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一、中文摘要
    在本報告中我們以 z-掃描法測量以雷
射濺鍍製作的摻 ZnSe 微晶玻璃薄膜，用光
子能量小於能隙之一半的飛秒雷射脈衝測
試，發現在無明顯非線性吸收之情況下，
其具有相當大之光克爾係數。三階係數高
達+0.87 to 1.56 cm2/GW，五階係數為+17.2
cm4/GW2。非線性折射率增強可能是由於
接近雙光子及量子侷限效應所致。而光場
引發非線性飽和之現象可以用二階光 Stark
效應來解釋。

關鍵詞：χ(3)、非線性光學、雷射濺鍍、半
導體微晶玻璃。

Abstract
Large nonresonant optical Kerr

coefficient without apparently nonlinear
absorption was obtained from ZnSe doped
glass thin films grown by pulsed laser
deposition.  A third nonlinear refractive
index of +0.87 to 1.56 cm2/GW and fifth
order of +17.2 cm4/GW2 were measured for a
light beam having femtosecond pulsewidth
with photon energy below one half band-gap
using Z-scan method.  Besides the
enhancement of the nonlinear refractive
index results from the two-photon near
resonance and quantum confinement effect,
the intensity-induced saturation of nonlinear
refractive index can be explained by the
quadratic optical Stark shift.

Keywords: χ(3), nonlinear optics, pulsed laser
deposition, semiconductor doped glass.

二、緣由與目的
Since the discovery of large and fast

response optical Kerr nonlinearity in
semiconductor doped glass1 (SDG) materials,
intensive researches2-7 have been motivated
by the applications of all-optical switching,8
optical computing9 and optical limiting.10

The nature of large nonlinearity in SDG is
attributed to the quantum confinement of

electrons and holes in semiconductor
nanocrystals.  For example, the measured
Kerr coefficient of the porous silicone shows
n2 ~ 7.5x10-9 esu which is much larger than
that of bulk silicone.11  In addition, ion-
implanted gold doped glass12 has resonant χ(3)

~ 2.5 x 10-5 esu.
In order to optimize SDG, attempts were

made to control the growth of particle size,
distribution and the so-called
photondarkening effect.4,13  Even if the
exact physical mechanism of the
photondarkening effect is not yet fully
understood, the experiment suggests that
photoexcited carriers are ejected out of the
volume of quantum dots into the surface
states or into the surrounding glass matrix4

under strong laser irradiation.  The presence
of carriers in the surface states resulting in
change of the optical nonlinearity of material
is known as the photondarkening effect.
The sample with higher SiO2 content can
reduce defects and suppress the
photondarkening effect,4 and thus the sample
prepared by sol-gel method would reduce the
photondarkening effect because of its good
stoichiometry.

Since proposed by Sheik-Bahae et al,14

the Z-scan technique had become an
important method to determine the nonlinear
reflective index and nonlinear absorption of
the materials.  The nonlinear refractive
index (γ) and two-photon absorption (TPA)
coefficient (β) corresponding to the real and
imaginary terms of χ(3) in semiconductors
could be sensitively obtained from the Z-scan
profile.14  In addition, the free carrier
refraction (σ) caused by two photon
absorption induced carriers can also
contribute to the nonlinear refraction, or the
fifth-order nonlinearity, that could also be
determined by measuring the Z-scan at
different intensities.15  Although it was
emphasized that the crystal size must be
smaller than the exciton Bohr radius to
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observe the quantum size effects, Cotter et
al.16 has found the intense influence of
quantum confinement on χ(3)  for the optical
frequency region of Eg/2 < hν < Eg, where Eg
is the bandgap and hν the photon energy of
semiconductor-doped glasses.  By
calculation of ∆Tp-v and ∆ n/I0 versus the
intensity considering γ and σ,  the results
show that the saturation would occur at
relative small value of ∆Tp-v.17

In this paper, we report a large third and
fifth order nonlinear optical properties of
ZnSe doped glass thin films grown by the
pulsed laser deposition from sol-gel prepared
targets as excited by a femtosecond
Ti:sapphire laser.  Since the blue-shifted
bandgap of the SDG quantum dots is larger
than twice of the incident photon energy, the
ZnSe SDG do not show nonlinear absorption
but have Kerr coefficient of +0.87 to 1.56 x
10-9 cm2W-1 or +5.18 to 9.29 x 10-7esu and
the fifth order nonlinear coefficient of 1.72 x
10-17 cm4W-2 measured by the z-scan
transmittance.

