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We report here the experimental results on a field effect refractive index change into gallium nitride

(GaN) structures. This effect is characterized through the common prism-coupling technique with

the application of a vertical direct-current electric field. Surface plasmon propagation was used

to increase the sensitivity of the electro-optic measurements. We have obtained a large refractive

index variation for GaN epilayer, around 1:4� 10�2 at 1:55lm wavelength. In order to understand

the origin of the index modulation, we have conducted a scanning transmission electron microscopy

analysis and discussed the influence of threading dislocations density acting as traps and thermo-

optic effect. According to recent works, we observed experimentally the optical response of a non-

linear electro-optic effect on GaN on Si(111) substrate and estimated a Kerr coefficient of about

2:14� 10�16m2 V�2. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4776671]

Gallium-nitride (GaN) is a hexagonal-structured III-V

wide band gap material that has become a hot topic. Growth

techniques are now able to produce good quality thin films

through different techniques as metal organic vapor phase

epitaxy or magnetron sputtering,1 that contributes to reduc-

ing the defects (grain boundaries, nitrogen vacancies, or

unintentionally impurities) which degrade the electronic

properties. This is why people have been very interested in

GaN optical properties characterization for years. However,

conclusions show that linear optical parameters such as the

refractive index and propagation losses are as sensitive to

these imperfections as electronic ones.2 In addition, GaN

crystals behave as non-centrosymmetric structures, which

indicate they are capable of generating a second-order non-

linear optical response. Authors already presented some

works on this non-linear characterization in GaN thin films3,4

without a real proof of the advantage of all-optic GaN based

optoelectronic devices.

We report here the study of electro-optic effect in GaN

thin films grown on doped silicon by prism-coupling tech-

nique. Scanning transmission electron microscopy (STEM),

scanning electron microscopy, and X-ray diffraction (XRD)

were conducted for microstructural analysis of the thin film.

Prism-coupling was used to measure the optical properties

and electro-optic effect. By analyzing the refractive index

variation of GaN thin films when applying an orthogonal

electric field, we extracted the electro-optic properties of

GaN in both light polarization. A comparison with a thermal

effect is done to exclude a thermo-optic behavior.

Undoped GaN (u-GaN) was grown on an n-type silicon

(111) substrate by metal organic chemical vapor deposition

(Sysnex Marvel 260 NT). Prior to growth, the Si(111)

substrates were cleaned in a mixture of H2SO4 and deionized

water (10:1) at room temperature for 15 min, and rinsed in

deionized water. The Si (111) substrates were mounted onto

a six-pocket susceptor in the reaction chamber. As a first

step, the Si (111) substrates were thermally etched to remove

the natural oxide layer at 1120 �C in H2 for 6 min. Trimethyl-

gallium, trimethylaluminum, and ammonia (NH3) were used

as alkyl sources for Ga, Al, and N, respectively. An AlN

buffer layer (around 40 nm) was grown at 1120 �C during

60 min. Then, an AlxGa1�xN interlayer was used to reduce

the strain due to lattice mismatch between AlN and GaN.

AlyGa1�yN=GaN ðx > yÞ superlattice was employed to com-

pensate the severe tensile strain during the cooling down due

to the thermal expansion coefficient difference and due to

the lattice constant mismatch between silicon and GaN. This

stack was already studied5,6 and consists in 24 periods of

AlyGa1�yN=GaN superlattice with a total thickness of around

80 nm.7 Finally, 1 lm of u-GaN was grown at 1040 �C. A

schematic of the sample structure is described in Figure 1.

Figure 2 is a bright field (BF) STEM showing the dislo-

cation density within the growth. Figure 2(a) shows that the

FIG. 1. Schematic representing the sample structure (Al compound: x > y).
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threading dislocation density is not as high as expected

because of the use of very few buffer layers. We estimated

the threading dislocations density on the GaN top surface

using the value of FWHM of XRD rocking curve8,9 from

5 to 8� 109cm�2. Figure 2(b) is an atomic resolution high

angle annular dark field (HAADF) contrast image of the

AlN/GaN superlattice oriented along the [1�100] axis. The

lattice adaptation from AlGaN to GaN is optimized through

the AlN/GaN superlattice with well defined short periods.

Although the strain compensation layers of the AlGaN/GaN

superlattice and the AlGaN interlayer effectively reduced the

severe tensile strain applied on the GaN epilayer, the thread-

ing dislocation density was slightly increased due to the lat-

tice mismatch at the interfaces of the strain compensation

layers.

In order to apply an electric field within the GaN film, a

transparent 50 nm-Au top electrode was deposited as

Schottky contact by e-beam evaporation after an Ar etching.

A Ti(2.5 nm)/Au(100 nm) ohmic contact was deposited by

sputtering directly on the doped silicon substrate to form a

back electrode. Platinum wires were then pasted to these

electrodes using a thermo-conductive resist. The top contact

was connected to the common plug and back electrode to the

plus of a stabilized voltage generator.

