thickness fluctuation in
undoped sample (20.51 nm) is nearly ~1.6 times larger than that of the
Si-doped sample (12.67 nm). This observation has corroborated our
TEM results and supported a general perception that Si tends to
condense the region surrounding dislocations, thus modifying the GaN
surface [57,58].

2.4. Infrared spectroscopy

By using a nitrogen purged PerkinElmer 2000 spectrometer with
resolution of ~2 cm’l, we recorded room temperature (RT) IRR spectra
on six MOCVD grown GaN/Sapphire samples (#Sy-Ss) over the wave-
number (wavelength) range of 250 cm ! to 6500 cm~! (40 pm-1.54
pm). The spectral studies near the normal incidence were carried out by
using a mercury cadmium telluride (MCT) detector and KBr beam-
splitter. Deuterated triglycine sulphate (DTGS) detector and 6-pm-
thick Mylar beam-splitter were used for collecting data in the range of
250 cm ™! to 1000 cm L. To obtain polarized light in the far-infrared and
mid-infrared regions, we used polyethylene and wire grid KRS-5 polar-
izer, respectively. Aluminum and gold mirrors were employed as their
absolute reflectance provided references for spectral measurements in

20.51
10.26
- 0.0nm

Fig. 2. AFM images of two MOCVD grown samples: (a) Undoped #S, and (b) Si-doped #8S4 (see: text).
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(1) film ID>
(2) buffer ID>

(3) substrate D>

ds

Fig. 3. Sketch of an ideal model used for simulating the infrared reflectivity (transmission) spectra for Si-doped GaN thin film (thickness d;) with a thin GaN buffer-
layer (thickness d,) grown on a thick sapphire substrate by using a two-step metal-organic chemical vapor deposition (MOCVD) technique. The direction of incident

—

(reflected) far-infrared radiation with s and p polarized electric field (ET) = Ei(sr ) and Eﬁr) = Eg;)) components of wave vector k; at an oblique angle 6, to the surface

of thin film (see text).

the two respective regions. All the MOCVD grown samples were care-
fully examined taking multiple scans to ensure repeatability of reflec-
tivity with interference fringes above the reststrahlen band regions. To
systematically analyze the IRR spectra, we summarized the salient fea-
tures of the optical response theory in Secs. 3.1-3.2. The effects of (cf.
Secs. 4.1-4.2) film thickness d, phonon damping y (plasma damping, yp),
charge carrier concentration N (plasma frequency, wp), transition layer
and surface/interface roughness are meticulously included. The simu-
lated results of IRR spectra are compared/contrasted with the experi-
mental data (cf. Sec. 4) and concluding remarks presented in Sec. 5.

3. Theoretical background
3.1. Optical response theory

For the anisotropic n-GaN epilayers with a thin GaN buffer layer
grown on sapphire by a two-step MOCVD method, we have simulated
the optical response to the infrared radiation by using a classical 4 x 4
transfer matrix method [62]. A 3-layer structure (see: Fig. 3) is
employed showing the plane electromagnetic wave incident at an angle
6, with reflectivity contributions to interference merging from ambient
to the substrate. This methodology can be extended to calculate the
reflectivity and/or transmission spectra of a multi-layer system with
arbitrary number of films of varied thickness.

For brevity, we have reiterated here the essential mathematical
formulation following Schubert et al. [62] where the complete structure
is classified with numbers “0” (for ambient), “1” (for film 1), ..., and

“n+1” (for the substrate) having layer thickness dj, do, ..., and dy1,
respectively. The dielectric functions of ambient, film layers and sub-
strate material are indicated by & , &1, ...,and &,.1, respectively. In order
to effectively describe the optical response to the media structure, it is
necessary to have the complete dielectric tensor &() available in the x-y

plane (perpendicular to the c-axis, é(w), = & = &) as well asin the
z-plane (parallel to the c-axis, &(w); = &.):
E(w)L 0 0 & 0 0
Ew)=|0 éw), 0 = [0 & 0], 1)
0 0 é(o), 0 0 &

In this approach, the total transfer matrix 1\7IT[: Minﬂl 1\7121\713)(] can
be written as a product: MM, MM, — where the terms 1\7[1-,,, Mo,
represent the incident and exit matrices, respectively. The M, and M,
are related to the propagation matrix M (d)~* which include the effects
of crystal’s anisotropic properties and phase shifts induced by the layer
thickness of n-GaN as well as the underlying GaN template. The matrix
M;, which depends only on the incident angle 6, and the index of
refraction 1, of the ambient, can be written as [62]:

0

~ 0 } —(1/7n,)cos0, 0(1/n,)cos6, O
My = 0 (1/m,) )
b, 5

The general form of matrix M is expressed as:
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[ cos(kidN.,) 0 0
e 0 cos(kdN,,) —z( ! )sm(de)‘)
M= Ny,
~i(N,,)sin(kdN,,) cos(kidN,,)
_i<f"> sinkdN.) 0 0
AR
Table 2

The optical phonon parameters of c- Sapphire (Al;03) (a) and GaN (b) used in
the two-layer model for calculating the dielectric functions and reflectivity
spectra (see: text).

(a) Sapphire.

£oo wro (em™ ) S yro (em™ )

Eq w1 =3.077 385.0 0.22 7.00
439.1 2.88 3.05
569.0 3.04 5.56
633.6 0.20 7.17

Asu £ = 3.072 398.0 6.73 3.49
582.4 1.68 1.58

(b) GaN.

£co wro (cm™) w0 (cm™) 7= rro (em™) = yrolcm™)

£ = 5.31 533 Arto 735 Aqro 5.0

£ 1 = 5.35 561 Eiro 743 Eqro 5.0

where d is the film thickness; k; (= 27:/ /1) is the incident wavevector with

wavelength A. The terms N, and Nyy can be obtained [62] by applying
Snell’s law using incident angle 6,.

Materials Chemistry and Physics 252 (2020) 123279

i( == )sin(kd N
l< gx)sm( )
0
3
0
cos(kdN,.) 1
_ [MioMxn — MixMa : %)
MOUMZZ - MOZMZO ’
_ |MsoMo2 — MzMoo : 8)
P |MyMey — MMy

It is to be noted that in the s-polarized mode having electric field
vector E perpendicular to the optic axis, the R, spectra contains infor-
mation about the ordinary dielectric function — exhibiting comparable
spectral shapes under different angles of incidence except the intensities
(cf. Secs. 4.1-4.2). In the p-polarized case, however, the electric field
vector E is parallel to the plane of incidence instigating the reflectivity
R, of the extraordinary mode. This means that, the p-polarized reflec-
tance (R,) is sensitive to the angles of incidence (cf. Sec. 4.1) and it
exhibits unique spectral response with anisotropic optical properties.

3.2. Dielectric function of anisotropic materials

In polar semiconductors, the complex dielectric function (@) can be
expressed as a linear superposition of susceptibilities with contributions
emanating from bound valence electrons (bve), lattice vibrations (lat),
free charge carriers (fcc) and impurities (imp), etc. — provided there are
no interactions of these processes with each other [62]:

2
~ = 1 £ = .
Nxz = Ex 1- {<—~>sin9a:| 5 (4) S(CU) 1 +Zhve + lar + )(/cc + Zmzp + (9)
g,
:) In the infrared region, the impact of y,,, to the dielectric function is
frequency independent. Therefore, in Eq. (9) one can replace the term
N _ ) : (1 4+x4y.) by a high frequency dielectric constant, €,. To evaluate the
Ny = VE 1= &) sinfa | ) contribution of lattice vibrations y,,, and free carrier concentration y;,. —
EV . .
’ we have adopted the classical Lorentz and Drude oscillator models [49,
The exit matrix M,, has the form: 62,63]. The influence of y,,,, on () is considered as a part of the lattice
vibrations. For anisotropic materials the perpendicular {¢(w),} and
0 0 cosd; 0 parallel {&w) } components of the dielectric function to the crystal
-~ 1 0 0 0 ; ;
= _ c-axis can be evaluated by using [62]:
Mo —y/ &ycosf, 0 0 0’ ©® v 8
0 0 vV € 0
. _ @ () Diso1() = ros)
&(®) 1y = oo L) 1*w(w+i +ew 1) ; (10a)
}/pL(H j (wﬂm a -0 =iy a))
where &, and &, are the anisotropic dielectric functions of the sapphire
substrate. The angles 6, and ¢, can also be obtained from the Snell’s law. . 1 @5 1) n Z Si.L0) @ ro.q) (10b)
Once the total transfer matrix is computed using Eq. (3), the s- and p- T B Ll w(cu +iv,1q) ) 7 (a)?mw) -0 —iy; o 7
I I

polarized reflectance can be readily obtained [62]:

