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Abstract ZnSe/SiO2 composites were fabricated with
conventional sol–gel synthesis method. The absorption
spectra of the semiconductor-doped glasses (SDGs) were
presented and compared among different ZnSe doping
amounts. The energy gap (Eg) decreased distinctly as the
content of ZnSe QDs increased. Nonlinear refractive
indexes were measured by single beam Z-scan technique.
The results revealed that the third order nonlinear suscep-
tibility was efficiently affected by Eg, which was explained
by local field effect and Kramers–Kronig (KK) relation.
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1 Introduction

Semiconductor doped glasses materials (SDGs) exhibit
unique optical and electrical properties, which render them
the most popular candidate of optoelectronic devices,
nonlinear elements, and optical sensors [1–3]. When the
size of QDs is reduced to approach the exciton Bohr radius,
the SDGs exhibit intermediate behavior between a bulk
crystal and an isolated molecule. Quantum size effects
created the blue-shift of the band edge gap and splitting of
the electronic states. The magnitude and dispersion of
nonlinear refractive index are important in applications
such as nonlinear propagation in fibers, fast optical switch-
ing, self-focusing and damage in optical materials. CdSe,

ZnS, CdSxSe1−x [4–6] and some other semiconductor
composite materials have been extensively studied. How-
ever, there are few third order optical nonlinear index
reports about ZnSe SDGs. In fact, ZnSe nanocrystals (NCs)
doped SiO2 composites exhibit nonlinear optical properties
comparable with most other SDGs, besides, it reveals a
unique optical limiting character [7]. In this text we
presented the optical nonlinear coefficients of the ZnSe
SDGs. The differences among the samples with different
ZnSe content were investigated. Finally, the mechanism and
influence factors of the optical nonlinearity were discussed.

2 Experimental details

The synthesis route adopted the conventional sol–gel
technique [8, 9]. The gel was first heat treated in air to
remove water and organics then a reductive atmosphere to
control the NCs size further. The X-ray diffraction pattern
and photoluminescence spectrum have already been
reported in our earlier theses [7, 9], which validated the
QDs dispersed homogenized in the silica glasses. Optical
absorption spectra of the samples were recorded on JASCO
v-570 spectrometer in the range of 350–800 nm at room
temperature. The nonlinear refractive index was character-
ized by a modified Z-scan technique. A frequency doubled
(532 nm) Q-switched Nd:YAG laser (GCR170, Spectrum-
Physics, Inc.) with pulse width of 8 ns, beam waist ω0=
25 μm was used to excite the sample. For numerical
calculation, the laser pulse was supposed to have a
Gaussian profile both spatially and temporally. A lens of
260 mm focal length was used to focus the laser beam onto
the tested sample. Input and output energies are measured
by two J4-09 series Molectron energy detectors. A step-
motor driver is used to move the sample in the direction of
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light incidence near the focus spot of the lens. The
experimental system is controlled by a computer, which
includes sample move, energy and transmittance measure-
ment, and laser trigger signal.

3 Results and discussion

Optical absorption spectra of ZnSe QDs doped glasses at
room temperature are presented in Fig. 1. The sharp
absorption edge indicates a narrow size distribution. The
lowest exciton transition energy, considered as the band
edge of the SDGs, was calculated with the second
derivative spectrum of the absorption spectra. According
to the effective mass approximation (EMA), the mean radii
of the QDs were estimated as 2.56, 2.58, 2.72 nm,
according to the ZnSe content of 1, 2 and 3%. The NCs
size increased with the doping amount increased. The
exciton Bohr radius of ZnSe is 3.3 nm, so the QDs are in
the strong confinement regime.

Prior to Z-scan for the SDGs, we carried out a closed
aperture Z-scan measurement on a CS2 reference sample in
a 1 mm length quartz cell. The nonlinear refractive index,
n2, for CS2 was (1.3±0.3)×10−11 esu, which is fairly
consistent with widely accepted values [10, 11]. This
proved that the experimental system is credible. In order
to reduce the possible thermal accumulative effect we set
up the repetition rate to 1 HZ.

