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Third harmonic generation microscopy is described in the frame work of the theory of harmonic
generation with Gaussian focused beams inside a bulk material as well as at the vicinity of an
interface. This model is then applied to characterize different types of materials in terms of
electronic third-order susceptibility. Examples of bulk glasses, poled glasses, laser-induced modifi-
cations in glasses and nanoparticles in solution are given in order to give a survey of the broad

application field of THG microscopy in material characterization.
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I. INTRODUCTION

Third-Harmonic Generation (THG) is a coherent
third-order nonlinear process related to the third-order
susceptibility x(g)(-3w;a),a), tz)):x(g) that mixes three pho-
tons at the optical angular frequency @ to generate a
photon at three times the angular frequency of the
incident photons, i.e. 3@. This effect has mainly been
studied to convert visible laser light into UV radiation
[1]. Nevertheless, its low conversion efficiency is an
obstacle for direct laser frequency tripling and cascading
second-order processes (second-harmonic generation and
sum-frequency generation) have been preferred to
achieve this goal [2]. THG has also been studied to
measure the third-order susceptibility 2 of different
materials, especially glasses, because they show a wide
transparent region permitting the fundamental and the
third-harmonic beams not being absorbed [3-6]. Al-
though THG is an inefficient process in a bulk material
in which the phase mismatch condition is not suitable,
it becomes appreciable at the vicinity of an interface

180.0180, 190.0190, 190.4180, 300.6420

[7] where a discontinuity in the refractive indices and/
or the third-order susceptibilities is present. When a
fundamental laser beam is focused near an interface, a
coherent third-harmonic beam is generated allowing
the imaging of interfaces of any material. The first non-
linear scanning laser THG microscope was built in 1997
[8]. This technique has since spread and has been used
for non-invasive biological imaging [9-12] and for 2%
measurements in thin films [13-14] and solutions [15].

In this paper, a theoretical approach of the THG
with focused Gaussian beams in a bulk material as well
as near an interface is given [16-18]. Different appli-
cations of this technique for the characterization of
materials are then proposed and their corresponding
experimental results are shown.

. THEORY

Let us consider an incident monochromatic linearly
polarized beam at the angular frequency @ propagating
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in the positive zdirection (direct wave) which electric
field is of the form:

Em (F;t) = %{;lm (?)exp[i(sz - a)t)]+ Ew (F)exp[— i(kmz - a)t)]} (1)

This electric field induces a third-order nonlinear pola-
rization, which is the sum of two different contri-
butions, one at the angular frequency w, responsible of
the optical Kerr effect and one at the angular
frequency 3w, responsible of the third-harmonic gener-
ation process. This last contribution is given by:

Py =5 (P expliBh, 2= 300+ B, expl- i3k, 2 =30r)]) - (2)

where

~ 1 -~
P :Z“"ol(})Ai (3)

Starting from the nonlinear wave equation and assum-
ing that the amplitude of the fundamental electric field
does not vary too much on a distance of a wavelength
(slowly variable amplitude approximation), one can
obtain the paraxial wave equation for the third-
harmonic electric field:
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where V2 is the transverse Laplacian, Ak= 3k, - ko
the phase mismatch between the fundamental wave

. . w
and the third-harmonic wave, k, =n,— the wave
C

vector of the fundamental beam and k;, =n; 3w the

Y ¢
wave vector of the third-harmonic beam.
The use of a laser applies to work with Gaussian
beams so that the expressions of the fundamental and
third-harmonic electric fields are given by:
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A,U(p;2)=1i‘i§exp{ £ )}
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Asw(p;z)=A°-3m(Z) Xp{ -3p? }
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(6)

where p= Vz?+4* is the radial coordinate, ¢ =Zi

R

2 . . . .
:TZ a longitudinal coordinate defined in terms of

27rw(2)
A
beam waist of the fundamental wave.

confocal parameter b=2z,= =kwj and wy the

Substituting these expressions in the paraxial equa-
tion gives the following differential equation, which
translates the evolution of the amplitude of the third-
harmonic electric field with respect to the distance z:

dAo_sm(Z):i 3w 042 expliAkz)

dz 8m,e” Y (L4 ig) Y,
The solution of this equation is:

3w

AO_]m (Z) = l Agi(uZ(S)JB{u (Ak,ZO,Z) (8)
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Mdu is the third-harmonic
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interaction length and z the position of the entrance
of the medium; the position of the beam waist is set
to be at z=0.

This third-harmonic interaction length can be eval-
uated analytically in two particular cases.

