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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 £&aN/Al 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 extragi2(w=2w,) and x\2(w=2w,) from our SHG measurements over a
two-photon energy range of 2.6—3.4 eV. The spectra are compared to[thdory. Hughes, Y. Wang, and
J. E. Sipe, Phys. Rev. B5, 13630(1997)]. A weak sub-band-gap enhancementGt(w=2w,) was
observed at a two-photon energy of 2.80 eV; it was not presqri@;’fm=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.
[S0163-1829(99)03204-X]

I. INTRODUCTION The remainder of this paper is organized as follows. First,
we present our experimental techniques and measurements
The optical, electrical, structural, and defect properties off 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-optigamples may be distinguished by the presence or absence of
devices’ In this paper we have explored the nonlinear optithe yellow luminescence band. Third, we discuss our experi-
cal properties of GaN and its interfaces. Several secondental technique for measuring and normalizing our SHG
harmonic generatiofSHG) measurements of GakRefs. SPectra from GaN. In this section, we also present a calcula-

8-12 have been reported. These works measured the noHQ” of the nonlinear response of a thin slab and a thin film

linear susceptibility elements of GaN at a single fundament&itack 10 an ultrafast laser pulse. We then apply this analysis

wavelength of 1064 nrtRefs. 8—10,12and for two-photon tq our quartz and GaN measurements. Finally we present and

energies above the band gaHowever, none of these mea- discuss our SHG spectra and symmetry measurements of

surements have probed the second-order susceptibility as 'y

function of wavelength below the band gap. In this spectral

region the contributions of defect states, such as those as$-EXPERIMENTAL AND THEORETICAL BACKGROUND

ciated with yellow band luminescence, may be detectable. . . . . :
We have measured the second-order nonlinear responsem this section we descrl_be sample preparation, transmis-

of GaN over a two-photon spectral range from 2.6 to 3.4 e ion experiments to determine the linear optical properties of

in two polarization configurations, and compared these re- aN (index of refractiop and photoluminescence experi-
P 9 ' 2) g) ments to probe the defect structure of GaN. We then describe
sults with theory. In order to extracy!3) and xZ) from the

xzx G A zxx T our experimental apparatus for second-harmonic generation
measurements, we developed an analysis that incorporal ctroscopy, and show how the nonlinear optical signals
the interference effects that arise in SHG Spectroscopy @fenerated using an ultrafast fundamental light source depend
thin films with ultrafast light pulses. We find the variation of gy wave-vector mismatch and group velocity mismatch. This
these nonlinear susceptibilities to be independent of the cofytter effect must be included to accurately determine the
centration of defect states associated with yellow band lumgpsolute value of the second-order susceptibility elements
nescence. GaN shows a modest enhancemegiibfat 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 explorébe literature’® Here we briefly review the procedure. A
Finally, as part of these studies, we measured the linear opasal plane, i.e[0001], sapphire substrate was degreased
tical properties of the GaN//D; samples from 370 to 900 and etched in hot #0,:H,SO,. After placing the sapphire
nm and we determined a Sellmeier equation for the index aubstrate onto a silicon carbide coated graphite susceptor in
refraction of GaN. the reaction chamber, a 0.08n buffer layer of AIN was

A. Samples
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TABLE I. Properties of GaN/AD; samples. “Yellow band” refers to the observation of a yellow
photoluminescence band. The uncertainty in the thickness measureme®@ nm. The film thickness
has units ofum and the mobility has units of éiV s.

No. Dopant Thickness Mobility Carrier Density Yellow band
G1984.1 none 1.020 20 4.47x10Y no
G927.3 none 4.885 346 8.52307 yes
G921.3 Si 3.765 192 2.13%0'8 yes

deposited by low-pressure metalorganic chemical vapagaN/AlL,O; 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 triethylgalliieG) and am-  GaN/ALO; sample as a function of the angle of incidence
monia as the Ga and N sources, respectively. Some sampiegm 0° to 75°. This was compared to the intensity detected
were intentionallyn doped with Si using SiiHas 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 @pfdex of refraction of GaN from our linear transmission ex-
these measurements are displayed in Table I. The samgleriments. The transmission of light through our GapD4l
thicknesses ranged from 1.020 to 4.885. samples was analyzed using matrix methdtfsusing the

In principle, the transmission of linear and second«nown linear optical properties @1,0;.2° The details of
harmonic light through our samples is affected by the AlNhis analysis are presented(Ref. 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 refracisplays our data and exhibits the fits to the optical transmis-
tion of GaN. All of our calculations model the sjion of a GaN/AJO; sample. From the results we derived a

