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Ultrafast second-harmonic generation spectroscopy of GaN thin films on sapphire
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We have performed ultrafast second-harmonic generation spectroscopy of gaN/A formalism was
developed to calculate the nonlinear response of thin nonlinear films excited by an ultrashort laser source
(Ti:Al,03), and then used to extragf?(w=2w,) and xy\2(w=2w,) from our SHG measurements over a
two-photon energy range of 2.6—3.4 eV. The spectra are compared to fdedryP. Hughes, Y. Wang, and
J. E. Sipe, Phys. Rev. B5 13630(1997]. A weak sub-band-gap enhancement df(w=2w,) was
observed at a two-photon energy of 2.80 eV; it was not presemﬁzjmw=2wo). The enhancement, which
may result from a three-photon process involving a midgap defect state, was independent of the carrier
concentration, intentional doping, and the presence of the “yellow luminescence band” defects. In addition,
we determined sample miscuts by rotational SHG; the miscuts did not generate observable strain induced
nonlinearities. The linear optical properties of GaN from 1.38 to 3.35 eV were also determined.
[S0163-182699)03204-X

[. INTRODUCTION The remainder of this paper is organized as follows. First,
we present our experimental techniqgues and measurements
The optical, electrical, structural, and defect properties obf the index of refraction of GaN. Second, we discuss our
GaN (Refs. 2—6 are important to understand, in part, as aphotoluminescence measurements of GaN and show how our
result of GaN’s attractiveness as a material for electro-optiéamples may be distinguished by the presence or absence of
devices’ In this paper we have explored the nonlinear opti-the yellow luminescence band. Third, we discuss our experi-
cal properties of GaN and its interfaces. Several secondMental technique for measuring and normalizing our SHG
harmonic generatiofSHG) measurements of GalRefs. §pectra from G{:\N. In this section, we _also present a c_alqula—
8-12 have been reported. These works measured the nofion of the nonlinear response of a thin slab and a thin fllm_
linear susceptibility elements of GaN at a single fundamenta$t@ck to an ultrafast laser pulse. We then apply this analysis
wavelength of 1064 nniRefs. 8—10,1pand for two-photon tq our quartz and GaN measurements. Finally we present and
energies above the band gdplowever, none of these mea- discuss our SHG spectra and symmetry measurements of
surements have probed the second-order susceptibility as 2
function of wavelength below the band gap. In this spectral
region the contributions of defect states, such as those assw-EXPERIMENTAL AND THEORETICAL BACKGROUND
ciated with yellow band luminescence, may be detectable. . . . . .
We have measured the second-order nonlinear response In this section we descrl_be sample preparation, transmis-
of GaN over a two-photon spectral range from 2.6 to 3.4 e lon experiments to de_termlne the linear _optlcal properties of
in two polarization configurations, and compared these reGaN (index of refractiof, and photoluminescence EXpert-
! ' ments to probe the defect structure of GaN. We then describe
sults with theory: In order to extrac'?) and y{2) from the

xzx G Azxx T our experimental apparatus for second-harmonic generation
measurements, we developed an analysis that '”Corporat§5ectroscopy, and show how the nonlinear optical signals

the interference effects that arise in SHG spectroscopy Qfenerated using an ultrafast fundamental light source depend
thin films with ultrafast light pulses. We find the variation of on wave-vector mismatch and group velocity mismatch. This
these nonlinear susceptibilities to be independent of the congatter effect must be included to accurately determine the
centration of defect states associated with yellow band lumigpsolute value of the second-order susceptibility elements
nescence. GaN shows a modest enhancementfat a  when using ultrafast pulses for nonlinear spectroscopy.
two-photon energy of 2.80 eV. This enhancement is absent
in X)((ZZ)X and may result from point defect states with energies
that lie only in the band gap. In addition, we separated the
contribution of bulk and interface nonlinearities; no resonant The procedures used to grow our samples are described in
interface states were observed in the spectral range explorette literaturet®> Here we briefly review the procedure. A
Finally, as part of these studies, we measured the linear ofpasal plane, i.e.[0001], sapphire substrate was degreased
tical properties of the GaN/4D; samples from 370 to 900 and etched in hot PO, :H,SO,. After placing the sapphire

nm and we determined a Sellmeier equation for the index ofubstrate onto a silicon carbide coated graphite susceptor in
refraction of GaN. the reaction chamber, a 0.@bm buffer layer of AIN was

A. Samples
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TABLE I. Properties of GaN/AIO; samples. “Yellow band” refers to the observation of a yellow
photoluminescence band. The uncertainty in the thickness measuremer@0@4 nm. The film thickness
has units ofum and the mobility has units of GtV s.

No. Dopant Thickness Mobility Carrier Density Yellow band
G1984.1 none 1.020 20 4 4500 no
G927.3 none 4.885 346 8.52.0Y yes
G921.3 Si 3.765 192 2.1810'8 yes

deposited by low-pressure metalorganic chemical vapoGaN/AlLO; sample and detected using a Si photodiode. At
deposition (LPMOCVD). GaN films with various thick- each wavelength we measured the transmission through the
nesses were deposited using triethylgalliinEG) and am-  GaN/ALO; sample as a function of the angle of incidence
monia as the Ga and N sources, respectively. Some samplggm 0° to 75°. This was compared to the intensity detected
were intentionallyn doped with Si using Siklas a source with the sample removed from the optical line.
gas. After growth, the samples were electrically character- we determined a Sellmeier dispersion equation for the
ized by Van der Pauw and Hall measurements. The results gfidex of refraction of GaN from our linear transmission ex-
these measurements are displayed in Table I. The sampjgeriments. The transmission of light through our GaNh|
thicknesses ranged from 1.020 to 4.8@3n. samples was analyzed using matrix metH®dSusing the

In principle, the transmission of linear and second-known linear optical properties of AD;.%° The details of
harmonic light through our samples is affected by the AINthis analysis are presented(iRef. 19. Using this theory, we
buffer layer. In this paper we determine the dispersion ofit our transmission data for the index of refraction. Figure 1
both the second-order susceptibility and the index of refracdisplays our data and exhibits the fits to the optical transmis-
tion of GaN. All of our calculations model the sjon of a GaN/AJO; sample. From the results we derived a

GaN/AIN/Al, O layered structure as a GaN/&); structure.  two term Sellmeier dispersion relation for the index of re-
We determined the fractional error in the calculated transmitfraction of GaN, i.e.,

ted linear and second-harmonic light that results from using

the simplified two-film model in lieu of the three-film model. A2 A2

Our model parameters include the index of refraction of n2(\)=1+ ——— +—2>

AIN,* the second-order susceptibility of AN, and our D CED G ¥

measured values for the index of refraction and the second-

order susceptibility of GaN. The index of refraction calcu- The parameters for this fit are listed in Table II.

lated from the GaN/AJO; model has an effective random Note, our transmission theory also includes the effect of a

fractional error of less than 1.4% as compared with thébroadband light source. The wavelength intensity distribu-

GaN/AIN/AI,O; model. Similarly, we calculated the frac- tion of our light source](\), has a functional form well

tional error in the second-order susceptibility elements usingpproximated by

the two-slab model. This model error is less than 6%, which

is about equal to our experimental uncertainty. Therefore, we p( 8()\—)\0)2>
(M) =l,exp — —————|,

@

implemented the two slab model for calculating the second-
order susceptibilities for GaN in the experimental samples.