Figure 2 shows the typical normalized transmittance
versus the sample position (z) measured with closed
aperture Z-scan system. The figure exhibits a peak-valley
character, which indicates that the third-order nonlinear
index is negative. The result is consistent with the bulk
ZnSe measured at 532 nm. The solid curves are the fitting
results with the following method. As the two photons
absorption (TPA) inevitably occurred, the third order

nonlinear coefficients were calculated with the following
equation [12, 13]:

T ¼ 1� 2 rx2 � 2xþ 3rð Þ
x2 þ 9ð Þ x2 þ 1ð Þ ΔΦ ð1Þ

ρ ¼ χ 3ð Þ
i

χ 3ð Þ
R

¼ β
2k+

ð2Þ

where T is the normalized transmittance, and ΔΦ is the
nonlinear phase shift due to the nonlinear refraction. X=Z/
Z0, Z0=πω0=λ is the diffraction length of the beam, and z is
the sample position. The phase shift due to the absorption
was taken into account by ρ, so both β and γ can be
obtained only by closed aperture Z-scan measurement. It
should also be noted that, when other absorptions exist,
they are also included in β. The experimental data fitted
with the Eq. 1 was exhibited in Table 1. The open aperture
Z-scan experimental data of different ZnSe content were
also presented (Fig. 3). The solid plots were the fitted
results with the equation

T z; S ¼ 1ð Þ ¼
X1
m¼0

�q0 z; 0ð Þ½ �m
mþ 1ð Þ3=2

for q0j j ð3Þ

Here the third order nonlinear susceptibility is consid-
ered to be a complex quantity, χ 3ð Þ ¼ χ 3ð Þ

R þ iχ 3ð Þ
I , the

imaginary part is related to TPA coefficient β and the real
part is related to the nonlinear coefficient γ. The thickness
of the samples is below 1 mm, so low intensities of the laser
beam could generate detectable optical signal. As the
incident laser intensity is in the linear region of the optical
limiting curves, the higher order nonlinearity could be
avoided. From Table 1 we could know that the third-order
nonlinear susceptibility of ZnSe/SiO2 SDGs is about
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Fig. 1 Absorption spectra of ZnSe doped glasses with ZnSe:SiO2

molar ratio of 1, 2, 3%

-30 -20 -10 0 10 20

0.0

0.5

1.0

1.5

2.0

2.5
 Normalized Transmittance
 Theoretical fit plot

N
or

m
al

iz
ed

 T
ra

ns
m

itt
an

ce

Z(mm)

Fig. 2 Closed aperture plot of Z-scan measurement of the ZnSe/SiO2

composite
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10−11 esu. For the porous SiO2, it’s about 10−14 esu.
Moreover, for the same exciting wavelength (532 nm), the
nonlinear coefficient γ is larger than that of bulk ZnSe
reported before [12]. It could be concluded that the good
nonlinear character comes from the structure of ZnSe
embedded in SiO2 network. Compared with n2 of other
typical wide band gap materials CdS [14], CdSe [15] and
ZnS [5], ZnSe composites exhibit γ with the same
quantitative level. However, as the doping amount and Eg
varied, the nonlinear index may be tailored larger or smaller
than other materials. Because the wavelength of the laser is
532 nm, the frequency is below the band gap (hω/Eg≈0.7),
the enhancement of the nonlinear effect is non-resonant. At
resonance, one can take into account just a few dominant
electronic states. On the contrary, below the band-gap, the
whole set of discrete states must be considered. It’s rather
difficult to obtain quantitative theoretical predictions for the
nonlinearity.