The first case corresponds to a slightly focused beam
(plane wave limit), for which and

where J, (Ak; zy; z) = /

* |expliakz) - explinkz, )’
" ik

tJ (Ak;20;2]2 =

J‘ ’ exp(iAku )du

2,

3w

= [*sinc? (—A;{—Lj

(9)

In this plane wave limit, the usual phase matching
behavior is found.

The second case corresponds to a strongly focused
beam inside the medium, for which 2 =- | |, = | 2|
and b<< | % let |2z | and the third-harmonic interac-
tion length can be evaluated by a contour integral:

0ifAk<0

du =< p*

+o explinku) bAK
ﬂ—-z—Akexp(———i—) if Ak >0
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Finally, the third-harmonic irradiance generated in a
bulk material and detected in the far-field is given by:

J}w(Ak;Zo;Z)= I

(10)

2
3w 1 2
I, = ——I 9, (Ak;z,;
30 [4{;‘0ch non’ wlX Jw( 320 zj (11)

From equation (10), one can notice that the third-
harmonic interaction length is null when Ak<0, which
is the case for all the materials that have a normal
dispersion in the wavelength range of interest (4/3 —
A). As a result, the third-harmonic irradiance is zero
in the far-field when the incident fundamental laser
beam is focused inside a medium. This is known as the
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Gouy phase shift anomaly. Nevertheless, if the fun-
damental beam is focused at the vicinity of an interface
separating two media of different refractive indices
and/or third-order susceptibilities, an appreciable third-
harmonic beam can be detected in the far-field even if
the media have a negative or null phase mismatch. If
the interface separates two infinite media with different
refractive indices n; and different third-order suscep-
tibilities = (i=1 or 2) with the interface at z = 0,
the third-harmonic irradiance in the far-field is:

2
12 3/2 =
nmAl

n)'?
les)JBm.l (Akl §_°°§0)+ —2 s (Akz 30400

2 3
I, = 30 ) 13;
de,c”

M3, M2

(12)

Although equation (12) appears complicated, it can be
simplified in two particular cases [18].

The first case is an interface air/semi-infinite mate-
rial. The third-order susceptibility of air (~10% m’.V?)
is negligible compared to that of the material. The
third-harmonic irradiance is therefore given by:

13(u = 3w 2 1(?1
) 4g,c”

The second case is an interface separating two media
presenting identical refractive indices and different
third-order susceptibilities. This implies the following
relations: 71 = Nw2 = Nw, Mul = M2 = N3w, Dki= 2
k= Ak and Jao1(Dki;-00;0) = -J302( L kp;0;+0). The
third-harmonic irradiance is therefore given by:
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Now, let us assume an incident circularly polarized
electric field of the form:

E,(F:1)= %(éx +i2, N4, (F)explilk, z — @]+ 4 (Fexpl- ik, = - )]}
(15)
Considering an isotropic material, the Kleinman sym-
metry conditions show that the third-order suscep-
tibility tensor presents 21 nonzero elements of which
only 3 are independent. They are [17)]:
XXXX = yyyy = zzzz

VyzzZ = ZZYY = ZZXX = XXZZ = XXYY = VXX =

w9 w9

VZyzZ = ZVZy = ZXZX = XZXZ = XYXY = YXYX =

VZZY = ZYYZ = ZXXZ = XZZX = XYpX = PXXY = g

3
XXXX = XXYY + XYXY + XYYX = &

The third-order nonlinear polarization induced in the
material is then:

0
7o)
-=o+ o-—g )
E (F;w) 0
P(Fm)=¢, §U+(%~Jj iE".(F;a)) =0
L0 0
’ (17)
L J

From equation (17), it appears that the third-order
nonlinear polarization induced by a circularly polarized
electric field is null; no third harmonic can be
generated with such a polarization. Nevertheless, if the
material presents a crystalline structure, the third-
order nonlinear polarization is no longer null and THG
can occur if the beam is focused at the vicinity of an
interface. Hence, by changing the polarization of the
incident beam, structural information of the studied
material can be obtained [19-20].

1. EXPERIMENT

Two different experimental setups with different
laser sources have been used. The generic experimental
setup is shown in fig. 1 and the geometry of the experi-
ment with focused Gaussian beams at the vicinity of
an interface separating two media is given in fig. 2.