2

AN?

B. Linear optical properties

We performed a series of optical transmission measure-
ments from 370 to 900 nm to determine the index of refrac-
tion of our GaN samples. Accurate knowledge of this param-
eter and of the sample thickness is essential for deriving the
nonlinear susceptibility from the SHG spectra. Our disper-
sion relation for GaN is consistent with other measurements
of the index of refractiotf!” and shows a slightly larger
value near the band gapyWe measure=2.613 as compared , 1
with 2.595(Ref. 16 and 2.589(Ref. 17 at a wavelength of 0.2r ]
382 nm] - 1

The experimental setup for our optical transmission mea- 0.0l
surement employs a 450 W Xe lamp with an f/1.0 UV en-
hanced lens as the light source. A monochromator selected
the desired probe wavelength. The light was themolarized FIG. 1. Optical transmission data for GaN@k with a film
and amplitude modulated by an optical chopper. A fractionhickness of 1.020um. Transmission spectra are for=777 nm
of the light was separated and detected with a Si photodiodgo ) andx =549 nm (O). The solid(dashedl line is the best fit to
in order to normalize temporal fluctuations of the light the A=777 (549 nm data using a matrix methods with a finite
source. The remaining light was transmitted through thebandwidth light source.

0.6 —
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TABLE II. Empirical constants for GaN Sellmeier equation. ) ]
The \; parameters are expressedum. 251 ]
Sellmeier constant Value rg ]
| s i
Ay 4.081 L B
N 0.1698 i
A, 0.1361 e [a
N 0.3453 5T
5 1 oo . . .
. “ L 2.0 2.5 3.0
where \,, is the central wavelength of the monochromator  * Energy (eV)

andAA=4 nm is the wavelength bandwidth. In practice, the r
interference of light with a broadband spectral intensity dis- - x50
tribution of Eq. (2) exhibits dramatically different behavior L
in thin and thick films. Thin films are characterized by a
thicknessd<2A2/nA\, wheren for GaN ranges from 2.32 Y
to 2.68 over our measurement. The transmission of light Energy (sV)

through a thin film is very sensitive to the film’s index of
refraction and its thickness as a result of the interference oéo

multiply reflected waves in the film. Conversely, in thick

FIG. 2. Photoluminescence spectra from the unintentionally
ped 4.885.m sample. The salient features include a donor-

. 2 . . acceptor-pailDAP) recombination peak centered at 3.28 eV and a
films, whered>2A"/nAX, both constructive and destructive broad yellow luminescence band centered at 2.2 eV. The inset dis-

interference of the multiply reflected light occur; the light |-\ < the bhotoluminescence spectra of our 1. sample. The

. J ; ) e play; p p G20 samp
transmitted through the thick film is relatively insensitive t0 pap peak is present in this sample, but the yellow luminescence
the film thickness and is only mildly sensitive to the index of h5nd is absent.
refraction via Fresnel coefficients. For our system, GaN is a
thin film (dnAX/A?<0.2), while sapphire is a thick film
(dnAX/A?~10). This is the ideal combination for measur-

ing the index of refraction of GaN because the transmitted .
intensity is highly sensitive to the index of refraction of GaN We performed SHG spectroscopy and SHG rotational

but is relatively insensitive to the optical properties of sap-Téasurements of our GaN samples using the experimental
phire. setup displayed in Fig. 3. The fundamental light generating

source is a Ti:AJO; laser. This laser produces ultrashort near
C_ Photo|uminescence measurements |R |aser pu|Se$700—1000 nm at a I’ate Of 76 MHZ These
i;‘trashort pulses have a time duration of 80-150 fs and a

D. SHG experiments

To characterize the defect structure of GaN, we measur
the photoluminescence spectrum of our GaN samples at
K. A cw krypton-ion laser optically excited electrons from
the GaN valence band to the conduction band. Photolumines-
cent light from the GaN sample was collected with a lens and
focused on the entrance slit of a single pass monochromatol [

The light was detected with a PMT. The monochromator nr

LOCKIN

slits were set to 0.25 mm to give a spectral resolution of 0.5| s

nm. The sample was cooled by liquid nitrogen in a dewar. As
a result of the limited sensitivity of our detection system for

eak power of~50 kW. The fundamental light from the
i:Al ,O5 laser was polarized and amplitude modulated with

MONO
CHROMETER

AMPLIFIER

light with wavelengths shorter than 370 nm, the band-edge QUARTZ SAMPLE

features were not resolved. WEDGE L H
Figure 2 displays photoluminescence data from our unin- p—

tentionally doped 1.02@¢:m and 4.885.m GaN samples. ) '—EI H— 0o

Both samples show a strong feature centered at 3.28 eV. Thi
feature has been observed in several other low-temperatur
photoluminescence experimeAts?® and has been assigned 0 =lens
I
|

optical chopper

to donor-acceptor-paifDAP) transitions. In addition, the
4.885um sample has a broad feature centered at 2.2 eV
which is commonly called the yellow band. This band has

= spectral filter

=iris

been observed in the photoluminescence of both bulk anc  [TI:SAPPHIRE

epitaxial layers of GaN grown by a variety of methods. Re- | 700-1000 nm V' =polusicer

cent theoreticdl and experimental wofR?° suggests that [ =vean splver

this feature may be related to transitions between a shallow “

donor and a compensation center or between the conductio B = prism

band and a compensation center. Neugebauer and Van de

Walle?” have suggested the gallium vacangy, as the most FIG. 3. Experimental setup for second-harmonic generation

likely candidate for this defect state. spectroscopy of GaN.
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an optical chopper. A 90%/10% beam splitter directed the 300 ' * ‘ '
fundamental light to sample and reference arms containing i ]
identical optics. The reference line contained a platg-ofit 250 .

quartz, which was used to normalize any spectral and tem-
poral fluctuations of the fundamental source. With the quartz
positioned normal to the Ti:AD; beam, the fundamental
light coupled tox{%(w=2w,), and the second-harmonic
fields propagated through the crystal free of the effects of
optical activity or birefringencé® A long pass filter removed
any second-harmonic signal generated in the optical line
prior to the sample. Achromatic lenses focussed the JOAI i
laser light to a spot size of100 um on the GaN/AJO; =0r
sample and on the quartz plate. The resulting second- .
harmonic light was polarized and separated from the funda- >
mental light by short pass filters and a monochromator. The (@) Quartz Translation (mm)
SHG light was detected by a photomultiplier tube, measured
by a lock-in amplifier, and analyzed by a computer. A typical
signal from a GaN/AIO; sample with g-polarized 200-mW
fundamental beam was>x210° photons/s.

