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on sapphire substrate in the visible and infrared range

A. Soltani,"® A. Stolz," J. Charrier,® M. Mattalah,® J.-C. Gerbedoen,” H. A. Barkad,*

V. Mortet,” M. Rousseau,’ N. Bourzgui," A. BenMoussa,’ and J.-C. De Jaeger

Unstitut d’Electronique, Microélectronique et Nanotechnologie, UMR-CNRS 8520, PRES Université Lille
Nord de France, Cité Scientifique, Avenue Poincaré, CS 60069, 59652 Villeneuve d’Ascq Cedex, France
2Fonctions Optiques pour les Technologies de I'informatiON, UMR-CNRS 6082, ENSSAT 6,

rue de Kerampont, CS 80518, 22305 Lannion Cedex, France

3Laboratoire de Microélectronique, Université Djilali Liabes, 22000 Sidi Bel Abbes, Algeria

*Institut Universitaire Technologique Industriel, Université de Djibouti, Avenue Georges Clémenceau,
BP 1904 Djibouti, Djibouti

SInstitute of Physics of Academy of Sciences of Czech Republic, Fyzikalni tistav AV CR, v.v.i.,

Na Slovance 1999/2, Czech Republic

8Solar Terrestrial Center of Excellence, Royal Observatory of Belgium, Circular 3, B-1180 Brussels, Belgium

(Received 20 November 2013; accepted 14 April 2014; published online 29 April 2014)

Optical waveguiding properties of a thick wurtzite aluminum nitride highly [002]-textured
hetero-epitaxial film on (001) basal plane of sapphire substrate are studied. The physical properties
of the film are determined by X-ray diffraction, atomic force microscopy, microRaman, and
photocurrent spectroscopy. The refractive index and the thermo-optic coefficients are determined
by m-lines spectroscopy using the classical prism coupling technique. The optical losses of this
planar waveguide are also measured in the spectral range of 450—1553 nm. The lower value of
optical losses is equal to 0.7 dB/cm at 1553 nm. The optical losses due to the surface scattering are
simulated showing that the contribution is the most significant at near infrared wavelength range,
whereas the optical losses are due to volume scattering and material absorption in the visible range.
The good physical properties and the low optical losses obtained from this planar waveguide are
encouraging to achieve a wide bandgap optical guiding platform from these aluminum nitride thin

films. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873236]

. INTRODUCTION

Wurtzite-Aluminum Nitride (w-AlIN) is a wide band-gap
(6.2¢eV) semiconductor attracting considerable attention for
many applications in micro- and opto-electronics, as for
photonic waveguide,'® photo-detector in X-UV range,'*'®
or acoustic wave device.?* Its physical properties, such as
high thermal stability and high electrical behavior permit, to
consider AIN as a serious candidate for high frequency, high
power, and high temperature optoelectronic applications.

In order to consider a nitride-based all-optic system,
optical waveguide channel have to be investigated. Present
GaN-based optical waveguide on sapphire need a lattice
match layer as Al,Ga, N with low x content.” In compari-
son, AIN-based waveguiding structure can be formed by a
thin film directly grown on sapphire (Al,O3) substrate
because it has a lower refractive index than AIN. The growth
of c-oriented AIN on (001) sapphire exhibits a lattice mis-
match of about 12.4%. Despite of this, a high density of
threading dislocations in the order of 10°cm™210'"cm 2
exists in the AIN films, reducing the ability to consider AIN
as a relevant material for waveguide optoelectronic devices
where the propagation losses must be as low as possible. In
the same way, refractive index values must be accurately
controlled for good optical confinement if used in
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semiconductor laser devices for instance. Since the optical
performance is strongly influenced by the surface character-
istics, good AIN quality is crucial.

In this paper, a study of an AIN waveguide structure on
Al,O35 is presented. X-Ray Diffraction (XRD), microRaman,
and photocurrent spectroscopy are performed to exhibit an
adapted micro-structure to optical waveguide requirements.
By using the prism coupling technique, the optical proper-
ties, such as refractive index, thermo-optic properties, and
optical losses of AIN film, are measured and analyzed. The
refractive index dispersion parameters as a function of
the wavelength and the temperature are determined by curve
fitting. Finally, planar waveguide propagation losses are
evaluated as a key device parameter for telecommunication
applications.

