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Optical third-harmonic studies of the dispersion in 7(3) for gallium nitride thin films on sapphire
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(3)

Third-harmonic (TH) transmission spectroscopy was used to study the dispersion in the Y%, element
of the third-order susceptibility in wurtzite-phase gallium nitride (GaN) films on sapphire. Analysis of

(3)

the nonlinear response showed an enhancement in Y}, when the photon energy of the TH field was
tuned to the absorption edge, E, =3.398 eV, with a peak value of 2.7X 107" e.s.u. Comparison with

(3)

previous band-structure calculations of X%, in wide-band-gap zinc-blende semiconductors shows that
the dispersion in GaN is qualitatively similar to the third-order response in ZnSe near the absorption

edge.

I. INTRODUCTION

Integrated-optical devices using nonlinear materials
offer the potential for advancements in technologically
important applications such as optical mixing and modu-
lation, signal processing and computing, and optoelect-
ronics. Success in these fields, however, is dependent on
the development of novel materials that possess relatively
large second- and third-order nonlinear susceptibilities
[¥'* and ¥'®, respectively] and can be convenienily de-
posited as homogeneous thin films for optical waveguide
structures. Although experimental research regarding
the nonlinear optical response in thin films has primarily
focused on w-conjugated organic compounds and fer-
roelectric inorganic crystals such as LiNbO,,"? recent
band-structure calculations of wide-band-gap zinc-blende
II-VI and III-V semiconductors have predicted ¥'*' and
¥'> magnitudes that are comparable to these more con-
ventional systems.’~’ To date, however, there has been
little experimental support of the third-order nonlinear
theoretical results.®’

A tetrahedrally coordinated III-V compound that has
received considerable attention over the past decade is
gallium nitride (GaN), a wide-band-gap semiconductor
that can be epitaxially deposited as a homogeneous thin
film in either a hexagonal wurtzite or cubic zinc-blende
crystal phase.!® Activity regarding the material charac-
terization of this metal nitride is due to the direct band
gap (E,~3.4 eV for the wurtzite phase) in undoped
GaN, which can be tailored for the production of tunable
electro-optic devices in the UV and visible wavelength
range of the spectrum, particularly when alloyed with ei-
ther AIN or InN. Although a handful of band-structure
calculations regarding the linear optical response of the
wurtzite phase have been performed,'"!? analogous
theoretical studies of the second- and third-order non-
linearities in GaN have not been reported. In fact, exper-
imental investigations of ¥'>’ in GaN have relied on
bonding-molecular-orbital calculations for interpreta-
tion,'>1* models which do not include dispersion effects.

In this paper, the experimental results obtained by op-
tical third-harmonic (TH) generation spectroscopy for
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the dispersion and magnitude of the x>

oxx €lement in the
third-order susceptibility in wurtzite-phase GaN are
presented. A resonant enhancement was observed in
X3, near the direct fundamental energy gap of GaN (E,
critical point), with a peak magnitude that exceeded
107" esu in this photon energy range. Comparison
with previous band-structure calculations of X\, in
wide-band-gap cubic  zinc-blende semiconductors
[Ghahramani, Moss, and Sipe* (GMS) and Ching and
Huang’ (CH)] show a strong correlation between the
dispersion in GaN and the predicted third-order response
in ZnSe for TH photon energies near the absorption edge.
This result was attributed to the similarities in the elec-
tronic structure of these respective materials at the E|

critical point of the band structure.
II. EXPERIMENT

The details concerning the deposition of high-quality,
crystalline GaN epitaxial films on sapphire have been dis-
cussed in detail elsewhere.!* The GaN films were grown
in a vertical spinning-disc metal-organic chemical-vapor
deposition (MOCVD) reactor using trimethyl gallium and
ammonia gases as the source materials. The intrinsically
undoped epitaxial films were oriented with the ¢ axis (op-
tical axis) of the GaN crystal parallel to the (0001) axis of
the substrate and normal to the sample surface. In addi-
tion, a 30° azimuthal rotation of the GaN layer with
respect to the underlying sapphire substrate oriented the
(1010) of the film parallel to the (1120) of the substrate.

