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Rotational Maker fringes, scaled with respectx@ of crystalline quartz, were used to determine
the second order susceptibilitiqézl) andxg for samples of thin AlGa;_,N films, a thicker GaN
film, and a free-standing GaN platelets. The pump wavelength was 1064 nm. TGe; AN
samples, ranging in thickness from roughly 0.5 to 4m, were grown by metalorganic chemical
vapor deposition(MOCVD) and hydride vapor-phase epitaxyiVPE) on (0001 sapphire
substrates. The Al mole fractions were 0, 0.419, 0.507, 0.618, 0.660, and 0.666, for the
MOCVD-grown samples, anad=0, 0.279, 0.363, and 0.593 for the HVPE-grown samples. An
additional HVPE-grown GaN sample 70 um thick was also examined. The free-standing bulk
GaN platelets consisted of an HVPE grown fitr226 um thick removed from its growth substrate,
and a crystak160 um thick grown by high-pressure techniques. For thg&al_ N samples, the

magnitudes of)((321) and ngg) decrease roughly linearly with increasirgand extrapolate te-0 for

x=1. Furthermore, the constraint expected for a perfect wurtzite structure, ng@ayzxfl), was

seldom observed, and the samples witt0.660 anck=0.666 showed(fl) andxfg having the same

sign. These results are consistent with the theoretical studies of nonlinear susceptibilities for AIN
and GaN performed by Chest al. [Appl. Phys. Lett.66, 1129(1995]. The thicker bulk GaN
samples displayed a complex superposition of high- and low-frequency Maker fringes due to the
multiple-pass interference of the pump and second-harmonic generation beams, and the nonlinear
coefficients were approximately consistent with those measured for the thin-film GaN sample. ©
2005 American Institute of PhysidDOI: 10.1063/1.1852695

I. INTRODUCTION vices based on guided-mode phase matching or quasiphase
, ) ] matching(QPM) techniques’az6 QPM is an elegant method of
Methods of nonlinear opticNLO) offer nondestructive  oy;onding the phase-matching bandwidth of a nonlinear op-

means to probe and characterize bulk materials and thin f”mﬁcal crystal by spatially modulating the magnitude or sign of

since the nonlinear optical interaction is necessarily depen- . .
dent on structure, symmetry, and the presence of inter1“acers][.he fecolndl-order susfc elp_t'blllty'l,Th'S rfr;e FhO? has %ror:/ en
Applications of NLO techniques to the characterization ofSPEctacuiarly successiul in realizing etlicient second har-

wide-band gap semiconductors include mapping SiC to reMonic generatioiSHG) and optical parametric oscillation in

veal polytype formation, mapping of piezoelectric fields in SUch matenals as LINbQLiTaO,, and KTP™® Indeed, Mi-
lll-nitrides, and the observation that rotational Maker fringesragliottaet al.” proposed a GaN-based QPM device based on
can reveal misoriented growth in nominal(p001) GaN an alternating stack of GaN and sapphire layers. More re-
films grown on sapphire substrafes. Furthermore, with cently, growth of GaN on domain-engineered LiNpBas
their broad range of optical transparency and wurtzite strucpermitted control of polarity in the GaN filh.

ture, the wide-band gap lll-nitrides may prove to be inter-  This emerging interest in GaN alloys as a material sys-
esting materials with which to engineer nonlinear optical detem in which to fabricate NLO devices also compels the
study of the composition dependence of nonlinear optical
dElectronic mail: sanford@boulder.nist.gov coefficients discussed herein. In this article we describe the
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use of rotational Maker fringes to measure the nonlinear sughicker samples. The computed values fa; and y33 were
ceptibilities 2 and ¥ of a series of AlGa, ,N samples fairly consistent with those measured for the thin GaN film.
grown by metalorganic chemical vapor deposition
(MOCVD) and hydride vapor phase epitaXyAVPE) on
(0002 sapphire substrates. A free-standing bulk GaN platelefi, THEORY OF ROTATIONAL MAKER FRINGES IN
grown by high-pressure methods was also examined. GaN

The AlLGa _,N thin films were typically 5 mm in cross
section and ranged in thickness from roughly 0.5 to 4.
The values of the Al mole fractiox were 0.000, 0.419, In order to properly treat the problem, the full Fabry—
0.507, 0.618, 0.660, and 0.666, for the MOCVD-grown Pérot resonances of the pump and SHG must be considered.
samples, ank=0, 0.279, 0.363, and 0.593 for an HVPE- We first derive expressions for the forward- and backward-
grown samples. Details for these samples concerning cryst@ropagating pump fields in the GaN film and describe the
growth, calibration of the Al mole fractior, and measure- conventions used in the treatment of wave propagation in
ments of refractive index and birefringence are givenanisotropic media. The eXperimental orientation of the GaN/
elsewheré? Least-squares methods were used to fit an anasapphire sample, and the incident, reflected, forward, back-
lytical model describing rotational Maker fringes to experi- Ward, and transmitted ordinafg) and extraordinarye) po-
mental data collected from the samples. Our analysis inlafized pump fields are illustrated in Fig(al. The incident
cludes both the full birefringence of the Ma, N layer and and reflected pump fields at the air/_Ga_N interface are repre-
growth substrate and the Fabry—Pérot resonances of trénted by plane waves. The incident and reflected
pump and second-harmonic fields. Scaling of the MakeP-Polarized pump fields are

A. Resonating pump fields in the GaN film

fringe data with similar da'ta coIIelcted. from a cr;(/gtalline Egi:g,Egi exfi(y,X + v,z — 0P7)], (1a)
quartz reference plate permitted callbratlorygf andyy; of
the ALGa_ N samples with respect tg\? of the quartz ES =VE) exdi(nx— yz— oP7)]. (1b)

reference plate. We observed a reduction in the magnitudesh incid d reflectestnolarized iold
of X<321> and X(323) with increasing x. At x=0 X(zl) The In.CI ent .an reflecteetpo ar|ze' pump fields are
=5.3 pm/V+8% for thethin film MOCVD sample and ER' = {XEY' exdi(yx + v,2)] + ZED exfi(yx + v,2)]}

X(321)25-7 pm/V =8% for thethin HVPE sample. The magni-

. . : X —iP
tude of X(321) decreased in a roughly linear fashion to exp-iwt), (23
1.6 pm/V forx=0.666. Over the same range xthe mag- Pr_ rorpi . ~pi .
Et =1XE; exfi(yX— v,2) |+ ZE, exgi(yX— v,Z
nitude of X(3233 also decreases. For example, a0 y'2 e = UK exili(yx = y2)]+ 25, exili(nx = 72)
=-7.4 pm/V for the thin MOCVD grown sample ar)di3 X exp—ioP7), (2b)

=-104 p(rglv for the thin HVPE grown sample. At p4,ghout this article, boldface quantities represent vectors
=0.666 y33=3.9 pm/V. In contrast with computations of