L [ 4nNy ) e
where, the characteristic plasma frequency wy) = % de-
ey o)
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Fig. 4. Simulated results of (a) infrared reflectivity [Rs (red line), R, (blue dotted line)], (b) refractive index [ng (red line), n, (blue dotted line)], (c) extinction
coefficient [k (red line), k;, (blue dotted line)], and (d) comparison of experimental (blue open circles) and calculated (redline) reflectivity spectra of c-sapphire (see:
text). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

pends upon the free carrier concentration Nj,) and effective electron
mass m, . The parameters y,,, (v.()) signify the plasma (phonon)
damping constants; the term wro| (1) (@10)(1)) denotes the polar-optical
phonon frequency wairorEiro) @aioEio)) and S; () implies its oscil-
lator strength. The mobility , of free carriers can be determined by

1 — e
usingu ) = TR

effective mass, mobility and charge carrier concentration, isotropically.

. One must note that we have treated here the

3.3. Dielectric function of the substrate

In order to assess the accuracy of simulated IRR/IRT spectra against
the experimental data for undoped and Si-doped GaN/Sapphire films — it
is necessary to have the optical phonon frequencies and dielectric
function known for the substrate. For sapphire (a-Aly03), Schubert et al.
[62] have reported the spectroscopic ellipsometry results on the
dielectric function and anisotropy of phonon modes near ¢ = 0. As
a-Al;03, exhibits a rhombohedral structure comprising of hexagonal
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Fig. 4. (continued).

close packed (hcp) lattice with Al and O atoms at the octahedral sites —
the group theoretic analysis of the irreducible representation for the DS,

point group symmetry indicated optical phonons near q = 0 in the form
[62]:

T2 =24, + 2 A +3 As, + 2 Ay + 5 E, + 4E, an

oy
where the two Ay and five E; modes are Raman active — the two Ay, and
four E, type modes are infrared (IR) active while the remaining two Ay,
and three Ay, modes are neither Raman nor IR active.

By employing a classical two-layer (ambient/sapphire) model one
can calculate (cf. Sec. 4) the dielectric function &w) [or n(w)

(= /¢(w))] of a-Aly03. Both real ¢; and imaginary e, parts of &(w) are
required for appraising n(), k() of n(w):

W) = n()+ike)=/Eo), (12)

where
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Fig. 5. Simulated reflectivity spectra displaying the effects of: (a) film thickness in GaN/Sapphire epifilms, (b) phonon damping constant y, (c) plasma frequency wp
with a fixed plasmon damping constant yp (= 100 cm 1), and (d) plasmon damping constant yp with a fixed plasma frequency wp (= 600 cm ™) on a 2 pm thick n-GaN

film (see: text).

2 2\
n(w)= {(E‘H;) +81} : (13a)
and

SN S
k()= {W} ; (13b)

are, respectively the refractive index, and extinction coefficient.

4. Results and discussion

Comprehensive simulation of the IRR and IRT spectra for n-GaN/
Sapphire films is complicated due to the needs of incorporating several
factors, viz., (a) the effects of film thickness, (b) phonon y (plasma yp)
damping, carrier concentration N or wp, (c) coupling between s- and p-
polarized light at the medium interface, and (d) surface roughness as
well as ETL at the GaN/air and GaN/Sapphire interfaces, respectively. If
one sets the c-axis of sapphire perpendicular to the GaN epifilm - it
results in no cross conversion of s- and p-polarized light. The simulations
of IRR and IRT for the undoped GaN/Sapphire sample can be further
simplified by neglecting ETL, surface and/or interface roughness.
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Fig. 5. (continued).

4.1. Infrared spectra

Before integrating different aspects as outlined above in the modified
optical response theory (cf. Secs. 3.1-3.3), we first used an ideal pro-
totype and calculated the IRR and IRT spectra of uniaxial GaN/Sapphire
by adopting a three-phase model with parameter values from Table 2 a-
b) — treating the substrate as a thick semi-infinite material. Two-phase
(ambient/sapphire) scheme is exploited for simulating the dielectric
function ¢(w) [orn(w) (= v/ €(w)) ] of a-Aly03. The results (see: Fig. 4 a-
c)) ofRyp) (@), nypy(w) and kyp)(w) along with the total reflectivity of
sapphire shown in Fig. 4 d) have revealed a very good agreement with
the experimental data [62]. The influence of various parameters on the
IRR and IRT are discussed next.