三、實驗方法與步驟

A.  Sample preparation
The detailed SDG thin films prepared by

pulsed laser deposition from sol-gel targets
had been discussed in our previous works,18-
20 and will be briefly described as below. The
targets were fabricated by the sol-gel
processes with molar ratio of ZnSe:SiO2 =1:6.
The growth of thin films was carried out in a
high vacuum system with a base pressure of
about 5xl0-5 Torr and using a 1 mm thick
fused silica plate as substrate. High-purity
SiO2 doped with ZnSe nanocrystallite thin
films were grown by vaporizing the target
with a 10-mJ KrF excimer laser (ATL-15).
The laser operates at wavelength of 284 nm
with pulse width 7 ns and repetition rate 50
Hz. In order to ensure that the laser beam
vaporized the target uniformly and efficiently,
the laser beam was focused to a spot of
diameter 0.3 mm on the target, which was
mounted onto a small rotating motor.  The
substrate was located 3 cm away from the
target at room temperature.  The as-grown
film thickness was measured by an
ellipsometer as 300 nm.

B. Measurements of linear and nonlinear
optical properties

To determine the bandgap of the
prepared ZnSe-SDG thin films, we have

measured the transmittance of the samples,
respectively by using HP8453 UV-visible
spectrometer with wavelength scanned from
190 to 1100 nm at room temperature.  And
room-temperature photoluminescence of the
samples was measured by the ARC
SpectrPro-500 spectrometer with a He-Cd
laser (wavelength 325 nm) as excitation
source.
The standard Z-scan measurement was
performed by a KLM Ti:sapphire laser that
operates at 790 nm with its pulsewidth 80
fsec at 93.3 MHz repetition rate.  A lens of
5 cm focal length was used to focus the laser
beam onto the tested sample and then the
transmitted light through an aperture is
detected by a photoconductive p-i-n diode.
At different pump intensities, the
transmittance was measured as a function of
position z by scanning the sample through
the z-direction with an opened aperture (S=1)
and a closed aperture (S=0.36), separately.
Thus, the nonlinear refractive index and
absorption were obtained accordingly. 15

四、結果與討論
The transmission spectrum indicates a

typical 300 nm thick ZnSe-SDG film has
transmittance of almost 95% over 600nm to
1000 nm wavelength range.  The converted
absorption coefficient versus the energy is
shown in Fig. 1 that indicates α = 1.64 x 105

m-1 at the pump wavelength λ = 790 nm (or
1.57 eV).  The transmission and PL spectra
show that the samples have band gap about
3.25 eV (or 382 nm).  It shows large blue
shift of bandgap about 0.5 eV corresponding
to the crystal size around 3 nm.18,19 which is
consistent with the report by Smith et al.21

Some of the Z-scan traces over the
different pumping irradiance from 0.08
GW/cm2 to 1.04 GW/cm2 are shown in Fig. 3.
The irradiance is estimated through the
focusing spot size wp=32 µm measured with
a knife-edge method at the focal point of the
pump lens.  For example, the estimated
irradiance 1.04 GW/cm2 corresponds to the
average input power of 250mW.  Note that
the measured spot size (wp) is very closed to
the value of 26.5 µm obtained from
separation of peak and valley of the
normalized Z-scan transmission curve to be
1.7z0, where z0 = (πwp

2/λ) ~ 2.8 mm is the
confocal parameter of the focused gaussian
beam.14,15

A typical Z scan data with open aperture
(S=1) and closed aperture (S=0.36) are
displayed in Fig. 1, the samples act as self-
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focusing (n2 > 0) materials due to the feature
of vally-peak characterization and without
nonlinear absorption even with the pump
irradiance as high as 1.04 GW/cm2.  It can
be seen by the open aperture Z-scan in which
shows almost a straight line with fluctuation
due to the detection noise from detector and
circuitry.  We conducted the experiment
from the highest irradiance to the lowest one
then back up.  Within about 2-hour
exposure to the laser irradiation, another
measurement with the normalized
transmittance difference at 1.04 GW/cm2.
By fitting the Z-scan data without
considering nonlinear absorption (β=0) using
Eq. (1), the ∆Tp-v=0.223 as compared with
∆Tp-v=0.219 measured after 2 hour irradiation
shows no apparent photondarkening effect.

The normalized transmittance
difference ∆Tp-v as a function of the pump
irradiance I are summarized in Fig. 2.
Initially ∆Tp-v increases almost linearly and
then decreases when the pump irradiance
exceeds 0.17 GW/cm2.  It is different from
those results that either saturates to a constant
due to converting to the fifth-order nonlinear
refraction17 or linearly decreases caused by
the optical Stark effect22,23 in the frequency
region Eg/2 < hν < Eg.  Thus, some other
effects may be involved besides saturation
due to exciting the fifth order nonlinearity for
high pump.

