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Mid-infrared reflection spectra of c- and m-plane bulk AIN show a reststrahlen band related to the formation of
phonon polaritons. However, it is worth noting that there are additional hump- and spike-shaped peaks in the
spectra, which cannot be explained by the phonon-polaritons model applicable to optically isotropic crystals.
Here, considering the existence of quasiphonons in wurtzite crystals, we suppose that the extra peaks result from
the generation of quasiphonon polaritons (QPPs) induced by the coupling between photon and quasi-transverse
optical phonon. On the basis of this point, a QPPs model applicable to optically anisotropic wurtzite crystals is
developed, which successfully explains the reststrahlen band of bulk AIN. Besides, on the ground of our model, a
series of reststrahlen band of bulk AIN under various configurations is also predicted and presented.

1. Introduction

Different kinds of macroscopic symmetries of crystals are induced by the
periodic arrangement of atoms in crystals, which not only result in different
geometry appearance of crystals butalso in the anisotropy of the macroscopic
physical properties of crystals [1]. When it comes to the optical property of
crystals, in particular, a circumstance called birefringence has been found
early [2], that is, when a monochromatic light refracts at the air-crystal
interface, two refracted lights will propagate in this crystal, of which the
reason is that different symmetries of crystals contribute to the anisotropy of
the dielectric function of crystals. According to specific symmetry, crystals
with different optical properties can be classified into three catagories: cubic
crystal, uniaxial crystal and biaxial crystal. For uniaxial crystal, the two
refracted lights propagate in it are known as ordinary ray (o ray) and
extraordinary ray (e ray), which are the subjects widely studied [3, 4, 5, 6].

In polar crystals, the vibration of polar lattice results in the interaction
of photon and transverse optical (TO) phonon, which brings the well-
known phonon polaritons, and then a photonic band gap known as rest-
strahlen band with the characteristic of strong reflectance will appear [7].
However, there are two points worthy of attention. On the one hand, the
widely used phonon-polaritons model [8, 9] and the interface reflectance
formulas [2] are only suitable for optically isotropic crystals like cubic
crystals. On the other hand, optical anisotropy means that the reststrahlen
band of polar crystals is also anisotropic, and accordingly, additional peaks
may arise on the reststrahlen band [10, 11], which cannot be well
explained or analyzed by the original phonon-polaritons model.
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Waurtzite structure is one of the simplest structures of uniaxial crystals.
According to group theory, in wurtzite crystals, A; phonon s polarized along
the optical axis and it can be infrared activated when e ray propagates in the
crystal; E; phonon is polarized in the plane perpendicular to the optical axis,
and its infrared activity can be observed when o ray propagates [12, 13].
Previous studies showed that when the long-range electrostatic forces in
wurtzite crystals exceed the short-range interatomic forces, an obvious fre-
quency gap between TO and LO phonons will occur [14]. Then the quasi-TO
(or quasi-LO) phonons may be generated by the possible mixing of pure TO
(or LO) phonons of different symmetries in a comparatively narrow fre-
quency range [15, 16, 17, 18], from which we can speculate that the extra
peaks on the reststrahlen band of wurtzite crystals may be relevant to the
generation of quasi-TO phonon, which can couple with photon to form a
polariton different from that in the optically isotropic crystal.

As a representative wurtzite polar semiconductor with an ultrawide
direct bandgap of about 6.2 eV, Aluminum nitride (AIN) has attracted
great attention with its unique optical properties and potential for op-
toelectronic devices [19, 20, 21, 22, 23, 24]. Here, the reststrahlen band
of AIN was analyzed and discussed in detail. Firstly, the general reflec-
tance formulas for uniaxial crystals based on a comprehensive consid-
eration of the incident angle and polarization state of the incident light
was deducted. Then, considering the presence of quasiphonons in
wurtzite crystals, we developed a quasiphonon-polaritons (QPPs) model
applicable for optically anisotropic wurtzite crystals. Finally, explanation
and further forecast to the reststrahlen band of bulk AIN relevant to the
quasiphonon polaritons under different conditions of crystal facets have
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therefore been conducted. All the above researches help to gain a better
understanding of the optical anisotropy of wurtzite crystals.