Il. EXPERIMENTAL MEASUREMENT: XRD AND
MICRORAMAN ANALYSIS

A single layer of undoped w-AIN on c-plane Al,O3 sub-
strate (430 um thick) is obtained from DOWA Electronics
Materials Co. (Japan). The layer is grown by metal-organic
chemical vapor deposition at 1100 °C under 100 mTorr pres-
sure using high-purity ammonia and trimethylaluminum as
the nitrogen (N,) and aluminum (Al) source, respectively.
The AIN epilayer shows an electron concentration below
2x 10" cm ™. Prior to any other processes, a substrate

© 2014 AIP Publishing LLC
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cleaning procedure has been developed based on hydrochlo-
ric and nitric acid solutions followed by acetone and
isopropyl-alcohol solutions and dried under N, at room
temperature.

XRD analysis is performed at normal and grazing inci-
dences with a Siemens D5000 diffractometer using CuKul
radiation (A =0.1540598 nm) operating at 40kV and 30 mA.
The rocking curve scan is performed with a detector at
20=36.15° (Fig. 1) corresponding to the w-AIN (0002)
reflection when the sample orientation 6 varies from 5° to
30°.

The X-ray rocking curve at full width at half maximum
is 75 arcsec (0002). The film thickness is determined by pro-
filometer (Dektak2000) and is equal to 1 um.

MicroRaman spectra are measured using a Jobin Yvon
spectrometer under an excitation wavelength at 266 nm as
shown in Fig. 2. It exhibits clearly the vibrational states of
AIN: A (TO) at 618 cm™ ", the Ex(TO) at 662 cm ™', and the
A{(LO) at 891cm !, which are close to those of a
single-crystal.’

lll. RESULTS AND DISCUSSION
A. Photocurrent spectroscopy

To investigate the photocurrent properties, 2 mm-sized
circular interdigitated electrodes are patterned through opti-
cal lithography. A TiN/Au (5/150nm) Schottky contact is
deposited on the AIN surface using radio-frequency
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FIG. 1. XRD spectra of AIN film on Al,O; substrate (a) in the 6—0 mode
and (b) in the 0-20 rocking curve mode.

J. Appl. Phys. 115, 163515 (2014)

)

—_
(=]

~ *AL O, modes - A=266 nm
"é [ = AIN modes P=0 mW
*

= 10°k +
—8 3

o]
N

>

£710' FANALD,

wn E

= ¥

') [

- I

=

10 \
A1203 substrate

6(I)0 X 900
Raman shift (cm )

300

FIG. 2. MicroRaman spectra collected from w-AIN/AL,O; film. Red line is
related to Al,O3 substrate microRaman spectrum, as the black one to AIN
on Al,O3;. The squares are assigned to w-AIN modes and the stars are
assigned to Al,Oj5 substrate modes.

magnetron sputtering. After the deposition, the electrodes
are obtained by Au etching in a potassium iodide (KI) solu-
tion and by a TiN etching using a H,SO,4/H,0, solution.
Sample is then annealed at 500 °C for 40 min in N, atmos-
phere to improve the stability of the electrode and to form
the Schottky contact.

The optical measurement in the 190-400nm spectral
range are carried out using a collimated and tunable mono-
chromatic light beam emitted by a 30 W deuterium light
source combined with a monochromator and a digital lock-in
amplifier system. Absolute calibration is obtained using a
silicon photodiode calibrated at the National Institute of
Standards and Technology (NIST) and operating as a refer-
ence detector. The spectral resolution of the optical system is
typically 1 nm.

As seen in the inset of Fig. 3, the external quantum effi-
ciency (EQE) and the UV/visible rejection ratio have been
measured. Our AIN metal-semiconductor-metal (MSM)
photodetector is sensitive showing the detector band edge
around 202nm, which corresponds approximately to the
energy bandgap of the AIN material. A visible rejection
(between 200 and 400nm) of more than five orders of
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FIG. 3. Spectral photocurrent of an AIN MSM photodiode measured at
*5V bias. The inset shows the spectral responsivity (mA/W) at +25V bias
between the MSM interdigitated electrodes.