Since single photon energy of the
pump source is 1.57 eV, even with two-
photon energy 3.14 eV is still below the
bandgap of the samples of 3.2 eV ( or 3.25
eV determined from absorption) as
aforementioned.  Therefore, the nonlinear
absorption including two-photon and excited
state absorption will not take place.  It is
well-known that when the incident photon
energy satisfies hν < Eg/2, the nonlinear
refraction is mainly caused by cascade two-
photon or quadratic optical Stark process of
the bound electrons that can be expressed as
the first term of the relation24
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A similar term including two-photon
resonant denominator can also be found in
the expression for the fifth-order
susceptibility.  An atom or an ion may
increase its probability of residing in the
excited state to increase the effective
polarizability in the present of an applied
optical field24, that is, the nonlinear refractive
index change is positive and is consistent
with our Z-scan observation with n2 > 0.

Further enlarging the pump intensity
causes the near two-photon resonant energy
levels to split further away due to the
quadratic Stark shiftt24, so as to reduce the
nonlinear coefficients χ(3) and χ(5).
Therefore, we will consider the saturation as
a function of (Io/Is)2 rather than (Io/Is), where
Is is the saturation intensity.  To best fit the
experimental result, we have used the
relation,
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to consider pump saturation of nonlinear
refractive index through the quadratic optical
Stark shift, where the proportion constant A
= 0.406(1-S)0.25kLeff/ 2  with I0 being the
incident intensity at the center of the beam
and Leff = (1-e-αL)/α the effective length of
the sample.15  The fitting curve also shown
as thin line in Fig. 2 has less than 2%
deviation with the third-order coefficient γ =
+0.87 cm2/GW, the fifth-order coefficient σ
= +17.2 cm4/GW2, the saturation intensity Ιs

= 0.13 GW/cm2, and an undefined threshold
intensity Ιth = 79 MW/cm2, that will be
discussed below.  We also evaluated γ from
the slope of linear region,15 with ∆Tp-v ~ 0.1-
0.2, to be γ = +1.56 cm2/GW or n2 =
+9.29x10-7 esu.  Either one of the results is
much larger than the resonant result n2 = -
4.4x10-11esu for 2.7 mm-thick ZnSe bulk at
532nm.15

Although it was known that no
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threshold behavior was included for the
quadratic Stark shift, we had obtained the
threshold intensity for fitting the saturation of
the nonlinear susceptibility.  We think that
the threshold intensity may be somehow
related to the self-trapping of the optical
beam within the SDG films.  By using γ =
+0.87 cm2/GW and wp = 30 µm, we
estimated the self-trapping intensity to be
order of 20 kW/cm2 for thick samples which
is a lot less than the obtained result with Ith
=79 MW/cm2 for our 300 nm ZnSe-SDG
films.

六、自我評估
上年度報告中以 X 光繞射和拉曼光譜研

究溶膠凝膠法製備一系列鈦酸鍶鋇的微晶粉
末，在 x~0.45 時新發現排列秩序相變之結果
已發表於 Physical Rev. B 中。本年度之報告也
以撰文投稿中。除了報告內容外，我們也以雷
射濺鍍成功地成長並研究 GaSe 和 Ga2Se3單晶
薄膜。由拉曼與 X 光繞射在沒有表面鈍化處理
情況下，我們發現由於 GaSe 為分子層狀晶體
結構的特性，在 2D-3D 長晶條件下，成長 80nm
的厚度就能完全消除介面之應力。我們也提出
觀察 TO 拉曼震盪模可以有效的檢測應力效
應。此結果正撰文投稿中。本年度之研究大致
依計劃進度進行。

七、結論
We have determined the nonlinear

susceptibilities χ(3) and χ(5) of the ZnSe-SDG
film from the pump intensity dependent Z-
scan measurement.  While the incident
photon energy being less than one-half
bandgap of ZnSe-SDG films, no apparent
nonlinear absorption was found at the open
aperture Z scan trace but large nonlinear
positive refraction index was measured at the
close aperture due to the quantum
confinement effect and two photon near
resonant.  The positive third and fifth order
nonlinear coefficients as large as 0.87 to 1.56
cm2/GW and the fifth order of 17.2 cm4/GW2

are obtained by fitting with the Z scan
transmittance versus the incident power.
The fitting function shows the saturation of
nonlinear refraction is reciprocal of quadratic
power of the incident to saturation intensity
ratio together with a threshold intensity that
may be accounted for the quadratic Stark
shift with possible self-trapping effect in the
medium.
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Fig. 1 Pump intensity dependent Z-scan
normalized transmittance.  The pump
intensity is indicated in the figure.
Fig. 2 Plot of normalized transmission

difference versus pump intensity with
dotted points representing experimental
data and the curve fitted with quardratic
intensity dependent saturation.
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