2. Materials and methods
2.1. Sample preparation

The c- and m-plane AIN bulk single crystals were obtained by physical
vapor transport (PVT) method in a tungsten (W) crucible under a high-
purity nitrogen ambience with high growth temperature of 2100-2400
°C controlled by a resistive-heating system. The crystal facets were pol-
ished to be smooth (as shown in Figure 1) for the spectral measurements.

2.2. Spectral measurements

Mid-infrared reflection spectra of c- and m-plane AIN were measured
via Fourier Transform Infrared Spectrometer (IRAffinity-1S), of which
the light source was non-polarized natural light. The measuring range
was from 400 to 4000 cm™! with the incident angle fixed as 10°. A gold
mirror was used for background scanning in the measurement.

3. Results and discussion
3.1. Mid-infrared reflection spectra of c- and m-plane bulk AIN

Figure 1 presents the experimental mid-infrared reflection spectra of
¢- and m-plane bulk AIN, from which a reststrahlen band similar to that
caused by phonon-polaritons effect can be observed in the range of
400-1000 cm_l, which can also be observed in wurtzite ZnO [25]. It is
worth noting that the experimental reflection curves are not smooth with
additional characteristic peaks showing up at high or low frequency, that
is, a hump- and a spike-shaped peak appear on the reflection curve of c-
and m-plane AlN, respectively.

3.2. Fitting by phonon-polaritons model

In order to explain the extra characteristic peaks shown in the
experimental reflection curve of c- and m-plane AIN, the widely used
phonon-polaritons model is taken into consideration, which yields the
dielectric function as [8, 9, 26, 271:
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Figure 1. Experimental data (solid lines) of c- and m-plane bulk AIN and two
theoretical fitting models. (a) Phonon-polaritons model (green dashed lines); (b)
Quasiphonon-polaritons model (red short-dashed lines).
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where j is the number of a vibration mode with specific symmetry, ¢, and
&5 are the high- and low-frequency dielectric constants, respectively, S is
the mode strength and there is & = €, + zjzlsj, wro is the TO phonon
wavenumber with y as its damping constant. For AIN, at the symmetry
point T of the Brillouin zone, there is TP — A;4F;+2B;+2E, for
optical phonon mode symmetry, where A; and E; are both infrared active
[28] and thusj in Eq. (1) is 1.

For optically isotropic crystals, the interface reflectance formulas can
be derived from Maxwell's equation when the electric field vector of
incident linearly polarized light is perpendicular or parallel to the inci-
dent plane (assuming that the light is incident from air to the crystal
surface) [2]:

R, _| cosd; — \/e — sin’6; ? @
‘cosH +ve— €1n6‘ '
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where 6; is the incident angle. If the electric field vector E of the incident
light has a certain angle ¢ (from 0° to 90°) to the incident plane, the
interface reflectance will include contributions from both perpendicular
and parallel polarization:

2
= R, sin*¢ + R, cos’¢. @

In particular, for natural light, the reflectance can be expressed as Rpix
= (Rs + Rp)/2 because the energy of light wave is equal in the two
orthogonal components.

Considering that the incident angle here is fixed as 10° and the light
source of FTIR spectrometer is natural light, we calculate the reststrahlen
band described by phonon-polaritons model (the green dashed lines
shown in Figure 1(a)). The dielectric function corresponding to E;
phonon of AIN is used in this model [28, 29]. The specific parameters of
E; phonon are wto = 670 Crn*l, Yo = 5.2 cm’l, es="7.28 and ¢, = 3.93,
respectively. Considering that the incident angle here is fixed as 10° and
the light source of FTIR spectrometer is non-polarized natural light, we
first calculate Ry and R, through Egs. (2) and (3) corresponding to E;
phonon, and then the reflectance of natural light is obtained via Eq. (4).