@ 3 ) " or tensors as the context indicates. Variables appearing in the
X, the simulations reveal that the Maker fringes dependyreceding equations are identified as followss the time;
weakly onx(ge? and the estimated uncertaintyj@? is +40% 4P and NP are, respectively, the angular frequency and
throughout. For a perfect wurtzite structiaass &nm one  yacuum wavelength of the pump fielgl=27/\P is the mag-
generally expects adherence to the constralfft=—2x.2. nitude of the wave vector for the pump field, with compo-
However, we found that this relation was generally notnents y,=ysin6 and y,=vycosé. The o- or e-polarized
obeyed for the set of samples examined. Additionally, forpump fields in the GaN film and sapphire substrate are de-
samples withx~0.6, we found thaty'? and y2 had the noted byER* and HE", where the superscript may be as-
same sign, which is consistent with theoretical calculationsignedi, r, f*, f~, or t. Depending upon the context, the
of nonlinear susceptibilities in AIN film&. Thicker GaN  subscriptg is assigned eitheo or e, indicating ordinary or
samples were also examined. These consisted of an HVPé&traordinary polarization. Here, the superscrifitsefer to
grown plate(roughly 230um thick) that was removed from propagation in the zdirection in the GaN film. The super-
its sapphire growth substrate, an HVPE grown filmughly  scriptt refers to the propagation in thez Hirection through
70 um thick) that remained on its growth substrate, and athe sapphire substrate. The general dielectric tensor at wave-
bulk high-pressure grown platelétoughly 160um thick). length \P referred to the principal axes of the /&a _,N or
The HVPE grown samples we(B001) oriented and roughly ~ sapphire media i&P*=%X(n5%)2+9y(nd*)?+22(n2*)2. Obvi-

5 mm square. The bulk high-pressure grown GaN platelepusly, ngf+:ngf_zngf, and ngf+:ngf'zngf in the ALGa,_,N.

was a(000)) oriented irregular hexagon measuring roughly Backward-propagating pump waves due to Fresnel reflection
4 mm in cross section. Growth and preparation of thesérom the back of the sapphire substrate are ignored. Max-
thicker GaN samples is discussed in Ref. 12. Compared twell's equations folEl" andHE* are

the thinner samples of £&Ga_,N, these bulk samples dis-

pa
played complex Maker fringe patterns_ of high-anq low- VvV X E%ﬂ:_ﬁé, (33
frequency fringes because of the multiple Fabry—Pérot re- a7

flections of the pump and second harmonic generation oa

(SHG) beams. The resolution of these high-frequency fringes pa_  ~pa OEB

) O . . . VX HE =g0e™ - , (3b)
is an indication of surface quality and uniformity of these ar
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sapphire

L L

FIG. 1. (a) A schematic showing the incident pump fié{@i, the reflected pump fiel&"', the forward-propagating pump field in the,&la, ,N film E§f+, the
backward-propagating pump field in the filﬁgff, and the pump field transmitted into the sapphire subsEgteThe subscripig is o for the o-e pumping
configuration(pump polarization perpendicular to the incident pleaede for the e-e pump configuratiorfpump polarization parallel to the incident plane
The heavy arrows indicate that the various pump fields result from resonant Fabry—Pérot buildup ifGiége MIfilm. The pump angle of incidencé is
shown and the propagation angleg and 6‘%‘ depend upon the pump orientatigh (b) Extraordinary-polarized SHG produced by either the or e-e
pumping configurations. The SHG field produced in reflectioEgs the forward- and backward-propagating SHG fields in thgsaJ_,N film are Eg and

EL_, respectively, the SHG field emerging into the sapphire substr&g, iand the SHG field exiting the substrate5$ The propagation angle@f and 0;‘

are also given and depend upon the pump orientgiddeavy arrows indicate that the SHG fields results from Fabry—Pérot reflections of both the pump and
SHG in the AlGa N film. The |¢| axes of the AlGa,_N film and sapphire substrate are parallel to fHecoordinate axis. The relative thickness of the
Al,Ga N film and sapphire substrate is not to scale in eiifagor (b).

V- (egE™ - B =0. (39 ER" = (RER" extfii(viex+ 72
These equa_tions are used to (_jerive wave _equafcions thgt sepa- + 2ng+ exp[i(y)f(ex+ ?’iez)]}exp(— iwP7), (6a)
rately describe the- or e-polarized pump fields in the bire-
fringent media. In component fori*=-Ep*, E;*=X-EL?, EPT = 1%EPT expfil v X+ +f (L — 7
EP=2.EP* and the wave equations become e =I& ) ALyt vedl- = 2]}
. ., . + 2B expli[ Yl + YidL - 2]} exp(— iwP7),
(S&XEg + (93 5 +( g )2: O’ (43) (Gb)
a2 42 a ) 2 a a P2
(D25 ER" + (22 ER" + (ynh g2 =0, (4b) ER' = [RER explil viex + Yodz— L)1}
5=pt Hs 1 _ —i.p
(nga)z&)Z(XEga + (nga)zo—ézEga + (,ynganga)z =0. (4C) + ZEz exdl['}/xeX+ '}’ze(z L)]}]eXP( lw T)- (GC)

The wave vector components for tegolarized pump fields

The srruptu:_e islupigxial SO t'hT azi(rjnurt]hal ori_entation 01; tr;]eappearing in Eqs(6a—(60) are given byy! .=n(6%")y sin ¢,
sample in Fig. 1 is immaterial, and the assignment of t € =n(¢")y cosé® Y =n(6?)ysin 68" and 9.,

crystalx andy axes, with the crystaf axis conforming to the n(6%)y cos P
laboratoryy axis as shown in Figs.(d and 1b), is made S ©
purely for convenience.

The forward- and backward-propagatingpolarized (") = ng' 1L (2 cos B2 + (n' sin 621)2]
pump fields in the GaN film are, respectiveBf” andEP".
The forward-propagating pump field traversing the sapphire
substrate i€P". These fields are represented by n(68Y) = eV 1/ (N2 cos 82)? + (nd' sin 629)?]

The factors

(5a) are, respectively, the extraordinary indices of refraction in
the GaN layer and the sapphire substrate as functior@fof
and . With the dependence of extraordinary index on

EX = JEP" expli(yiox + vz — w7,

ED" = VE) explil vioX + vho(L = 2) — wP7]}, (5b)  pump angle of incidence so defined, one may readily verify
that fields defined in Eq$5) and (6) satisfy Eqs(4). Reso-
Egt=9E§texp[i[y§(ox+ Woz-L) - Pr]}. (50) nant buildup of the pump field in the sapphire substrate is

neglected, and only the forward-propagating pump fields in
The wave vector components for thepolarized pump field the substrateEgt and Egt are retained. This is justified by
are given by ¥ =nP'ysinéd, 4 =nf'ycosé, 44, considering that the sapphire substrates are typically
=nP'ysin ', and ».,=nl'ycoséd. The e-polarized pump ~0.4 mm thick, the AlGa, ,N films range in thickness from

fields in the GaN film and sapphire substrate are roughly 0.4 to 2.1um, and the diameter of the pump beam
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incident upon a sample under test is approximately7Q : n?' cos " - cosé,

Considering these geometrical factors, pump resonance in Ro=— npf Cosgpf+cosg_ (8b)
the sapphire plate will occur only faf;, within roughly £8° '

of'normal incidence. As will be |Ilust'rated further'on, within t ngt Cosggt_ ngf cosagf

this narrow angular range the SHG intensity arising from the R,= (80

pt t pf i
AlLGa N layer is typically negligible. However, given that ng cos g + NG cos g

the films are very thin compared to the pump-beam diametenell's laws for theo-polarized the pump are derived by
the pump resonance within the ,&a_N films should al-  considering continuity of the transverse phase at the bound-
ways be included in the analysis. ariesz=0 andz=L giving sin 6;=nP" sin 2'=nP'sin 6.