GaN/AIN/Al, O layered structure as a GaNg@k; structure.  two term Sellmeier dispersion relation for the index of re-
We determined the fractional error in the calculated transmifraction 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 AlR,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/AlD; 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 théroadband 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 refractioff!” and shows a slightly larger
value near the band gdpVe measure=2.613 as compared , 1
with 2.595(Ref. 16)and 2.589Ref. 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 /1.0 UV en-
hanced lens as the light source. A monochromator selected
the desired probe wavelength. The light was fheplarized FIG. 1. Optical transmission data for GaNAB4 with a film
and amplitude modulated by an optical chopper. A fractiomhickness of 1.020um. Transmission spectra are for=777 nm
of the light was separated and detected with a Si photodiode ) andx =549 nm (). The solid(dashed)ine is the best fit to
in order to normalize temporal fluctuations of the lightthe A\=777 (549) nm data using a matrix methods with a finite
source. The remaining light was transmitted through théandwidth light source.
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TABLE Il. Empirical constants for GaN Sellmeier equation. 8 L S ]
The \; parameters are expresseduim. 251 ]

Sellmeier constant Value T 1
| 8 ]
A 4.081 e |

N1 0.1698 5| %

A, 0.1361 s T &

N, 0.3453 5T
T oo

! L |
2.0 2.5 3.0
Energy (eV)

where \, is the central wavelength of the monochromator [

andAA=4 nm is the wavelength bandwidth. In practice, the i
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<2\2/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 %fo
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-paifDAP) 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 1.026 sample. The

. AT , ) e play; p p 20 samp
transmitted through the thick film is relatively insensitive topap peak is present in this sample, but the yellow luminescence
the film thickness and is only mildly sensitive to the index 0f4nq 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 sapféasurements of our GaN samples using the experimental
phire. setup displayed in Fig. 3. The fundamental light generating

source is a Ti:AlO; laser. This laser produces ultrashort near
C. Photoluminescence measurements IR laser pulse$700—1000 nmpat a rate of 76 MHz. These
%rashort 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 anc
focused on the entrance slit of a single pass monochromata |
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

ak power of~50 kW. The fundamental light from the
:Al ,O; 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 -

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. Th
feature has been observed in several other low-temperatu
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 an=  [TI:SAPPHIRE

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

cent theoreticl and experimental woff?° suggests that [ =vean splver

this feature may be related to transitions between a shallo\ “

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

band and a compensation center. Neugebauer and Van de

Walle?” have suggested the gallium vacaigy, 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 plaje-cdit 250 3

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 orbirefringence’® A long pass filter removed
any second-harmonic signal generated in the optical line
prior to the sample. Achromatic lenses focussed the ;JAI i
laser light to a spot size 6f100 um on the GaN/AIO; =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/AlO; sample with -polarized 200-mwW
fundamental beam wasx2L0° photons/s.

Because SHG is so sensitive to the characteristics of the
laser and detection systems, all of our SHG measurements Z 2000
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@y 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 detectorsFIG. 4. (a) Comparison of SHG data from a quartz wedge ex-
by referencing the measured nonlinearity of GaN to afited by a Ti:ALO; laser (©) and calculated SHG using a mono-
equivalent measurement of the nonlinearity of quartz, whichromatic theorysolid line). 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 para!lel. The '{@@dpulge
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 fringes)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 Wagpanges. The fundamental wavelength is 800 i Calculated
necessary to consider several features of nonlinear optics thafnsmitted SHG intensity from a quartz slab excited by an ultrafast
arise When US|ng an U|tl’afaSt Iaser source, eg, |asel' SOUI’Q&-&J 203 laser. The Maker fringes are damped as the Crysta| 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 fringésjn which the measured trans- wave pulseggroup velocity mismatdh
mitted intensity of the SHG light emerging from a quartz
plate oscillates strongly as a function of the orientation of the .
quartz plate with respect to the fundamental beam directiom'mad through our referer_lce quartz s_lab and S.h.OW that
The observed alternating maxima and minima result frorﬁvIaker frmgeg are absent in this materlz_il. In addition, we
interference between the bound and free second-harmorRUSt @PPly this theory to our spectroscopic measurements of
fields. We do not observe Maker fringes from a similarc@N- GaN is highly dispersive, and group velocity disper-
quartz plate excited by our Ti:D; laser[see Fig. &)].  SiOn significantly affects SHG spectroscopy of our thicker
Interference is suppressed because the bound and free w&@nples. Our ultrafast analysis was necessary to dadfice
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 betweaeveral groups, particularly with regard to SHG conversion

200f .