TH investigations were performed by measuring the
TH signal from a GaN/sapphire in air sample as a func-
tion of the incident () photon energy. Due to the am-
bient nature of the experiment, the transmitted TH inten-
sity nonlinear was measured rather than the reflected sig-
nal, so as to minimize the effects of surface contamination
and oxidation. Stimulated Stokes Raman scattering of
tunable dye laser radiation (1.52-1.87 eV) in a high-
pressure volume of H, gas (10 atm, 2-m beam path) pro-
duced the high peak power, fundamental light source in
the 1.00—1.35-eV photon energy range. The laser radia-
tion was linearly polarized and normally incident at the
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air/GaN interface of the sample, with a power density of
~1 MW/cm?. The TH nature of the detected signal was
verified by demonstrating its cubic dependence to the in-
cident IR intensity. The sample signal was normalized to
the corresponding TH intensity from a separate sapphire
substrate which has minimal dispersion in this photon en-
ergy range. We note that the incident laser source was
spectrally filtered of any TH signal that was generated in
the incident optics or air. Also, the third-order non-
linearity of sapphire [x\3), =1.15X107!* esu (Ref. 16)]
did not produce a detectable TH signal relative to the
GaN thin film.

III. THEORY
TH as a technique for the characterization of ¥'*) has
been previously described elsewhere.>!” Similar to

second-harmonic generation, the coupling efficiency be-
tween the incident laser source and ¥'> is dependent on
the symmetry of the material and the propagation direc-
tion and polarization of fundamental light source (@). In
hexagonal GaN, which has a 6-mm point-group symme-
try, there are four independent elements to this fourth
rank tensor:!® 3 3 . ¥, and ¥3).. Under the
conditions of normal incidence, coupling between the in-
cident fundamental beam and the third-order nonlineari-
ty can only occur through the Y3\ element, since the
direction of the optical axis in the GaN thin film (z axis
of the crystal) is parallel to the surface normal of the sam-
ple. The direction of the film optical axis coupled with
the high refractive index of GaN at w (n ~2.4) prevented
efficient coupling to the z-dependent elements in ¥**.

The third-harmonic polarization induced in the GaN

sample under normal incidence is
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(3) =3 (_12.. 3
Py (30,2) =X 50 ( 3w,w,w,w)Ey(co,z) ,

(1)

where the fundamental field in the film, E,(w,z2), is direct-
ed along the y axis of the crystal, the xy plane of the crys-
tal is aligned with the surface plane GaN, and z is in the
direction of the surface normal. To determine the magni-
tude and dispersion of y'3)., tractable solutions to the
nonlinear electromagnetic response of a thin dielectric
film at frequency 3w to an incident source of frequency ®
were deduced from the usual boundary conditions for the
fields at the plane interfaces between the nonlinear and
linear media.>'*> Multiple reflections at the two GaN in-
terfaces were included in the electromagnetic model since
both linear and nonlinear transmission spectra suggested
their importance (see Fig. 1). For an o light source in-
cident at the air/GaN interface, the TH signal transmit-
ted through the sapphire/air interface is

1T
=Cf1f1)|X | @)

3w 817' ’
with
_Anf,Ty 3
179 ) (3)
n,—ns,

where the wavelength notation on y'3), has been omit-

ted, and c is the speed of light. The function f, is given
by

_ fiexplig )1+ Ry;)
2 14+R;,Ryexpig,) 7%’

with

(4a)

Third-Harmonic Photon Energy (eV)

FIG. 1. The third-harmonic
intensity in arbitrary units from
B a 6.08-um GaN film on sapphire
] as a function of the photon ener-
gy of the incident laser source.

The left and right insets, respec-
tively, are the normal incidence
linear transmission spectra in
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In these expressions, n 3, is the refractive index of the
GaN film at the fundamental (third-harmonic) frequency,
and ny is the refractive index of the sapphire substrate at
30." Ry, Ry, and T,, are the Fresnel coefficients
which account for reflection (3w) at the air/GaN and
GaN/sapphire interfaces and transmission across the
sapphire/air interface. E, (®,0(d)) is the fundamental
field at the front (back) surface of the film which contains
the phase factors associated with propagation in the film.
¢ is the optical phase of the third-harmonic field at the
GaN/sapphire interface. The refractive index at w and
3w was characterized by the ordinary value of the refrac-
tive index, since the optical fields and induced polariza-
tion vectors were oriented perpendicular to the optical
axis.