4.1.1. Ideal GaN/Sapphire
Calculated reflectivity spectra (R) of the perfect GaN/Sapphire with
different film thickness d, is displayed in Fig. 5 a) along with the results
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of substrate and bulk GaN. The perusal of Fig. 5 a) revealed some
interesting results of R in three spectral regions (i) ® < wa1(r0), (if) WE1
1oy < ® < ®A1(10), and (iii) ® > wg1o). For bulk GaN, the maximum
value (~95%) of R is emerged at wpo due to resonance between incident
photons and lattice vibrations. It has exhibited a minimum near 750
cm ™! (just above wyo) and attained constant value of ~20% at frequency
@ > 800 cm™!. With the increase of film thickness, the reflectivity also
showed well developed bulk-like GaN features with interference fringes
appearing on both sides of the reststrahlen band. In an earlier study
Tiwald et al. [63], have affirmed that the reflectance R of a thick epilayer
can become comparable to that of the bulk material as phonon damping
limits the penetration depth of infrared light.

One must note that for GaN/Sapphire, the contrasts in the interfer-
ence fringes of IRR spectra at @ > o g1(1.0) occurs due to differences in
the refractive indices [62,63] of epifilm (ny) and substrate (ng) while the
film thickness d instigates variation in the fringe spacing (A®). More-
over, our study revealed that the vibrational features of sapphire sub-
strate overlapping with the reststrahlen band of GaN makes it difficult
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Fig. 6. The charge carrier-density N dependence plasmon-LO-phonon modes
(w3;p) for Si-doped GaN. The oo and, wro phonons are represented by green
color line and sky blue color line, respectively; the high frequency wjp;p, low
frequency @y, , and plasma wp mode frequency are shown by red, black and blue
color lines, respectively. The experimental bottle green colored inverted tri-
angles represent the experimental Raman scattering results of Harima Ref. [56],
and cherry brown colored triangles are the infrared reflectivity results of
Melentev et al. Ref. [52]. (see text). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

Table 3

Heavily doped n-GaN samples #M1 and #M2 grown epitaxially by Melentev
etal. [Ref. [52]] of different thickness d (pm) and charge carrier concentration N
(10 x ' em™3) used in the infrared reflectivity measurements. Based on our
theoretical simulations we provided values (in wavenumbers (em™Y)) for the
plasma frequency wp, high and low frequency wj;,, @p;» PLP modes (see: text).

Sample # d® N @ wp? o pp
(pm) (10 x B em™%) (em™) (em™) (em™

M1 10 5.00 664 913 406

M2 6.2 36.0 1782 1857 536

 Ref. [52].

b This work.

identifying the phonon traits of GaN/Sapphire films. We need an
effective optical response theory to compare the simulated IRR and IRT
results of GaN/Sapphire with experimental data. To appraise the
observed damping behavior in the Fabry-Perot fringes at > 800 cm ™!
we have meticulously included surface roughness and ETL in the clas-
sical theory [62]. The impacts of ETL and surface roughness are carefully
assessed by examining (cf. Sec. 4.1.5) the simulated IRR spectra with the
experimental data.

4.2. Effects of phonon and plasma damping

To understand the effects of phonon (plasma) y (yp) damping and wp
on the IRR spectra — we have displayed in Fig. 5 b) — d) the simulated
results of a 2 pm thick GaN/Sapphire. In undoped film (wp = 0) as the
phonon damping is increased (cf. Fig. 5 b)) we find a dip near A; (LO)
mode decreasing and even disappearing for larger y. For fixed value of yp
as free carrier concentration N (or wp) is increased — our simulations
revealed (cf. Fig. 5 c¢)) significant changes in the reflectivity spectra
especially in the restsrahlen band region - identifying three prominent
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features: (i) a dip near A; (LO) becoming weaker and gradually fading
(see: red color arrows), (ii) the interference phonons below E; (TO) and
above A; (LO) become frailer and ultimately vanish (see: light blue color
arrows), and (iii) a minimum flat position above the E; (LO) mode shifts
to higher frequency (see: green color arrows). The later feature is
believed to be allusive to the PLP coupling. In Fig. 5 d) the influence of
mobility u (yp) on reflectivity of n-GaN/Sapphire epifilm is displayed for
a fixed value of wp, One may also note that the decrease of y (or increase
of yp) not only lowers the reflectivity below the reststrahlen band but
also reduces its bandwidth.

