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Nonlinear optical response of GaN layers on sapphire: The impact
of fundamental beam interference
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GaN layers grown by metalorganic chemical-vapor deposition were characterized by optical
second- and third-harmonic generation techniques. The angular dependence of the second-harmonic
intensity in transmission showedcatextured growth of the GaN layers on the sapphire substrates.
The measured ratiod;3/d,s and d;3/d;; are equal to—2.02 and—2.03, respectively, which is
indicative of a wurzite structure of the GaN layers. The measdggds 33 times that of thel;; of

quartz. Fine oscillations were observed in the measured second- and third-harmonic angular
dependencies that are explained by taking into account the interference of the fundamental beam in
the GaN/sapphire structure. @000 American Institute of PhysidsS0003-695000)03907-3

Gallium nitride (GaN) is a wide-band-gap semiconduc- the incident pump beamand back(the sapphire substrate
tor (E,=3.4 eV at 300 K with potential applications in high- facing the incident pump beantases. As a fundamental
temperature/high-power electronics and optoelectrdnBss.  beam, the 1064 nm output of @-switched Nd—YAG laser
ing alloyed with InN and AIN, GaN can be tailored for (Spectra Physics GCR-1y@ith a 10 Hz repetition rate and
manufacturing optoelectronic devices covering both visible7 ns pulse width was used. To minimize the influence of the
and UV regions of the spectrum. A subject of particular in-laser output fluctuations, the measured St (=532 nm)
terest, in this regard, is the nonlinear-optical response o&nd TH (\3,=355nm) intensities were normalized by the
GaN which was found to be more than 50 times higher tharsimultaneously monitored laser intensity in the reference
that of quartZ® Several second-harmonic generati@HG) channel. The sample was mounted on a step-motorized rota-
and third-harmonic generatigiHG) studies of GaN epilay- tion stage. The direction of the fundamental beam polariza-
ers have been reported recerftly. However, no attention tion was changed by rotating the half-wave plate placed in
was paid to the differences between front and back cases féiont of the sample. The fundamental wavelength was fil-
excitation nor to the angular step resolution on the nonlineafered out from SH and TH signals by using appropriate color
optical response. In this letter, we report on the study ofilters and a grating monochromator.
nonlinear optical effects in GaN/sapphire samples as a func-  1he wurzite structure of GaN belongs to the 6mm point
tion of excitation geometry and angular step resolution. Bottf"OUp symmetry. In this case, there are three nonzero
the second-harmonitSH) and third-harmonidTH) signals ~ Nonlinear-optical coefficientdl;s, ds;, anddss, which are
measured in dependence on the incident angle of the fungsesponsible for the second-order nonlinear optical properties.
mental beam were found to be modulated due to the inter] "€ induced nonlinear polarization in the GaN film has the
ference of the fundamental beam in the sample. following components:

The GaN layers used in our experiments were grown by
low-pressure  metalorganic chemical-vapor deposition P,(2w)=2d;5E,(w) Ey(w),

(MOCVD) on (000) c-plane sapphire using trimethylgal-
lium (TMGa) and ammonia (NkE) as source materials. A
modified EMCORE GS-3200 system was used for this pur-
pose. A buffer layer of about 25-nm-thick GaN was first
grown at 510°C. The GaN layers grown on top at tempera-  Pz(20)=d3; (Ex(w)*+Ey(0)?) +dgsE,(w)?.

tures ranging from 850 to 1050 °C had thicknesses of about 1

pm. According to Egs(1), SHG is forbidden from a&-textured

Polarized SHG and THG measurements were carried oyflm (having the optical axis perpendicular to the surface

in transmission mode for both frorithe GaN layer facing when the pump beam is incident normal to the film. One can

notice that for an ideal wurzite structure the nonzero ele-
“Author to whom correspondence should be addressed; electronic mai€Nts of the second-order susceptibility tensor are related to
rhildebr@llg.gwdg.de each other agl;s~dg; anddss/dg~—28°

Py(20)=2d15E,(w) Ey(w), ()
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FIG. 2. Measuredb-polarized second-harmonic intensity in transmission

(back caspas a function of the incident angle of tpepolarized fundamen-

tal beam. The angular resolution is 0.01° per step. The solid line is experi-

mental, the dotted line is a fit.

FIG. 1. Measuredb-polarized second-harmonic intensity in transmission
(back casgas a function of the incident angle of tipe and s-polarized
fundamental beams. The angular resolution is 0.1° per step.

Neglecting absorption and birefringence of GaN
(An, ,,=0.02) 2 the transmitted SH intensity,,, as a func-
tion of the incident angl& of the fundamental beam can be
written as followst%!!