Because SHG is so sensitive to the characteristics of the
laser and detection systems, all of our SHG measurements
are normalized to the nonlinear response of quartz. There are
three essential features required of a properly normalized
spectral measurement: minimization of the effects of tempo-
ral fluctuations of the source, compensation for the spectral
variations of the source intensity and pulse width, and elimi-
nation or compensation of the inherent spectral response of
the detection system. The simultaneous SHG measurements
of quartz in the reference arm and GaN/®{ in the sample 0 . . .
arm address the first two issues. However, although the op- o 100 200 300 400 500
tics in both the reference and sample arms are nominally () quartz thickness (um)
identical, identical spectral response is not ensured. We
eliminated the spectral response systematics of the detectors FIG. 4. (8) Comparison of SHG data from a quartz wedge ex-
by referencing the measured nonlinearity of GaN to arfited by a Ti:ALO; laser (¢) and calculated SHG using a mono-
equivalent measurement of the nonlinearity of quartz, whictghromatic theorysolid ling). The quartz wedge is 3 mm thick and

was placed at the same position in the sample arm. has faces that are allgneq 1° from paraI_IeI. The T\l pul_se
travels through a quartz thickness that varies as the quartz is trans-

lated perpendicularly to the beam. The calculated response displays
E. Analysis of SHG from an ultrafast fundamental source oscillations(Maker fringe$ that result from variations of the inter-
. . . ference between the bound and free waves as the quartz thickness
Before analyzing the nonlinear spectra of GaN, it WaSghanges. The fundamental wavelength is 800 fion.Calculated
necessary to C_0nS|der several features of nonlinear optics thghnsmitted SHG intensity from a quartz slab excited by an ultrafast
arise When USIng an U|trafaSt |asel’ SOUI’CG, eg, |aser SOUTC$§A| 203 |aser_ The Maker fringes are damped as the Crystal be_
with pulse durations of-100 fs. Consider for example the comes thicker due to the incomplete overlap of the bound and free
phenomena of Maker fringéd in which the measured trans- wave pulseggroup velocity mismatch
mitted intensity of the SHG light emerging from a quartz
plate oscillates strongly as a function of the orientation of the

guartz plate with respect to the fundamental beam directio rpltted through our referer_wce quartz s_lab and S.h.OW that
aker fringes are absent in this material. In addition, we

The observed alternating maxima and minima result fro i .
interference between the bound and free second-harmonfBUSt @PPly this theory to our spectroscopic measurements of
GaN. GaN is highly dispersive, and group velocity disper-

fields. We do not observe Maker fringes from a similar ™ oo >
quartz plate excited by our Ti:AD, laser[see Fig. 4a)]. sion significantly affects SHG spectroscopy of our thicker
Interference is suppressed because the bound and free was&mples. Our ultrafast analysis was necessary to deggte
packetd?3® propagate through the crystal with different and x{2), from our raw spectroscopic data. Note that while
group velocities. Group velocity mismatch between thenonlinear ultrafast pulse propagation has been addressed by
bound and free waves leads to incomplete overlap betweeseveral groups, particularly with regard to SHG conversion
the bound and free wave packets, and hence modifies thefficiency>*~°8 our treatment here is important because it
interference of these waves. Similar effects occur in our GaMexplicitly considers how ultrafast pulses affect the measured
samples. nonlinearity in a spectroscopic measurement.

We developed a formalism to analyze second-harmonic For our analysis we measured our laser pulse source spec-
generation from an ultrafast fundamental light source. Wdral intensity, | (w), and found that it had an approximate
apply these techniques to the second-harmonic light transsaussian angular frequency distribution, i.e.,

200f .

150}

SHG Intensity (a.u.)

100

2000y

SHG Intensity (au.)
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—8(w—wy)? _ N(2wy)2w, (w—2w,)
l(w)=1 OGX% TO) , (3) kf(w)"” c + iy (10)
where w, is the center angular frequency addv is the with
angular frequency bandwidth, which can range from 0.021 to k() IK(w)
0.053 fs'! for our system. The electric field of a pulse vp= w. and v¢= (11
propagating in the direction and polarized along thedi- do |0 Je 20,

rection then has the form . .
The zeroth-order terms with respect ©-{ 2w,) in Eqs.(9)

A o— wy)? and (10) lead to wave-vector mismatch and the familiar
° ) . (4) Maker fringes, while the first-order terms generate a group
velocity mismatch and damp the Maker fringes.

. . . . . The nonlinear wave equation for the transmitted SHG in-
The time evolution of the pulse is obtained by Fourier trans- . ; .

. - : tensity through quartz leads to the following expression for
forming E(r,w). To facilitate these calculations, we Taylor

expand the wave vectde about its central frequency,, the temporal variation of the SHG intensity:

E(r,w)=x&e(@Y exp( >

Aw

ie., ¢l . 20,
I(t)= 8 Ci+C5+2C,Csc0 T(nf—nb)d
Nwy)w, (w—w,) (w—wy)? k() 77
k(w)~ c + 5 + 5 5 (12)
¢ I 1, with
© 2.2 2 2
. Aw*m —Aw d
with — 2. (2) -
Cy \/E(Eb— ef)g Xl @ Zwo)aexp{ ) ( Uf>
1 _ k) ® (13)
Vg Jw vg and
vg is the group velocity of the packet. The first term gives A w272

the phase velocity of the wave, the second term depends 0@,=—— —

the velocity at which the pulse propagates, and the third term V2( €p— €f)

accounts for pulse broadening. (14)
Suppose our laser pulse is incident on a quartz slab of these above equations; and e, are the free and bound

thicknessd. We determine the nonlinear fields within the wave dielectric susceptibilities, i.e.,

quartz by applying boundary conditiolisat each angular

frequency(see Appendix A for more detajlsThe free and ep=¢€(w,) and e=€(2w,), (15

bound wave second-harmonic fields propagating through the - .
quartz are expressed as n, andn; are the bound and free wave indices of refraction,

£ is the fundamental field strength, andand 8 are Fresnel-

2.(2) —Aw? d)\2
E X 0=2w,) B X 8 t——/ |
Up

_ _ 2 like coefficients that have values
- " 2(w—2w,)
Ej(r,0)=xE(k(w))e iV expf ——————1, (7)
Aw —2n¢(ny+1) N+ N;
o _ a=———=—" and = . (9
wherej is eitherb or f, denoting bound or free wave, respec- (n{+1) ne+1

tively, and E(k(w)) depends primarily on boundary condi-
tions at the various interfaces.

The SHG intensity measured in transmission through th
quartz film is simplified by expanding the wave vector coef- c (=
ficients, E(k(w)), to zeroth-order in ¢ —2w,), and by ex- = —f
panding the wave-vector phase=‘i(“YY, to first-order in 8m)
(w—2w,). In other words, we approximate any wavevector (17)
that appears as a multiplicative coefficient of the field ampli-Consider the consequences of ELj) for ultrafast SHGC,
tude by its value at the central angular frequency,2In  andC, represent the amplitudes of the free and bound wave
the case of SHG, we thus have fields, respectively. The interference of these fields occurs

through 22,C,c09(2w,/c)(ns—ny)d]. For a monochromatic
E(k())~E(k(2w,)). (8) light source Aw=0, the wave packets become plane waves,
Bound and free wave vectors in the field phase factors, howd"d the free and bound waves always interfere. With a

In the spectroscopic measurement, the detected signal is the
éime integral of Eq(12):

) ) 2w,
Ci+C5+2C,C,co T(nf—nb)d dt.

ever, are written as broadband fundamental sourakw+#0 and the bound and
free wave packets are temporally centered=at/v,, andt
N(wy)2w, (w—2w,) =d/vs, respectively. Increasing the length of the sample or
Kp(w)=~ + (9 increasing the dispersion of the material decreases the over-

c v .
b lap of these waves, and hence suppresses the Maker fringes.

