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Ultrafast third-harmonic generation from textured aluminum nitride—sapphire interfaces
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We measured and modeled third-harmonic generation (THG) from an AIN thin film on sapphire using a
time-domain approach appropriate for ultrafast lasers. Second-harmonic measurements indicated that polycrys-
talline AIN contains long-range crystal texture. An interface model for third-harmonic generation enabled an
analytical representation of scanning THG (z-scan) experiments. Using it and accounting for Fresnel reflec-
tions, we measured the AIN—sapphire susceptibility ratio and estimated the susceptibility for aluminum nitride,
XSLX(S(»; ,w,»)=1.52+0.25X 10"'3 esu. The third-harmonic (TH) spectrum strongly depended on the laser
focus position and sample thickness. The amplitude and phase of the frequency-domain interference were fit to
the Fourier transform of the calculated time-domain field to improve the accuracy of several experimental
parameters. We verified that the model works well for explaining TH signal amplitudes and spectral phase.
Some anomalous features in the TH spectrum were observed, which we attributed to nonparaxial effects.

DOI: 10.1103/PhysRevA.73.053812 PACS number(s): 42.65.Ky, 42.65.Re, 78.20.—e, 78.47.+p

I. INTRODUCTION

The z-scan is a straightforward and sensitive method for
analyzing nonlinear optical materials using a focused laser.
Since it measures how a nonlinear signal changes as a func-
tion of the input focus position, it is a fairly direct measure of
the nonlinear susceptibility. Applied to degenerate four-wave
mixing (DFWM), the z-scan has become a useful tool for
characterizing optical switches and other nonlinear Kerr ef-
fects [1]. The well-developed formalism permits the mea-
surement of both the real and imaginary parts of the nonlin-
ear susceptibility. Recently, the z-scan principle has been
broadened to include other nonlinear optical effects and has
been introduced to third-harmonic generation in optical sol-
ids and thin liquid layers [2-7]. In this paper, third-harmonic
(TH) z-scans of an AIN film were used to determine the
film’s third-order susceptibility x'*.

AIN is an interesting material, technologically, and is
widely utilized in optoelectronic devices [8,9]. The primary
feature of AIN is a large band gap, which makes it amenable
to generating a TH field in the ultraviolet (UV) [10,11]. In
bulk crystalline form, it does not have a large susceptibility,
but it could serve as a passive matrix material in a nanocom-
posite, containing an active material with a larger nonlinear
coefficient [12]. In that case AIN could serve as a passive
matrix in UV and ultrafast light modulators or in other non-
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linear devices requiring short wavelength operation [13,14].
In a recent report, AIN films generated by pulsed laser depo-
sition (PLD) were shown to contain nanotexturing [15].

Ultrafast lasers have been utilized to perform TH genera-
tion (THG) microscopy [4,5,16—18]. These experiments used
tightly focused beams, which have Rayleigh ranges shorter
than the group velocity walk-off length. Their experimental
model relies on focusing effects stemming from the Guoy
phase shift and neglects group-velocity mismatch of the fun-
damental and harmonic pulses [19,20]. In a recent article, we
showed that THG using focused ultrafast lasers, in which the
Rayleigh range is longer than the group velocity walk-off, is
not affected by the Guoy phase shift. In that article we iden-
tified group-velocity mismatch (GVM) and phase-velocity
mismatch as the important parameters responsible for past
observations of interface-sensitive THG [7].

Even with the theoretical complications imposed by fo-
cusing, work by Barille et al. and Petrov et al. showed that
tightly focused lasers can be used to make accurate suscep-
tibility measurements of liquid and solid thin films [5,12].
Furthermore, a tight focus allows for spatial discrimination
of nonlinearities in inhomogeneous materials [4]. Despite the
successes in quantifying THG susceptibilities, there are a
few notable deficiencies: tight focusing produces an asym-
metric z-scan shape which is not well modeled by a paraxial
beam formula [4,5], numerical techniques were required to
evaluate the phase matching integrals [5,12], and many of
the studies were carried out in untextured or amorphous
samples, which did not require consideration of the tensor
nature of the susceptibility [5,12]. In this paper, we demon-
strate that using a slightly lower numerical aperture offers at
least two important advantages: an accurate representation of
the z-scan shape and an analytical approach to calculating the
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susceptibility. Furthermore, we supplement the previous re-
ports with a systematic method for dealing with group veloc-
ity walk-off in third-harmonic generation, which when ana-
lyzed in the time domain allows for the calculation of the
time-dependent phase of the radiated TH field. The phase
sensitivity is carried throughout our analysis, and we will
show it can be measured from the TH spectrum [7].

In the absence of phase matching, THG originates from
the boundaries of bulk nonlinear media. At the dielectric
boundary, interruption of phase matching causes an
interface-localized growth of the TH field. THG from inter-
faces is distinct from surface second-harmonic generation
(SHG), which is a sensitivity to angular momentum conser-
vation [21]. More applicable is Kleinman and Miller’s de-
scription of harmonic generation in isotropic, phase-
mismatched media [22]. They described a surface response
that is not exclusive to second-order processes and is appli-
cable to cw THG experiments. However, ultrafast pulses are
only overlapped for a distance smaller than the group-
velocity walk-off length. Group-velocity walk-off is practi-
cally universal when near-infrared (NIR) pulses are used,
since the third harmonic is near the band edge of many op-
tical materials such as quartz, sapphire, fused silica, and LiF.
In a recent experiment, 130-nm pulses from the interfaces of
a MgF, slab were directly observed [23].

Measuring the third-order susceptibility ¥ (3w;w, w, )
of AIN requires knowing the relative third-harmonic re-
sponse of the film and substrate, but other factors in addition
to susceptibility contribute to a measured third-harmonic sig-
nal. Previously, tightly focused experiments in nearly or ex-
actly index-matched media could neglect reflections, but this
is not possible near interfaces with a larger index mismatch,
such as an AIN-sapphire interface [4,5]. We performed inde-
pendent measurements of the reflection losses and phase
matching in the film and substrate, the rotational (azimuthal)
harmonic dependence determined the macroscopic crystal or-
dering (texture) and we accounted for the coherent interac-
tion of the film and substrate fields. Knowing all these pa-
rameters is a requirement for properly estimating the
AIN/AlL,O5 susceptibility ratio [24].