163515-3 Soltani et al.

magnitude is measured which is one to two orders of magni-
tude higher compared to AIN photodetectors that have been
already reported'>%!! probably due to a better AIN material
quality and or better contact formation. No internal photo-
conductive gain was observed on our large AIN photodetec-
tors (up to 4.3 mm diameter). There are stable under photon
irradiation with a negligible low dark current of 3—6 pA/cm?
at +15V bias.’

Spectra of the sub-band gap absorption are usually
decomposed into “band to defect” and “band to tail” type
transitions. In the first case, the photocurrent I,,, proportion-
ally varies with the capture cross section of traps by the
relationship

_ ALy,
S(hy) a Idarkqul7 (1)
with Al,, = Iy — Lgarr. The illumination time is 62ms and
the incident photon flux per cm?® is ¢y = P/(S.E) where P is
the incident power and E is the photon energy for an active
area S equal to 2.2 mm’. The resulting fitting parameters
obtained from Inkson’s model' are listed in Table I. Four
trap levels are deduced at Er =3.75eV, Ep=4.4¢eV,
Er;=4.79eV, and E;y=5.5eV up to the valence band, as
shown in Fig. 3.

It should be noticed that there are only few studies giv-
ing calculation characteristics of defects in the w-AIN band
structure as vacancies centers or extended defects. The cap-
ture cross sections of E7, E», and Er; show that those tran-
sitions are vertically allowed and non-vertically forbidden
for Ez4. The transition E 5 is responsible of the exponential
increase at the absorption edge commonly described by the
Urbach’s rule®® and follows the relation:

E—E
Ly(E) = Lo CXP< Ey G), ()

where 1,50 is a material parameter, E; is the band gap
energy, and Ey is the Urbach energy representing the width
of the exponential absorption edge. In the particular case of
III-nitride materials, the Urbach’s tail is mainly a conse-
quence of the carrier interaction with lattice and lattice
imperfections (as defects or impurities). The photocurrent
curve is fitted with the Urbach expression (2) giving Eg, L0,
and E; equals to 6 eV, 4.45 x 1074, and 0.13eV, respec-
tively. The capture cross section increases when the trap
level is very deep. The small ones values correspond to nega-
tively charged center levels.* According to Silvestri er al.,*'
the centers vacancies (N-V, Al-V) could be a possible source
of defect in our sample.'*!+19-20

J. Appl. Phys. 115, 163515 (2014)

B. M-lines spectroscopy: Index dispersion

Optical characterization is performed using a commer-
cial Metricon M2010 system. This setup is mainly based on
the prism-coupling technique.?® Light penetrates through a
TiO, prism (A, = 60°) into the sample by evanescent wave.
Effective guided modes are highlighted from reflectivity
drops out of the prism. From values of specific incident angle
o, for transverse electric (TE) or transverse magnetic (TM)
polarization, at each wavelength, the corresponding
effective-mode index Nm is computed as described in Ref.
22. The relative error of this system is 10>, Refractive index
(n) in TE/TM polarization is then available by injecting the
Nm values into a propagation law based on Maxwell’s
equations.”’

Laser sources (with highest power below 4 mW-cm ™ 2)
are used to cover the spectral range from 450 nm to 1553 nm.
Fig. 4 presents a dispersion curve with a comparison
with single crystal values, computed from a Sellmeier calcu-
lation with experimental coefficients'> using the following
equation:

Cy 2 Cy)?

2
n~=Cy+ + .
2o 2-a

3)

From our measurement, extracted fitting coefficient val-
ues are: C; =2.66, C,=1.5,C3=0.185,C4=28,C5=20 and
C,=2.64,C,=1.7,C3=0.185, C4=3, Cs=20 for TE and
TM modes, respectively.

The two curves show a similar behavior but the n values
of our AIN sample are lower than these of the crystal.'

However, it is not always easy to compare to previous
studies on Al,Ga;_ N with x (<0.7) composition such as
Hui et al.’ Nevertheless, compared to Ref. 9 polynomial
expression linking the averaged refractive index dependence
on the Al molar fraction at 1550 nm, our refractive index val-
ues are slightly higher (2.034/2.075 compared to 2.031).
This difference could be related to the growth structure®® but
mainly to the different characterization technique used, i.e.,
optical transmission compared to our Metricon system which
is working in reflection mode with polarized incident light.