The continuity of the tangential components of the inci- ~ The x components of the forward- and backward-
dent, resonating, and transmitted pump fields permits soluravelinge-polarized pump fields are
tion for the field amplitudes in terms of the incident ampli- i i - ot
tudes. Equatiori3c) may be used to calculate the ratios of E§f+: TeE)E[l R exp(— 'kgei‘)] ,
the x andz components of the-polarized fields. The- and [1+(RRy)? + 2RR, cog )]
y-polarized components of the magnetic field are calculated | ot epi - - of o
from Eq.(38). With these in hand, one may then solve forthe g _ TREL[1 *+ReRe exp(_— ikZd-) lexpliy,d-) (9b)
amplitudes of the forward and backward pump fields in the [1+(RRY?+2RR cogkd)]
GaN fiIm for both theo- and e-polarized pump cases. With pf
kpf 27, the results for the@-polarized pump case are with k; 2726' and

Yio p pump

(9a)

f
o ToESTL + R expl- ikEAL)] e T ffc"sgg ) ,
Y T 1+ (RR)2+ 2R R cogkPi)]’ cosé’ + n(apf)M o sin 0‘”) +cod 0pr cos 6,
and .
(99)
i T,REPTL + RUR, exp(— kD) Jexpli vl 7 ot )
Y [1+(R,R)? + 2R,R, cog kel )] n( 6" { (n—gf sin agf) +cod Hgf] cosé; — cost'
with Re= of 2 ,
) n( 62" { (n—"f sin 0§f> +cog Bng cos 6, + cosek'
T = coso; (8a) ne
° nPfcoseh + cos,’ (9d)

pt pf 2
n(egt)[<:—gt sin & ;) + cog 0”‘} cosél - n(apf)K o sin epf) +cog apf] cos !

e

(9¢)

e

Rfe = npf pt 2
n(apf){ (n—gf sin 6P ef) + cod epr coséb'+ n(wt){( sin 49'“) +cod HgtJ cosﬁgf

Snell’s laws for the extraordinary pump case becomedsin by symmetry considerationtd:*® Thus, we need consider

=n(&"sin 6'=n(&Ysin &2 only the two independent compone andX Further-
more, an additional constraussz23 ‘2X31 exists and is based
B. Nonlinear wave equations on the premise that the optical nonlinearity in the hexagonal

structure is due entirely to the contributions of tetrahedral
units® However, as discussed in Sec. I, this constraint was
generally not experimentally verified. Note that we are rep-
resenting the second-order susceptibility in SI units using the

For hexagonal GaN(class 6nm), we represent the
second-order nonlinear susceptibility tengﬁf in simplified
matrix form by

0 0 0 0 xZo “ Xf]zk) conventlon rather than thed;j” convention*>"* The
Xi(jZ) =l 0 0 0 @ 0 o (100  dimensions 05(. ‘. are pm/V and the numerical values of the
coefficients between these conventions are relate
X5 X3 X3 0 0 0 dify

= 2d|jk
By symmetry con5|derat|0rp§22) = and X(gzl) = X(Z) 131ad-

Returning to the sample orientation illustrated in Fig. 1,
ditional simplification occurs W|th(15 X(Sl) which may be  with the understanding that the coordinate axes in the AlGaN
derived by considering arguments based on the dispersion ebnform to the crystal axes, there are two cases of practical

the electronic contribution to the nonlinear susceptibility, orinterest for the pump polarization that both produce
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e-polarized SHG:(i) an o-polarized pump, resulting in a with vacuum wavelengthh and angular frequency are re-

forward-propagaﬂng nonlinear source po|arizat|@ﬁ§’ the ferred to as SHG fields. For the cases considered here, with

“o-¢” case; and are-polarized pump resulting in a forward- the sample producing Maker fringes by rotation aboutythe

propagating nonlinear source polarizatimi+- the ‘“e-¢” axis, the SHG fields and the nonlinear source polarization are
e

case. In simplified matrix form, these nonlinear source polarf’lII e polarized while the pump fields are eitieor o polar-

izations become ized (but not simultaneouslye and o polarized. The
_ forward-propagating SHG fields in the GaN film are denoted
0 0 0 0 x7o EF, HE, Pl and satisfy Maxwell’'s equations, where
Plo=el 0 0 0 X2 0 0 H
f_ e
X7 X3 X% 0 0 o0 VXEe =-mo— =, (128
i ] R - -
0 VXHL:sos- ae +(9—e, (12b)
+ T T
(E)")? expi(Kex + Koig)
X 0 X exp(—iw7), (118 V- (egeS-EL +PL)=0. (129
0 : . :
Analogous equations exist for the backward-propagating
0 SHG fields. The respective ordinary and extraordinary indi-
0 ces of refraction ai for the GaN film and the sapphire
B i} substrate ar@?, nS', n¥', n'. The dielectric tensors in these
O 0 O O X.(?,Zl) 0 media are
Ple=eo] 0 0 0 x§ 0 0 7= 3&(n3)2 + §Y(n3)? + 22(ng)?,
xS X8 A8 0 0 0 and
- - =332 + §Y(nSH2 + 22(ng)2.
(ER")? expi (Kix + KBf2)
f 0 f C. e-polarized SHG arising from an  o-polarized pump
P2 axpi (KPx + KPf field
% (ED" ) expi(Kiex + kPez) X exp—iw), ie
0 Manipulation of Egs.(129—12¢ leads directly to a
2ng+E§f+ expi (K2fx + kifz) wave equation describing the SHG fid{ for the o-e case.
0 The forward-propagating SHG field in the GaN filmﬁé ,
- - (11p  Where El =xE! +2E' and the SHG field components
o o andE! satisfy
where exp (Kipx+kipz— wr) =exp A(yypX+ y;52— wP). o2 f . sho.2 ft sf_shof*
Thus, P and Pf_ will separately produce SHG polarized (Y20 + (N)°0E, + (krEhng) 6
parallel to the laboratorx axes. Once again, our choice of = %X(szl) sin(Zegf)(krﬁfEEf+)2expi(kfﬂf)x+ K'2- wn), (133

the azimuthal orientation of the sample is not important. This
may be verified by inspection of Egélla and(11b), real- sh2 .2 —f sh2.2 ~f* sf_sf2=f
izing that thee and o pump fields remain invariant under ()22 + (N)*F2E, + (kgnZ)E,

az?mgthal rotgtiqr(e.g., rotation of the sample about ar(12)axis = X2[(nf cosPh)2 - (ngf)Z](kng*)Z
coincident with its surface normalThe symmetry ofy: i