This paper is divided into several sections: Sec. II gives a
condensed account of pulse propagation theory and its rela-
tion to harmonic generation. Section III describes the depo-
sition and characterization of the AIN film and the azimuthal
dependence of the nonlinear optical response at second and
third order. Then, Sec. IV describes the origin of interface
sensitivity using a pulsed plane-wave model and linear ma-
terial properties measured for the AIN—sapphire system. The
interface approach is extended to focused z-scan measure-
ments of AIN in Sec. V by modifying the plane-wave ap-
proach of the previous section. Calculation of the TH suscep-
tibility is followed by an analysis of the THG spectrum in
Sec. VI.

II. THG WITH GROUP-VELOCITY MISMATCH

The relevant equations are derived by including the pulse
dispersion in the nonlinear wave equation. An analysis of
THG including GVM was recently reported by Tasgal and
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Band [25]. For details, we encourage the reader to consult
their article, which includes both transverse and longitudinal
effects. The main result is derived briefly in this section.

The laser pulses propagate along the z axis, and the propa-
gation is assumed to be independent of x,y. The effects of
focusing a Gaussian beam are described in Sec. V. Therefore,
the basic starting point is the one-dimensional wave equation
with linear and nonlinear driving terms,

P~ 1 & -~ — 41 PP,
R A
Po= PN P, (1b)

Energy transfer between the fundamental and harmonic
fields occurs through the nonlinear polarization ﬁf\n‘ while
the linear polarization 1351) determines how each pulse propa-
gates. Growth of each of the nonlinear polarization compo-
nents occurs with an efficiency determined by the product of
the third-order nonlinear susceptibility and a triple product of
the propagating fields,

PY =x%: E|EE,, (2a)

PYL=3y0 : EiELE,. (2b)

In our approach, we neglected higher-order contributions to
the TH polarization.

Computing the Fourier transform of ﬁ;l), in accordance
with the derivation of the parabolic wave equation, leaves
dispersion of the w; field described by w>x'"(w) [26], which
expands to

d
0’x(@) = & x(0) + [ X(0)]|my, X (0= @) + .

3)

The linear susceptibility ) can be rewritten in terms of the
propagation constant k(w):k(wi)+[%]|w=wi><(w—wl.)+-..,
where w; refers to the fundamental or harmonic field. The
result, using the relationship k*(w)=(w?/c?)[1+x(w)] and
assuming that the envelope of the pulse is slowly varying,
implies that the w; field freely propagates according to

OE(@t) | 1 IE(2D) _—4m PP

0z Uei Ot c? ar*

(4)

Equation (4) can be rewritten in terms of reduced time with
a change of variables 7,=7-z/v,; and 7’ =z, resulting in the
simplified form
355(1'» 7;) _ = 477‘5'213?%2’, 7;)
dz’' c? ’9771'2 ’

(5)

Equation (5) describes third-harmonic generation in the rest
frame of the TH pulse. In the TH reference frame, the non-
linear polarization moves with the group velocity of the w,
pulse v, ;, which is faster by ALB. We assumed the fields do
not attenuate and there are no resonances near the fundamen-
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TABLE 1. Sellmeier fit parameters.
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TABLE 1I. Fresnel factors.

Material a b c F{(w) Value® Description Method
AlLO3" 0.898 2.172 0.092 F% 0961 (1) Pump transmission air—sapphire /1 [P
AIN 1.4(2) 27(2) 0.135(4) [L+n0WF

*The sapphire index error is negligibly small and not stated.
bDigits in parentheses indicate the error in the last digit,
1.4(2) =1.4+0.2.

tal or third-harmonic wavelengths. For these reasons, we
consider only the real value of the linear susceptibility. We
also assumed y® is isotropic, which we justify in Sec. III.
Group-velocity effects have been used to treat picosecond
SHG, but pulse walk-off was assumed not to occur [27]. In
femtosecond SHG pulse walk-off does occur [28]. Recent
work has shown that THG is more susceptible to walk-off
because of a larger dispersion and shorter pulse lengths
[7,25,29]. Additionally, for a given group-velocity mismatch,
the pulse length 7, of the TH is shorter, causing walk-off to
occur more rapidly for THG. In typical optical materials,
when using a NIR pump, the third harmonic of the funda-

Ao . .
mental wavelength 30 is at the band edge, where g—'{ is large.

III. SAMPLE PREPARATION

A. AIN film deposition

We used PLD to deposit the AIN thin film. The ablation
source was a 248-nm Kr:F excimer laser, pulsed at 30 Hz, at
150 mJ pulse™!. The laser was focused to ~0.03 cm? at the
AIN target surface, in a 0.58-mTorr N, atmosphere. The
plasma plume was directed at a nearby (5-cm),
330-um-thick sapphire (0001) substrate, held at 800 °C,
which allowed the plasma constituents to recombine and
form a film. During the 30 min deposition, the laser focus
moved in a circle at 0.5 Hz, to increase film uniformity. Pre-
paring films in this way produced a material with a slightly
wedged shape, of average thickness of 306.3 nm, but other
material properties such as density and surface roughness are
superior to evaporation-based methods [30].

B. Linear optical characterization

Preliminary linear optical analysis determined phase
matching parameters, group delay parameters, and Fresnel
reflection losses. Because the PLD technique produced films
with a wedge shape, the measurements were done on just a
small, ~1 mm? total area, to improve accuracy. The linear
transmission spectrum contained interference fringes, which
were used to determine the linear refractive index, absorp-
tiveness, and film thickness [30]. The calculated index of
refraction was fit by a Sellmeier equation

bN?
=)’

The fitted parameters for both the film and the sapphire sub-
strate are shown in Table L.

n(N)=\/a+ (6)

ff 0.956 (1) TH transmission air-sapphire [ [1-n(\/3)P
1- 2
[1+n(\y/3)]

}'TF 0.899 (3) Pump transmission through il
]:B

AIN film !

ng 0.806 (3) TH transmission through il
Vai

AIN film ;

“Note that the stated errors are 1o standard deviations.