Examination of the data in Table 1 and Fig. 3 revealed a
trend, that is as the ratio of ZnSe NCs versus SiO2

increased, the third order susceptibility enlarged, too. This
accorded with the local field effect. The differences in the
dielectric constants changed the field distribution inside the
nanostructure dramatically. The linear susceptibility of

semiconductor doped medium composites could be
expressed as:

χSDG ¼ χg þ pf ωð Þ χn � χg

� � ð4Þ
p is the volume factor and f is the local field intensity factor.
n and g represents the NCs and glass medium respectively.
When χ 3ð Þ

n � χ 3ð Þ
g , the nonlinear susceptibility is

χ 3ð Þ
SDG

ω1;�ω1;ω2ð Þ ¼ χ 3ð Þ
g

ω1;�ω1;ω2ð Þ

þ pf 2 ω2ð Þ f ω1ð Þj j2χ 3ð Þ
n ω1;�ω1;ω2ð Þ

ð5Þ
Generally, χSDG·∝ p. But the relation between volume
factor and doping amount is not very distinct here because
the dissipation during the fabrication process. So the
relation between n2 and Eg derived from the Kramers–
Kronig (KK) relation [16] was applied:

Re χ 3ð Þ
� �

¼ ME�4
g G2

hω
Eg

� �
ð6Þ

M is a constant, and the function G2(y) was presented in
Fig. 4. The nonlinear susceptibility varies almost with E�4

g .
However, we found that for the SDGs, this approximate
equation fitted the experimental results when ZnSe content
were larger. When the content of ZnSe QDs was very small
(1%), the nonlinear coefficients departed from the equation
fitted results. This is ascribe to that G2(y) decreased as the
Eg increases when hω/Eg>0.55. From the frequency
response curves (Fig. 4) we know that n2 changes with
the same trend of G2(y). For the sample with 1% ZnSe
doped, hω/Eg≈0.7, a value at which the sign of G2(y)

Fig. 4 Dependence of the third-order nonlinear coefficients β, n2
(dotted line) and function G2 (solid line) on hω/Eg
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Fig. 3 Open aperture plot of Z-scan measurement of SDGs with
different NCs content

Table 1 Third order nonlinear index and energy gap of the ZnSe
doped glasses.

β
(cm/Gw)

γ (10−18

m2/w)
Eg
(ev)

Radius
(nm)

n2
(10−11 esu)

ZnSe, 1% 13.8 −1.76 3.40 2.56 −1.14
ZnSe, 2% 14.5 −7.42 3.35 2.58 −4.80
ZnSe, 3% 18.75 −11.5 3.02 2.72 −7.44
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changes. G2(y) changes much faster than E�4
g , therefore, the

third order nonlinearity was much depressed.
On the other hand, the nonlinear absorption indexes of

these samples were larger than the bulk ZnSe reported in
[12]. As the wavelength of the laser is 532 nm, the incident
photon energy hω satisfies Eg

�
2 < hω < Eg, the TPA is

permitted. So main resource of the absorption is TPA. As
hω/Eg≈0.7, the absorption is largely induced as show in
Fig. 4. The porous character of composites may also
produce more absorption than ZnSe crystals. And for
another, the surface of the sample had not been passivated,
it may cause optical energy dissipated.

4 Conclusion

The third-order nonlinear optical indexes of the samples of
ZnSe doped SiO2 glasses were first reported. The SDGs
exhibited self-defocusing character. As the doping amount
increased, the third-order nonlinear coefficients augmented,
too. A conclusion can be drawn that the nonlinear
susceptibility could be influenced by the size and band-
gap of SDGs very efficiently. These results were consistent
with the local field effect and Kramers–Kronig relation. But
for the samples with very small doping amount, the
nonlinearity is very weak and difficult to detect. This is
due to the frequency response of nonlinear refractive
indexes. When hω/Eg approaches the critical value 0.7,
the sign of n2 was changed. In order to achieve large
nonlinear refractive indexes, we should design materials
with hω/Eg≈0.55. In addition, the large absorption of SDGs

may be caused by the two photons absorption and the
surface dissipation.
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