and Figure 4b) displays our calculation of the SHG transmitted
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TABLE IIl. Parameters used for ultrafast Maker fringe calcula- z
tion. Note the use of “ultrafast units.# is the time duration of the
Ti:Al ,05 pulse and\ is the wavelength of the fundamental pulse.
The indices of refraction and the group velocities are calculated for X
the ordinary index of quartz.

air

Symbol Value
c 0.3 umlfs
A 0.800 um GaN
w, 2.35 fs'!
Aw 0.053 fs't
T 80 fs
Ny 1.5384 sapphire
ny 1.5577
Up 0.19 316 um/fs i tp12 p1o E g1
Vs 0.18 695 umifs ’ E,

FIG. 5. Geometry of nonlinear waves in GaN{@.E,, is the

intensity from a quartz slab as a function of quartz thicknessPound waveEy, is the free wave that is generated at the air/GaN
The parameters for this calculation are displayed in Table I11interface and propagates to the GaN@| interface Ey;, is the free
Because our quartz sample is 3 mm thick, we are never in wave that is generated at the GaN/sapphire interface and propagates

regime where Maker fringes are observed during excitatiori® the air/GaN interfacek;, is the free wave that is generated at
by our Ti:Al,O; laser and propagates away from the GaN/sapphire interfacand § are

While ultrafast pulses dramatically affect SHG from thick relative phases. Points andB represent the path traversed By,

quartz plates, their influence on SHG from our GaN films isWhlle pointsA gndc represent the path trayer;ed By, which .
fi di . We defi h in th undergoes a single reflection in the GaN thin film before transmis-

of intermediate importance. We define the errery,in the through the sapphire substrate.

calculated ultrafast SHG intensity compared to the mono-

chromatic theory as terface. Respectively, these fields are illustrated in Fig. 5 as
the fields that propagate from poiAtto point B and from
1 Y (ymono_jultra)2 point A to point C. The full derivation of the transmitted
o= N&, W (18 second-harmonic field is provided in Appendix B.
I

The key results are expressed in terms of the incident
fields, the nonlinear susceptibilities, Fresnel factors, and the

where 1M°"q1U!"3) s the calculated SHG intensity from ,
U y bound and free wave vectors given below:

GaN using the monochromatialtrafas) theory and labels

a wavelength at which™"°andI " are evaluated. For our 2mhiw
4.885um GaN sampleg=0.35 over a fundamental wave- kii= — (19
length range of 740-755 nm. The error between the mono- ¢
chromatic and ultrafast theories is especially large in this 2 e
region due to the thickness of the sample and the high dis- kb1=¢, (20)
persion of GaN at the second-harmonic wavelength of 370— ¢
378 nm. This error is much greater than the statistical and
systematic errors in our measurements. Therefore, an ul- Kfiz= —COSfyiki (22)
trafast analysis of SHG from GaN is required to accurately
extract the nonlinear susceptibilities from our spectroscopic Kb1,= —COSBh1kp1, (22
data. :

In order to extract the wavelength dependent nonlinear Krix = sin fiksi (23
susceptibilities, we compared our measurements to theoreti- and Ky, =Sin O 1Koy (24)

cal formulas derived using ultrafast analysis and boundary
value techniques. The formulas depend on the linear andherei is equal to 0, 1, or 2 and denotes the air, GaN, and
nonlinear optical properties of GaN and sapphire, as well asapphire regions, respectively. The angle of incidence in re-
the angle of incidence of the fundamental fiefd, and the  gioni is 6, and is determined frond, by Snell’'s law. Also
fundamental and second-harmonic field polarizations. Weote thatn;;=n;(2w,) andny,;=n;(w,).

computed the solution in terms of monochromatic fields and The second-harmonic field for trsein/p-out geometry is
then modified these solutions to include ultrafast effects. Fig-

ure 5 displays the geometry of our GaNJ@® sample and Esp(200) = YyyX\EyEy (25)
labels the incident and the nonlinear fields. Our model relates h
the measured second-harmonic field to the SHG field ini*'"¢™®
tially created and transmitted through the GaN film, and to _+2

the SHG field that undergoes one multiple reflection in the Yyy= o @o) Vo (26)
GaN film prior to transmission through the GaNJ@% in- and
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A47Ttp20(2w0)/<k%1kf22 )_l : [ ki) » KfoKr1z - kfo
=e +k e'*122d Col | kpy,+ —— | e Ko1zd 4 2k e kind) ——=—k Kpiz— —
mn (ep—€r) \\KriKep 2 MR Ky, " toKin ®12 " Kio
_ _ kZ,k -1 (k2K -1
+Co| —Kp1xe ™ 0129 — 2K  kpg @ K112 m—flz_kfl — 1 p10( 200) tp1 20,) €127 fz—flz+kf1)
fozKf1 Kfo K1
kf22> i i kfzzkflz kfzokflz - kf20
x1¢ (k — 2 | etkont 4 gikingd| o 2T CIOTLZ Kp1p— v
{ m[ "2 iz, T Kegkeo) Vkroker ) LT Koy
i i k&Ki12) [ KioKsa -t
+Co —kmxe—'kmzd—kmxe—'kfu“(kfl—k—kz e k| 1) (27)
f22K¢1/ | KrozKs1

The coupling of the fields in the medium determirigs,
with

Ky 1K
C]_:— blx2 blz (28)
kfl
and
k2
02—(1— bzlz). (29)
Kf1

The phases in Eq27) of the wave that propagates from
point A to pointB and the wave that propagates from paont
to pointC in Fig. 5 are

A =2dtan6;, sin b, (30
and
o= 2d , (31
coHs,
respectively.

The transmitted SHG wave is composed of a sum of
waves that propagate through the film stack with various
phase velocities. For example, we can rewrite the transmitted
second-harmonic wavegs(2w,), to explicitly display its
phase dependence as

Esp(2w,) = Dige! ki22 ~ko12d) 4 D el (ki2h ~kr1zd)
f qi(kip6—Kp,0 b ai(kipd—kp1od
+DACeI( f2 b1z )+DACeI( f2 b1z ).

(39

Ultrafast effects are incorporated into the theory by expand-
ing the wave-vector phases to first order in{2w,) as in
Egs.(9) and (10). Comparison of Eq(35) with Egs. (25)—

(29) reveals that theD coefficients consist ofy{),E,,
Fresnel coefficients, dielectric constants, and wave vectors in
air, GaN, and sapphireD%; corresponds to the wave that
propagates from poirA to pointB in Fig. 5 and has a phase
that depends on the bound wave vectors in GaN. The @her
coefficients may be derived similarly. The time required for
the D% andD,; waves to propagate to poiBtand theD5

and DLC waves to propagate to poift is effectively con-

Equations(26) and (27) include Fresnel transmission and t@ined in the phase of each waviee., a group velocity is
reflection coefficients of the fundamental and second@SSociated with each wave vegtowe calculated this time

harmonic fields. For examplésy(w,) is the Fresnel trans-
mission coefficient fos-polarized light from layer O to layer

by replacing each wave vector with the inverse of its group
velocity and Fourier transforming the resulting expression.