150}

SHG Intensity (a.u.)

100

SHG Intensity (

the bound and free wave packets, and hence modifies teéficiency>*~>8 our treatment here is important because it
interference of these waves. Similar effects occur in our Gakixplicitly 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. Wéral intensity,|(w), and found that it had an approximate
apply these techniques to the second-harmonic light tran§&aussian angular frequency distribution, i.e.,
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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 aa@ 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 V= w. and v¢= (11)
propagating in the direction and polarized along thxedi- do |0 Je 20,

rection then has the form . .
The zeroth-order terms with respect 92w,) in Egs.(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-___. : .
. I : tensity through quartz leads to the following expression for
forming E(r, w). To facilitate these calculations, we Taylor L . o
; the temporal variation of the SHG intensity:
expand the wave vectdr about its central frequency,,

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

Aw

ie., ¢l , 20,
I(t)= 3 C{+C5+2C,C,co0 T(nf—nb)d
Nwey)w, (w—w,) (w—wy)? k() 77
k(w)=~ c + 5 + > > (12)
¢ I 1, with
(5 ., ) )
i Aw —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 w2

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

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 @f these above equations, and e, are the free and bound

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

quartz by applying boundary conditidAsat each angular

frequency(see Appendix A for more detailsThe 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, améind 8 are Fresnel-

2.(2) —Aw? d)\2
E Xl 0=2w,) B X 8 t——/1 |
Up

_ _ 2 like coefficients that have values
- " 2(w—2w,)
Ej(r, ) =XxE(k(w))e iV expl ——————, (7)
Aw —2n¢(ny+1) N+ N;
L ) a=——— d g= . (16)
wherej is eitherb or f, denoting bound or free wave, respec- (ng+1) ne+1

tively, andE(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 (= 2w
ficients, E(k(w)), to zeroth-order in—2w,), and by ex- | = —f C2+C5+2C,C, cos(—o(nf—nb)d) }dt.

. k. . . 87)_» c

panding the wave-vector phasei(®, to first-order in

(w—2w,). In other words, we approximate any wavevector (17)

that appears as a multiplicative coefficient of the field ampliConsider the consequences of E) for ultrafast SHGC,

tude by its value at the central angular frequeney,.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 Z2,C,c09g(2w,/c)(ry—n,)d]. For a monochromatic

E(k())~E(k(2wo)). ®) light source Aw=0, the wave packets become plane waves,

Bound and free wave vectors in the field phase factors, ho@d the free and bound waves always interfere. With a

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

ever, are written as broadband fundamental sourdew+#0 and the bound and
free wave packets are temporally centeret=ad/v,, andt
N(wo)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 4(b)displays our calculation of the SHG transmitted
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TABLE lll. 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 fo X
the ordinary index of quartz.

air

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

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

intensity from a quartz slab as a function of quartz thicknes®ound waveky, is the free wave that is generated at the air/GaN
The parameters for this calculation are displayed in Table [1interface and propagates to the Gahylinterface E;, is the free
Because our quartz sample is 3 mm thick, we are never inwgave that is generated at the GaN/sapphire interface and propagates

regime where Maker fringes are observed during excitatiolP the air/GaN interfaceE;, is the free wave that is generated at
by our Ti:ALO; laser and propagates away from the GaN/sapphire interta@nd § are

While ultrafast pulses dramatically affect SHG from thickrel"?‘tive phases. PoinsandB represent the path traversed@é
L . -while pointsA and C represent the path traversed By, which

quz.;’trtz plate.s, th_elr influence on SHC.; from our GE%N films ISundergoes a single reflection in the GaN thin film before transmis-

of intermediate importance. We. define the ertar,in the sion 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 poiftto pointB and from
1 Y (gmono_ ultrg2 point A to point C. The full derivation of the transmitted
N 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°"qUI"3) is the calculated SHG intensity from ;
U y bound and free wave vectors given below:

GaN using the monochromatialtrafast)theory and labels

a wavelength at whicH"*"°and!"'"® 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 (21)
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 01Ky (24)

cal formulas derived using ultrafast analysis and boundary
value techniques. The formulas depend on the linear angherei 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 figlgl, and the gioni is 6, and is determined from, by Snell’s law. Also
fundamental and second-harmonic field polarizations. Weote that;=n;(2w,) andny,;=n;(w,).