4.2.1. Estimating N in Si-doped GaN/Sapphire

In doped semiconductors, the LO phonons strongly interact with the
free carrier plasmons through electric fields to produce two PLP (w3 )
modes. The traits of w3, modes are highly dependent on the plasmon
frequency wp. If wp is lower than the frequency of ;o phonon, then wp;p
behaves as a plasmon-like and w};, acts as a phonon-like. The frequency
of w#;p mode increases with N and its character changes from phonon-
like to plasmon-like at higher N [62].

In heavily doped GaN, the w;, modes are observed by IRR [50-52]
and RSS [54-56] spectroscopy to assess the charge carrier concentra-
tion. In Fig. 6, we have plotted the variations of wZ; , modes as a function
of N. In Si-doped GaN/Sapphire epifilms (see: Table 1) — the sample #S4
has the largest carrier density N ~ 1.12 x 108 em 3. In these (#8S1-#8Ss)
films, the calculated values of wp (<~ 314 cm’l) and wpp(<~ 225
em™1) are much lower than the wro phonon frequency while w7, mode
nearly overlaps with the wyo phonon. Therefore, we expect a very little
change in their reflectivity spectra — especially in the reststrahlen band
region and anticipate observing only one deep minima in the IRR spectra
at @ ~ oo ~ o};p. In heavily doped GaN films (cf. Sec. 4.1.2), however,
significant changes in the spectral features are predicted (see: Fig. 5
c-d)). The observed modifications in the IRR spectra [52] for thicker and
heavily doped samples will be discussed next.

Melentev et al. [52] have recently performed IRR measurements on
two thick n-GaN samples (M1, M2) with higher N values and observed
strikingly different features in the reststrahlen band region. To
comprehend these atypical traits — we have reported in Table 3 our
calculated values of wp, wj;, and wp;, modes. One may note that in
sample M1, the wp (=664 em™ ) falls between oo and oo phonon
frequencies while in sample M2, wp (~1782 cm™!) has a much higher
value than the o o phonon. Therefore, in M1 one would expect [52]
observing two reflectivity minima one near wy,, frequency and the other
close to the w};, mode. In heavily doped sample M2, however, the su-
perposition of the reststrahlen band and plasma reflection band occurs
at a frequency o < wro. In this situation one expects in the IRR reflec-
tivity spectra [52] perceiving one unusual sharp dip near o ~wp;p =~ 010
and another minima at @ ~wg;, ~wp. In both samples (M1, M2), the
results of reflectance spectra reported in Ref. [52] have corroborated our
theoretical predictions (cf. Sec 4.1.2) and supported the values of wp;,
modes reported in Table 3 (see: Fig. 6 also). In the context of Berreman
effect [60] one can also estimate N in doped GaN ultrathin epifilms (cf.
Sec. 4.1.4).

4.2.2. The Berreman effect

In Fig. 7 a) and 7 b), we have reported our results of the s- and p-
polarized IRR and IRT spectra, respectively for a 2 pm thick GaN/Sap-
phire film at different angles of incidence ¢, (0°, 10°, 20°, 25° and 30°).
The methodology outlined in Sec. 3.1 is followed using the necessary
parameters from Table 2 a-b). While the calculations of R and T depend
only on &(w), of the epifilm and substrate — the simulations of R;, and T},
require both é(w), and &(w),.

For the smallest angle 0, (= 10°) our results revealed no significant
changes when comparison is made with the reflectivity and transmission
spectra at near normal incidence (Rs = Ry; Ts = T}, for 6, = 0°) — except
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Fig. 7. Simulated results of s- and p-polarized (a) reflectivity, and (b) transmission spectra on a 2 pm thick GaN film by changing the incident angle of radiation
(Berreman effect) from 6, (= 0°, 10°, 20°, 25° and 30°), (c) charge carrier density N dependent simulated s- and p-polarized reflectivity spectra of a 0.2 pm thick Si-

doped GaN/Sapphire at incident angle 6, = 30° (see: text).

the observation of a weak dip in R, and T, near A; (LO) mode. This
phonon feature is seen steadily increasing with the increase of angle 6,
where the parallel component of electric field is responsible for exciting
the LO mode at non-zero angles. In addition, we have also noticed the E;
(LO) mode shifting towards the higher frequency side with the decrease
of epifilm thickness (not shown) and/or increasing angle 6,. From these
observations it is strongly believed that the Berreman’s effect [60] is
quite instrumental for identifying the A; (LO) phonon and observing the
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shift of E; (LO) mode by changing film thickness d and/or varying angle
O