1. The Fresnel reflection coefficient is denoted similarly with”Aftér carrying out this procedure, we see that ultrafast effects

. . b . .
r substituted fot. Equation(25) explicitly displays the three &€ included in thd® g wave by multiplying each term by a
factors on which the nonlinear response of the media deGaussian centered at the time required to propagate the wave

pends. These factors are: the nonlinearity of the medi,;
the applied fundamental fiel&, ; and the propagation of the
nonlinear fieldsy,, . Note thatY,, is a function only of the

linear optical properties of the media and the GaN film thick-

ness.
The second-harmonic response of GaN in phie/ p-out
geometry may be written similarly as

(2)

Epp(zwo) =YX z2oExExt 2szX§<22)szEx+ Yszgzz) E;

(32

with
Yo=Y 2= toa(00) Vi (33)

and
sz:t?,m( o) Va1 (34)

from point A to pointB, i.e.

DB el (krzd ~knizd) Db _gi(kiod—kp1zd)

—Aw?
X ex 8 t

The ultrafast effects are incorporated similarly into the other
D factors.

A

Uf2

d cosﬁbl) 2

Up1

(36)

Ill. RESULTS
A. Rotational symmetry

Because second-harmonic generation is mediated by a
third rank tensor, it is inherently more sensitive to material
symmetry than linear process&sBy measuring second-
harmonic generation as a function of the angle between the
incident beam polarization and the crystal axes, we probed
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TABLE IV. Azimuthal dependence d?®(w=2w,) from GaN[0001]. E; is defined as théth compo-
nent of the electric field in the GaN film.

Polarization PO (w=2w,)

p in/p out 2XQE(06) EL 06) + XSHEX(@0) Ex(@0) + XS A 06) Ex( o)
p in/s out 0

s in/p out XE (00)Ey(o)

s in/s out 0

the symmetry of our GaN thin films. Using this technique, miscut into our theory to account for this modulation by
we were able to measure film miscuts with an accuracy omodifying the form of the rotation matrix to
~0.05°.

GaN has @, (6 mm) symmetry and the following second- cos¢ sing O cose 0 -—sina
order nonlinear susceptibility elements in the dipole approxi- R=| —sing cos¢ O 0 1 0
mation: . ’
0 0 1 sina 0 cosa
Xo2, (4D
(2) — (2) where « is the miscut angle of the film. Note, we have as-
Xxax™ Xyzy sumed that the GaN film is miscut in the plane. Becausg
2 (@2 andy are equivalent inCg, symmetry, our measurement is
X( )_X( ) [ 6v . |
XXz Ayyz sensitive only to the magnitude of the miscut but not the
2 2 direction of the miscut. The fits to th@-in/p-out and
X( ):X( ) (37) : ) >
xx Azyy s-in/p-out data yield a sample miscut of 0.78° and 0.82°,

For second-harmonic generation, the last two indices are irrespectively. SHG rotational symmetry measurements in the

terchangeable, e.gy\2.= x{2,. Note that our analysis con- P-in/s-out and s-in/s-out polarizations were complicated

siders only dipole second-order processes. Because GaNrther by the sapphire birefringerffeand were therefore
lacks inversion symmetry, higher-order multipole processeg}ot performed.
such as electric quadrupole processes, are weaker than the
dipole allowed process by at least a factor k) >~10 5, B. Spectroscopy
wherea is the atomic spacing. In addition, our analysis does . . .
. : . In this section we discuss our SHG spectra from

not consider any harmonics above second-harmonic generg—al\l/AI O in the s-in/p-out and p-in/p-out polarizations
tion. Third-harmonic and higher-harmonic light, if generated, 23 P ) b PZ) P : '
is removed from our measured intensity by our monochro—From these spectra we extrexgﬁx and x,z. respectively. In
mator.

The second-order susceptibility may be transformed from
the crystal frame, where the elements are defined, to the lal
frame, where the nonlinear signal is measured, according tc

X3P =R($)iR($); R XAV (39)

400 ' ' ‘ '

El

with N
cos¢ sing O 2 200

R=| —sing cos¢ O], (39 i

g

0 0 1 v

Note, the nonlinear polarization is related to second-order
susceptibility as

P{?(0=2w,) = x{{i"*°Ej( o) Ex(w), (40 % | | T a0

whereEj(w,) andEy(w,) are the fields inside GaN. Table ¢
IV displays the results of the calculations of the rotational FIG. 6. Transmitted SHG intensity from GaNAl, as a func-

2
symmetry ofp®) generated from Galf0001]. For both the tion of crystal orientation at an angle of incidence of 18°is the

p-in/p-out ands-in/p-out measurements, the nonlinear po- yngle hetween the miscut direction and the plane of incidence.
larization, and hence the SHG intensity, is rotationally in-¢ (0) is the data from thep-in/p-out(s-in/p-out) polarized

variant. SHG is dipole forbidden in the-in/s-out and  second-harmonic field. The solitdashed line is a fit to the
p-in/s-out polarizations. In contrast to the theoretical predic-p-in/p-out(s-in/p-out) data with the miscut angle as a free param-
tions, ourp-in/p-out ands-in/p-out rotational datdsee Fig. eter. The fitted miscut anglex is 0.78° (0.82°) for the
6) show a onefold anisotropy. We incorporated a sample-in/p-out(s-in/p-out) polarizations.
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(@ Two Photon Energy (eV) FIG. 8. Measured nonlinear susceptibility elements for GaN.
¢ (O) denotesy{2(x'2). Data represent the average values for all
T of the GaN/AbO; samples. The solid linedashedlis the calculated
{% ' value of y{2(x2) from Ref. 1.
N 0I5F 2 ¢ i
E g 02r b age value of 2.4% 10" 8 esu measured at a single fundamen-
Y I = A tal wavelength of 1064 nrif. This is lower than the other
o . ﬂ)% % z i o reported values fofy!{?)| of 9.25x10 8 esu(Ref. 8 and
5 010 ‘% % RSl 3.92<10 8 esu*? but is not inconsistent with the predicted
L] .
& i t 0.0l o %o ] value for| x{2)]=1.64x 108 esu*! The data also exhibits a
5 % e gf)tof'gmeféi (5\/? weak but distinct peak centered at a two photon energy of
g 5 1 2.80 eV. This feature is inconsistent with the expected spec-
C ooor sat ] tral dependence based on Miller's rife.
& ¢ . For measurements in the-in/p-out polarizations, SHG
» 2 e o, couples toy!?, and x{2), in addition toy{?.. Therefore, we
000l | & %, “" o2 ° measured the SHG response of GaN at several angles of
e a8 a0 s, T incidence to fit the two unknown susceptibility elemefsise

Two Photon Energy (eV)

pendent ony!2)..

FIG. 7. (@) SHG spectroscopy from the 1.020m GaN sample
in the s-in/p-out polarization. The inset shows SHG spectroscopy
for the same sample in thein/p-out polarization. Both spectra are
referenced to the nonlinear response of quartz in the same polariza-
tion configuration as the corresponding GaN spe¢baSHG spec-
troscopy from the 4.88%m GaN sample in the-in/p-out polar-
ization. The inset shows SHG spectroscopy for the same sample in
the p-in/p-out polarization. Although both samples have approxi-
mately the same nonlinear susceptibility, interference dramatically
affects the transmitted second-harmonic generation intensity.

addition, from our rotational symmetry measurements as a
function of the angle of incidence, we placed an upper bound
on any symmetry forbidden nonlinearities, e g2 or x{2,,
induced by the sample miscut.