The first setup uses an optical parametric oscillator
(Spectra-Physics, Tsunami-Opal system) which delivers
130 fs pulses at the wavelength of 1500 nm at the
repetition rate of 80 MHz [13]. The laser beam is
focused on the sample with a microscope objective
(working distance = 700 pum; NA = 0.65). The third-
harmonic beam is collected with a condenser (working
distance = 3 cm; NA = 0.6), filtered from the fun-
damental wavelength using an interference filter (Ao =
500 nm; AN = 40 nm) and measured with a photo-
multiplier tube (PMT, Hammamatsu R5700). The
photocurrent from the PMT is amplified and synchro-
nously detected with a mechanical chopper via a lock-
in amplifier, digitized and sent to a computer for acqui-
sition. An x-y-scan can be realized with a piezoelectric
translation stage as well as galvanometric mirrors and
the z-scan is carried out with a piezoelectric translation
stage.

The second setup uses an oscillator (Amplitude Sys-
temes, t-Pulse) which delivers 200 fs pulses at the
wavelength of 1030 nm at the repetition rate of 50
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FIG. 1. Generic experimental setup.
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FIG. 2. Geometry of the experiment with a focused
Gaussian beam at the vicinity of an interface separating
two media with different optical properties.

MHz. The laser beam is focused on the sample with
a microscope objective (working distance = 500 um;
NA = 0.7). The third-harmonic beam is collected with
a condenser (working distance = 3 cm; NA = 0.6),
filtered from the fundamental wavelength using an
interference filter (A¢ = 343 nm; AA = 40 nm) and
measured with a photomultiplier tube (PMT, Ham-
mamatsu R5700). The photocurrent from the PMT is
amplified, digitized and sent to a computer for acqui-
sition. An x-y-scan can be realized in less than 2s with
two galvanometric mirrors and the z-scan is carried out
with the motor of a modified Zeiss Axiovert 200 M
microscope.

IV. EXPERIMENTAL RESULTS
4.1 % measurements in bulk materials

The THG experiments have been carried out with
the OPO source, on 300 um-thick phosphate and boro-

phosphate glass matrices containing niobium oxide at
different concentrations [21-22]. The measurements have
been calibrated with respect to a fused silica sample
with a similar thickness. The THG signal has been
measured for the beam waist at the vicinity of the first
interface (i.e. air/glass interface) to get the best point
of focus; moreover, it should be noted that the third
harmonic is not absorbed because the absorption coef-
ficient is low at 500 nm. Indeed, no absorption could
be measured using a standard spectrophotometer with
1 mm-thick samples. Fresnel transmission and refractive
index dispersion corrections have been performed. Since
no significant two-photon absorption occurs at this
wavelength, the imaginary part of the electronic sus-
ceptibility has been neglected and the calculated mo-
dulus of the susceptibility was set to the real part.
Finally, the electronic susceptibility is given by:

&) Bo.50, T S'!’z Iy, ”3,.."(0
ll 11
LT, 1, sio, | Msw.si0, ”m Si0,

where T,, my, T30, N3s are the Fresnel transmission
coefficients and the refractive indices at @ and 3,
respectively, I, the detected third-harmonic irradiance,

A
g (DK 0; L) = f Md the third-harmonic interac-
0

20u

(HT)
tion length, A k= 3k, - ks, the phase mismatch, b= rwj/A
the confocal parameter, wp the beam waist and L the
sample thickness. The SiO subscript refers to fused
silica and no subscript alludes to the investigated glass.
These measurements are not straightforward because
the refractive index of the investigated material at @
and 3@ frequency and the 7 value of a reference
material must be provided. The error measurements on
the absolute value come essentially from the 2
reference value. Relative measurements are preferred as
they permit direct comparison between samples with a
relative error of 10%. The obtained values of =), for
all samples, relative to fused silica, are reported in fig.
3. As previously observed [22], the nonlinearity in-
creases when the niobium concentration increases in

the glass network. In the present case, 2, is linear

0. 5i0, sto, 0; Ls,o )‘ 3)

7. AkOL ‘Znum}

(18)

with the niobium concentration. This effect is directly
related to the measurement of the electronic contri-
bution to the nonlinearity which results in a sum-
mation of the Nb-O bonds electronic contribution.

4.2 ¥ measurements in poled glasses

Thermal poling is a technique which consists in
applying a direct-current (dc) electric field below the
glass transition temperature and then cooling the glass
before removing the dc bias. Amorphous materials such
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as glasses have an inversion symmetry which excludes
the occurrence of second-order nonlinearities (Z.e. P
0). After thermal poling, the coupling between the dc
electric field induced inside the glass and the third-
order susceptibility of the glass generates an effective
z@), allowing the occurrence of second-order nonlinear
processes such as second-harmonic generation. Thermal
poling has been carried out on borophosphate glasses
containing 40% of niobium oxide with different dc
electric field application times. All the experimental
parameters are given by Malakho et al. [23].

