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We report the measurement of the (ry3, r33) Pockels electro-optic coefficients in a GaN thin film
grown on a Si(111) substrate. The converse piezoelectric (ds3) and electro-absorptive coefficients
are simultaneously determined. Single crystalline GaN epitaxial layers were grown with a AlGaN
buffer layer by metal organic chemical vapor deposition, and their structural and optical properties
were systematically investigated. The electro-optic, converse piezoelectric, and electro-absorptive
coefficients of the GaN layer are determined using an original method. A semi-transparent gold
electrode is deposited on the top of the GaN layer, and an alternating voltage is applied between
top and bottom electrodes. The coefficients are simultaneously and analytically determined from
the measurement of the electric-field-induced variation AR(A) in the reflectivity of the
Au/GaN/buffer/Si stack, versus incident angle and light polarization. The method also enables to
determine the GaN layer polarity. The results obtained for a Ga-face [0001] GaN layer when using
a modulation frequency of 230 Hz are for the electro-optic coefficients rj3=+1.00 = 0.02 pm/V,
r33=+1.60 = 0.05pm/V at 633nm, and for the converse piezoelectric coefficient d;; =+4.59
*£0.03pm/V. The value measured for the electro-absorptive variation at 633nm is Ak,/AE

=+40.77 £0.05pm/V. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868427]

Due to their unique physical properties such as high
band-gap (3.4¢eV), high chemical, mechanical and thermal
stability, high electron mobility and breakdown field,
gallium nitride thin films are of particular interest for
optoelectronic and high power — high frequency electronic
applications (from blue light emitting diodes to high power
switching devices)." Epitaxial GaN is usually grown on
sapphire or buffered silicon substrates.> The latter are less
expensive, can be made conductive, and offer the advantages
of a mature Si—based technology. The integration of well-
established Si electronics with GaN-based photonic devices
is therefore a particularly attractive way to develop the next-
generation of optoelectronic devices. Due to its wurtzite
crystalline structure lacking inversion symmetry along the c-
axis direction, GaN is also a highly polar, piezoelectric, and
nonlinear optical semiconductor.* These properties are of
special interest for the current optoelectronic applications,
but they also open the path to applications such as electro-
optic modulation and wavelength conversion. A few
measurements of the second order susceptibility qujg)s_m and
only two measurements of the -electro-optic Pockels
coefficients'""'> have been published for GaN grown on
sapphire® ! or GaAs'? substrates. This letter reports the first
measurement of the Pockels electro-optic coefficients ry3 and
r33 for a GaN thin film grown on silicon. These electro-optic
coefficients, together with the converse piezoelectric
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(dz3) and electro-absorptive coefficients are determined
analytically and simultaneously from the measurement of
the electric-field-induced variation in the reflectivity of the
GaN film sandwiched between the buffered Si substrate and
a top gold electrode. Structural and optical properties of the
film are presented prior to the -electric-field induced
properties.

Undoped GaN (u-GaN) was grown on an n-type silicon
(111) substrate in a conventional showerhead type metal or-
ganic chemical vapor deposition (MOCVD) reactor (Sysnex
Marvel 260 NT). To remove the natural oxide layer, the Si
(111) substrates were cleaned in a mixture of hydrogen fluo-
ride (HF) and deionized water (1:5) at room temperature dur-
ing 30 min, and rinsed in deionized water. At the beginning
of the growth procedure, the Si(111) substrates were ther-
mally etched to remove the natural SiO, and unintentionally
formed SiNj layer at 1120 °C in a H, ambient during 10 min.
During the growth, trimethylgallium (TMGa), trimethylalu-
minum (TMALI), and ammonia (NH3) were used as alkyl pre-
cursors for Ga, Al, and N, respectively. A nucleation AIN
layer (~100nm), an interlayer Al;Ga; 4N (~10nm), and a
superlattice AlyGa;_yN/GaN (x >y) (~80nm) were succes-
sively deposited in order to prevent the severe tensile stress
and consequent cracking that would result from the thermal
expansion coefficient difference between GaN and Si.
Finally, the u-GaN epilayer of ~1.2 um thickness was grown
at 1040°C. A schematic of the sample structure is given in
Fig. 1.