In order to accurately calculate the effects of group veloc-
ity mismatch in our GaN films, we measurédo at each
wavelength by determining the wavelength distribution of
the laser pulse with a monochromator. Figure 7 displays our
nonlinear optical spectra from our undoped 1.02én and
4.885 um GaN samples.

Using the techniques developed in the previous sections
and our measured values for the linear optical properties of
GaN, we extractedy!?),

displayed in Fig. 8. The magnitude Qﬁ’x is approximately

Fig. 7). We observed that our spectra were very weakly de-

The insensitivity of our spectra tg!2),

b
10.0 eV Iy
9.0 eV rf
8.0 eV b
I
b
4.0eV I
3.4 eV 1"1'0
___________ E E
a
0.0 eV Iy
-.022 eV ria
a
-1.75eV I

FIG. 9. Band symmetries of GaN at tlhepoint. The subscript

2.4x 108 esu, which is consistent with Miragliotta’s aver- represents the Fermi energy.

from the data. This parameter is notation labels the symmetry of the band. The superscript notation
is ours to distinguish between bands of the same symmetpy. E
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results from the fact that our nonlinear signal is proportionalgood, although the calculated data exhibits a larger disper-
to |5, x'2e.e,|2<0.004x2). Therefore, we assume the sion in the second-order susceptibility elements than the ex-

2277w

theoretically predicted relationship betwegf?) and x!2 perimental data. In addition, the calculate) lacks a reso-

zzz2)

i.e., x2=—2x2 . Figure 8 compares the measured valuenance at 2.80 eV. We speculate this feature may result from
of x{2) to x{2) averaged over all of our samples. Although virtual transitions ipvolving an.intrins.ic mitgg.ap defect state.
these elements are approximately equal, as predicted by ttf&nce, the calculation of the dispersionygfy; includes only

bound charge modé?, ngz)x lacks a feature at a two-photon bulk band structures, the calculation cannot predict spectral

energy of 2.80 eV. features that couple to defect states.
We compared our data with a theoretical calculation of By analyzing the nature of a resonance(ﬁ), the mag-

the dispersion ofy{2), and x2, Ref. 1 in Fig. 8. Hughes, nitude of this feature, and the symmetry of states that may
Wang, and Sipecalculated the second-order susceptibility participate in this resonance, we are able to make some
elements with the full-potential linearized augmented planespeculative suggestions about the nature of this feature. First,
wave method within the local-density approximation. Thewe consider possible origins of the feature at a two photon
agreement between the magnitudes of the calculated and egnergy of 2.80 eV. The second-order nonlinear susceptibility
perimental second-order susceptibility elements is quitdor second-harmonic generation is of the féfm

3

e rilnYn|r:|n"Yn’[r
Xi(jzk)(wzzwo):_N 2 <g| || >< | ]| >< | k|g> ... (0)

- : : (42)
ﬁ g'n’n’ ((()_(l)ng+|an)(wo_wnrg+|rnrg)

whereN is the number of electrons per unit volunig),|n),  assumes that the spectral dependencg'Qf(w=2w,) re-
and|n’) are states of the systerhiw, is the energy differ-  sults from the denominator of the Lorentzian term. The other
ence between statesandg; I',4 is a dephasing ratez'éo) is  terms in Eq(43) are expected to be slowly varying functions
the equilibrium density of the initial statg, —er, is the of w,. Fitting this function to the data determines~

dipole operator along directiok; and the dots represent _ /2 anng()x,res:?"Sx 1072 esu at a two-photon energy
unique permutations of the states.

: . _ __of 2.80 eV. If we assume the resonant componenk§t
Because GaN is a direct band-gap semiconductor with sults from defect states with a densityMf-10%° cm 3,
band-gap energy of 3.4 eV, the two-photon resonance at 2. ﬁ the hvperoolarizabilit iated with th tates i
eV cannot result from virtual transitions between valence- e,zglpe polarizability associated with Iese states 15
and conduction-band states. In addition, the requirement th&fzx~ 10 esu. Th|s-specullat|ve analysis yields numbers
the process begin with a transition between an occupied al at are large but qot |mpos§|ble.
an unoccupied state precludes any process that occurs only in W? also detgrmmed possible three p?oton processes that
the valence band or only in the conduction band. Thus, it i$ontribute tox 2 w=2w,), but not to xOw=2w,), by
unlikely that the 2.80-eV feature results purely from the bulkanalyzing the symmetry of the proposed midgap defect state.
band structure of GaN. On the other hand, it is well knownDefects in GaN are frequently characterized $iike or
that GaN is characterized by a variety of defect st&tdhe  p-like symmetry*® Our model assumes a defect state lies in
spectral feature could result from a three-photon process théte GaN band gap witk-like or p-like symmetry and that a
involves both a defect state and the GaN bands. For exampléhree-photon process originates at either the valence band
a bulk defect statdor defect bang with energy 2.80 eV maximum or at the defect state. Group thédmyas used to
above the valence bartd midgap statecould play a role in  calculate the nonzero matrix elements in E42). In this
this resonance. calculation, we used the band symmetries determined
A simple analysis of they(3, spectrum can constrain by Bloom et al*® Figure 9 displays the symmetries of the
somewhat the properties of such a defect state. We decon®aN bands at th& point and their approximate energies.
pose the susceptibility into resonant and nonresonant farmSAssumingCGU symmetry,s-like states haveAl (I';) sym-

as metry andp-like states havee2 (I'g) symmetry. Table V
2, @ _ 2 shows all nonzero resonant three-photon processes for
X0k @=2000) = Xzresl @ = 200) + Xzxxnon XA (w=2w,) and y2(w=2w,). Of the cases examined,
Ad? only the three-photon process that originates fromp-like
= +x 2 nons  (43)  defect state is inconsistent with our observation of a 2.80-eV

(200 @ngtiT'ng) resonance in2(w=2w,) but not in x\Z(w=2w,). Fig-

where the symbols have the same meaning as it4aand  ure 10 displays three-photon processes that may contribute to
e'? is a phase difference between the resonant and nonresthis resonance.

nant components. The resonant term is attributed to a two- We may draw a few more qualitative conclusions from
photon resonance involving transitions to a midgap defecbur spectroscopic data. First, the spectroscopic feature at a
state and the nonresonant term is attributed to all other noriwo-photon energy of 2.80 eV is probably not associated
resonant bulk three-photon transitions. This decompositiomvith yellow band defects. This conclusion results from the
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TABLE V. Possible contributions toxZ{w=2w,) and  from vicinal Si(111)/SiQ and Si(100)/SiN, interface&
Xxz{@=2w,) for a defect state in the band gap of GaN. All pro- syggests that strain-induced defect states may be generated at
cesses are at thié point of the Brillouin zoneI's® *“'refers t0 a o near the GaN/Al0; interface. Strain is expected to couple
defect state witll'g (p-like) symmetry. The labelg, n, andn most strongly to the components of the susceptibility

refers to the states in E¢42). elements that are perpendicular to the interfdc&@hus,

: - () film
Susceptibility Defect symmetry Origin g n n this eﬁ?_ﬁ:t may be most easily observed i’}
and x{2),M!™ 52 The film superscript denotes that these ele-

@) s like valence T2 T2 Tjefect - - i
Xzxx 1 5 11 ments are defined with respect to the film and not to the
2 s like defect rgefect 12 1P i _

fé()x . 1 a g dejf-ect CryStal axes, l.eZfiim=Zjap#* Zcrystal Whel’er“m, Zjab and
Xaxx p like valence I's I T'g Zerystal @re the film, lab, and crystal axes. Note that these