Several Transmission Electron Microscopy (TEM) stud-
ies of our AIN sample have shown a columnar-structured
material with a low angle grain boundary separating individ-
ual grains. We suggest that the low angle grains which are
planar defects can be decomposed into arrays of dislocations
and may be responsible for reducing n. This columnar struc-
ture could induce volume scattering optical losses.

The birefringence, defined as the difference between the
ordinary and the extraordinary refractive indices

TABLE I. Results of the fitting parameters obtained from Fig. 3. The different levels of traps Ezy, Er», Ers, Ery and the parameters A and C are used to deter-

mine the capture cross sections (s).

Capture cross-section Er(eV) A C (V) S (cmz)
sg=A (hv — Ep)*/(hw(hw + Epy + C)?) 3.75 14%x10°° 2400 5%10°"
sg=A (hv — Ep)*/(hw(hw + Eps + C)?) 44 276 %1078 160 1.1x107"8
sg=A (hv — Ez3)?/(hv(hw + Eps + C)?) 4.79 7.88 x 107° 2700 3.49x10°'®
sc=A (hv — Epg)*/?/(hw) 55 21x 1071 7.66 x 10718
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FIG. 4. Dispersion curve of the refractive index in both polarization and
comparison with the single crystal values.'

An=npy; — nyg, is slightly decreasing with the wavelength
as the penetration depth of the Gaussian light wave is
directly related to the wavelength. In the TM polarization,
light electric field is perpendicular to the interface planes, so
that n in this polarization is more sensitive to structural
defects, such as the dislocations density, which is estimated
to be around 5 x 10” cm ™2 from TEM analysis.

C. M-lines spectroscopy: Thermo-optics

Temperature dependence of the refractive index is car-
ried out from ambient to 150°C. A flexible heating plate
coupled to a thermo-sensor pad is mounted during the optical
measurement, as shown in Fig. 5. For each wavelength, the
complete spectrum (all the effective index) is measured to
calculate n in each polarization.

Fig. 6 presents the evolution of n with the temperature
in both polarizations. Over the whole spectral range, the evo-
lution seems to be linear and an affine law can fit the curves.
In the TE polarization, the extracted thermo-optic coefficient
An/AT is quite constant with the wavelength (around 4 to
5% 1077 K_l). In the TM polarization, it decreases with the
wavelength from 7 to 1x 107> K" in the 450-1553 nm
spectral range. This evolution behavior was already observed
for other materials.®

— Heating plate

/

Thermocouple
sensor

Thermo
regulator

FIG. 5. Schematics of the heating setup added to the Metricon system. The
heating plate is pressed against the substrate and a thermo-sensor is placed
in the active layer to check the temperature within the AIN layer.
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FIG. 6. Temperature dependence of n in (a) TE polarization and (b) in TM
polarization at 450, 633, 975, and 1553 nm.

D. M-lines spectroscopy: Propagation loss

The attenuation of the propagating waves is a key pa-
rameter for the waveguide design. Surface scattering and
absorption are the main loss mechanisms in semiconductor
materials.

Tang et al.*® reported on low propagation losses for AIN
on Al,O; in the visible range and several research
groups'*?’ on other substrates in the infrared range. Fig. 7
presents the measured total propagation losses of our AIN
film between 633nm and 1553 nm wavelength. The laser
beam is coupled into the waveguide when exciting the funda-
mental TE, propagation mode. An optical fiber with a core
diameter of 1 mm is used as a probe to collect the light scat-
tered in and out from the surface of the waveguide. For UV
wavelengths, close to the band-gap value, the light is
strongly absorbed on the first centimeter of propagation so
that the losses cannot be measured with our Metricon M2010
system. The value per unit of propagation length decreases
exponentially with the wavelength with a decay rate of 3.2.
When the value in the visible range is compatible with a pho-
todetector application, the best measured value for optical
propagation is about 0.7 dB/cm at 1553 nm, taking the total