: - e 0 X expi(Keix + K’z - w1) (13b)
will always result in the same projections of the nonlinear PI{KxX ¥ Kz :

source polarizations _onto the a_md y axes of the sample_ Similarly, EL_:%EL_QEL_, where the SHG field components
regardless of the azimuthal orientation of the sample with_;- dE" sati

respect to the polarization axis of the pump. These assertio andE; satisty

were verifieq experimentally by holding t.he sample at a fixed(ngf)zafxE)f(' + (Y22 EL + (krgnSh2ED

angle of incidenceg 6, ~40°) and recording the SHG pro- . )

duced undero-e and e-e pumping conditions while the == 3x5 sin(268) (knpEP" )2

sample was rotated azimuthally about an axis parallel to the

iT 1P pfrl — ) —
c axis. In all cases the azimuthal variation of the SHG was xexpillox+ kel =2) ~ o7, (139
negligible. These observations further support the assump- - - -
tion that x\2=x2. (VPHE, + (N, + (Krgng)?E,
- _Thg b_ackward_—propa_gatlng nonlinear source po_lanzatlon - X(gzl)[(ngf cosﬁgf)z _ (ngf)z](kEsf')z
P' is similarly defined with the replacements fdf— f~ and ot of
z—(L-2) in Egs. (118 and (11b). All fields propagating Xexpi[kix + KL = 2) - o7]. (13d)

Downloaded 21 Feb 2005 to 132.163.53.162. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



053512-6 Sanford et al.

The general solutions to Eq&l39—(13d) are

E" = Ef expi(kix + kiz - iw7)

+ AL expi(Kix + Kz w7,

El" = E% expi(Kix + kiz—iwn)
+ AL expi(Kix + Kz w7,

E! = Elo expi[kSix + KL - 2) —iwr]
+A expi[kggx + k%(L -2 —-iwT],
Ef = Elo expilkSix + KL - 2) — iw7]

+ A expillex + KL - 2) ~iwr],
where KL=kn(6)sin 6, KkS=kn(6Ncosé, and

(14a

(14b

(140

(149
n(6%)

=nns\1/[(ng cos 62+ (ng' sin 6)2]. The coefficientsA;,

(0]
AS, A, A, of the particular solutions are

. XS] sin 268
O 2[(nSnSTnPh2 - (nS cos 882 - (nS' sin ¢81)?]"

o xail(cosdh)® = (nImE)I(EY")>
2 [(nSmSnlh2 - (nS' cos 682 - (nSf sin 681)2]"

A= AR,

A=A (R)%.

The e-polarized SHG field generated in reflection from
the air/GaN interface i€], and thee-polarized SHG field
transmitted into the substrateES' These fields are given by

ES ={XE} exfi(kx — k2)] + ZES exdi(kx — k,2) I}

Xexp(—iwT),

(158

(15b)

(150

(150

(16a

E'={XE; expli (Kix + ko)1 + 265" exli(Keex + ) 1}

Xexp—iwT),

(16b)

where the wave vector component§i=n(62)k sin 62,

K=n(6k cosé with

n(63)=ngndY
V(n2cos62)2+(nSsin 622 The solution of the reflected, cir-

J. Appl. Phys. 97, 053512 (2005)

and the SHG field leaving the substrate forL is EZ*
=E;{x-ztan6)exdi(kx+k(z-L)-w7)]. The Fresnel
transmission coefficients links ES' and ES? via E*=T3ES,
where

St t\ 2
2{ (noi—lsrtl@> +cog 62‘} n(62)cosé;
Te= St a7 .
2{ (%) +cog aifJ n(6)cosé, + cose

(18)

The normalized-polarized SHG power leaving the substrate
for the o-e case is defined a&&).=|ES32 An explicit form of
|EZ32 is given in Appendix A.

D. e-polarized SHG arising from an
field

e-polarized pump

Following a procedure similar to that used in the last
section, we may derive a set of wave equations that describe
the generation oé-polarized SHG when only ae-polarized
pump field is present. The forward-propagating SHG field is
given by the solutions to the equations

(nSY22EL + (nh22EL + (kngngh?EL

. - r.lpf 2
= (EX )ngszz{[(nzf)z - (n(&E"sin 6’2f)2]2<n—§f) tan 62
V2 (rnpf\2 2
+[n(EH]A 1+ %K—gf) tan @f] cos 6k sin 68
X31 L \Ne
X expi(Kix + Kz - w7), (199
and
(EYPAE] + (g2 L + (kfing)E)
N X(z) nPf\ 2 2
= (B2 K 1+ 505 { (—;) tan agf]
X31 L \Ne
x[(n(68"costR)? - (ng)?]
f\pf i - apf ]2
- 2{@%”2} }expi(kggx+ Kz ).
e
(19b)

culating, and transmitted SHG field amplitudes are found byrhe backward-propagating SHG is described by solutions to
application of the boundary conditions that require the conthe equations

tinuity of the tangential components of the SHG fieldsz at

=0, L, where

Ed 0= % (EL +EL)| =00

>

y- v X Equo: g’ vV X (Efe +Efe_)|z:0:

! EZHZZL =X- (E(fe + E(fe_)|z:La

>

9V XEN =9V X (EL +ED)| -

In the solution of Eq.(178—17d), we are concerned only

(179
(17b

(170

(174

with solving for the SHG fieldES. Clearly, ES%=-E;*tan 6,

(NS?FE + ()P + (kngng)’Ey,
=- (ng‘>2x<§fk2{ [(ng)?
npf 2
- (n(6Esin agf)z]z(n—gf) tan 62"
2[ ref\2 2
- 1+ (n—&) tané?' | [cosé’sin ¢
X31 e

(20a)

X expi[keix + KL - 2) — w7],

and
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PA IBDl
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C sC

FIG. 2. A schematic showing the apparatus used to generate and record rotational Maker fringes fropG#heNAsamples.L is the output of the
mode-lockedQ-switched laserA is the attenuator used to set the power incident on the samp¢ea polarizer that sets the polarization fidelity of the input
pump bear{shown as a dashed liné=R is a glass Fresnel rhomb to set the state of polarization of the pump beam on the 3amplélescope to expand

and collimate the pump bearhl is a lens to focus the pump on the saml2;is a lens that collects and collimates the Sk¥Bown as a solid lineand

residual pump beardasheg A is an analyzer to select the state of polarization of the SH@G; a harmonic beam splitter to reject the residual pump beam;

BD is a beam dump for the residual pump be&nis a 532 nm bandpass filter; PMT is a photomultiplier tube for detecting the SHG; PA is a current-sensitive
preamplifier; BC is a boxcar averageZ; is a computer that records the SHG data and controls the stage motion; SC is the control electronics for the
rotation/translation stage systeii;is the pump angle of incidence;, y’, andz’ are the lab axes fixed with respect to the pump beany; andz are the

crystal axes.