Ig T2 I elements are defined to include only the effect of strain-

X2 p like defect induced nonlinearity and do not result from a coordinate
X slike valence transformation We performed rotational symmetry measure-
X s like defect ments in thgp-in/p-out polarizations to probe GaN for these
Xix p like valence elements. We simplified our analysis by assumjdg, '™
X p like defect Tg'*™" Tg I3 =x2.fim “\we deduced the miscut angle of our films from
the rotational symmetry data at an angle of incidence of 15°
assumingy!2.""™=0. We repeated our rotational measure-

presence of the 2.80-eV feature in all samples with and withient over a two photon spectral range of 2.6 to 3.4 eV at an

out yellow band luminescence. Second, the defect is likely t . o . (2).film |, :
be a point defect and not a defect complex. Defect com%lngle of incidence of 657 to fit foxz;; ™~ with the miscut

plexes could arrange themselves in various bonding geon’ialngle fixed fro”.‘ the 15.0 rota}t|onal scan. We were ‘.‘”"?‘b'e to
etries within the lattice, and hence, the hyperpolarizabilities(_iet_eCt any strain or miscut induced nonllnea}rlty g;tﬂl'rq the
of the individual complexes would tend to cancel in an en-iMit of our measurement, and determineg;;x
semble average. Third, several symmetries and energies may0.005¢$%,. Figure 8 also displayg2,;""™.

exist within the band gap of the defect state that may con- Interface states that do not result from miscut induced
tribute to x{2) but noty{2),, but it is impossible to determine strain are not observable by our rotational symmetry tech-
the energy level with only SHG measurements. A possibletique. These states could result from bonding between the
origin of the 2.80-eV resonance may be thg,Mefect state. substrate and the thin filff. Due to symmetry at the inter-
Jenkins and Dow have predicted the N on Ga site defect staface, these states most strongly affqﬁ)z. Unfortunately,

will have s-like symmetry and will lie approximately 3.0 eV sample geometry precludes a direct measurement of this
above the valence barfifiThis defect state may contribute to second-order susceptibility element.

the 2.80-eV resonance by the three photon process illustrated
in Fig. 10a).

Finally, we consider the influence of the sample miscut on
possible strain-induced nonlinearities in GaN. Observation of
strain and disorder effects on second-harmonic generation We have used second-harmonic generation to probe the
bulk second-order nonlinear susceptibility elements of GaN
over a two-photon energy range of 2.6—3.4 eV. We charac-
terized the defect structure of our samples by photolumines-
cence and measured the index of refraction by a novel trans-
mission method. Using various combinations of the
fundamental and second-harmonic beams, we were able to
separately measure bolf2) and x{2).. Spectroscopy reveals
a resonant enhancement 3%, at a two-photon energy of
2.80 eV, which is absent ig{2). The subband gap enhance-
ment is inconsistent with Miller's rule and may result from
an intrinsic midgap defect state. In addition, we demon-
strated sensitivity to the crystal miscut of GaN by rotational
SHG, and we determined that the miscut strain does not in-
duce forbidden bulk nonlinearities within our experimental
limits (x{2,<0.005¢%).

Finally, we developed new techniques for analyzing ul-

FIG. 10. Possible resonant three photon processes for the 2.g6afast second-harmonic generation. We employed zeroth-
eV resonance in?,. (A) [(B)] represents a process that originates Order and first-order expansions of the wave vectors with
at the valence ban(Hefect state Only the bands that define the respect to angular frequency for the coefficients and phases,
band gap and bands explicitly involved in the three-photon profespectively. Group velocity mismatch is significant for SHG
cesses are displayedd) [(B)] corresponds to the firstsecond  spectroscopy with ultrafast pulses in GaN samples as thin as
entry in Table V. 5 pm.

IV. CONCLUSION

T — " r:ib
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APPENDIX A: SECOND-HARMONIC GENERATION cies probed in this experimefit.Thus, the first-order ap-
FROM A QUARTZ SLAB EXCITED proximation is accurate. Using this first-order phase approxi-
BY AN ULTRAFAST LASER mation, the nonlinear polarization is
In this appendix, we solve for the second-harmonic gen- —2(w—2wy)?
eration from a quartz slab excited by an ultrafast laser P2(r,w)=P,ekol®Y ex;{—zo (A6)
source. All of the approximations used in this appendix are w
also valid for SHG from GaN thin films. The fundamental .
i . with
field propagates from the vacuum to the nonlinear quartz
crystal atu=0, where it generates a second-harmonic field. Jr
This field propagates through the crystal to the second Po=——AwE2 D (w=20,). (A7)
. . . . (o] XXX [0}
crystal/vacuum interface gt=d. A second-harmonic field is 2\2

transmitted through this interface and has a magnitude that

depends on the boundary conditions. We solve for the tranﬁ65 expected, the nonlinear polarization has a Gaussian angu-
mitted SHG intensity using a first-order expansion with re-a" frequency distribution that is centered ab2 Note the

spect to —2w,) in the phase factors and a zeroth-ordertse of the symboky(w) in the phaseP?. This symbol
expansion in ¢—2w,) for the multiplicative field coeffi- denotes thaky(w) is the bound wave vector, which has the
cients. This model does not account for the effects of muifunctional form
tiple reflections of the second-harmonic or fundamental
fields. Even without incorporating these effects however, the oo (97 2w,)

) Kp(w)=2k°+ . (A8)
model accurately captures both wave-vector mismatch and Uy

group velocity mismatch. _ . '
For bookkeeping purposes, we assume that our fundamenhis is twice the wave vector of the fundamental figleh).

tal fields are labeled 1 and 2. This notation is used to explictA4)]. We have assumed in this calculation thdf), is a
itly exhibit the mixing of different frequency components of Slowly varying function of frequency, assuming its center

mental fields in angu|ar frequency space is er’s rule, we calculated tha(tg()x varies less than 0.4% over

the bandwidth of the Ti:AlO; laser pulse. Since the spectra

&, — 41— wy)? of GaN varies slowly, this assumption is valid for GaN.
El(r,w1)=x2—e”‘(“’l)y ex —20 (A1) The second-harmonic fields may be calculated from the
m Aw nonlinear wave equation and the nonlinear polarization. The
d nonlinear wave equation may be written in angular fre-
an guency space as
~ 52 ik _4((1)2_ (1)0)2 2 2
—y—< aik(wy) e Y e(w)w T
Ea(r, wp) =5 —e/(2 yeXP( Ao? (A2) v (vx)— & i E(r,0)=——P(r,0).
c c
(A9)

The general expression that relates the second-order suscep-
tibility to the fundamental fields We assume that the bound wave solutigarticular solu-
tion) to the nonlinear wave equation is

(=472 [ | 2 (w=w+ o.)E. A . |
PP =ant | | Mito= o ooE (o Eolr, ) =XEps(1,0) =X0p(0)€"@Y.  (A10)

XEp(wy) 8(w—(w;+ wy))dw,dw,. (A3)  Thus, the wave equation simplifies to

We can simplify this expression by expanding the phase of () w? Arrw?
the fundamental fields to first order im(— w,), i.e., ki)~ ——— | Epu(l,0)= ——P(1,0).
c c
(01— o) (A11)
K(wq)=k{+ ——, (A4) N . .
Uy We simplify the equation further by assuming that the mul-