The THG experiments have been performed with the
same setup as previously on the poled regions under
the surface of the glasses under study. The thickness
of the poled regions and of the glasses is about 8 um
and 300 pm, respectively. The measurements have
been calibrated with respect to a fused silica sample
with a similar thickness (i.e. 300 wm). Here again, the
THG signal has been measured for the beam waist at
the vicinity of the first interface (i.e. air/poled region
interface) to get the best point of focus. However, part
or the third-harmonic is absorbed by the poled region,
since its absorption coefficient is not zero at 500 nm.
So, absorption corrections as well as Fresnel trans-
mission and refractive index dispersion corrections
have been performed. Since no significant two-photon
absorption occurs at this wavelength, the imaginary
part of the electronic susceptibility has been neglected
and the calculated modulus of the susceptibility was
set to the real part. Finally, the electronic suscep-
tibility is given by:

3 3 “«{)
) Tyu50,Twsi0, 1., I MMy ]‘IM-S'O: (Ak»“(’z 50 L, )| ( L) 3)
CXP\a & )X 0111510,

i = V TJ{y)T{j v Ism.s"u_. V"Jm.siuz "i.x;u: l 30 (Ak;O; L) |
(19)
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FIG. 3. THG susceptibility z), relative to fused silica
versus Nb2QOs concentration of the phosphate and boro-
phosphate matrix glasses.

Where a3, is the absorption coefficient of the poled
region at 3. The obtained values of %), for the poled
glasses, relative to fused silica, are reported in fig. 4.
The nonlinear response increases with the poling time.
This evolution has to be related with the progressive
depletion of sodium ions within the poling zone
inducing structural changes of the glass network [23].

4.3 7Y measurements in structures inside a bulk

material

The THG experiments have been carried out with
the t-Pulse source, on femtosecond laser irradiation
induced defects in fused silica [24]. The defects are
approximately 400 wm under the surface and they are
200 um-thick. The fused silica sample is 1 mm-thick.
The irradiation pulse energy is 5 wJ and all the other
experimental parameters are given by Zoubir et al. [24].
A z-scan of the third-harmonic signal emitted by this
sample is shown in fig. 5. The third-harmonic irra-
diances generated at the interfaces air/silica and silica/
defect, respectively, are given by:

2 3
; | 3w I A, sio,
30,airl Si0; — o

2 o
4g,c M34,s5i0,

Jam,smz (Aks:oZ 37, =0;z, =400 um)/(.g()):

x[ Ty (Ak 52, = 400 um; 2, = 600 um )7 )

450, (Bk g, 52, = 600 um; 2, = 1000 um ) ), (20)

2 3
3w ][3 My ey

I = —
30.Si0y / d 3
@, Si0 / def 4 ()C’

M300.dey

30510, (AksmZ 32y =400 um; z, = O)Zg()):

X+ S (Akdcf;zl =0;z, =200 Hm)lt(fi}

+ 5,50, (Aks;a2 3z, =200 pm; z, = 600 P-m)lgf))z (21)
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FIG. 4. THG susceptibility 23, relative to fused silica

versus the dc electric field application time of the poled
region of a borophosphate glass containing 40% of
niobium oxide.
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FIG. 5. Evolution of the normalized third-harmonic
signal versus the z-position of a fused silica (Herasil)
sample in which defects have been created by femto-
second laser irradiation. The first peak corresponds to
the air/silica interface and the second peak corres-
ponds to the silica/defects interface. The other inter-
faces could not be reached because of the limited
working distance of the microscope objective.

0.06

0.05

0.04

0.03

0.02

0.01

0.8 0.9 1 11 1.2
a

FIG. 6. Evolution of the ratio of the third-harmonic

[3u),5?02/def

irradiances R= versus the ratio of the

uw,air] S Oy

®)
z €
third-order susceptibilities o= —é—)L

z50,

Where the SiO; subscript refers to fused silica and the
def subscript alludes to the defect. No absorption
corrections have been performed since the fused silica
and the defect are transparent at both the fundamental
and third-harmonic wavelengths. The refractive indices
of the defect at @ and 3@ have been set to a value
higher of an amount of 10” relative to the refractive
indices of fused silica. This assumption is based on
refractive index variation measurement of waveguides
written in fused silica; at 633 nm, this variation has
been measured to be about 10° [24]. By plotting the