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

ure 5 displays the geometry of our GaN/@} sample and Esp(200) = YyyX\EyEy (25)
labels the incident and the nonlinear fields. Our model relatesh
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 GaN#2{ in- and
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A47Ttp20(2w0)/<k%1kf22 )_l : [ ki) » KfoKr1z - kfo
=e +k ekdi ¢ || kpp,+ —— | e Ko1d 4 2k e Tkl =2k k
mn (ep—€r) \\KriKep 2 mA TP ke, " oK °12 Koy
_ _ kZ,k -1 (k2K -1
+Co| —Kp1,@ 01— 2K¢ 1 kpg @ K11 m—flz_kfl 1 200)tp1( 2w,) €122 fz—flz+kf1)
KtozKs1 Kfo K1

kf22> i i kfzzkflz k?okflz -t kt?O
x1{C (k — 2 e kol gmiknd| g - | B Koiz— T
W 2127 i, K17 Kpakrn) Kok, 1) R0 i,
. . kZ,k k2.k -1
G —kmxe"kblzd—kmxe—'kfud( K= i ;”) (k“)—li“— kfl) H ) (@7)
f2z"%f1 foz"™f1

The coupling of the fields in the medium determifgs,
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 Ato pointB and the wave that propagates from péint
to pointC in Fig. 5 are

A =2dtan6;, sin (30)
and
5= 2d , (31)
coHsq
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 o Li(keno—k b Li(kero—k
+ DACeI( f2 blzd)+DACe|( f2 blzd).
(35)

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 E¢35) with Egs.(25)-

(29) reveals that theD coefficients consist ofy{2),,E,,
Fresnel coefficients, dielectric constants, and wave vectors in
air, GaN, and sapphir@®%; corresponds to the wave that
propagates from poimk to pointB in Fig. 5 and has a phase
that depends on the bound wave vectors in GaN. The Bther
coefficients may be derived similarly. The time required for
the D% andD | ; waves to propagate to poitand theD?

and DLC waves to propagate to poifitis effectively con

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

harmonic fields. For exampléyg(w,) is the Fresnel trans-
mission coefficient fos-polarized light from layer 0 to layer

1. The Fresnel reflection coefficient is denoted similarly withAfte

by replacing each wave vector with the inverse of its group
velocity and Fourier transforming the resulting expression.
r carrying out this procedure, we see that ultrafast effects

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

pends. These factors are: the nonlinearity of the mefja;
the applied fundamental fiele, ; 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 inpfie/p-out
geometry may be written similarly as

(2)

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

(32)

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

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

from pointA to pointB, i.e.

DB el (krzd ~knizd) Db _gi(ki2d —kp1d)

]
xXex

A

Uf2

d cosﬁbl) 2

Up1

8 (36)

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

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 lineaprocesses’ By 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 #¥®(w=2w,) from GaN[0001]. E; is defined as thih 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 techniquemiscut into our theory to account for this modulation by
we were able to measure film miscuts with an accuracy ahodifying the form of the rotation matrix to
~0.05°.

GaN has g, (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 0o 1 0
mation: . ’
0 0 1 sina 0 cosa
Xi2r (41)
(2) — (2) where « is the miscut angle of the film. Note, we have as-
Xxax™ Xyzy sumed that the GaN film is miscut in tkeplane. Because
2 (2 andy are equivalent irCg, 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 thp-in/p-out and
X=Xy @7 : :
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 ifiespectively. SHG rotational symmetry measurements in the
terchangeable, e.gv'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 GA&wther by the sapphire birefringerféeand were therefore
lacks inversion symmetry, higher-order multipole processedlot performed.

such as electric quadrupole processes, are weaker than the

dipole allowed process by at least a factor kaf)f~10"°, B. Spectroscopy

wherea is the atomic spacing. In addition, our analysis does
not consider any harmonics above second-harmonic gener@éN/AI203 in the s-in/p-out andp-in/p-out polarizations.

tion. Third-harmonic and higher-harmonic light, if generated,F N Qéﬁ) 4y velv. |
is removed from our measured intensity by our monochro- rom these spectra we extragl, andyy,, respectively. In

mator.