Nonlinear analysis requires the reflection loss at each in-
terface to be distinguished from the total loss of the film and
substrate material. The total optical transmission of the pump
field is determined by the product of the Fresnel transmission
factors for the wave amplitudes in the bulk and the thin film,

Fi=FA" ™

The field transmission factor F7 defines the ith field’s trans-
mission through a bulklike interface. The field transmission
factor ]-'iTF defines transmission at the thin-film, Al,O;—AIN
interface. Each of the interface coefficients contributes sepa-
rately to the nonlinear, thin-film equations and is assumed to
be real-valued, since both the third harmonic and fundamen-
tal are far from the band edge. The individual Fresnel coef-
ficients for the sapphire—air interface were calculated directly
from the indices of refraction. However, to account for mul-
tiple reflections in the film, we inferred the thin-film coeffi-
cients from the measured transmission using Eq. (7). The
Fresnel factors relevant for nonlinear analysis are summa-
rized in Table II.

C. Characterization of texture

Plasma growth of AIN is known to produce texturing of
the crystallites in the film [8—10]. An attempt to quantify the
long-range ordering of the crystal grains using nonlinear op-
tical techniques has been reported [14]. What causes textur-
ing is not fully understood, but is thought to correspond to
unique conditions during growth. We confirmed that our film
has texture by measuring the rotational dependence of SHG.

Rotational analysis of the AIN film texture was achieved
by recording the intensity of the second harmonic as the
sample was rotated about the surface normal. A Ti:sapphire
oscillator (30 nm bandwidth, 87 MHz repetition, 600 mW
average power) was focused at the AIN film interface to a
waist diameter of 15 um. The emitted SH photons were fil-
tered by a Schott glass color filter and directed into a spec-
trograph, where they were further filtered and spectrally re-
solved. For each angular position, a spectrum was recorded
and integrated to determine the radiated SH power. A Glan-
Thompson polarization analyzer was used to separate the SH
into s and p components.

Since we observe SHG, we know there is some macro-
scopic ordering to the wurzite microcrystals; the crystals are
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FIG. 1. (Color online) SHG measured from AIN in both polar-
ization orientations p;,— p,,, ((J) and p;,— s,,, (°). Shown as solid
lines are independent calculations of the rotational anisotropy of a
hexagonal (Cgv) crystal, one for each of the x- and y-polarized
emissions under x-polarized excitation. Including a rotation about
the x axis by /10 rad produced the best fit to the data and indi-
cates that the crystal axis of the aluminum nitride crystals grows
with a small tilt, compared to the underlying sapphire.

so small that randomly oriented grains are essentially amor-
phous and SHG inactive [14]. Generally, AIN films produced
by PLD show a variable grain size that increases as the dis-
tance from the substrate increases, from a few nanometers
near the sapphire interface, up to 100 nm for several-micron-
thick films [10]. For SHG, all of the signal originated in the
AIN film; the sapphire substrate with (0001) orientation has
no SHG response.

To model the SHG rotational anisotropy, we computed an
effective, laboratory-frame tensor from the ideal, hexagonal
Cgv (wurzite) crystal aligned with the z-axis of the substrate,
as in previous studies of GaN thin films [28]. The best fit to
the experimental data was found by incorporating a small
crystal tilt (less than 77/10 rad) about the x axis. Smaller tilts
decreased the magnitude of the calculated rotational contrast
without altering the periodicity. Independent calculations of
both the s,,; and p,,, SHG signal are shown with the experi-
mental data in Fig. 1. Based on the fit to the data, our sample
texture is close to an ideal wurzite crystal of aluminum ni-
tride, with the crystal axis tilted slightly with respect to the
sapphire substrate crystal axis. The fit is not expected to be
perfect, since texturing only approximates an ideal crystal.
Additional error in the fit originates from the laser focus not
being located at the rotational fixed point; different angles
probe different portions of the film.

It is known that THG is sensitive to material structure, so
we repeated the rotational measurement for THG at the
AlN-sapphire interface and show the result in Fig. 2 [2,31].
Rotational THG could not resolve any x* anisotropy, nei-
ther in the bare substrate nor in the film. The individual p;,
— Pou and pj, — §,,, components of THG in the AIN film are
essentially identical. The azimuthal response of quartz dem-
onstrates THG has structural sensitivity; the overall period-
icity matches the greater periodicity expected for THG. The
quartz data in Fig. 2 indicate a sensitivity to surface defects,
demonstrated by the repeatable distortions of the harmonic
signal. When the quartz measurements were repeated, the
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FIG. 2. (Color online) THG from AIN, measured in both polar-
ization orientations p;, — p,,, () and p;,— s, (A). For compari-
son, the measurement was repeated on a 100—um-thick piece of
z-cut quartz. Two azimuthal measurements of p;,— (s+p),, THG
are shown. The scatter data () correspond to shorter integration.
The line through it is the same measurement, just taken with longer
exposure.

fine details at 55°, 120°, 250°, and 300° were duplicated.

IV. THG FROM AIN-SAPPHIRE INTERFACES

A previous paper showed that the interface THG arises
from an interplay between group velocity and phase mis-
matching [7]. These coherent effects are always accompa-
nied by a large, incoherent discontinuity in x* which ini-
tiates the signal growth from a region determined by the
coherence length L.

Plotting the integral of Eq. (5) over a single slab of ma-
terial as a function of time is a way to characterize the origin
of the nonlinear response. The third-harmonic field has tem-
poral dispersion, due to GVM, so a particular time in the
third-harmonic output is generated by a particular portion of
the nonlinear medium. In the time domain we calculate that
two unbroadened pulses will emerge, separated by a time
corresponding to the nonlinear medium (slab) thickness, in-
dicating that only the material in the vicinity of the interfaces
generates a third harmonic.

First, we treat the interface THG response assuming a
Gaussian-pulsed, collimated beam. We begin by deriving an
analytical solution for a single slab, which we use later when
approximating boundaries as a superposition of two slabs of
dissimilar material. Since AIN thin films grown on Al,O; are
the interest of this paper, many of the details of that system
are provided in this section in parallel with the theoretical
description. We also found it is convenient to adopt ultrafast
units for the parameters listed in Table IIT [28].

The oscillating fundamental field

E\(z.1) = A (z,1)e' @R (8)

is proportional to a slowly varying complex amplitude
A,(z,1). As written, Eq. (8) applies to any space-time pulse
type, be it Gaussian or some arbitrary shape. Substituting
E,(z,1) into Eq. (5) and canceling common terms gives
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TABLE III. Ultrafast values.