It can be seen that the curves given by this model have large
discrepancy with the experimental results, especially in the positions of
the hump- and spike-shaped peaks, of which the reason is obvious: on one
hand, the process of deriving dielectric function contributed by the
phonon polaritons described in Eq. (1) is simplified by an assumption
that the crystal has a cubic symmetry [8]; on the other hand, the interface
reflectance described in Egs. (2) and (3) is only valid when light is re-
flected at the interface between two isotropic media. For cubic crystal
with high macroscopic symmetry, its dielectric function is a scalar, i.e.,
its optical properties are isotropic, so Egs. (1), (2), and (3) are suitable for
describing its optical properties. However, for hexagonal crystals such as
AIN, the symmetry of the crystal is obviously not as high as that of cubic
crystals. At this time, the dielectric function is in tensor form, and thus
the optical properties of the crystals will show anisotropy, which means
that the phonon-polaritons model described by Egs. (1), (2), and (3) is no
longer applicable to analyzing its reststrahlen band, let alone explaining
the additional characteristic peaks.

3.3. Fitting by quasiphonon-polaritons model

In order to describe the reststrahlen band of optically anisotropic
crystals, we need to modify Egs. (1), (2), and (3) and establish a new
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model called quasiphonon-polaritons model. The following discussion
only targets the uniaxial crystals with the crystal c-axis as optical axis.
Figure 2 presents the general situation of reflectance measurement on an
arbitrarily orientated crystal facet of a uniaxial crystal. A fixed laboratory
coordinate system o - £n, which is independent of crystallography co-
ordinate system, is established on the crystal facet measured in the
experiment. The &7 plane is the crystal facet, where the {-axis is along the
normal direction of it, and the {5 plane is the incident plane. For uniaxial
crystal, two of its three principle dielectric functions are equal, which can
be represented by ¢, and ¢, respectively, and the dielectric tensor of it in
the laboratory coordinate system can be written as [1]:

3 3
&= Zk:l 1oy F K ®

where ¢;(i,j = 1,2, 3)is the component of dielectric tensor in the labo-
ratory coordinate system o-&7¢ and oy (i,j = 1,2, 3)is the component of
coordinate transformation matrix between the laboratory coordinate
system and principal axis coordinate system. Three most common situ-
ations are considered here: (i) The optical axis is along the normal di-
rection of crystal facet (As ¢ || ¢, i.e., 5 = 0°). (ii) The optical axis is the
intersection line between the incident plane and crystal facet (As c || 7,
i.e., 6§ =90° ¢ = 90°). (iii) The optical axis is perpendicular to the incident
plane (Asc || &, i.e., § = 90° ¢ = 0°). (ii) and (iii) are both suitable for the
m- and a-plane of uniaxial crystals, but the difference between them is
that when the optical axis is in the incident plane, that is, situation (ii),
the two refracted rays propagating in the crystal are in a same plane; but
when the optical axis is not in the incident plane, such as situation (iii),
the two refracted rays are not in a same plane [30].

For the three situations above, it can be found that there are two kinds
of refracted rays known as ordinary ray (o ray) and extraordinary ray (e
ray) corresponding to two different dielectric functions in uniaxial
crystals [30, 31]:

Eor(w) =¢, (w), (6)

e (0)g)(®)
e, (®) sin®0 + ) (®) cos20’

Eex(,0) = (7)

where 0 is the angle between the refracted wave vector and the optical
axis (refer Supplemental Information for more details). That is to say, two
different refracted rays, namely, o ray and e ray, will propagate in the
uniaxial crystals when the light beam is incident to the crystal facet and
the reflection occurs, which means that contribution from these two
refracted rays should be taken differently into consideration when
calculating the interface reflectance. Because of the birefringence in