1V. RESULTS AND DISCUSSION

Figure 1 shows the TH transmitted intensity from a
6.08-um-thick film in the w (3w) photon energy range of
1.00-1.35 eV (3.00-4.05 eV). The left inset shows the
linear transmission (@) scan in the band-gap region
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which determined the fundamental absorption energy
(E,=3.398 eV) and verified the direct nature of the E,
optical transition. For 3w energies below E,, the TH
transmitted signal exhibited a rapid oscillatory behavior
which was attributed to the wavelength dependence of
the phase velocity mismatch between the free and bound
third-harmonic waves.”® The period associated with
maximum interference between the third-harmonic
waves, i.e., the energy separation between TH minimum
intensity, was observed to increase with decreasing pho-
ton energy due to the increase in the nonlinear optical
coherence length of the GaN film. These oscillations ter-
minated for 3w photon energies >E, due to the strong
absorption of the TH field in the film. In this photon en-
ergy range, the signal variations were due to the multi-
beam interference of the fundamental beam in the thin
film (see right inset of Fig. 1).

Examination of Egs. (2)-(4) show that the photon ener-
gy dependence and absolute magnitude of y3) . can be
determined from the detected TH signal if the values for
the film thickness, d and n,,, are known parameters.
Linear reflectance and transmission measurements were
used to determine the film thickness and the refractive in-
dices in the transparent region of the material (37w <3.2
eV). For 3w photon energies near and above the funda-
mental absorption edge (3#iw > 3.2 eV), values for the real
and imaginary parts of n;, were taken from the litera-
ture.’! The square root of the TH signal in Fig. 1 was
normalized to the product of the scale factor f; and
(c/8m)'/?, generating the experimentally derived spec-
trum of x\2,,. Figure 2 shows the results of this normali-
zation procedure and the f| spectrum which is enhanced
for 3w photon energies below the absorption edge in GaN
(inset of Fig. 1). The x'3) . spectrum exhibited a resonant
enhancement for 3w photon energies near the absorption
edge, peaking at 2.7X107!! esu with a monotonic de-
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crease in value with increasing energies. Under the
room-temperature conditions of this investigation, there
was no observation of valence-band splitting near the
band edge or additional resonances in the spectrum, e.g.,
the E, critical point transition or band-edge excitonic
effects.

Recently, band-structure calculations of x3,, by GMS
and CH have determined the dispersion and magnitude
of the third-order susceptibility for a collection of cubic
zinc-blende III-V and II-VI semiconductors. In these in-
vestigations, which were based on either empirical tight-
binding and semi-ab initio (GMS) or self-consistent ap-
proaches (CH), low-energy critical points in the joint den-
sity of states (E, and E,) were more noticeable in the
third-order nonlinear response as compared to the linear
or second-order susceptibilities. Additionally, the third-
order susceptibility for a general crystal structure, e.g.,
wurtzite or zinc blende, was shown to have a E Z, photon
energy dependence with contributions from « (fundamen-
tal), 2w, and 3w (TH) resonances at the E, and E critical
points. Specifically, the dispersion of x'3 . in wide-
band-gap materials such as ZnS and ZnSe was shown to
be dominated by direct three-state resonances with the
direct fundamental absorption edge (E,) and the E criti-
cal points, with smaller contributions from 3w virtual-
hole or -electron transitions or higher-energy 2@ reso-
nances. As is evident from the data in Fig. 2, the single
resonance at the fundamental absorption edge and subse-
quent decrease in '3, for increasing 3 photon energies
is qualitatively similar to the predicted behavior in these
earlier calculations. The dispersion in GaN, where the
energy separation between the E, and E, critical points
is ~4 eV,'"12 is clearly dominated by the 3w resonance at
the absorption edge with little contribution from either
the 20 resonance with this transition (w=1.7 eV) or 3w
resonances with higher interband transitions (E,~7.2
eV).

Despite the inability to compare the experimental re-
sults of Fig. 2 with a wurtzite band-structure calculation
of x\3). directly, the similarities in the electronic proper-
ties of hexagonal and zinc-blende phase GaN (Refs. 11
and 12) should allow a reasonable comparison to the non-
linear zinc-blende calculations of GMS and CH. In the
wurtzite phase, the hexagonal crystal field induces a split-
ting in the valence bands at the Brillouin-zone center (I")
which lifts the degeneracy associated with the E critical
point and creates an optical anisotropy that is not present
in the cubic structure. However, low-temperature optical
investigations and band-structure calculations of GaN
have shown that the valence-band splitting at the absorp-
tion edge point does not exceed 0.02 eV (Ref. 22) due to
the relatively small lattice constant of the material
(agan=3.189 A). This degree of splitting is not observ-
able in room-temperature investigations, and assures that
the critical points in the joint density of states of hexago-
nal and cubic GaN are very similar.!? In fact, absorption
measurements near the E critical point have shown that
the band-edge excitation is direct in both systems, with a
band-gap energy difference of ~0.2 eV. In Fig. 3, the ex-
perimental x3) . spectrum of GaN is plotted with the
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FIG. 3. Comparison of the experimental value of y'3, in