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

X3 PP=R($)iR(¢);R(P)yx Y2 (38)

In this section we discuss our SHG spectra from

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-orde
susceptibility as

PI?(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 GaN@ as a func-
> . 6.

symmetry ofP‘®) generated from GafD001]. For both the tion of crystal orientation at an angle of incidence of kbis the

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

variant. SHG is dipole forbidden in thein/s-out and  second-harmonic field. The solitashed)line is a fit to the
p-in/s-out polarizations. In contrast to the theoretical predicp-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 datéasee Fig. eter. The fitted miscut angler 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.
¢ (0) denotesy{2(x'?). Data represent the average values for all
T of the GaN/A}O; samples. The solid lin@lashedjs the calculated
{% ' value of x{2(x?) from Ref. 1.
N 0151 > } i
E g 02r b age value of 2.4810 8 esu measured at a single fundamen-
Y I = A tal wavelength of 1064 nif. This is lower than the other
o I %H % z ¢ o reported values fofy!{2)] of 9.25x10°® esu (Ref. 8) and
= < . . . . .
5 010 ‘% % RSl 3.92x10 8 esu®? but is not inconsistent with the predicted
L] e
£ t 0.0l o %o ] value for| x{2)|=1.64x10"8 esu*! The data also exhibits a
z 26 2.8 30 32 3.4 22
z % Two Photon Energy (ev) weak but distinct peak centered at a two photon energy of
g 5 1 2.80eV. This feature is inconsistent with the expected spec-
5 0T s I3 ] tral dependence based on Miller's rtife.
& ¢ . For measurements in thein/p-out polarizations, SHG
» 2 e o, couples toy!?, and y2),in addition tox{?). Therefore, we
000l | & %, “" o2 ° measured the SHG response of GaN at several angles of
e s 30 s, a4 incidence to fit the two unknown susceptibility elemeéaee

Two Photon Energy (eV)

Fig. 7). We observed that our spectra were very weakly de-
pendent ony!2. The insensitivity of our spectra tg!2,

FIG. 7. (a) SHG spectroscopy from the 1.020n GaN sample
in the s-in/p-out polarization. The inset shows SHG spectroscopy
for the same sample in tipein/p-out polarization. Both spectra are
referenced to the nonlinear response of quartz in the same polariza-
tion configuration as the corresponding GaN spe(te&SHG spec-
troscopy from the 4.88pm 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, exd2) 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 measurAd 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.Q26 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 extractegy?)

displayed in Fig. 8. The magnitude X’X is approximately

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 thepoint. The subscript

2.4x10°8 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 symmeiry. E
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results from the fact that our nonlinear signal is proportionagjood, although the calculated data exhibits a larger disper-
t0 | €5, x 'L, e,|2<0.004x!2)2. Therefore, we assume the sion in the second-order susceptibility elements than the ex-

2277w

theoretically predicted relationship betwegfg)x and X(ZZZ)Z perimental data. In addition, the calculagéa)x lacks a reso-

i.e., x2=-2x2)  Figure 8 compares the measured valughance at 2.80 eV. We speculate this feature may result from

of x{2) to x2), averaged over all of our samples. AlthoughVirtual transitions involving an intrinsic midgap defect state.

these elements are approximately equal, as predicted by thince, the calculation of the dispersionydf), includes only

bound charge modé{)(gfz)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(ﬁfa), the mag-

the dispersion of¢‘2), and y{2 Ref. 1 in Fig. 8. Hughes, nitude of this feature, and the symmetry of states that may
Wang, and Sipecalculated the second-order susceptibilityparticipate 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 erergy of 2.80 eV. The second-order nonlinear susceptibility
perimental second-order susceptibility elements is quitéor second-harmonic generation is of the f&tm

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 volurg;, |n), assumes that the spectral dependencggﬁ(wzz%) re-
and|n’) are states of the systefp, is the energy differ- sults from the denominator of the Lorentzian term. The other
ence between statesandg; I',,4 is a dephasing rat@fgo) is  terms in Eq(43) are expected to be slowly varying functions
the equilibrium density of the initial stag —er, is the of w,. Fitting this function to the data determings=

dipole operator along directiok; and the dots represent _ /2 and x{?) ..=3.8x10"° esu at a two-photon energy
unique permutations of the states. ’