In Fig. 7 c), we have also displayed our calculations of the IRT spectra
at oblique incidence angle, 6, = 30° for a thin n-GaN/Sapphire (0.2 pm)
epifilm. Clearly, the simulated results in the p-polarization exhibited a
minimum associated with the TO phonon near ~560 cm ', This mode is
asymmetrically broadened towards the higher energy side — possibly due
to the free carrier absorption [52]. The other feature that one can notice
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Fig. 8. The effects of surface and interface roughness using Eq. (14) on the simulated reflectivity spectra of a 2 pm thick GaN/Sapphire sample (see: text).

in Fig. 7 ¢) is a dip (see: bottle green color vertical arrow) which
demonstrated a shift towards the higher frequency regime with the in-
crease of free electron concentration, N. As this trait did not emerge in
the s-polarization we have assigned it to the w;;, mode (see: Fig. 7 )
based on its dependence on N (see Fig. 6) and appearance only in the
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p-polarization. In the context of our earlier assertion on the Berreman
effect [60], this revelation of the transmission (Tp) minima (see: Fig. 7
¢)) at TO and wj;, in the oblique incidence has provided a direct and a
simple method of explicating free charge carrier concentration N in thin
n-doped GaN epifilms. In our simulations, the projected value of w}; , for
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Best fit optical phonon parameters used in the classical 4 x 4 transfer matrix model for calculating the infrared reflectivity spectra of six different GaN/Sapphire

samples. The basic characteristics of each sample are given in Table 1 (see: text).

GaN
Sample # d (um) wplem™) yp(em™) wro|(em™?) wro. (cm™) w10 (em™) w01 (em™) y (em™) A(um)
So 3.61 50 35 533 561 735 743 5 0.010
S 2.47 135 105 533 561 734 743 5 0.016
S 1.94 245 200 533 560 734 742 5 0.020
Ss 2 250 150 533 561 735 743 5 0.017
S 2.05 380 250 533 560 734 742 5 0.012
Ss 1.67 110 95 533 561 734 743 5 0.014
100 T T T T T
oy
4
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Fig. 9. Comparison of the simulated (red dotted lines) results with the experimental (full blue lines) data of infrared reflectivity spectra (Fig. 9 a - f)) on MOCVD
grown GaN/Sapphire samples (#S,-Ss) using parameter values from Table 4 (see: text). (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

different N is in excellent agreement with the IRR [50-52] and RSS
[54-56] data. To the best of our knowledge no angular dependent IRT
measurements exist at present in the literature for ultrathin Si-doped
GaN films. To test this conjecture the only requirement is that the film
thickness should be considerably smaller than the reststrahlen
wavelength.

4.2.3. Effects of transition layer and surface/interface roughness

The perceptions of ETL and surface roughness in epitaxially grown
materials are insinuated in many surface-characterization experiments
[37-39] (viz., x-ray photoelectron spectroscopy (XPS), scanning
tunneling microscopy (STM), AFM, TEM and inverse photoelectron
spectroscopy (IPS), etc.). While the existence of ETL is proposed [39] in
GaN/GaAs - its presence in n-GaN/Sapphire has also been ascribed to
GaN layer with voids.

To comprehend the observed IRR spectra in Si-doped GaN/Sapphire
epifilms, we followed Shokhovets et al., [39] in modifying the optical
response theory by including surface roughness § (in pm) at air/n-GaN
and &3 (in pm) at n-GaN/TL interfaces. The scattering factors ¢, &; in
the observed ripples at the air/n-GaN and n-GaN/TL interfaces are
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appropriately incorporated in the IRR formalism — depending upon the
interfacial roughness conditions by using wavelength A of the incident
photon and assuming Gaussian distributions [39,49]:

&= exp{ - 16(7[5/1)2} and &, = exp{ - 16(7[52/1)2}, 14)

In Fig. 8 a-b), we have reported the effects of both surface roughness
at air/GaN interface and ETL on the simulated reflectivity spectra of a 2
pm thick GaN/Sapphire film. It can be noted that if ETL is assumed as a
GaN layer with 20% voids, the simulated reflectivity reveals no appre-
ciable changes on or below the reststrahlen band - it causes, however,
significant variations in the Fabry-Perot interference fringe contrasts.