()22 EL + (n)2RE" + (ks ?El normsaliz_ed SHG output pqweﬁ”ge:|EZB12. An explicit form
T/ o 2 , of |ES32 is given in Appendix B.
- n
et o] (o] |
X31 € lll. EXPERIMENTAL RESULTS
n(PHnPf sin " |2 . .
X[(n(62Ncos )2 - (ngh?] - 2 — A schematic of the apparatus and data-acquisition sys-
Ne tem used to collect Maker fringes is illustrated in Fig. 2. Data

X expi[ kX + KL - 2) - w7]. (20p)  Wwere collected from the series of thin-film &a_N and
bulk GaN samples in the following manner. The samples
The general solutions to Eq&L9g), (19b), (209, and(20h)  were separately mounted on an automated rotation/
are translation positioning system that also held a crystalline
. quartz reference plate in close proximity to the sample under
E;+: E;o expi(k;fex+ kigz— iwT) test. They-cut quartz reference plate was 0.501 mm thick
. o of of and 25 mm in diameter. The pump beam was derived from a
+ A expi(Kex + Koz — 1), (218 mode-locked82 MH2) Q-switched(800 H2 Nd:YAG laser
operating at 1064 nm. The pump beam falling on the sample
Ef = E;; eXpi(kifex+ kifez‘ i) was approximfately 7@m in diameter and the average
power was typically attenuated to 30 mW. The polarization
+ A expi(Kix + Kz - w7), (21b)  of the pump was set using a glass Fresnel rhomb. The optical
system was checked carefully to insure that no spurious SHG
artifacts were generated by the pump steering, focusing, and
polarization optics. Maker fringes were collected in repeti-
+A, expi[kf(’fex+ kgg(L -2) - w1, (210 tive succession from a sample and the reference plate under
identical conditions of pump intensity. The laser was suffi-
- - . ) ciently stable so that continuous monitoring of the pump
E} = Ex expi[kx + KL ~ 2) = iwr] intensity during data collection was unnecessary. This was
+A, expi[k)lt(n‘exJr kQL(L—z) - w1). (21d)  Vverified by checking the consistency of the repetitive data
sets collected from both the sample under test and the refer-
The coefficient;, A}, A, A, for this e-e case are found by ence plate over a period of several minutes. Tlis of the
substitution of Eqs(213 and(21b) into Eqs.(199 and(19b)  reference plate was set parallel to the laboratgraxis
and substitution of Eqg21¢) and (210 into Egs.(20a and  (sample stage rotation axis labeled as yhexis in Fig. 3
(20b). Note that thee-polarized pumping condition is distin- and the pump and SHG polarization were parallel to the
guished by the & subscript appearing on the wave vector laboratoryx axis (labeled ax’ in Fig. 2) for all Maker fringe
componentsk)’ife andkgfg In an analogous fashion to Sec. Il C, scans of the reference plate. Tliee cases necessitated
we solve for the amplitude of transmitted SHG fi€l§f for ~ switching the pump polarization fromy’ to x’ (laboratory
this e-e pumping case and arrive at an expression for thdrame as the stage alternated between placing the sample

E = Efo expi[kix+ KL - 2) ~iw7]
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normalized SHG power (linear scale)
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normalized quartz SHG power (linear scale)

pump angle of incidence 6, (deg) pump angle of incidence 6, (deg) PR
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(a) (b) pump angle of incidence 6, (deg) pump angle of incidence 6, (deg)
5 eeee quarz SHG 3 eees quarz SHG @ (b)
§ oooo o-e GaN SHG § oooo e-e GaN SHG 3 ) ) ) )
@ —— simulation 5 simulation g FIG. 4. (a) Data and simulation of Maker fringes for tieee pumping case,
§ - \ v and corresponding quartz SHG reference scan for the MOCVD grown
= T } E AlLGa_,N sample withx=0.618. The quartz and &ba,_,N data are dis-
g § i’ played on different scales because of the relatively weaker SHG output
a g- H resulting from this pump orientation for this high value»of(b) Data and
e 5 3 simulation of Maker fringes, and corresponding quartz SHG reference scan,
2 ¥ - for the e-e pumping case for the sample illustrated(a. The ALGa_,N
8 §_ 3 and quartz SHG data are displayed on the same scale in this case.
E .§ é
[] B8O A=
E o *.\— ; E T T v T T T 2 d H H H _
S 50 40 20 0 20 40 60 5 60 <40 20 0 20 40 60 ods are impractical, so use of the Maker fringe data to estab
pump angle of incidence 6, (deg) =  pump angle of incidence 6, {deg) lish sample thickness is one of the few nondestructive
© @ options available.

_ _ _ _ With L established;((szl) was calculated using a least-
FIG. 3. () Data and simulation of Maker frlnges for tleee pumping case squares fitting procedure that scaled the amplitude of the
for the MOCVD grown GaN sample. Superimposed on the graph are the Maker fri dat ith t to the adi t f
data and simulations for the corresponding quartz reference scan. The Ga € Viaker irnge gata with respect to the a Jacent scans from
and quartz SHG data are on the same soleData and simulation of the quartz reference plate. The Maker fringes from ehe
Maker fringes, and corresponding quartz SHG reference scan, fae-¢he case depend updn Xéz,l), X(323) and refractive index. Using the
pumping case are shown for the sample illustratedain The GaN and : : (2) (2
quartz SHG data are on the same scale, but the scale is not the same as th?VIOUS!y com.puted value df as input, ,bOthX31 and X33
used in(a). (c), (d) Similar to(a), (b) but results for the 4.4um thick HYPE ~ We€re Var'eq as mdependent parameters in a Igast—square; pro-
grown GaN sample are shown. cedure to fit the simulation to these data. This also provided

a separate check of the consistency of the results,\(ﬁ}r

Examples using these procedures for fitting the simulations

under test or the quartz reference plate in the focus of thf-0 the o-e and e-e data for the thin MOCVD- and HVPE-
pump beam. The theoretical modeling of the SHG produce(tj’rown GaN samplegAl,Ga,_ N with x=0) are shown in

by the quartz reference plate was performed in a mannetigs. 3a)-3(d). For the MOCVD sample, a fit for the-e

similar to the approach used in Sec. I, and the resultase that also superimposes Maker fringe data and simula-
is essentially indistinguishable from the earlier results oftion for the quartz reference SHG, is given in Figa)3A fit
Jerphagnon and KurtZ. for the e-e case is illustrated in Fig.(B). Figures &) and

It was necessary to establish an accurate value of samp®d) illustrates similar results for the thin HVPE grown GaN
thicknessL in order to properly fit the Maker fringes and sample. Graphs illustrating the results for the MOCVD-
calculate the nonlinear coefficients of the, @ N films ~ 9rown sample witix=0.618 are given in Figs.(d) and 4b).
and bulk GaN samples. Using the previously established vall "€ results for the computed vaIuequfXgl), Xsa, and the
ues for refractive index and birefringence as infuthe values of refractive index that were used in the computations

sample thicknest at the location of a Maker fringe scan for.all of the thin film §amples, are given in Table)l. In order
to illustrate the consistency of the solutions ﬁdfl as de-

was calculated by least-squares fitting of the simulation ta. : . -

. . . rived from theo-e ande-e simulations, the table lists values
the o-e Maker fringe data. The prism-coupling methods that

, , G will not allow absolute determination of the sign}afl) with
also permit computation of. However, variation in film 2
thickness of a few tens of nanometers between points on @or both theo-e ande-e cases We can determine 0n3|)1/ the
. . . ; . ) 33

Since it was impossible to insure that the Maker fringe scangyssed further in Ref. 11. In order to maintain the convention
prism coupling measurements were made, it was necessafliye sign ofX<321> is positive.
to computelL directly from the Maker fringe data. Further- There is a range of reported results for the value of the