c-axis — optical axis of

Es uniaxial crystal

n {-axis — along the normal
direction of crystal facet

Orange-surface — an arbitrarily
orientated crystal facet of uniaxial crystal

Figure 2. Experimental geometry configuration of polarized IR reflectance
measurement. For uniaxial crystal, the crystal c-axis is its optical axis. A fixed
laboratory coordinate system o - & is established on the crystal facet measured
in the experiment. The & plane is the crystal facet, the {-axis is along the normal
direction of it, and the {7 plane is the incident plane. The linearly polarized light
is incident from air with an angle 6; to an arbitrarily orientated crystal facet, and
its electric field vector E forms an angle ¢ with the incident plane. The angle
between the optical axis and the {-axis is § and the azimuth angle of the pro-
jection of optical axis in the &7 plane is ¢.
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uniaxial crystals, we no longer use Rs and R, to represent the interface
reflectance as we do in the case of optically isotropic crystals, but note the
corresponding interface reflectance as R, and Rex for o and e rays,
respectively. Remarkably, the refractive properties of o ray are similar to
those of optically isotropic crystals, so R, can still be calculated by Egs.
(2) and (3) while Rex can only be obtained from the continuous condi-
tions of the electromagnetic field at the boundary between the uniaxial
crystal and air because the refractive properties of e ray are related to its
propagating direction. Table 1 summarizes (refer Supplemental Infor-
mation for more details) the interface reflectance formulas corresponding
to o ray and e ray of those three specific cases [32, 33].

For uniaxial crystal, considering the anisotropy of the dielectric
function, the dielectric function expressed in Eq. (1) should be written as
[29, 311:

W7o, (& — €)1

OToL() = O ~ imh(u))

®

EL() = Eoou() T

When the incident angle 6; is 10°, the reststrahlen band of AIN in
three situations is predicted through Eq. (8), as shown in Figure 3(a-c).
Based on the optical anisotropy of AIN, specific parameters used in this
model are oo (L) = 670 em™ L, yto (L) =5.2 em™ L, g5 (L) =7.28,e5(L)
=3.93for ¢, and oo (|)) =611 em Y10 (|) =6.7 em Y g () =8.59,
€s(|]) = 4.54 for ¢, contributed by E; and A; phonons, respectively [28,
29].

It can be observed that there are no additional peaks in the rest-
strahlen band corresponding to o ray, but on the contrary, extra peaks
appear in the reststrahlen band corresponding to e ray, which is similar to
that of experiment results. For wurtzite crystals, the principle dielectric
functions ¢| and ¢, are contributed from A; phonon which is polarized
along the optical axis and E; phonon which is polarized in the plane
perpendicular to the optical axis, respectively [29]. Previous studies have
shown that there is a directional dispersion in uniaxial crystals, that is to
say, the dielectric function depends only on the frequency w and the
direction of the wave vector k of the refracted ray [11]. For o ray, its
dielectric function ¢,y () is a constant value, which is contributed by
pure E; phonon and independent of the direction of k. Therefore, when o
ray propagates in the crystal, the pure E; (TO) phonon is coupled with
photon to form phonon polaritons. But when e ray propagates in the
crystal, the dielectric function e (®, 0) is related to the direction of k and
directional dispersion will occur in gy (®,0). Accordingly, the symmetry
of the optical phonon will disappear and a new mix-symmetry phonon,
namely, quasiphonon, will generate.

In order to observe how pure A; mode and E; mode phonon
contribute to the quasiphonon, the phonon energy loss function Im (-1/¢)
and the imaginary parts of the dielectric function Im(e) of e ray, which
show the component of LO phonon and TO phonon, respectively [10, 29,
34], are shown in Figure 4. It can be seen that when e ray propagates in
the crystal with the long-range electrostatic force being dominant, the
symmetry of A; (TO) and E; (TO) phonons disappears to form the
mix-symmetry quasi-TO phonon [35, 36], of which the frequency can be
described as [12, 37]:

> _ 2 .2 2 2
Oguasi—to = Da1(10)SIN"C + O (1) O, ©

where ¢ is the angle between the phonon wave vector q and the optical
axis. When the frequency of photon coincides with that of quasi-TO
phonon, they couple with together and thus the quasiphonon polar-
itons generates. That is to say, when e ray propagates in optically
anisotropic wurtzite crystals, the reststrahlen band mainly results from
quasiphonon polaritons [38]; also, a characteristic peak formed by the
superposition of A; (LO) and E; (LO) phonons can be observed on the
high-frequency side of the band since the LO phonons still maintains the
symmetry of A; and E; at this time.