Parameter Value Units Significance

r 0.00141 fs2 Gaussian time parameter
c 0.3 um fs~! Vacuum phase velocity
AN 0.03 pm Pump bandwidth

No 0.800 um Pump centroid®

“Nominal value. Experimental values varied =5 nm.

d_A~3 ~ 2maix VA3 (2,1 — ABz)e™* ©)
dz kyc? '

The group delay term ABz in Eq. (9) has a minus sign, indi-
cating that the nonlinear driving term will continuously
travel ahead of the harmonic field. Equation (9) must be
evaluated numerically for a Gaussian-focused beam, but has
an analytical solution for plane-wave pulses.

Phase matching for third-harmonic generation is intro-
duced in Eq. (9) as Ak=3k,—k;. The phase mismatch Ak is a
measure of linear dispersion in an optical material, seen by
rewriting it as Ak=2mwgAn/\, and accounts for the relative
phase of the w and 3w fields Akz as they propagate a dis-
tance z through a material. When Ak # 0, there is a coherent
transfer of energy between the w and 3w fields over a char-
acteristic distance L.=2/Ak.

Equation (9) is integrated over the nonlinear material
length to find the generated third-harmonic field as a function
of time at the exit surface,

373 iAkz
(t)f 2moiy Al = A (10)

kse?

Taking the limit as AB— 0, A5(7) reduces to the case describ-
ing focusing’s effect on THG in gases [19,20,32].

If Ak#0, varying the thickness of a nonlinear medium
brings an oscillation of nonlinear signal intensity [33]. Ex-
tending this Maker fringe model to ultrafast pulses, Angerer
et al. showed the SHG loses phase coherence in thick
samples and that the SHG signal deviates from the cw case
[28]. Ultrafast THG displays an even more pronounced de-
viation, because of the larger dispersion between the funda-
mental and harmonic wavelengths. We integrated Eq. (10)
for different pulse lengths, assuming an unfocused laser each
time, and plotted the TH intensity as a function of material
thickness in Fig. 3.

There is a strong effect of pulse length on THG. Based on
Fig. 3, two regimes are identified. The first, relevant to long
pulses, is identified by periodic energy transport over large
distances. The short pulse case is easily differentiated in
thicker materials, whereby little coherence exists between the
harmonic and pump fields. The thinnest optical materials
maintain a cw response for any pulse length, because there is
not enough material for pulse walk-off to occur.

It appears as though the sensitivity of the TH field to
small changes in the thickness of the bulk material disap-
pears in thick materials, when using an ultrafast laser. This is
true if only the TH intensity is measured. In fact, the sensi-
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FIG. 3. Calculated transmitted third-harmonic intensity as a
function of Al,O5 thickness. Three different laser pulses plotted for
reference. The cw laser has the longest 1/e¢ damping distance (%)
for the Maker fringes. The 100-fs laser and 30-fs laser pulses damp
over a much shorter distance, because of GVM effects. The high-
frequency oscillations are spaced by the coherence length L.
=3.65 wm. This calculation assumes an unfocused beam.

tivity to the thickness parameter is not lost: it is maintained
by the phase of the TH field. To show how to retain the
sensitivity to material thickness, the following analysis in-
cludes the phase of the TH pulse.

If the A | field is collimated and interacts with a dispersive

optical element, it generates a time-dependent, harmonic
field

~ 27wy A3 )
Ay = T 0 f dze 3 -DBgidkz (1)

kng ..
- “1

To evaluate the integral we assumed

R(z1) = AT~ 2607 (12)

and x® is spatially nonvarying and defined by a stepwise
increase in the magnitude, an assumption common to other
reports [4,19,20,25]. Equation (11) can be separated into real
and imaginary parts, and integrated. Doing so yields
2masxPA] Vr
kyc?2\3TAB
iAk+6TAB(t—zA
X (—erf i( AA)
2V3I'AB

Z"AB)D . (13)

A5(t) = { o~ AKAk=I12TAB)/ 12T A

iAk+6IAB(t -
+ erf —
2V3T'AB

The variables

Ak
gk = yv (143)
{=1\3T, (14b)
£=12NAB (14c)

simplify the form of Eq. (13) to
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FIG. 4. (Color online) Transmitted third-harmonic field strength.
Also plotted as a dashed line is the phase, which shows that for an
initially unchirped pulse, the harmonic pulse that is generated is
linearly chirped. The calculation assumes 330 um of c-plane sap-
phire, which corresponds to the substrate thickness in our samples.
Calculations for slightly different thicknesses cause the phase jump
at =0 to change, but the amplitude to remain the same.

1/2

172
= 05

The absolute value of Eq. (13) or (15) describes the time-
dependent TH pulse amplitude, and the angle describes its
phase. Each is plotted in Fig. 4. The TH field consists of a
pair of pulses, which are separated in time. GVM introduces
a chirp to each pulse. The jump in the relative phase of the
two pulses is a manifestation of sensitivity to material thick-
ness and is the phase analog of the thickness-dependent in-
tensity oscillations of a cw laser. The temporal description of
THG provides clear evidence of the interface response, be-
cause temporal dispersion identifies a particular time with a
particular point in the material.
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FIG. 5. (Color online) Shown here are both the group delay ABz
and phase Akz for the two-slab model. These continuous parameters
describe the z dependence of the entire material’s dispersion and
can be inserted into Eq. (15) to find the time-dependent radiated
harmonic field due to all material interfaces. The interface between
the two slabs is placed at z=0 to prevent any discontinuities in the
group delay Apz.
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FIG. 6. (Color online) Shown here is the calculated time-
dependent TH field, radiated from the model system in Fig. 5. Add-
ing group delay and phase changes at the dielectric boundary affects
both pulse separation and pulse magnitude. At the AIN—Al,O3 in-
terface, there is a partial suppression of TH resulting from the vec-
tor addition of the amplitude and phase. The time-dependent phase
is also plotted. Between =0 and =775 fs pulses, the phase change
is rapid, with a linear slope of ~—-2.0 rad/fs.