(2) L.
C _ of computed from both cases. These fitting procedures
were used to measure refractive index of thg3 _,N films X31 P 9p
respect toy}; (quarts since|ES3? is proportional to] x5;]2
sample separated by a few millimeters was not uncommongative sign Of)(;zl) with respect toX(z) This point is dis-
were performed at precisely the same location at which thestablished by previous authors, e.g. Ref. 4, we assume that
more, for the the thicker bulk samples prism-coupling methquartzx(lzl) coefficient’®° In our previous work with recon-
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TABLE I. A summary of the computed values of the nonlinear coefficiaé’fsandxg is given for the GaN and AGa,_,N samples. The reference level was

set usingxﬁ) (quart2=0.64 pm/V. The listed values of the refractive indieds nf', n&', andn’ were used to fit the simulations to the Maker fringe data in
computations of the nonlinear coefficients. As indicated in our earlier g&sér 10, samples withk=0.279 and 0.363 each supported only one extraordinary-
polarized guided mode at 1064 nm, consequently a reliable valungffoould not be evaluated at this wavelength. The Iachgbbrecluded computation of

X(323) for these two samples. The values of sample thickiesemputed from fitting theo-e data are also given in the table. Th®," “H,” and “M,”
designations in the first column refer, respectively, to crystal growth by high-pressure, HVPE, and MOCVD methods. The first two samples wedinfyjee-sta
while all of the other samples remain on th@001) sapphire growth substrates. The estimated uncertair)zgfl)ilis +8% and the estimated uncertainty)(@

is +40%. The consistency of the computationxﬁ via the o-e ande-e simulations is indicated in the second and third columns.

x X1 (09 X1 (e9 Xsa g n! g g L (um)
0.000(U) 5.3 5.3 -8.0 2.3040 2.3420 2.3970 2.4350 160.14
0.000(H) 5.7 5.5 -9.2 2.3039 2.3372 2.3970 2.4350 229.67
0.000(H) 5.8 5.8 -20.6 2.3040 2.3373 2.3970 2.4350 69.70
0.000(H) 5.7 5.8 -10.4 2.3040 2.3373 2.3970 2.4350 4.400
0.000(M) 5.3 5.5 -7.4 2.3040 2.3420 2.3970 2.4350 2.134
0.279(H) 4.0 2.2196 2.3080 2.3400 2.426
0.363(H) 3.0 2.2178 2.2780 2.3160 0.443
0.419(M) 3.0 3.2 -6.4 2.2100 2.2360 2.2720 2.3080 1.317
0.507 (M) 2.4 2.6 -1.8 2.1820 2.2160 2.2460 2.2820 1.181
2.593(H) 1.9 2.1 -0.9 2.1570 2.2000 2.2150 2.2510 0.581
0.618(M) 1.8 2.1 -0.7 2.1550 2.1930 2.2120 2.2480 0.954
0.660(M) 1.7 1.9 -0.6 2.1470 2.1800 2.2020 2.2340 1.022
0.666(M) 1.6 1.7 3.9 2.1440 2.1820 2.1990 2.2340 1.018

*These values opgf were computed using the two-term Sellmeier equations of Ref. 10.
PThese values 0|f1§f and ngf were extrapolated from prism-coupling data presented in Ref. 10.

ciling the nonlinear coefficients of LiNbQand quartZ’ we 1% is given by I28=)\/2|n(¢2")—n(&)|. As an approximate
concluded that the correct value of7 for quartz is numerical example, in most instance¥ ) ~n2" and
0.64 pmV+8% and weused this result to set the scale of n(65) ~nS' so thatl2®~12~2.9 um. As given in the Appen-
the GaN and AlGa;_,N nonlinear susceptibilities in the dix, the oscillatory dependence of tieee Maker fringes is
present work. Since the amplitude of thee Maker fringes  proportional to cok[ngf—n(eg)]L, or cogL /12, with simi-
are directly proportional t«ﬁ)((azl)]2, the corresponding uncer- lar expressions for the-e case. ForL ~230 um (approxi-
tainty x2 is identical to the uncertainty of'? (quarts. The ~ mate thickness of the free-standing HVPE grown saipjle
uncertainty in refractive index of +0.00&s given in Ref. variation in the argument of cfisw/12% by /10 (resulting
10) does not contribute substantial additional uncertainty tdn a readily observable shift of the Maker fringe patewill
computations of2 for these thin-film samples. The simu- be induced by a variation itnf'~n) of roughly 10“. On
lations reveal that the-e Maker fringes depend primarily on the other hand, for a samplel um thick, a variation in
X3 and depend comparatively weakly oif). The uncer- (nf'-ng) by roughly 0.03 is necessary to induce a shift of

tainty for x4 was estimated by propagating the uncertainty7/10 in the argument of cé/I29. As discussed in Ref.
(2)

of x;7 (quart? through the least-squares fitting procedure for
the e-e case and including the additional effects of the un- @ @
certainty in refractive index on the calculation. Using this L 233 hin film AIGaN
procedure we estimate that (tge typical uncertaintyg(@_is 10- ole ; l.:::( i l:N a
+40%. The plotted values ofy; in Fig. 5 are those derived O | @ LDA (Ref. 11) :
from fitting theo-e simulation with the corresponding Maker % 1 3 A[A AN (Ref.21)
fringe data(column 2 of Table ). Column 3 of Table | lists g 51 o .
the values of)((gzl) that were derived using the fitting proce- g °% 0 4o
dure for thee-e case. The plotted values Qfs.) in Fig. 5 are _.&:’ 0 - o ® B
taken from column 4 of Table I. Also included in Fig. 5 are § L
the experimental values Qf(gzl) anq )(%) for AIN given by . § 5
Refs. 21 and 22, and the theoretical values for these quanti- £ °
ties, for both GaN and AIN, given by Ref. 11. Note thatin  § | o
F(lg) 5 the data of Ref. 21 have been scaled using ©-10 'L!
2
uart2a=0.64 pm/V. - r . r T T T
Xy (quart2 P 0 0.2 0.4 06 0.8 1

For the thicker GaN samples, whose thicknesses are Al fraction x
relatively large compared to the coherence length for second " "
harmonic generation, the Maker fringe patterns are sensitivelG. 5. Graph illustratingy;; and x5 as a function of Al fractiorx. Also

- . . ncluded are results for the bulk free-standing HVPE grown GaN plate, the
+
to changes in refractive index on the order of +0.0001. I:0¢heoretical results for GaN and AIN given by Ref. 11, and the experimental

the 0'efcase the coherence lengtff® is defined byl2®  (esuits for AIN given by Refs. 21 and 22. Note that the data of Ref. 21 are
=\/2|nY —n(6§7)|, and the coherence length for tkee case  scaled by choosing?(quartd=0.64 pm/V.
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oooo 0-e GaN SHG cooo e-¢ GaN SHG
N simulation + simulation
] ] [ 3
] simulation § . . £ é
2 @ simulation g s
T e 3 §
$ g g
£ :
% 0-e case g e-e case o E
» o 8
B ° ] k]
(] [
L] 8 E E
3 data s data 8 g . . .
E £ 6 40 20 o o 20 0 60
e c pump angle of incidence 0, (deg) pump angle of incidence 0, (dog)
(a) (b)
50 40 -30 20 110 O 50 40 30 -20 10 O
pump angle of incidence 6, pump angle of incidence 0, FIG. 7. Maker fringes and simulations for the 6Qih thick HVPE GaN
@) ®) sample remaining on its sapphire substrate. For clarity, the reference data is

omitted and only portions of thé ranges are displaye@a) data and simu-

. ) . . lation for the o-e pumping case andb) data and simulation of the-e
FIG. 6. Maker fringes and simulations for the bulk free standing HVPE umping case. Although resolvable, the visibility of the high-frequency

grown GaN sample. For clarity, the_graphlcal results are displaced veruoall;&aker fringes is much less than predicted by the simulation.
the quartz reference scans are omitted, and only portions @ thages are

displayed:(a) data and simulation for the-e pumping case antb) data and

4 . , frequency fringe data is less than expected. This fit was ob-
simulation for thee-e pumping case.