GaN with the theoretical prediction of this nonlinearity in
zinc-blende ZnSe. The calculated spectra from Refs. 4 (solid
line) and 7 (dashed line) are scaled by a factor of 2 with respect
to the GaN data. The y.), values are plotted against the nor-
malized (E,) difference between the 3w photon and band-edge
energies (energy values in parentheses).

corresponding nonlinearity in ZnSe as calculated by
GMS (solid line) and CH (dashed line). In this plot, the
X3, spectra have been plotted as a function of the ener-
gy difference between the 3w photon and E,, normalized
to E, of the respective material. The ZnSe data were ob-
tained by digitizing the theoretical results from CH and
GMS. ZnSe was chosen for the comparison since, like
GaN, it has direct valence-to-conduction-band transi-
tions at the fundamental absorption edge [(E, =2.84 eV)
(Ref. 4)]. Also, the density of states in ZnSe and GaN
have upper valence-band states that are dominated by the
p orbitals of the anion (Se or N), and a lower conduction-
band region dominated by the s orbitals of the cation (Zn
or Ga). As such, the critical points in the joint density of
states are very similar in these two materials,?3 provided
the effect of spin-orbit coupling at the band edge is
neglected in the II-VI semiconductor, as was done in the
earlier nonlinear calculations of GMS and CH. Although
this contradicts previous absorption measurements from
ZnSe, the calculated dispersion should, in fact, resemble
the nonlinear response in GaN since spin-orbit coupling
in the latter crystal structure induces negligible valence-
band splitting at the absorption edge. We note that the
two theoretical apProaches determined very similar peak
magnitudes to Y., in ZnSe with slightly different
dispersion at photon energies below the ZnSe band edge.
From the comparison in Fig. 3, the x3), spectra for
both materials are resonantly enhanced at the absorption
edge, with little contribution from higher interband tran-
sitions at this energy. The dispersion in GaN is in good
agreement with the results of GMS for photon energies
prior to and including the absorption edge; a reasonable
correlation to CH is shown in the vicinity of E, with
slightly less agreement below the band edge. The E crit-
ical point resonance tends to influence the dispersion in
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the E, region more strongly in ZnSe, since this optical
resonance is much closer to the absorption edge in ZnSe
(E,;~4.8 eV) than in the GaN (E; ~7 eV). As such, the
x> . spectrum in GaN does not decrease as rapidly
above the absorption edge, due to the weak overlap of
these two resonances.

The magnitude of x\3, in GaN is approximately twice
as large as the predicted values in ZnSe despite the lower
band-gap energy of the latter. The higher ionicity in the
I1I-VI wide-band-gap semiconductors, where electrons are
more tightly bound and hence less polarizable than in the
III-V systems, may be responsible for the weaker non-
linearity in ZnSe. This behavior is analogous to the ioni-
city dependence in ¥'%), where highly ionic, wide-band-
gap semiconductors have much weaker second-order
nonlinearities than materials with highly covalent
bonds.?* It is noted that the '3\, calculations of II-VI
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and III-V semiconductors in CH and GMS also predict

larger x'3) . values in the latter.

V. CONCLUSIONS

In summary, we have performed a nonlinear TH
transmission measurement to determine the dispersion
and magnitude of the 3, nonlinear coefficient in epi-
taxial wurtzite GaN on sapphire. The response was ob-
served to be enhanced at the fundamental absorption
edge, with a peak magnitude of 2.7X 10! esu, with a
monotonic decrease for increasing photon energies. The
dispersion was found to be consistent with previous
band-structure calculations of y'3) . in wide-band-gap
zinc-blende semiconductors. In particular, the dispersion
of ¥'3)., in GaN was very found to be similar to the pre-

dicted response in ZnSe.

*Author to whom correspondence should be addressed.
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