The TH response is initiated by a discontinuity in x*, but
the magnitude of the generated field depends on abrupt
changes in any of Y={Ak,AB, x®} at an interface. Table IV
lists these values for AIN, Al,O3, and SiO,. For multilayered
materials, it is important to take care when introducing the
inverse group-velocity mismatch AB and phase mismatch Ak
into the z integral in Eq. (11). Otherwise, the group delay
Az and phase Akz will be unphysically discontinuous.

To illustrate the effect of changing the Y parameters in
multilayered materials, we calculated the time-dependent TH
response of a thick slab of Al,O5 adjacent to an equally thick
slab of AIN. There are now three interfaces: air—sapphire,
sapphire—AIN, and AlN-air. The group delay and phase as a
function of position in the material are shown in Fig. 5. We
placed the interface at z=0 to prevent discontinuities in the
group delayl.

The TH field generated in the two-slab material was cal-
culated using Eq. (15) twice: once for the Al,O5 slab and
once for the AIN slab. The two solutions overlap at /=0 and
add coherently. There are now three generated TH pulses.
Both the amplitude and phase are plotted in Fig. 6. The jump
in the phase between the pulses generated at each interface is
again visible. Between the pulse from the sapphire—AIN in-
terface and AlN-air interface, the phase cycles through 27 of
phase many times. If a cw field were propagating through the
same thickness of AIN, the fundamental and harmonic fields
would oscillate in and out of phase as many times the phase
cycles through 2.

As a comparison, the time-dependent third-harmonic
field, due solely to changes in AB and Ak, was calculated.
We assumed the dispersion in Fig. 5, using the parameters in
Table IV, but assumed no change in the nonlinear suscepti-
bility at the sapphire—AIN interface. We calculated no change

"f a material interface at position z; is encountered, a change in
the inverse group-velocity mismatch AB for z;#0 causes an un-
physical discontinuity in the group delay ABz; [36].
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TABLE IV. Relevant interface parameters.

Y ALO; AIN Sio, Units
Ak -1.72 -4.6(6) ~1.288 um™!
AB 0.79 2.3(5) 0.5774 fs um™!

for the air—sapphire pulse and a decrease by a factor of 2 of
the AlN=-air interface. However, the pulse from the sapphire—
AIN interface is larger by a factor of 2.5. When there is no
change in both the susceptibility and Ak, but AB was allowed
to vary, a smaller pulse by one order of magnitude was cal-
culated. Based on the simulations of varying the individual Y
parameters, we conclude that all of them have significant
contributions to THG from interfaces.

Ultrashort pulses generate TH differently, compared to
long pulses, whereby long-range effects have dominated and
were noted in earlier articles [20,32]. The phase mismatch
and group-velocity mismatch inhibit the growth of TH radia-
tion from the bulk, but within a coherence length of an
abrupt change in the value of the susceptibility a TH field is
generated. The magnitude of the fields generated in each
material near the interface strongly depends on the phase
matching factor Ak. As shown in Fig. 3, thin materials dis-
play Maker fringes, but thicker bulk optics do not. Thickness
information is kept in the relative phase of the pulses gener-
ated at the entrance and exit interfaces of a slab of material.
The analysis of multilayered materials also indicated that the
phase of the TH fields strongly impacts how pulses will su-
perimpose. Though the two-slab model assumes that the AIN
has a thickness comparable to the substrate, the response of
the 300-nm film is obtained using the same mathematics. In
a film, the pulse located at the r=775 fs in Fig. 6 will overlap
temporally and interfere with the r=0 pulse. Treating the thin
film as a limiting case of a slab provides insight into the TH
material response using ultrafast pulses.

V. Z-SCAN MEASUREMENTS OF INTERFACES

The treatment of Sec. IV demonstrated that TH pulses
originate from nonlinear material boundaries. In a two-slab
material, the pulses at the shared interface add coherently in
time to give three pulses. Accordingly, THG from the
AlN—sapphire sample is reduced to THG from three inter-
faces: air—sapphire, sapphire—AIN, and AIN-air. In a slow
detector, the sum of the pulses is measured, so there is no
information about individual interfaces. In theory, each pulse
could be sampled using an ultrafast or pump-probe tech-
nique, but the z-scan is a more convenient technique of iso-
lating the pulse from an individual interface. In this section,
we show how the interface model of ultrafast THG can be
used to model z-scans.

A. Model

The pulsed plane-wave approximation made in Eq. (15) is
applicable to z-scan measurements that use focused ultrafast

pulses. Because growth of the E3 field turns off immediately
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after the E | field enters the bulk of the material, all the rel-

evant information about the E , field is located right at the
material interface. Consequently, if a focused laser is
scanned through a dielectric interface, the THG signal will
scale like the cube of the intensity of the fundamental field at
the interface.

The change in the beam diameter varies slowly over the
region generating the third-harmonic signal when ultrafast
pulses are used. According to the arguments in Sec. IV, this
distance is the coherence length (=1 wm), which is much
smaller than the Rayleigh range in our experimental setup
(=100 um). Consequently, the amplitude of the fundamental
field may be removed from the phase matching integral. In
the simplest case, if the laser is focused at a single dielectric—
air interface at z; and using the first term in Eq. (15), the
time-dependent, amplitude-independent phase matching inte-

gral J(2) becomes

2
J(7) = lim f ' dze3T0 =8B jik:
Z

Zi—>—00
i i

12
__ \/ge(— §§+2i§k§,)erf[ L+ (i{k - E%)] . (16)

The scaling of the time-dependent radiated TH power
(apart from unit factors)

Ps(0) = AL (17)

is determined by the cube of the fundamental intensity at the
interface located at z=z;. Modeling a z-scan becomes sim-
pler, because the integral in Eq. (16) is the same for every
focal position and the interface contribution at z=z is stated
explicitly.

More generally, the TH response of multiple interfaces
can be modeled. In Sec. IV, the TH response of a pulsed
plane wave due to a finite optical element with a beginning
and end at z; and z; was calculated. The solution, Eq. (13),
has two terms. Each term describes TH originating at each
interface. The sign differs, since the terms arise from an
evaluation of the indefinite form of the integral in Egs. (11)
and (16). The time-dependent TH power for the two inter-
faces of a single slab on nonlinear material is

X \/E o= G206,
3
. Z1.51/2
X {ﬁ Jzierf{g + (zgk -5 ) ]

2 2
1, e (-] aw

Evaluating the amplitude of the fundamental field f, at each
interfaces determines the relative contribution of each inter-
face to the measured TH signal. Equation (18) can be applied
to third-harmonic generation from any sized material, as long
as the group walk-off length is much smaller than the Ray-
leigh range. The mathematical requirement is that
(ABz D) "> 1.