Figure 3 also shows the reflectance Ryix corresponding to natural
light. Since the natural light is non-polarized, Ry, is the result of all kinds
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Table 1. Interface reflectance corresponding to o-ray, e-ray and non-polarized natural light of uniaxial crystals under various conditions. Optical axis is along the normal
direction of crystal facet (¢ || {). Optical axis is the intersection line between the incident plane and crystal facet (c || 7). Optical axis is perpendicular to the incident plane
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of polarized state, that is, Ry is the combination of Ry, and Rey and thus
additional characteristic peaks can be found at the high- and low-
frequency ends of the reststrahlen band, respectively.

The reststrahlen band described by the quasiphonon-polaritons
model is shown in Figure 1(b) (the red short-dashed lines), from which
it can be observed that the theoretical curves show adequate information
of the hump- and spike-shaped peaks and agree well with the experi-
mental data. This is because this model has taken the optical anisotropy
shown by AIN as a uniaxial crystal and the existence of quasiphonons in
its wurtzite structure into consideration comprehensively. At this time,
the original phonon polaritons "mutate" into quasiphonon polaritons in
the crystals, which implies the failure of the original phonon-polaritons
model in its application to optically anisotropic crystals.

(a) (b) o=
—o0=0° —0=(°
201 400t 0= 45°
_____ 6=90°
15 300+
5 .
=10 = 200}
E E
St 100F
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Figure 4. Phonon energy loss function and the imaginary parts of the dielectric
function of e ray. (a) Phonon energy loss function Im (-1/¢); (b) Imaginary parts
of the dielectric function Im(g).

Wavenumber (cm™)

The dispersion relation of phonon polaritons in optically anisotropic
uniaxial crystals has been derived in detail [17, 18, 27]:

2k

— = &, (w)(ordinary polaritons), 10
212

ok = eu(0)e (@) (extraordinary polaritons). an

@ g, (0)sin’c + &) (0)cosc

It can be seen that in uniaxial crystal, the dielectric function of
refracted light has the same expression as the dispersion relation of
phonon polaritons, which means that polaritons are formed by the
coupling between refraction light and phonon and then further propagate
in the crystal. Therefore, the direction of the wave vector k of refracted
light should be consistent with that q of the polaritons, i.e. 6 = 6. It is
worth pointing out that in the Raman studies, the polaritons related to
quasiphonon are known as "extraordinary polaritons" [37, 39, 40], cor-
responding to the “quasiphonon polaritons” discussed here.

Finally, it should be pointed out that, the reflectivity measured in the
experiment is the total reflectivity where gold mirror used as reference
rather than the actual interface reflectance. There are some differences
between them but the error will not affect the final result. Besides, here
we only take AIN as an example to discuss the quasiphonon polaritons in
wurtzite crystals, and this result needs to be further extended to other
wurtzite crystal materials.

4. Conclusions
In this work, a quasiphonon-polaritons model is proposed based on

the analysis of the extra hump-and spike-shaped peaks appearing on the
reststrahlen band of wurtzite crystals. According to this model, these
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extra peaks are attributed to the quasiphonon polaritons generating from
the coupling between quasi-TO phonon and photon in the crystals with
the long-range electrostatic forces being dominant. Related formulas are
given here, and the reststrahlen band related to quasiphonon polaritons
in AIN measured in the experiment is well explained, which proves the
validity of this new quasiphonon-polaritons model. Additionally, a series
of reststrahlen band under different experimental configurations is pre-
dicted to cast a new light on the future studies about optically anisotropic
wurtzite crystals.
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