: _ _ __of 2.80 eV. If we assume the resonant component'Qf
Because GaN is a direct band-gap semiconductor with sults from defect states with a densityNof 10%° cm 3,
band-gap energy of 3.4 eV, the two-photon resonance at 2. n the hvperpolarizabilit iated with th tates |
eV cannot result from virtual transitions between valence: © e,zgy perporarzabiiity associated Wit ese staies 13
and conduction-band states. In addition, the requirement thex 10" esu. This .speculf':mve analysis yields numbers
the process begin with a transition between an occupied al t are large but r_10t |mpos§|ble.
an unoccupied state precludes any process that occurs only in/e also detzermmed possible three pzhoton processes that
the valence band or only in the conduction band. Thus, it igontribute tox{ ol @=2w,), but not tox A w=_2w,), by
unlikely that the 2.80-eV feature results purely from the bull@nalyzing the symmetry of the proposed midgap defect state.
band structure of GaN. On the other hand, it is well knowefects in GaN are frequently characterized shike or
that GaN is characterized by a variety of defgates’® The  p-like symmetry*® Our model assumes a defect state lies in
spectral feature could result from a three-photon process thédite GaN band gap wits-like orp-like symmetry and that a
involves both a defect state and the GaN bands. For exampthree-photon process originates at either the valence band
a bulk defect statéor defect bandwith energy 2.80 eV maximum or at the defect state. Group thébwas used to
above the valence baitd midgap staecould play a role in  calculate the nonzero matrix elements in ER). 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 decoBaN bands at th& point and their approximate energies.
pose the susceptibility into resonant and nonresonant“?ermso\ssumingCGU symmetry,s-like states haval (I';) sym-

as metry andp-like states hav&2 (I'g) symmetry. Table V
2, @ _ 2 shows all nonzero resonant three-photon processes for
Xzxd ©=200) = X7xx,red @ =200) + Xzxx,non ¥ w=2w,) and x'I(w=2w,). Of the cases examined,
Ad? only the three-photon process that originates fropilie
= +x B now  (43)  defect state is inconsistent with our observation of a 2.80-eV

(200 @ngtil'ng) resonance in2(w=2w,) but not iny!Z(w=2w,). Fig-

where the symbols have the same meaning as iEZpand  ure 10 displays three-photon processes that may contribute to
e'? is a phase difference between the resonant and nonreghis 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 defeaiur spectroscopic data. First, the spectroscopic feature at a
state and the nonresonant term is attributed to all other notwo-photon energy of 2.80 eV is probably not associated
resonant bulk three-photon transitions. This decompositiowith yellow band defects. This conclusion results from the
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oTABLE V. Possible contributions tox{2{@=2w,) and  from vicinal Si(111)/Si@ and Si(100)/SN, 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 tHé point of the Brillouin zoneI'g*'*“'refers to a o near the GaN/AD; interface. Strain is expected to couple
defect state witH'g (p-like) symmetry. The labelg, n, andn most strongly to the components of the susceptibility

refers to the states in E@2). elements that are perpendicular to inéerface®® Thus,

; - -(2) fil
Susceptibility Defect symmetry Origin g n n’' this effect may be most easily observed jy2;"™

and x{2;™ 52 The film superscript denotes that these ele-

X5 s like valence ' Ts T onisare defined with respect to the film and not to the
X5 s like defect T{*'*®" T3 I} crystal axes, i.€Zfiim = Ziab# Zerystal WNET€Ziim , Zjap, and
P p like valence  I'§ FE Fge:em Zerystar @re the film, lab, and crystal axes. Note that these
, _ Is T3 TE*"  elements are defined to include only the effect ofsthain-
X 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 thep-in/p-out polarizations to probe GaN for these
Xix p like valence » i ) elements. We simplified our analysis by assumyfg;""™
X p like defect T'g®*" TI'g T3 =x2,Him “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 Withs,ant over a two photon spectral range of 2.6 to 3.4 eV at an
out yellow band luminescence. Second, the defect is likely tgngle of incidence of 65° to fit fq,(z),film with the miscut

be a point defect and not a defect complex. Defect com- . o A

plexes could arrange themselves in various bonding georgflgle fixed ”0”.‘ the 15. rota}uonal scan. We were gngble N
etries within the lattice, and hence, the hyperpolarizabilitie .et.ect any strain or miscut induced nonllnea}rlty (\é‘;'ﬁnr': the
of the individual complexes would tend to cancel in an enlimit of our measurement, and  determineg,
semble average. Third, several symmetries and energies may.005¢$%,. Figure 8 also displayg{2,""™.

exist within the band gap of the defect state that may con- Interface states that do not result from miscut induced
tribute tox{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 possiblgique. These states could result from bonding between the
origin of the 2.80-eV resonance may be thg tlefect state.  substrate and the thin filld.Due to symmetry at the inter-
Jenkins and Dow have predicted the N on Ga site defect steftece, these states most strongly affya@)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 bafiiThis defect state may contribute to second-order susceptibility element.