Pi(1) =
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FIG. 7. (Color online) z-scan data from the AIN-sapphire and
bare substrate samples and fitted curves. The top curve ([J) is from
the film and substrate, and the lower curve (°) is from the bare
substrate. /;, and /,, denote the measured substrate and substrate and
film intensities at zo=540 wm. The horizontal axis is the laboratory-
coordinate distance the sample was moved. Within the sapphire, the
focus moves across a larger distance, scaled by n;=1.76.

B. Application to thin-film x® measurements

Determining the value of Xfl)N requires deconvoluting the
TH response of the AIN film and the Al,O5 substrate. The
experimental requirement is manifold. One must measure the
TH response of the substrate and the TH response of the
AlIN-coated substrate, as well as the linear optical parameters
of both the film and sapphire substrate. The linear optical
properties of AIN were determined through the use of an
optical parameter extraction (OPE) calculation in Sec. IIL
The linear thickness was also determined to be 0.31(1) wm.
The phase matching and inverse group velocity are listed in
Table IV and are the primary variables used for modeling
THG in a thin film on a substrate; however, we included the
Fresnel coefficients in Table II, to obtain the most accurate
estimate for y.

Both the bare and coated substrates were measured using
the third-harmonic z-scan technique [7]. To satisfy the re-
quirement for the interface model the (vacuum) Rayleigh
range of the laser focus was approximately 200 um, which is
greater than the walk-off length in the sapphire substrate
(=25 um), determined by the damping distance of the
Maker fringes in Fig. 3. The experimental data are shown in
Fig. 7. Because the electric field near each interface is ap-
proximately independent of z, it can be factored out of the
phase matching integrals for each of the air—AIN, and
AlN-sapphire interfaces. Consequently, the shape of the
z-scan measurements shown in Fig. 7 described by a sum of
cubed Lorentzians:

PHYSICAL REVIEW A 73, 053812 (2006)

0 i| |: | r. :|
1+ (Z Zo)/Zr 1+ (Z Zl)/Z ] ’
(19)

PSw(Z) = [

where z;=z¢+L. The fitting parameters are listed in Table V.

The data are presented in the laboratory-frame translation
units, and the fit allowed us to determine several optical pa-
rameters. Taking the average of measurements derived for
the coated and bare substrate, we determined the substrate
optical thickness L to be 187 um. Multiplying L by n;
=1.76 indicated a physical thickness of 328 um. The Ray-
leigh range z, was also found from the Lorentzian fit. The
value 111 pm corresponds to the value of z, within the sap-
phire and is consistent with a focal waist diameter of 15 um.

Knowing the relative signals I, (substrate) and I,
(substrate—film) is required for calculating the film’s suscep-
tibility. In the sequential measurements of the coated and
bare samples, the signal due to the interface at 710 um is
different, because the reflection coefficient at the second in-
terface. The measured values are scaled by the square of the
relative Fresnel factors | 7%/ F3" |* for the TH field propagat-
ing from the first interface, through the sample, to the detec-
tor. Including the Fresnel factor produces a pump-normalized
relative intensity ratio of I,,/1,=3.53(4).

The measured energy densities /,, and [, are related to the
calculated fields through an inner product. The energy den-
sity of the ith TH field (aside from the factor of Vue) is
computed with the time integral

I= fw dtA (DA (1). (20)

—00

The total field radiated from the Al,O;—AIN interface,
A, () =A,+A,, (21)

is the superposition of the substrate-generated field and the
film-generated field, in which case,

0

I,= f i dtA,(1)A(1) + f ’ diA (DA L(1) + f dtA (A1)
+ f ) dtA[(1)A,(1) (22)
and
I,= J dtA,(1DA(1). (23)

Each TH field A,(z) is proportional to a susceptibility X,(~3)

and phase matching factor ji(t), with the Fresnel reflection

TABLE V. Parameters from Lorentzian fit.

Sample ag (arb units) a; (arb units) z, (um) 7o (um) L(um)
Substrate 64.5(2) 60.8(2) 112.5(7) 534.3(4) 188.8(6)
AlIN-substrate 98.2(3) 54.2(7) 110(1) 544.1(5) 184(3)
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TABLE VI. C; Parameters from phase matching integrals.

C; Definition® Value (arb units)

C I ainl? (PPFE(FF? X 1.6(3)
G W as,o0,* (with coating) (F)OF3H)? % 6.5

G I dtTanT g0, +Taso, an) (FHOFIFIF? X ~4.3(6)
C, |JA1203|2(bare sapphire) (FDo(FE)?* % 6.5
XSI)N/ XS1)203 Eq. (28) (including reflections) 7.7(8)

*Note that J, incorporates both thin film interfaces, as in Eq. (18), and 7A1202(f) accounts for just one interface, as in Eq. (16).

2= J7,dtd ()T (¢).

and units constants absorbed into the phase matching inte-
grals. Equation (22) can be rewritten as

3) 3)

L= xRNV and® + xR0, M a0, + o

|XA1203||XA1N
X (f dtjAlN(t)jZIZOS(t) +-7A1203(t)-7:1N(t))' (24)

Both the phase and amplitude information of both the
substrate harmonic field A,(7) and the film-generated field

g A1) were retained in the calculation. Cross terms were kept
and evaluated. The integrals evaluated to four constants
C,,C,,C3, and C,4 and are defined in Table VI. Substituting
these constants into Eq. (24) gives the simplified expression

L= XA Cr + |X§1)203|2C2 + |XS1)203||X(A31)N|C3- (25)
Dividing Eq. (25) by
Iy= |X531)203|2C4 (26)
reduces the problem to solving the quadratic equation
( )((531)1\1 )2C1 +< Xa >C3 N (Q B Q) _0. (27)
)(Alzoz Cy XA1 04 Cy \Cy I,

It has the solution

xifRN _ = ClCy £ (G = HCYCCoICy = (L,11)]
XA1203 2(C1/C4)
(28)

First, Eq. (28) was evaluated assuming no reflective
losses, which amounts to using the values in Table VI, with
the .7-7 1. Making the substitutions and taking the positive
root indicates the ratio XA]N/ )( Al 10 is 4.82. Then, we factored

in all the reflections listed in Table VI as they are given in
Table IT and found a reflection-corrected value for the sus-
ceptibility ratio, 7.7(8).