]Liw,SiOQ/def

theoretical ratio = versus the ratio of the

3w.air/ S O,
@)

z €,
third-order susceptibilities a:—(‘é)i (cf. fig. 6) and by

50,

reporting on this graph the experimental ratio R
measured in fig. 5, one can deduce the variation of the
third-order susceptibility of the defect relative to fused
silica. Nevertheless, by reporting one value of R, two
values of a can be determined, one lower and one
higher than 1. A previous experiment on the same
defect, but at the surface of the material, permitted to
observe a third-harmonic signal less important at the
interface air/defect than at the interface air/silica and
to conclude to a third-order susceptibility lower for the
defect than for fused silica [24].

For a measured ratio B=0.053, two values of a are
found: 0.77 and 1.23. The value lower than 1 is
retained, i.e. 0.77, and the variation of the third-order
susceptibility of the defect relative to fused silica is:

(3} (3 _ 03
DY A A0 100~ 23% (22)
X X sio,

The THG microscopy is the only technique which
permits the direct measurement of the electronic third-
order susceptibility of a structure embedded in a bulk
material if the refractive indices at @ and 3@ of both
the non-irradiated material and the defect are known.
Another method to estimate the nonlinear refractive
index is based on spectral broadening measurement
induced by self-phase modulation of a laser pulse pro-
pagating in a waveguide [24-25]. Nevertheless, this
technique does not allow a precise measurement since
it relies on accurate knowledge of the pulse temporal
amplitude and phase.

4.4 Comparison of the ¥ of different solutions

The THG experiments have been performed with the
OPO source on drops, deposited on a microscope slide,
of solutions containing CdS and CdS@Ag, nano-
particles, at 3.10* and 10" mol.I-1 concentration, res-
pectively [26]. A z-scan of the third-harmonic signal
emitted by these samples is shown in fig, 7. The signal
collected at the solution/air interface is given by:

3/2 2

n
3 @.50! . . 3)
< Ty sar T, J 30050t (Ak.rol Ly ’O)Z 111,50/

SBw 3w,s0l* ©,50]
P34 501 (23)

From which the third-order susceptibility can be
extracted:
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FIG. 7. Evolution of the normalized third-harmonic
signal versus the z-position of three different solutions
deposited on a 120 um-thick microscope slide: a
solution of CdS@Ag, at 10 mol.L"", a solution of CdS
at 3.10" mol.L'" and some water for comparison. The
first right peak corresponds to the air/slide interface,
the second to the slide/solution interface and the third
to the solution/air interface. The thickness of the drop
of solution is not the same for each scan.
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The sol subscript refers to colloidal solution. No
absorption corrections have been performed since only
the signal at the solution/air interface is considered.
Moreover, since the solutions are much diluted, one can
consider that their refractive index is the same than
the one of water. The only parameters which change
from one sample to another are Si, and Jius0, since the
thickness of the drops is not the same. For each
solution, the magnitude of the third-harmonic signal at
the solution/air interface has been measured and the
third-harmonic interaction length has been calculated.
The variation of the third-order susceptibility of the
CdS@Ag, colloidal solution relative to the colloidal
CdS solution has been then determined, reduced to the
same concentration (i.e. 10 mol.L™):

A)(m Z‘C?S@Ag,,_lgl)s
e = ) x 100 = 96% (21)

Xcis

It appears that the CdS@QAg, colloidal solution pre-
sents third-order susceptibility almost twice much
higher than the CdS one’s. An increase of the non-
linearity of CdS in close vicinity with metallic silver
has been already proposed [27]. For a clear under-
standing of the silver metallic island contribution on
CdS nonlinear optical response, a more systematic

study is necessary including the response of metallic
particles alone.

V. CONCLUSION

THG microscopy appears to be a powerful tool in
electronic nonlinear optical properties characterization.
This technique allows measurements on bulk materials
as well as on solutions or thin films. In theory, this
technique is able to supply absolute measurements. In
practice, it is very difficult to know precisely all the
experimental parameters (effective third-harmonic power,
fundamental power at the sample, pulse duration at
the sample, collection and detection efficiencies) which
is why this technique is used to provide relative mea-
surements. An issue to perform absolute measurements
would be to have a very well-known reference value of
the electronic third-order susceptibility, such as fused
silica. Unfortunately, such measurement with a low
uncertainty has not been achieved with satisfaction.
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