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

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 bot?), and '), Spectroscopy reveals
a resonant enhancement y X)X at a two-photon energy of

2.80eV, 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.§@fast second-harmonic generation. We employed zeroth-
eV resonance if?.. (A) [(B)] represents a process that Originatesorder and first-order expansions of the wave vectors with
at the valence bangiefect state). Only the bands that define theréspect to angular frequency for the coefficients and phases,
band gap and bands explicitly involved in the three-photon proreéspectively. Group velocity mismatch is significant for SHG
cesses are displayed®) [(B)] corresponds to the firgsecond) spectroscopy with ultrafast pulses in GaN samples as thin as

entry in Table V. 5 pm.

IV. CONCLUSION

T — " r:ib



https://interface.51

PRB 59 ULTRAFAST SECOND-HARMONIC GENERATIM . .. 2943

ACKNOWLEDGMENTS N(wg)® 1 ok
K9=—72— and —=— (A5)
We would like to thank E. J. Mele and M. S. Yeganeh for ! c vp, dwi| -
stimulating discussions. We thank J. L. P. Hughes and J. E. “o

Slpe for providing us with their calculated nonlinear suscepThe Subscriplb denotes a bound wave. The second-order
tibilities data. We would also like to thank C. S. Koeppenterm in the expansion &f{,) is responsible for the broad-
and A. F. Garito for technical help and for use of their faening of the pulse. Assuming a 130-fs fundamental pulse, we
cilities. A.G.Y. gratefully acknowledges the support of thedetermined that the second-harmonic and fundamental pulses

NSF through Grant No. DMR-97-01657. broaden less than 0.4% for a&n film of GaN and less than
2x10 ® for a 3-mm slab of quartz over a range of frequen-
APPENDIX A: SECOND-HARMONIC GENERATION cies probed in thiexperimenf® 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 |:>§(2>(r,w)= poeikb<w>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=2a,). (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 tranﬁ-s expected, the nonlinear polarization has a Gaussian angu-

mitted SHG intensity using a first-order expansion with reJa" frequency distribution that is centered ai,2 Note the

spect 10 —2w,) in the phase factors and a zeroth-ordetS€ 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 muffunctional form

tiple reflections of the second-harmonic or fundamental

fields. Even without incorporating these effects however, the Kp( @)= 2K+ (0—2w,) . (A8)

model accurately captures both wave-vector mismatch and Uy

group velocity mismatch. . )
For bookkeeping purposes, we assume that our fundamehiiS i twice the wave vector of the fundgmental)f[@[d.

tal fields are labeled 1 and 2. This notation is used to expli¢A4)]. We have assumed in this calculation théf) is a

itly exhibit the mixing of different frequency components of SIoWly varying function of frequency, assuming its center

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

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

&, — 41— wy)? of GaN varies slowly, this assumption is valid for GaN.
Eq(r, w1)=X2— eklony 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
A(€2 ik _4((1)2_(1)0)2 2 2
= x—2 aik(wy) e o €e(w)w Ao
Eal(r, wp) =5 —e/(2 yeXP( Ao? (A2) T (7x)— L2 e )= T b2 ),
c c
(A9)

The general expression that relates the second-order suscep-

tibility to the fundamental fields 1§ We assume that the bound wave solutiparticular solu-
tion) to the nonlinear wave equation is

(=472 [ | 2 (=0t o.)E. A . |
PP =ant | | Mito= o ooE (o Eyl1, @) = XEpy(T,0) =X{p(w) €Y. (A10)

X Ep(wy) 8(w— (w4 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(,0)= ——P(1,0).
c c
_ (A11)
Ky —kg+ 22 (A4) . . _
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(@) ~krolelld —(A19)
2 Tz (A1) ith
with ep=¢€(w,) ande;=€(2w,). Thus, Eq(Al1l) 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 thagain, 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

LT o i
approximation introduces an error of less than 0.17% in the In this appendix, we derive the SHG field transmitted

magnitude of the field. )
We now consider the homogeneous solutions to the wa\} rough GaN/AiQ" by boundary value33techn|ques. We use
e notation employed by Yeganehal to label our non-

equation. These solutions are required to satisfy bounda{

conditions at both quartz/vacuum interfaces. There are fo%1 reeadrefrlﬁjlgasd '(ghelseal;llgldzs firrea?r'SpGlZﬁd;: dFIs% 5.h;[2erlsge;_
free wave fieldsE;4(r, w), which is generated at the first o ' ’ pphiTe, P

quartz/vacuum interface and traverses the quartz crysta{ively' Our quel include_s all fields that affect the magnitude