© 2014 AIP Publishing LLC
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FIG. 1. Schematic diagram of the sample structure of GaN epilayer on
Si(111) substrate.

Structural properties of the GaN/Si sample have been
studied by high-resolution X-ray diffraction (HRXRD,
X’Pert-PRO MRD), scanning electron microscopy (SEM,
JEOL ULTRA 55), transmission electron microscopy (TEM,
FEI Tecnai G220), and atomic force microscope (AFM,
Nano-Probe instrument). Figure 2(a) shows the XRD rocking
curve (w-scan) of a GaN epilayer. The full width at half
maximum (FWHM) of the dominant GaN diffraction peak
was measured to be as narrow as 1712 arc sec for (002)
planes, while it is 3759 arc sec for (102) planes. These values
are slightly larger than some recently reported.'® Figure 2(b)
shows the cathodoluminescence (CL) spectrum at room tem-
perature of the GaN epilayer. Contrary to the XRD w-
rocking curve that provides information on the crystalline
quality across the whole depth of the film, the CL spectrum
reflects the quality of the material near the surface only. An
acceleration voltage of 10kV was used to probe the optical
properties of the region in GaN between the surface and
650 nm beneath the surface. The near-band-edge emission of
GaN is located at 365.3 nm, which indicates a small peak
red-shift (~1nm) from that of strain-free GaN, due to a
remaining tensile strain. Impurity-related yellow lumines-
cence is also observed in the CL spectrum.

Although the AIGaN/GaN superlattice and AlGaN inter-
layer effectively reduce the tensile stress applied on the GaN
epilayer, threading dislocations exist as can be seen in the
TEM image (Fig. 3(c)). TEM analysis provides also informa-
tion on the thickness of the GaN and buffer layers, which is
useful for the electro-optic (EO) modeling. Measured thread-
ing dislocations density at the surface is about 4 x 10* cm ™2,
Most dislocations are concentrated in the AIN/AlIGaN buffer
layer and near the interface between the buffer and the GaN
epilayer, which confirms the crucial role of this buffer as an
absorption layer for dislocations.

Optical properties of the GaN film have been investi-
gated using the guided wave technique based on prism
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FIG. 3. Prism coupling measurements: (a) Reflectivity dips corresponding to
the excitation and propagation of guided modes at A=633nm in the film
GaN grown on silicon. (b) Refractive index dispersion inferred from prism
coupling measurements for GaN/Si and GaN/sapphire.

coupling,"*'* a rutile prism (TiO,) and a Metricon M2010
setup. The reflectivity dips observed at certain angles corre-
spond to the excitation and propagation of guided modes in
the film. Figure 3(a) shows the reflectivity dips observed
when the wavelength is 4 =633 nm. The sharp modes indi-
cate a good film quality of the GaN epilayer'® and optical
waveguiding is demonstrated into the GaN/Si structure.
Measurements of the reflectivity in Transverse Electric
(TE) and Transverse Magnetic (TM) modes were per-
formed for different wavelengths in the range
450-1539 nm. The values of the ordinary (n,) and extraor-
dinary (n.) indices of the GaN film versus wavelength are
deduced and shown in Fig. 3(b). We have compared the
optical properties of GaN/Sapphire and GaN/Si: the refrac-
tive indices are found quite similar. The ordinary refractive
index of GaN/Si is 2.357, and its extra-ordinary refractive
index is 2.392 at /=633 nm. The thickness of the film is
deduced to be about 1248 nm, which is consistent with the
TEM indication.