If the value of the sapphire susceptibility is known, it can
be used to estimate the magnitude of X(A31)N' The rotational
symmetry of the substrate TH measurement in Fig. 2 allows
for the film and sapphire tensors to be approximated as iso-
tropic. It can be assumed that for some measured angle, the
fundamental field polarization was aligned with the x axis of
the sapphire. At that position, the only nonzero tensor ele-

ment is Xixlx The known value of the tensor component )(ix)u

for sapphire, 1.14+0.15X 107'* esu was corrected for wave-
length and used to determine the susceptibility of aluminum
nitride 1.52+0.25 X 1073 esu”. In computing the error on the
film to substrate ¥ ratio, we only considered the error in
the AIN film C; and C; parameters.

VI. THG SPECTRUM

For each z-scan focus position, the TH signal propagated
through a monochrometer and the spatially dispersed TH
spectrum was imaged on an intensified silicon diode array
(Optical Multichannel Analyzer, Princeton Inst. Model
1420). Closing the entrance slit allowed just the forward-
propagating beam to enter and produced a TH spectrum con-
taining a significant amount of structure. As mentioned in the
context of the disappearance of Maker fringes in ultrafast
experiments, the sensitivity to the material thickness is main-
tained by the relative phase of two pulses generated at the
entrance and exit interfaces of the sapphire substrate. The TH
phase is observable when the TH field is spectrally resolved.
In the experiments, we observed a relationship between the
spectral oscillations and the laser focus position. The spec-
trally resolved data are shown in Fig. 8. They are displayed
separately to eliminate overlapping and are labeled according
to the location of the laser focus.

The spectral modulation is clearest in the data taken while
focusing near the air—sapphire interface. There, the centroid
is also well defined and constant over a large range of focus
positions. We chose to analyze the spectrum at z;,=680, be-
cause it has the best fringe-to-height contrast, since the TH
pulse from the AIN—Al,O5 interface and the TH pulse from
the air—Al,Oj3 interface are nearly equal in amplitude. The
spectral data taken when focusing near the AIN-air interface
show some distortion, because of the angular spread of k
vectors in the beam.

*We calculated XSSIBIG of sapphire from known DFWM measure-

ment by Levenson. Assuming a sapphire band gap N\’ =150 nm, the
ratio A/N'=5.3 implies the ratio of the susceptibilities,
THG/XDFWM_)\:;(I 53)3/[>\3(1 53)(2 5.3)(3-5.3)]=2.41 at \
=800 nm. Similarly, XDFWM(SOO nm)/ )(DFWM(SSO nm)=0.72. Mul-
tiplying the known value 1.14 X 10™'% esu by the previous values
determines )(%Gz 1.97 X 10~'* esu at 800 nm. As a comparison, we
repeated the derivation using Miller’ s rule and found a slightly
lower TH susceptibility for sapphire XTHG_I 37X 10" esu [37].
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FIG. 8. (Color online) Spectrally resolved z-scan data of
AlN-coated sapphire. Each curve corresponds to a different focus
position zj.

A. Fourier analysis

Multiple TH pulses will interfere in the detector if the
thickness of the material is comparable to the Rayleigh range
of the laser focus [7]. Figure 8 demonstrates that the effect is
sustained in our AIN sample. The interference has several
properties which can be used to characterize the material.
The spectral intensity

AP =0l adwer o)

is the absolute value squared of the Fourier transform of the
approximate time-dependent TH field,

530) — (eid)le—3l"(t - 712)? + ei(l)ze—3l"(t + 7/2)2) ) (30)

The analytical evaluation of the integral of Eq. (29) gives

_ e—w(GiFT+w)/12F ) ) 2
As(w)]? = — (2P + ™) | | (31)
AwP= | =
or in units of wavelength, it evaluates to
|,K3()\)|2 oc gl (1/\ - 1”‘0)20052[ (%—) - ACI)} ,
(32)

where the TH centroid )‘O=i)_: and the constant phase factor
Aq):q)z—q)l.

The phase A® was used to fit the constant phase differ-
ence between the two pulses. We neglected the linear term,
corresponding to a pulse chirp difference, since it is nearly
zero, as shown in Fig. 6. If included, this linear term will
cause the envelope of the power spectrum to shift, because
the terms proportional to 7 can be absorbed into the complex
exponential.

The relative phase of the two pulses determines the posi-
tion of the spectral oscillations. For an unfocused beam, the
spectral phase is only related to the thickness of the nonlin-
ear material, as mentioned in the discussion of Fig. 3. How-
ever, focusing introduces additional phase. We modeled the
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TABLE VII. Parameters from THG spectral fit.

Parameter Value Units
r 0.00140(6) fs~2
T 232.07(3) fs
AD 1.98(2) rad
No/3 0.26699(5) am

focus dependence of A® using the analytical solution in Eq.
(18) and additional shifts from focusing. We mapped the pre-
dicted phase offset as the focus scans through the sample, but
found that it does not match the observed shift of the phase
in Fig. 8. The deviation of the experimental data is caused by
spatial far-field coherence not included in the paraxial ap-
proximation of THG. In addition to the relative phase depen-
dence on focus position, anomalous spectral behavior ap-
peared when the focus was placed near the AIN interface,
shown in Fig. 8(d), which is not explained by any of the
analysis in the previous sections.

The spectrum was fit (see Table VII) using Eq. (32) and
the result is plotted in Fig. 9. The value of I" determined by
the spectral fit [0.001 40(6)] agrees well with the expected
value in Table III (0.001 41), obtained from measurements of
the fundamental bandwidth. The fitted time separation of the
pulses, 7=232.07, is more accurate than estimates from pub-
lished data on sapphire (260 fs). A more accurate value for
the inverse group velocity mismatch AB=L/7
=0.70(5) fs um™! is found by using the measured I'" value
along with the substrate thickness data in Table V. However,
the improved value for I' only corrects the calculated film to
substrate susceptibility ratio XSI)N/ Xfl)zog by 0.02%. On the
other hand, a change of equal magnitude (10%) in the value
of Ak for Al,O5, when evaluated with Eq. (28), produced a
10% correction.