tained using values fon?', n, and n¥' from Ref. 10. As
illustrated in Fig. Tb), the reduced visibility of the high fre-
10, the estimated uncertainty in the refractive index data dequency fringes for thes-e case is even more pronounced,
rived by prism coupling methods that appear in Table | isalthough the simulation locates the positions of the fringes
+0.005. Therefore, this level of precision in the refractive quite well. As noted in Table I, the fit for the-e case was
indices is generally adequate for fitting the simulation to thefacilitated by varyingn®" from its value as determined by
Maker fringe data for the thin AIGaN samples for computa-prism-coupling analysii? while the values fomgf, ngf, and
tion of ngl) via the o-e case. On the other hand, tleee  nS' were the same as those for tbee case. Note that the
simulation reveals a relatively weak sensitivity)\@ onthe o-e fit does not requiren?’. The computed value fo;(g"l)
corresponding Maker fringes. Thus for tleee case, varia- appears reasonable compared to the results for the other GaN
tions in refractive index on the order of +0.005 emerge assamples, but the computed value tég differs from that of
variations in computed values g2 by roughly +40% as the other GaN samples by roughly a factor of 2. We will
discussed earlier. comment on this discrepancy in Sec. IV. Finally, the results
Given the sensitivity of the>-e and e-e Maker fringe  for the bulk high-pressure grown sample are illustrated in
simulations to small changes in refractive index for relativelyFigs. 8a) and 8b) and Table I.
thick samples, .flttmg the simulations to the Maker frmgelv‘ DISCUSSION
data for the thick GaN samples could sometimes be im- .
proved by varying the refractive index values from those A survey of the2I|teratu;e rEVea|52332 fange of reported
appearing in Ref. 10. For example, Figapillustrates the —Nnumerical values Oi/él) a”dXée? of GaN"****and no datdas
o-e case for fitting the simulation to the data for the free-
standing HVPE sample and the correspondég case is

illustrated in Fig. §b). The modified values of refractive in- ) %
dex used to obtain these fits are given in row 2 of Table | and & @
fall within the +0.005 uncertainty for the refractive index & simuiation g simulation
data derived from prism coupling. For clarity, the simulations f;’ e
are displaced from the data in Fig§apand Gb). Note that § é
the visibility of the high-frequency Maker fringe data is rep- ¢ o-ecase 9 e-e case
resented fairly well by the simulation. Fitting the simulation % %
to the o-e data yields a value of thickness % data 2 data
=229.67+0.2um. Scaling theo-e data to the quartz refer- § §

= =

ence using the least-squares procedure givg%)
=5.7 pm/V. Scaling of thee-e SHG data yields a value of —— e —_ N
(2 __ inties i iti 50 40 306 20 10 0 50 40 30 20 10 0
i o e oo o o i o el oy o
. (a) (b)
samples.
As illustrated in Fig. 7a), results for the~70 um thick FIG. 8. Maker fringes and simulations for the bulk free-standing high-

HVPE GaN sample permits a clearer illustration of the fit of Pressure-grown GaN sample. For clarity, the graphical results are displaced
vertically, the quartz reference scans are omitted, and only portions &f the

the high-frequency Maker fringes for th:ee case, although ranges are displayeda) data and simulation for the-e pumping case and
the simulation suggests that the visibility of the high- (b) data and simulation of the-e pumping case.
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far as we are awayeon these quantities for ABa,,N. For  signs ofx'2 andx\2 has also been reported for ARY??For
example, in their NLO studies of GaN, Zhaeg al?® give  example, in their SHG studies of single-crystal AIN films
d3;=8.2+0.7 pm/V and d;3=-16.5+1.3 pm/V (respec- formed by reactive evaporation on sapphire substrates, Fuijii
tively, corresponding to xZ=16.4t1.4 and x& et al?! give the approximate valuegdss=23.2;,(quart
=-33.0+2.6 pm/V. For the quartz reference, the authorsand |d;;/ <0.04d;5. These results are in reasonable agree-
used dy;=0.3 pm/V (x\2=0.6 pm/\). Also, Kravetskyet —ment with the work of Kiehneet al** on sputter-deposited
al.** give d3;=5.46 pm/V andds;=-11.07 pm/V for GaN. AIN films. Additionally, LDA computations of the second-
In their extensive summary NLO study of GaN, Miragliotta harmonic susceptibilities offer theoretrcal agreement to the
et al’ give various examples 015»((%L that range from observations that the srgns;@@2 and)(33 are equal in AIN
4.22t0 4.8 pm/V, and values of; that range from Our results also demonstrate that at an Al composition of
-8.82 to —9.59 pm/V. Our results for both the thin-film and roughly 66%, the signs o,% and X(Z) become equal, indi-
bulk free-standing GaN samples agree more closely wittcating that this effect occurs well below a purely AIN com-
those of Refs. 4 and 24. However, we find within experimen-osition. Arguing from the point of view of bond-charge
tal error that the expected constraint thedf)=—2y is  theory>*® Fuijii et al** have speculated that distortions of
obeyed only loosely given the inherent uncertainties in théhe AIN tetrahedra may explain the observed trends(afﬁ
measurements and simulations. Moreover, this constraint iand X33 Our own x-ray diffraction studies confirm that the
not rigorously verified in computations of these nonlinearAl,Ga _,N samples are under in-plane compressive sfrain.
susceptibilities derived from the Kohn—Sham local-densityHowever, the results of the LDA studies indicate that the
approximation(LDA).ll computed results for the nonlinear susceptibilities for AIN
Note that the surfaces of both the free-standing HVPEshould persist whether or not the AIN tetrahedra were dis-
grown and high-pressure grown samples were prepared kprted from their ideal structurg.
mechanical polishing. This was necessary to remove damage
induced during the substrate removal process for the former,
and to eliminate irregular features from as-grown faces onv. CONCLUSIONS
the latter®> The visibility of the high-frequency Maker
fringes displayed by each sample reveals that the surface Rotational Maker fringes were used to measure the non-
quality is quite good. The high-pressure-grown sample, howlinear susceptibilities¢; and x5 for a series of MOCVD
ever, displayed thickness variations on the order ofmi  and HVPE AlGa N thin-film samples grown on sapphire
over an area roughly 0.3 nfmEven with careful alignment, Substrates With ranging from O to 0.666. Over this compo-
it was quite difficult to place the sample rotation axis pre-sition range,x; was found to vary from apprOX|mater
cisely on the pump focus spot. Consequently, Gasvas 5.3 pm/V (for x=0) to 1.6 pm/V (for x=0.668, while x%
scanned, the pump beam would typically sweep acrosyaried from -7.4 to 3.9 pm/V over the same range. ithe
roughly 0.3 mm of the sample while the Maker fringe dataestimated uncertalnty IU( ) is +8% and the estimated un-
was collected, and if the sample thickness varies over thisertainty |n)(33 is +40%. The reduction in the magnitude of
range, the variation will be revealed by an asymmetric spacx(al) and sign reversal o,f with increasingx are consistent
ing of the Maker fringes. with experimental results for AIN published by other
Comparison of the results for the free-standing Gal\lworkers21 22 Our data indicate that the equality in the signs
samples to those for the 70 um thick HYPE GaN sample of X andx occurs neax=0.66. Further, our results are
(remaining on its growth substratshows that the latter dis- also consnstent with the theoretical work of Ref. 11 that ap-
plays a pronounced reduction in the visibility of the high- plied the Kohn—Sham LDA to compute the second-order sus-
frequency Maker fringes, particularly for thee case. We  ceptibilities of GaN and AIN. Examination of a bulk free-
attribute this effect due to irregularities at the growth inter- standrng HVPE-grown GaN sample yreldgéff-S 7 pm/V
face. The simulation routines return a value &éﬁ that is and)( =-9.2 pm/V. The Maker fringe data for the thick
consistent with the other GaN samples, and locate the pospulk free -standing samples show good resolution of high-
tions the remnant high frequency fringes for th@ case. frequency fringes arising from multiple internal reflections of
However, in comparison to the other GaN samples, anhe pump and SHG. This is an indication of crystal homoge-
anomalously large negative value )pﬁfa is computed. It is neity and nanometer-scale thickness uniformity over the
doubtful that this result is physically reasonable srnce the70 um pump beam diameter. On the other hand, a sample of
inherently weak dependence of the Maker fringes orp(33, ~70 um thick HVPE GaN(remaining on its growth sub-
coupled with the reduced visibility and perturbations in thestrat¢ showed reduced visibility of the high-frequency
envelope of the high frequene&ye Maker fringe data, could Maker fringes, suggesting that interfacial irregularities may
lead to such a numerical artifact. Taken together, the resultglay a role in reducing both fringe fidelity and the ability of
for the thick samples illustrate the need for good resolutiorthe simulation procedures to accurately return reasonable es-
of both high- and low-frequency Maker fringe data in ordertimates ofX(gzg). From an engineering standpoint, we expect
to fit the simulations. our results will help workers in the field to design multilayer
The observed trend of the reduction in tj@%) with in-  stacks of A|Ga_,N films with modulated Al composition.
creasing Al content for the thin film samples is consistentSuch structures could be useful for the efficient generation of
with reports of the comparatively small magnitude of thissum- or difference-frequency generation via the modulation
coefficient for AIN?'?2 Furthermore, the equality of the of the nonlinear susceptibilities.
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APPENDIX A. O-E CASE