FIG. 2.(a) XRD w-rocking curve:
u-GaN on Si(111), (b) cathodolumines-
cence spectrum at room temperature,
and (c) microstructure analysis of
GaN/Si sample from TEM observation.
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In order to enable the application of an electric field
within the GaN film, a semi-transparent 40 nm Au top elec-
trode was deposited by e-beam evaporation. A
Ti(20 nm)/Au(200 nm) contact was deposited by sputtering
directly on the n-type doped silicon substrate to form a back
electrode.

The electro-optic, converse piezoelectric, and electro-
absorptive coefficients of the GaN epitaxial layer have been
determined simultaneously by using a method developed by
Cuniot-Ponsard et al.'” The method exploits interferences
obtained by reflection on the stack made of the GaN film
sandwiched between the buffered silicon substrate and a top
gold semi-transparent electrode (Fig. 4).

The reflectivity (R), and the variation in reflectivity
(AR) induced by an alternating voltage applied between top
and bottom electrodes, are measured versus incident angle
(0) successively for the TE and TM polarizations of the light.
The electric-field-induced response AR results from the
electro-optic, converse piezoelectric, and electro-absorptive
effects and may be expressed as

OR OR OR
ARrgo= [ Z5) Amp+ (Z2) Ae+ (Z2) Ax,
e (3’10)TE,0 ot (36)75,0 et <ak0> TE, 0

ey

OR OR OR
ARTM’H B (3@) TM’(;A " (ae)TM GA et (akf?) ™, GAkH,

2

where Ae, An,, Ak,, Ang, and Aky are the electric-field-
induced variations of, respectively, the GaN film thickness e,
its ordinary refractive index n, and extinction coefficient k,,
its 0 dependent refractive index ny, and extinction coefficient
kg for TM polarization. The calculation of the reflectivity R
and its derivatives is performed from Fresnel formulae by
taking into account all of the multi-reflection effects in the
stack. The values of the parameters (thickness and complex
index) of each layer in the stack are refined thanks to the
measurement of R(0). The determination of the three
unknowns An,, Ae, Ak, appearing in (1) is then achieved by
selecting three experimental data [AR;z (0,), ARy (0>),
ARz (05)] and solving the inferred system of three linear
equations. The solution is necessarily unique. The unknown

Semi-transparent
Au dot

. GaN

(A!,Ga)N buffer

Si(111)

Ssasss, el
a{S{x}{'}%ﬁ{% RS %%N%

FIG. 4. Principle of the electro-optic measurement. Reflectivity (R), and var-
iation in reflectivity (AR) induced by a modulating voltage (E), are measured
versus incident angle 6, successively for transverse electric TE and trans-
verse magnetic TM light polarizations
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Ang is then determined from the measurement of ARy, at an

angle where the derivative |2&| =0.
%] ag

The dependence of the AR7x and AR7y, responses on the
applied electric field amplitude (AE) is measured perfectly
linear in the range 0-8.3 kV/cm. The effects involved in the
field-induced response are therefore necessarily linear
effects. The electro-optic Pockels coefficients 75 and r33, as
well as the converse piezoelectric coefficient d3; of the GaN
layer can be deduced using the following expressions:

-2 An, -2 An

2
= — — X = — 7 t0~
13 w2 AE’ 733 nf)sinzﬂr AE riz cot”Uy,
Ae
dy; = —— 3
B= AR 3

where 0r is the refracting angle of the light wave in GaN.

The phase of the synchronously detected signal AR indi-
cates that Ae is positive when the applied electric field direc-
tion is the outward normal to the substrate. This is consistent
only with one of the two possible polarities for the GaN
layer:'® the GaN layer is necessarily a [0001] Ga-face mate-
rial with a polarization vector along the c-axis of the wurtzite
structure directed towards the substrate. The sign of the
electro-optic and converse piezoelectric coefficients can
therefore be determined unambiguously. The values
found for these coefficients when using a modulation fre-
quency of 230Hz are r13=-+1.00 = 0.02 pm/V, r33=+1.60
*0.05pm/V at 633 nm, and d33 =+4.59 = 0.03 pm/V. The
value measured for the electro-absorptive variation at
633 nm is Ak,/JAE == +0.77 = 0.05 pm/V.