' tiplicative coefficients of the field can be approximated by

where their zeroth order values, i.e.,
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beyw? This is the same approximation used in the simplification of
k2 (w)=~ 5 ° (A12)  the bound wave field. The transmitted wave envelope may be
c expressed as

and L12(©) = alpy(w)ellral ) Kol )ld

c(w)w? 4dewl + BLpi(w)e'lior(@)~krole)ld — (A19)

2 2 ALD  yith
with ep=€(w,) ande;=€(2w,). Thus, Eq(A1l) reduces to —2n¢1(Npy+1) Npy+N¢q (A20)
a=——"—— and B=—.
2
47TP§(2)((1)) (nfl+1) nf1+1
Epx(®) = Te—e (Al4) By Fourier transforming the transmitted SHG field,

Ef,(r,w), and using the first-order phase approximation
This relationship between the nonlinear polarization and th@gain, the expressions in the text may be generated.
bound wave field is the same as for the monochromatic case.

Although kZ and [ e(w)w?]/c? vary over the pulse width, APPENDIX B: SECOND-HARMONIC GENERATION

their difference is nearly constant. We calculated that this FROM GaN/Al,04

D o
approximaion inlfoduces an erfor of ess than 0-L7% 0 e 1, s appendix, we derive the SHG field transited
We now consider the homogeneous solutions to the wav rougth tQaN/Aioﬁ bydbg)ur\w(dary \éahlu:eggticr;mt?ules. We use
equation. These solutions are required to satisfy boundar, ne nroﬁallgn ?_l:]\p oyfei Idy reg(;:lin | a'd ig Iéjli e50L_JI_rhn0|n- ,
conditions at both quartz/vacuum interfaces. There are fo ear nields. 1 hese helds are displaye 9. ©. The 1ayers
are denoted 0, 1, and 2 for air, GaN, and sapphire, respec-

free wave fields:E;4(r,w), which is generated at the first . . . )
quartz/vacuum interface and traverses the quartz crystaﬁ'vely' Our quel 'T‘C'UdG%S allfields that affect the magnitude
- . of the transmitted intensity by at least 10%. For example, we
Efo(r,w), which is reflected off of the first quartz/vacuum . : ; .
assume no reflection of the linear light field, and hence, the

L;:‘tfr:fe;agzéngthja\ﬁzj\lggij% (irﬁfé)n’ca\ggm%;(rrif)l)ec\t\?rﬂcc;]ﬁ bound wave field, from the GaN//D; interface. This as-
q ' P sumption is valid becausdrlzp(w0)|2<0.015, where

is the transmitted second-harmonic field. We assume that the . . L
fields have the form Mop(wo) is the Fresnel reflection coefficient for the

p-polarized light at angular frequenay, with 1 (GaN) as
the incident medium and Zapphire as the substrate me-
dium. Although we ignore the reflection of linear light, we

wherej is 1,r1, 0, or 2 and the sign of the phase is positivenclude the free wave field reflected from the GaN@y

if the free wave propagates in the direction of the boundnterface..This fieldE¢,,, is related to_ the free wave field,
wave field or negative if it propagates in the direction oppo-Er2: that is generated at the GaN4& interface and propa-
site of the bound wave field. By applying continuity of the 9ates through the sapphire substratéEgs,|~0.1Eq,|.
tangential components of the electric and magnetic fields at | "€ p-polarized fundamental light field generates a non-
bothy=0 andy=d, an expression for the transmitted free lIN€ar polarization of the form

Erj(r, @) =X{5(w)e= (@, (A15)

wave amplitude is determined as
P P2 =2t25,(wo) X ZEAE, (B
{p1(w) and
Li(w)= Kea(@) + Kro(@) —2K¢1(w)
) ) PL? =501 o) (XSREXExT XyE-E,).- (B2)
+ _

X(M) gl (kr1(@) —kfg(w)d Note thatE is the incident fundamental field arigh(w,)E

K1(@) +Keo( ) is the fundamental field transmitted into the GaN film. The

‘ nonlinear polarization generated by afpolarized funda-
+[kb1(w)+kfl(w)]e'[kbl(“’)_kfo(“’)]d}. mental field is
(A16) P =3 o) X\EyEy - (B3)

Using the zeroth-order approximation for the phases, the relh® bound wave fields are determined by the nonlinear po-
lationship between the angular frequency and the wave vedarization, the nonlinear wave equation, and
tor is

—47V-P?
V- -Epyy=————. (B4)
k nf12w0 d k nb12w0 (Al? €b
(e b1(@) ) The nonlinear bound wave fields are
with 2
A1 k KK
Eblx: — |:P§<2)< 1— %) _ le2 b1z P(Zz) (BS)
Ni1=n(2w,) and ny;=n(w,). (A18) €b Kty K1
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and Ed(1,20) = 8ty 20o) (Eqp6™ 124
_ 4w (2) _ @ o kblxkblz (2) +rplo(zwo)tplZ(wo)Eflreikflé) (BlO)
Epi,=———| P | 1-— | ——>5 —P|- (BO
€b™ €f ki1 Kf1 with
In order to satisfy boundary conditions, a free wave is 2d
generated at the air/GaN interface and propagates with the o= (B11)
bound wave to the GaN/sapphire interface. This wave is oSt
E =<—k%°k”z—k )_1[(k K ouE "
T kroker T A=2dtanf;, sin 6. (B12)

(B7)

At the GaN/sapphire interface, two additional free waves ar
generated: a field transmitted through the GabAlinter-
face, Es,, and a free wave reflected from the GaN/d4
interface,E;,;. These waves have the forms

2

k? K2z -t Kfy s
Efo= (W + Ktz Kp1z+ .| Ebix€ b1z
f1zihf2 flz
—Kp1xEp1 e ko184 2kflEfle_ikled} (B8)

and

kf22kle -t k%Z i
Efir= —(mﬂm Kp12— Kins Epxe o1

K2,k _
kfl_ f2 le)Efle'kflzd}.

- kbleblzeiikblzd"'
I<f22kf1

(B9)
Therefore, the field transmitted through GaNA2{ is

é\lote thaté is the round-trip distance th&;,, travels in the
GaN film andA is the distance thaE;, travels in the sap-
phire substrate during the round trip®Bf;, . Equation(B10)

is rewritten in the text as Eq$25) and (32) to explicitly
demonstrate the transmitted wave’s dependence on the non-
linear susceptibilities of GaN, the applied linear fields, and
propagation effects.

Equation(B10) does not include the effect of the “walk
off” between the bound and free waves. Walk off refers to
the spatial separation of the bound and free waves that results
from different directions of propagation of these waves in the
nonlinear crystal. Walk off decreases the overlap of the
bound and free waves, and hence modifies the interference of
these waves. For an 800-nm beam with an angle of incidence
6, of 46.0°, the corresponding free and bound waves propa-
gate in GaN with angles of;;=16.4° andf,,=18.0°, re-
spectively. After propagating through mm of GaN, the
spatial separation of the center of the free and the bound
waves is 0.15um. Therefore, walk off is insignificant in
our experiment. In addition, no walk off occurs in our SHG
measurements of quartz becauge=0° and6;=0°.
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