4.3. Experimental analysis of GaN/Sapphire epilayers

To empathize the observed IRR spectra of MOCVD grown GaN/
Sapphire samples #S, (undoped) and #S;- #Ss (Si-doped)) we have
pursued a nonlinear “Lovenberg-Marquardt” least square fitting algo-
rithm [64]. In the modified optical response theory, the necessary (see:
Table 4) model parameters are extracted by minimizing the error
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function, =:

o 1<
::§;

to help simulate the IRR and IRT spectra. The term X in Eq. (15) rep-
resents the number of data points and R;exp, Rica are the experimental
and calculated values, respectively.

In undoped sample (#S) excellent agreement is achieved between
the experimental and simulated IRR spectra (see: Fig. 9 a)). Successful
application of the 3-phase classical model has demonstrated that the
interface of air/film and film/substrate in the sample is abrupt. The
conformity of IRR spectra in the “reststrahlen” band region is especially
compelling where our theoretical results revealed a flat top with ~96%—
100% fits with the experimental data — indicating a very good crystalline
quality of the undoped film.

The reflectivity spectra displayed in Fig. 9 b) - 9f) using parameter
values from Table 4 show our theoretical results for five Si-doped GaN/
Sapphire epifilms of different thickness d (1.62 pm < d < 2.43 pm) and
N<1.12x 108 ecm~3 (see: Table 1). As mentioned before (cf. Sec. 4.1.3)
the calculated wp values in these samples are much smaller than the A;
(TO) phonon frequency and the wj;, modes overlap with the E; (LO)
phonon (see: Fig. 6). Consequently, our simulated reflectivity spectra
(see: Fig. 9 b) — 9f)) for all samples show no unusual shapes or features —
especially in the reststrahlen band region. Comparison of the best fit IRR
results using parameter values from Table 4 have not only validated the
micro-structural changes observed by TEM and AFM studies at the air/n-
GaN and n-GaN/TL interfaces but also corroborated the fact that a
moderate Si-doping improves [57,58] the optical as well as the struc-
tural properties of GaN/Sapphire epifilms.

2

Ri.exp - Ri,val ’ (15)

5. Conclusions

In summary, we have reported results of a comprehensive experi-
mental and theoretical IRR/IRT study to empathize vibrational and
structural properties of MOCVD grown Si-doped GaN/Sapphire samples
having different thickness d and carrier concentration N. A classical 4 x
4 transfer matrix method is adopted to simulate the frequency depen-
dent dielectric functions by considering the orientation as well as ge-
ometry of the material samples [62]. Careful analysis of the IRR/IRT
spectra is achieved by including both the surface roughness and ETL - as
revealed in the TEM and AFM studies. By comparing experimental and
simulated reflectivity results, we have demonstrated achieving a very
good fit to the polarization dependent IRR spectra of Si-doped GaN/-
Sapphire samples — allowing accurate determination of the film thick-
ness, charge carrier concentration, root-mean squared roughness and
many other parameters. In the context of Berreman effect [60] our
simulation of IRT spectra in the oblique geometry for ultrathin Si-doped
GaN film has provided a direct evidence of identifying optical phonons
and high frequency coupled wj;, modes. The shift of PLP mode fre-
quency with charge carrier composition, N is found in very good
agreement with the IRR [50-52] and visible RSS [54-56] measure-
ments. To the best of our knowledge, at present no angular dependent
IRT measurements exist in the literature for ultrathin Si-doped GaN/-
Sapphire films. We hope that our results will encourage spectroscopists
to consider using IRT in the oblique geometry as a complementary tool
to RSS for characterizing doped III-Ns and/or any ultrathin compound
semiconductor films of technological importance. To test our theoretical
conjecture the only requirement is that the film thickness should be
considerably smaller than the reststrahlen wavelength. In heavily
Si-doped GaN, more theoretical work is needed about the anharmonicity
especially its role in the coupling mechanism of the PLP (w;,) modes
with optical lattice phonons. In conclusion, the work presented here has
offered valuable information on the surface morphology and phonon
features of technologically important Si-doped GaN/Sapphire epifilms.
We feel that the knowledge of such material characteristics for n-GaN

15

Materials Chemistry and Physics 252 (2020) 123279

films is essential for the scientists to evaluate their potential use in
designing and/or engineering electronic devices of various industrial
applications.
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