These results can be easily checked true by reversely
calculating the electro-optic, converse piezoelectric, and
electro-absorptive contributions and their sum AR(0) in the
whole 0 range using the above values for the coefficients.
The calculated and experimental AR(f) must coincide in the
whole 0 range for the TE and TM polarizations of the light,
and not only at the three angles used for the determination of
the coefficients. Figure 5 shows the three contributions and
their sum AR(0) calculated for TE polarization from the
coefficients values determined in this work. Figure 6

|TE - calculated ~
0.5
EO
/// \\ A N
F o0l EA T ~
x O = AE—
< » //’ 4
[Te} L~
e
"
0.5 CPE -

20 30 40 50 60 70 8 90
Angle of incidence (deg)

FIG. 5. Electro-optic (EO), converse-piezoelectric (CPE), and electro-
absorptive (EA) components of the electric-field induced variation in TE
reflectivity (AR, black line) calculated from the characterization procedure
results. The amplitude of the applied modulated voltage is assumed to be
1V.
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FIG. 6. Electric-field-induced variation in the reflectivity for TE and TM
polarizations. Calculated (using the determined coefficients, continuous
lines) and experimental data (black dots) are compared. The amplitude of
the modulated voltage applied to the GaN\Si structure is 1 V.

compares the experimental and calculated |AR(0)| for both
TE and TM polarizations. The agreement is very satisfying
except at angles larger than 65°, where the size of the light
spot on the sample exceeds that of the gold electrode so that
the above model cannot account for the experimental data.
The values found here for 7,3 and 33 may be compared
with the wvalues r;3=0.57=0.11pm/V and r;;=1.91
*£0.35pm/V at 633nm reported in the literature for GaN
grown by MOCVD on sapphire and determined from Mach
Zehnder measurements at 45kHz."" Although Long et al."'
tried to damp the electric-field induced acoustic resonances
of their sample, the light phase shift induced by the converse
piezoelectric effect compensated partially the phase shift
induced by the electro-optic effect so that their ry3 value is
probably underestimated, and their r3; value consequently
overestimated. The fact that Long et al. did not take into
account the converse piezoelectric effect is the most likely
explanation for the difference observed between their and
our results. It must be pointed out that, due to the converse
piezoelectric effect, an elasto-optic part is expected in each
electro-optic coefficient: this part will collapse above the pie-
zoelectric resonance. The converse piezoelectric coefficient
(d33=44.59 = 0.03pm/V) is found intermediate between
the two values of bulk GaN (ds3z3 =+ 3.7pm/V) and bulk
AIN (d33 =+ 5.6 pm/V ).'? Interferometric measurements of
this coefficient can be found in the literature for polycrystal-
line GaN/Si (d33 =+ 2.0 = 0.1 pm/V),? epitaxial GaN/SiC
(ds3=+ 2.8+0.1pm/V)," and epitaxial GaN/AIN/Si
(d33=+ 2.65=%0.1 pmN).21 In these interferometric

Appl. Phys. Lett. 104, 101908 (2014)

measurements, the electro-optic effect is neglected, although
it compensates partially the converse piezoelectric effect.
The previously reported coefficient ds; is for this reason
probably  underestimated. @A  Piezoresponse  Force
Microscopy (PFM) measurement has also been reported for
epitaxial GaN/AIN/SiC (d33=2.0 = 1 pm/V).** It is to be
noted that this coefficient d;; of Ill-nitrides is about one
order of magnitude higher than in other III-V compounds. In
conclusion, compared to other semiconductors, GaN depos-
ited on buffered silicon appears as particularly promising for
electro-optic and piezoelectric applications.
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