J. Appl. Phys. 97, 053512 (2005)

For the case of the thick free-standing GaN film, the
thickness of the samplg.=229.67um) was large compared
0 the pump beam diameter of gn. Consequently, the

ultiple internal reflections of the pump and SHG will over-

qap and interfere to a d|m|n|sh|ng amount @ss increased.

At the limit of this ef'fectEpf —T EpI and the only signifi-
cant oscnlatory term remalnlng in EQAlO) is proportional

to cogkS -k)L. We model this effect in an approximate
phenomenological fashion by introducing the damping factor
d

P
The normalized power emerging from the substrate is=exd—(4.6 tané?")?], which describes thé, dependence of

given by P5.=|ES32. Also, |ESH?=|ES92+|ESI? which may
also be written asE3q?=(|Efi/cos6)?. Further, E;2=TSES
and|E;3? is given by|D¢/D|? where

ID%=|P, (B3 + B3 + B + B2 + 2B,B,cos &S|

+2[B1B3 + B,B,]
xcog kSt — KL + 2[B,B, + B,Bslcog kL + kBN L
+2B3B, cos X2 ], (A1)
IDI?={[(a1 — a)(ap + @) * + [(ay + &) (as — @) I
—2(a; - a)(ax + ag)][(ag + @) (ay — ay)]
xcos AT}, (A2)
and
|PaJ2= | ((REE") 2.
The factorsB,;_, are
B; = (a1 — @) {Al[1 + (R))*] + A1 - (R)?]}, (A3)
B, = (81 + a){~ A1+ (R)’] + &Aq1 - (R)?T},  (A4)
B3 =2a,(A; ~ a1A3), (A5)
and
B4 = 28,(A; + a1A9) (R)%. (AB)

where A, =nB'(A] sin 68/~ Axcosé'pf) A=A, A =ATIIXS,
X(EJ)2), and A= AL /[y 5(EE 2], The facorsay, @, and
a, are

a; = 1/cosé;, (A7)
n(ﬁff) _(nif : f)z f
a,=-— —2sing| +(cosé?|, (A8)
COS@? i nzf e e
and
n(ﬁzt) _<n§t . t)z .
a=————=| | =siné| +(cosg)?|. (A9)
cosé[ \ndt™ ° €
To summarize for th®-e case
)(311—5)2 Ds 2
pA = ( =S A10
°¢ \ cosébi D (AL0)

Since we only consider Maker fringes of GaN and AlGa

the overlap of multiple reflections of the pump, and the
damping factods=exy-2(4.6 tané5)?], which describes the

6, dependence of the overlap of multiple reflections of the
SHG. The damplng factat, is applied by replacm@oR0 in

Eq. (7a by dpRORo and replacmng andB, in Eq. (Al) by
dyB, andd,B,. The damping factod; is applied to Eq(A2)

by replacmg cos 'L by d cos zéel_ Use of these damping
factors gives a fairly good representation of the envelope of
the high-frequency Maker fringes illustrate in Figap

APPENDIX B. E-E CASE

Computationally, this case is very similar to the case
except that the pump is noerpolarized. We may use the
same form as given in EqsA1)—(A9) with the replace-

ments:  A;=(A}sin®'-Af cosn(6l), A=Al Al
=ALXS (Epf )2], andA=A /[;((2)(Epf )2]. Here it is under-
stood that the factorAx andAZ are those that apply to the
e-e case. In the termBy, B,, andB,, R, is replaced byR..
The factorsa,, a,, anda, are the same for the-e ande-e
cases. Also|ER|2=|ER|?+|EP'|? so that|ED'|*=[|ER|cos @]
To summarize the-e case

D¢
.= (Y2 TS cosbi)?| = 5 (B1)

Again, since the GaN and AlGaN Maker fringes are scaled
relative to quartz Maker fringes using the same incident
power, we sefEP|=1 in our simulations. For application to
the thick GaN plate, the damping factdg as given above
applies for thee-e case, but in the argument of the damping
factord,, 62" is replaced by'". Figure @b illustrates fitting
the dampecde-e simulation to the Maker fringe data for the
thick free-standing GaN sample.
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