Refractive index measurements were performed using a

typical commercial prism-coupler, model M2010 from Met-

ricon. This technique already demonstrated its great accuracy

in the linear optical characterization, for refractive indices,

elasto-optic coefficients, or propagation losses.10 We used a

GaAs prism to couple light into the GaN layer at a nearly

standard telecommunication wavelength of 1.539 lm. This

prism was chosen because of its refractive index that has to

be higher than the one of the GaN film. In a previous work,

we proved that the threading dislocation density has a direct

influence on the refractive index on GaN thin film grown on

sapphire substrate through a short-period superlattice buffer

layer.11 Similar work was conducted on AlN thin films on

silicon.12

Figure 3 presents the refractive index variation when a

static voltage bias is applied through the GaN thin film. To

increase the measure sensitivity, we choose to observe the

surface plasmon wave propagating at the Au-GaN interface

with a penetration depth of about 500 nm.13 Because of the

structure geometry, we consider a vertical DC electric field

perpendicular to the interfaces. After a transitory regime

(from 0 to �20 V), due to the higher resistivity of the buffer

layers, most of the electric field is applied into the top layer

because of the electrical conduction of n-doped GaN. In the

range of [�80 V; �20 V], the surface plasmon wave effec-

tive index is shifting from 2.362 up to 2.348, resulting in a

negative variation of about 1:4� 10�2. Even if the wave-

guide mode is not as observable as the plasmon ones due to

the absorption of silicon, it has a similar variation. The

authors already observed such a waveguide refractive index

variation on GaN deposited on sapphire14 but with a lesser

order of magnitude. Figure 4(a) shows the index variation as

a function of the squared electric field. Because the variation

is not proportional to the applied voltage, we cannot consider

a linear electro-optic Pockels effect.15 We also defined a

Kerr-like coefficient from the definition Dn ¼ KE2, where E
is the applied electric field and obtained a value for K of

about 2:14� 10�16cm2 V�2, which is in the average of

known Kerr coefficients.16

To exclude a thermal effect, we compared the electric

field-induced index variation with the one involved in the heat-

ing of the material. A flexible hotplate was fixed on the sub-

strate and a Pt100 thermocouple was applied on the top gold

surface. Temperature control was performed with a MINCO

setup able to measure index variation in the 298–400 K range.

FIG. 2. Analysis of the grown stack on silicon: (a) BF STEM image in large

view showing the threading dislocations existing within the top GaN layer

(waveguide). (b) Atomic resolution HAADF STEM image of the AlGaN

superlattices oriented along the [1�100] axis. FIG. 3. Surface plasmon effective index variation versus applied voltage.

The mode is shifting to lower values when the corresponding electric field is

increasing.

FIG. 4. (a) Surface plasmon effective index variation as a function of the

applied electric field on the 2 cm2 surface area. (b) Surface plasmon effec-

tive index variation as a function of applied heating to the top total stack

(temperature value taken on top of Au-GaN layer).

021905-2 Stolz et al. Appl. Phys. Lett. 102, 021905 (2013)



Figure 4(b) shows the temperature dependent surface plasmon

effective index variation. A linear law was used to extract the

following coefficient: dn
dT ¼ �7� 10�5K�1, which is a com-

mon value for a GaN thermo-optic coefficient.17

To estimate the heating due to the electric field applica-

tion, we calculated the thermal dissipation within the GaN

epilayer. Because of the small difference between GaN18

(1:3 W cm�1 �C�1) and Si19 (1:2� 1:5 W cm�1 �C�1) ther-

mal conductivity, an average value for the total stack was

used of rtot ¼ 1:3 W cm�1 �C�1. Associated thermal resist-

ance of the sample is given by

Rth ¼
1

rtot

etot

Selectrode
¼ 0:012 �C W�1; (1)

where etot ¼ 3� 10�2 is the thickness of the complete stack

and Selectrode ¼ 2 cm2. Considering a maximum electrical

power of 10 W (corresponding to 5 W cm�2 on 2 cm2), the

temperature increase on the electrode is about 0:12 �C. As a

correlation, no heating was observed under infra – red ther-

mal camera while applying voltage.

In summary, we exhibit a high non-linear field effect

refractive-index variation on GaN thin film grown on doped

silicon. Neither the threading dislocations density nor the

thermo-optic behavior in GaN explains the electrically induced

index variation in GaN. We conclude that this poorly known

effect is related to both inverse electrostriction effect and

elasto-optic effect. Compressive stress is electrically induced

through a second-order electrostriction process20 and reduces

the lattice parameter in the orthogonal direction to the surface.

As a consequence, refractive indices decrease proportionally

under a linear elasto-optic behavior.10,21 In these terms, we

concluded to a non-linear Kerr-like electro-optic effect, pro-

portional to the squared applied voltage, which is optically

confirmed.
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