B. Nonparaxial effects

Closing the entrance slit to the monochrometer was re-
quired to reveal the TH spectral oscillations, but produced a

12— T T T T
1.0_‘
0.8_‘
0.6_‘
04r
0.2_‘

0.0]
260 262 264 266 268 270 272 274

Spectral intensity(Arb. Units)

Wavelength (nm)

FIG. 9. (Color online) Least-squares fit of TH signal(c) fitted
using the transform model in Eq. (32). The parameters for the fit are
shown in Table VII. The experimental data correspond to the lowest
TH signal in Fig. 8(b).
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FIG. 10. Measured TH z-scans of the AIN sample and bare
substrate, with a nearly closed entrance slit to the spectrometer. An
asymmetric line structure is observed and additional peaks (arrows)
appear when the focus is placed on the spectrometer side of the
sample. Both the sapphire substrate (¢) and the AIN-coated sapphire
(o) exhibit this effect. In each case, the extra peak intensities scale
linearly with the interface signal.

significantly different shape of the z-scan curve compared to
Fig. 7. z-scan measurements of the same sample measured in
Sec. V, except under spectrally resolving conditions, are
shown in Fig. 10. In general, the shape of the z-scan data was
less symmetric when the slit was closed. We also observed
oscillations in the intensity over a small range of focus po-
sitions. The new features in the z-scan data observed under
spectrally resolving conditions correlate with the anomalous
spectra in Figs. 8(c) and 8(d). To account for nonparaxial
THG, a geometric factor that relates the forward-generated
TH to the spread in k vectors of the focused pump is re-
quired [16,22,34,35].

VII. CONCLUSIONS

We presented several measurements of an AIN film grown
on sapphire, which were combined and used to determine the
nonlinear susceptibility x'® of the AIN film. A rigorous
model for scanning laser (z-scan) third-harmonic generation
that relied on ultrafast effects was developed and was used to
model the shape of the z-scan. Interface sensitivity arising
from ultrafast effects were exploited to avoid including long-
range coherence related to Gaussian focusing. Overall, it af-
forded a simple, analytical description of interface THG
measurements under the generally applicable phase mis-
matched condition, as long as the Rayleigh range is long
compared to group velocity walk-off length.

The rotational measurements of the textured AIN film
showed a strong second-harmonic dependence, but did not
indicate any rotational anisotropy in the third harmonic.
Analysis of the SH rotational anisotropy showed the AIN
texture is nearly wurzite, but the z-axis of the film is slightly
tilted with respect to the z-axis of the substrate®. We com-

>The texture fit is insensitive to tilts less than 20°; independent
rocking x-ray measurements indicate a tilt of 2° [9].
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pared the TH rotational measurement of AIN to a z-cut
quartz crystal, which displayed the rotational dependence ex-
pected from bulk THG. Because neither the thin film nor the
substrate shows any rotational anisotropy in THG, it is likely
that the spread in k vectors in a tightly focused pump laser
reduces the resolution of the tensor components. That being
the case, more accurate rotational measurements would be
available when using a collimated, amplified laser system.
We deconvolved the response of the film from the mea-
sured TH from the film on the substrate using the time-
domain interference model. Calculations of the time-
dependent amplitude and phase of the fields in two adjacent
slabs of nonlinear material showed that the amplitude of the
TH field contains a sequence of pulses, each of which corre-
sponds to a material interface. Using the z-scan technique
allowed for the critical thin-film interface to be isolated.
From our experiments, we determined the film-to-substrate

susceptibility ratio XS’I)N/ XS1)203=7-7(8)~ Using previously

published data for sapphire, we concluded that )(Sclx(AlN)
=1.52+0.25X 107" esu.

The emitted interface pulses also contain information re-
garding the bulk of the material, but it is contained in the
relative phase of each pulse. For ultrashort-pulse measure-
ments in bulk materials which are thicker than the group
velocity walk-off length, measuring the relative phase of the
emitted pulse pair is equivalent to measuring Maker fringes
in a cw experiment. By spectrally resolving the TH field, we
used the ultrafast model to measure the relative phase of the
pulses generated at the air—sapphire and sapphire—AIN inter-
faces and showed we could retain the information contained
in Maker fringes.

Though the time-domain analysis showed that interfaces
produce the TH field, it fails to describe why interfaces are
so important for generating the harmonics. More insight may
be gained by considering harmonic generation and pulse
propagation in terms of adiabatic versus nonadiabatic inter-
actions with a material. In this context, interfaces introduce a
nonadiabatic disturbance during pulse propagation, but
within the bulk of the material the fundamental pulse propa-
gates adiabatically. Our approximation assumed that the in-
stantaneous bulk TH polarization does not interact with the
interface field, because such a long-range coherence is re-
moved when the group velocity walk-off length is short com-
pared to the Rayleigh range.

The spectral analysis indicated that ultrafast third-
harmonic generation is a promising phase-sensitive diagnos-
tic. To record the spectral phase we used a smaller numerical
aperture (NA) lens than has been reported in the THG mi-
croscopy literature. A lower NA makes our setup inferior as
an imaging system, but affords an interferometric measure-
ment by generating multiple pulses from macroscopically
spaced interfaces in the sample. A previous experiment by
Banfi ef al. showed that multiple pulses originate from inter-
faces in a bulk sample, but chose to separate the pulses for
use in timing experiments, rather than allow them to interfere
spectrally [23]. If the group-velocity mismatch in the sub-
strate is known accurately, the spectral phase can be used to
record small changes in the thickness of a thin film, as well
as other phase shifts due to imaginary components of a
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susceptibility tensor. Even with our choice of a lower NA
lens, we observed that the nonparaxial interaction with the
samples distorted both the amplitude and phase of the TH
field for several laser focus positions. To improve the accu-
racy of the pulse phase measurement for all focus positions,
the effect of a nonparaxial beam should be included.
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