/ETIO:.\‘\\ _
S LR
e -
o ~-Q_
~ 1 =T m
% e ¥
A
2 8nm
— 0.1 6nm
8 4nm§
‘= 2nm
(o Inm
o
800 1200 1600
Wavelength (nm)

FIG. 7. Evolution of propagation losses at different wavelengths (dots) and
calculated scattering optical losses as a function of the wavelength for m =0
and for different values of rms roughness (curves) for TE polarization.
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TABLE II. Summary of refractive index and propagation losses values at
different incident wavelengths. nyz and npy, are the refractive index in the
TE and TM polarization, respectively (MND: measurement not done, PM:
performed measurement but no result).

A (pm) 0.453 0.532 0.633 0.824 0.975 1.064 1302 1.553
o (dB/cm) PM PM 1473 582 MND MND 1.89 0.7

nre 2.102 2.084 2.071 2053 2045 2.045 MND 2.034
Ny 2.157 2.135 2120 2.101 2.092 2.091 MND 2.075
An(107%) 549 512 490 484 468 460 MND 4.14

losses into account. All measured and extracted values are
summarized in Table II.

A physical model has been developed to evaluate the
contribution of the surface scattering losses; its influence is
computed on the total propagation losses (see in Eq. (4)).
Surface scattering losses (o.,,s) are related to the rms devia-
tion of the planarity at the guiding layer interfaces (oy,).
From the atomic force microscopy (AFM) analysis, the sur-
face topography of our sample shows a 2nm roughness in a
10 x 10 um? area (Figure 8) with small crystal nucleation,
which is supposed to be the main origin of scattering.

Light intensity decrease through surface scattering at the
two interfaces of the guiding layer is given by the model
developed by Tien?® through the following attenuation
relationship:

- (%) (59)
Ssurf = A 2sin0

where ¢ is the thickness of the guiding layer, 1/pq and 1/p;»
are light penetration depths at the guiding/air and the gui-
ding/cladding layer interfaces, respectively. 0 is the angle
between the light path and the normal of the interfaces in
the cladding, guiding layers, and air, 4 is the working
wavelength, and gy, and ¢, represent the roughness at the
air/guiding and at the guiding/cladding layer interfaces,
respectively. In this model, it is assumed that the roughness
0o and 01, have the same value, called o.

a1, + 5
t+1/pio+1/p12

“)

5nm
.
"
4
2 pm :
0 nm

FIG. 8. AFM 2D mapping of the AIN surface sample. The average calcu-
lated rms roughness value is 2 nm.
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Fig. 7 represents the surface scattering losses evolution
calculated as a function of the wavelength for different sur-
face roughness (o) for TE; mode in the case of a planar
waveguide. As expected, the surface scattering losses
increase strongly with the value of o. Moreover, for a fixed
value of ¢, a maximum of scattering losses is obtained for a
wavelength in the infrared range (near 1300 nm). By compar-
ing the measured loss values and the theoretical surface scat-
tering contribution, a significant contribution of surface
scattering is concluded, especially at 1553 nm wavelength.
In the other cases, for the shorter wavelengths, the absorption
coefficient of the material or volume scattering are the prin-
cipal factors of high losses and could explain the evolution
of the optical losses as a function of the wavelength.
Refractive index and material absorption coefficient increase
for shorter wavelengths according to Kramers-Kronig law.
In our case, due to the presence of a columnar structure, the
derived standard Mie model’ reveals that the volume optical
losses strongly increase toward the shorter wavelengths. This
is a confirmation that the optical propagation properties are
here close to single-crystal value of about 0.4dB-cm™' at
1553 nm telecoms wavelength, without taking the surface
scattering losses into account. This value is acceptable for
optical waveguide applications."”

IV. CONCLUSION

Our investigation demonstrates that AIN on Al,O3 sub-
strate is a versatile structure. With a strong optical absorption
in the UV range, it is one of the best candidates for UV
photo-detection applications. In the opposite, the best optical
propagation loss result of 0.7 dB/cm is obtained at 1553 nm
and is mainly due to the surface scattering. That opens the
way to develop easy-to-fabricate AIN on Al,O5 platform for
low-loss optical waveguide applications with a relative good
stability with temperature.
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