Efo(r, ), which is reflected off of the first quartz/vacuum Of the transmitted !ntensny by. at Iea_st 10.%' For example, we

inft(c)-:‘rf,ace' into the vacuunky,, (r, ), which is reflected off assume no reflection of the linear light field, and hence, the
fir\l, ’

of the second quartzivacuum interface, Englr, o), which bound wave field, from the GaN//; interface. This as-

. . . 2
is the transmitted second-harmonic field. We assume that tl%Imptlon 1S valid becausérlzp(_wo)| <0'Ql.5' where
fields have the form riop(wo) is the Fresnel reflection coefficient for the

p-polarized light at angular frequeney, with 1 (GaN) as

the incident medium and @&apphire)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 positivdnclude the free wave field reflected from the GabiDyl

if the free wave propagates in the direction of the boundlterface. This fieldEy,, is related to the free wave field,
wave field or negative if it propagates in the direction oppoEtz, that is generated at the GaN/@4 interface and propa-
site of the bound wave field. By applying continuity of the9ates through the sapphire substratéEas|~0.1Ey,|.
tangential components of the electric and magnetic fields at e P-polarized fundamental light field generates a non-
bothy=0 andy=d, an expression for the transmitted freeiN€ar polarization of the form

Efj(r,0)=X{5j(w)e ke, (A15)

wave amplitude is determined as
P P2 =2t2,(wo) X ZEAE, (B1)
{p1(w) and
Li(w)= Kea(@) + Kro(@) —2K¢1(w)
) ) P =t201(@0) (X mEXExt X2EES).  (B2)
+ _
X(M) gl (kr1(@) —kfg(w)d Note thatE is the incident fundamental field afigh,(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 =% @o) XNEEy - (B3)

Using the zeroth-order approximation for the phases, the rd"€ bound wave fields are determined by the nonlinear po-
lationship between the angular frequency and the wave vel@rization, the nonlinear wave equation, and
tor is

—47V-P?
VEy=— (B4)
k nf12w0 d k nb12w0 AL7 €p
(@ b1(®) (AL7) The nonlinear bound wave fields are
with

4

Epix= (B5)

n;=n(2w,) and np;=n(w,). (A18) b €t

2
P§<2)< 1— kb_zlx) _ kblxzkblz P(Zz)
k k
f1 fl
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and EL(1,2 00) = 8tpzd 20,) (Epe™ 12
_ 4w (2) _@ _kblxkblz (2) +rplo(zwo)tplZ(wo)Eflreikflé) (BlO)
Epi.=———| P | 1-— ——P|. (B6)
€ €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 uE "
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 Gap@Alinter-
face, Es,, and a free wave reflected from the GaNGAl
interface,E;,;. These waves have the forms

gote thaté is the round-trip distance thgt,, travels in the
aN film andA is the distance thd;, travels in the sap-
phire substrate during the round tripegf;, . Equation(B10)
is rewritten in the text as Eq&25) and (32) to explicitly

demonstrate the transmitted wave’s dependence on the non-
2

k? 1Kz, -1 k2, . linear susceptibilities of GaN, the applied linear fields, and
Efo= (W + kfz) Kp1,+ k_) Epiye ko1 propagation effects.
f1z22 flz Equation(B10) does not include the effect of the “walk
off” between the bound and free waves. Walk off refers to
- kleEblze‘ikblszr2kf1Ef1e“kflzd} (B8) the spatial separation of the bound and free waves that results
from different directions of propagation of these waves in the
and nonlinear crystal. Walk off decreases the overlap of the
) . 5 bound and free waves, and hence modifies the interference of
[ kigkiaz Kf2 ik these waves. For an 800-nm beam with an angle of incidence
EBrur=-— KioKs1 tkn Kp1,~ Ktz Eo1e 6, of 46.0°, the corresponding free and bound waves propa-

gate in GaN with angles df;;=16.4° andf,,=18.0°, re-

- Kf oKt : spectively. After propagating through Am of GaN, the
~KonEpe O | iy kfzzkfl)E”e Ikmd}' spatial separation of the center of the free and the bound
waves is 0.15um. Therefore, walk off is insignificant in
(B9) our experiment. In addition, no walk off occurs in our SHG
Therefore, the field transmitted through GaN@y is measurements of quartz becadge=0° and§;=0°.
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