The obtained results show that the fine oscillations can
be resolved only with an angular step of 0.1° or smaller. On
the other hand, only the observation of the fine oscillations
made it possible to reveal the phase shiftrobetween the
2 me Zsinz‘lf measured angular dependencies for the front and the back

(dgi ) T2 2 cases. Assuming that the sample possesses two strictly par-

allel faces(i.e., the sample acts as an interferometand

wherel, ? is the p-polarized SH intensity induced by the taking into account only the interference of the first two
m-polarized fundamental beafe.g.,s or p polarized; Cis  transmitted fundamental beams, the pump intersjtyan be
a parameter determined by the appropriate Fresnel transmigritten asl ;(w) + 1 ,( ) + 2111 ()1 () coss, wherel ;(w)
sion coefficients and the beam aréais the layer thickness; s the intensity of the incoming fundamental bedmijs the
¥ =(2wL/\)(n, cOSH,—Ny, COSH,,), Wheren,, andn,, are  intensity of the second transmitted fundamental beam after
the refractive indices at the fundamental and SH frequenciegyo reflections inside the sample, adds the phase shiff?
in the layer,6, and 6,,, are the refractive angles of funda- after substituting it into Eq(2), we curve fit the data in Fig.
mental and SH waves determined by &in,siné, and 2 The refractive indices as well as the ratig{w)/1,(w)
sinf=ny,sind,,, respectively; dgi are the effective \ere fitted parameters. A good fidotted line was obtained
second-order nonlinear-optical coefficients for appropriateyith 1,(w)=0.0071,(») and the following refractive indi-
polarization combinations. For the transmitted SH intensityces:n =2.290 for GaN and,,= 1.755 for sapphire.
the effective second-order nonlinear-optical coefficients are  The observed phase shift between the two cases is more
clearly seen by measuring the angular dependence of the TH

2L

A

Iz”gpw)ocmi(

s—p_ :
et "= d31Sin Oz, ® intensity, because in this case THG is allowed at normal
d%""P=dyssing, (4)  incidence. Figure 3 shows the intensity of the transmitted
p-polarized TH intensity X 53,= 355 nm) as a function of the
di;P=d;5c086,,280,,+ ds; cOS 6, Sinb,,, incident angle of thg-polarized fundamental beam for both
) ) back(solid squaresand front(open circleg cases. Good fits
+dg3Sir? 0,,sin6;,, . () (solid line9 were obtained using the same model of the in-

The coefficients ofl;5, d3;, andds; can be determined by
measuring the SH intensity as a function of the incident
angle of the fundamental beam for the above-mentioned po- 0.6
larization combinations and comparing it to the SH intensity
of a reference quartz plate.

Figure 1 shows the intensity of the transmitted
p-polarized SH signal from a fm-thick GaN layer on a
326.9 um sapphire substrate as a function of the incident
angle of thep- and s-polarized fundamental beam for the
back case. The measurements were carried out with an an-
gular resolution of 0.1° per step. In Fig. 1, fine oscillations 00
on the curves are seen. Similar oscillations were also ob- 12 9 6 -3 0 3 6 9 12
served in SH angular dependencies measured for the front Incident angle [deg.]

case. The angular dependence of phpolarized SH inten- o 3 $-polarized third-h o o o
; : IG. 3. Measureg-polarized third-harmonic intensity in transmission as a
sity measured for the back case with an angular step O?nction of the incident angle of the-polarized fundamental beam for back

0.01°, as depi_cted in Fig. 2_, shows the modulated pattern qggjig squaresand front(open circles cases, respectively. The angular reso-
the SH signal in more detalil. lution is 0.1° per step. Solid lines show fits.
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combination. We found thatl;3/d 5= —2.02 anddss/d3;
=—2.03, and consequenthds;;=—11.07 pm/V. The ob-
tained values are in good agreement with the ones reported
in Refs. 4 and 5.

Figure 4 shows th@-SH polarization dependencies for
the back and front cases at different incident angles of the
pump beam. A function of the typeaos 2¢+bsir? 2¢)?
gives a good fit to the curves of the front cdég. 4) indi-
cating that GaN is isotropic in the plane of the film. Thés
the rotation angle of th&/2 plate for fundamental radiation
(¢=0° and ¢=45° correspond to tha- and p-polarized
fundamental beams, respectivelyhe parameters and b
are determined by appropriate coefficiedt@and the trans-
mission factors of the fundamental and SH radiations. In the
back case, the SH signal exhibits additional peaks. This dif-
ference is the subject of further studies.

In conclusion, the obtained results confirmed the wurzite
structure of the MOCVD GaN layers, with the opticabxis
oriented perpendicular to the sapphire substrates. The mea-
suredds; is 33 times that ofd,; of quartz. Using a high
angular resolution, we were able to observe fine oscillations
in the nonlinear-optical response of GaN. The analysis of the
experimental results shows that these oscillations are caused
by the interference of the fundamental beam in the sample.

The observed effect of the nonlinear-optical modulation
can find potential applications in optoelectronics and might

FIG. 4. Measureg-polarized second-harmonic intensity in transmission asbe helpful as a method for the characterization of substrate/

a function of the rotation angle of the half-wave plate for fré@tand back
(b) cases at different incident angles of the fundamental bgdh, 30°,

40°, and 605.

thin-film structures.
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