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Abstract Germania/ormosil hybrid matrix with large
third-order nonlinearity is prepared by a low-temperature
sol—gel process. Z-scan measurements indicate that the film
fabricated from the pure Germania/ormosil hybrid solution
shows an excellent third-order nonlinearity at all meas-
ured wavelengths. In order to explore its potential to be a
functional matrix, a well-investigated organic dopant dis-
perse red 1 (DR1) azoaromatic chromophore is introduced
into the Germania/ormosil system. As a comparison, the
poly(methyl methacrylate) (PMMA) polymer is employed
and doped with the same content of DR1 molecule. Results
indicate that by employing Germania/ormosil matrix sys-
tem, the figure of merit of DR1-doped material at 532 nm
can be greatly improved as compared to that of the PMMA/
DR1 polymer film and also other published reports. This
improvement helps broaden the limited applications of
DR1-doped material and make it acceptable for devices
fabrication at 532 nm. Results demonstrate that the as-pre-
pared hybrid matrix might be a promising candidate for all-
optical applications.
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1 Introduction

One of the dreams of scientists is to realize all-optical com-
munication, all-optical transmission, and all-optical com-
puter. In order to make these come true, one of the key is
to fabricate workable all-optical processing material [1].
However, at present, mostly optical signal has to be con-
verted to be electrically processed in the electric domain
and then be converted back to the optical domain in appli-
cations. Such conversions would add unwanted delay and
power consumption. In an optical switching, performing
information processing solely within optical domain would
eliminate the opto-electrical-opto conversion, as well as
break the processing limit of the electrical device to be in
a sub-picosecond switching period [2]. Light interacts with
light by means of a nonlinear material with third-order
nonlinearity [3], and the effective index of refraction of
the materials will change with the local optical intensity. A
device, as Fig. 1 shown, in a Mach—Zehnder geometry used
for all-optical signal processing has attracted much atten-
tion recently [4-7]. In the absence of any control signal,
there is no output signal because of the destructive interfer-
ence of the input signal; however, when a control signal is
applied, the changes in the third-order nonlinear material
could alternate the phase of the signal and then lead to con-
structive interference, thereby enabling all-optical modula-
tion of the input signal. That is how the signal processing is
working. Clearly, in such devices, the essential part is the
third-order nonlinear cladding, which could directly influ-
ence the efficiency of the signal processing.

As a fascinating area for the future generation of data
processing, the third-order nonlinear materials have
attracted worldwide researchers’ attention. However, most
related works are focused in the synthetic field [8—11]. The
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Fig. 1 A device (in a Mach—Zehnder geometry) used for all-optical
signal processing

issue is that the third-order nonlinear compounds could not
be put into devices in their molecular shape. One of the
most common ways is to embed the amazing molecules
into proper matrices to fabricate optical functional mate-
rials. For instance, as Fig. 1 shows, as a key part of the
device, the doped third-order nonlinear cladding is not just
involving organic compounds, but also matrices.

As a main kind of matrices, polymers, such as polysi-
loxanes, polyesters, and polyamides, have been used for
doping more than 20 years. Depending on functionalities
of the polymer backbones, dyes can be incorporated into
the matrices to obtain a good overall mechanical and ther-
mal stability and get a free volume around the dye group
[12—-14]. Compared with polymers, organically modified
silane (ormosil)-based organic—inorganic hybrid system has
more rigid inorganic networks and smaller free volume for
the doping dye group, which can help freeze the molecules
and, as a result, improve the stability of the optical materi-
als and devices. More importantly, some certain kinds of
ormosils have excellent nonlinearity themselves and there-
fore could offer a good foundation of the third-order non-
linearity as a matrix, as well as help the doped material to
obtain better nonlinear properties for all-optical applica-
tions than polymer does.

Here, we report a matrix with large third-order nonlin-
earity based on the organic—inorganic hybrid Germania/
ormosil system by employing a z-scan technique in dif-
ferent wavelengths, including 532, 800, and 1064 nm. To
explore its value to be a compatible matrix for organic
compounds to dope, DR1 was chosen as dopant, which
has been investigated for more than 20 years, so that
there are enough references to be compared with [15—
22]. In those previous reports, the figure of merit (FOM)
of DR1/polymer materials is around 10 at 532 nm. Such
values are clearly much higher than the suggested accept-
able range FOM < 1, which makes DR1 dyes unquali-
fied to be used at 532 nm for all-optical application pur-
pose. In this paper, by doping the same content of DR1
molecules, we compare Germania/ormosils matrix with
PMMA, which is one of the most commonly used poly-
mer matrices, to show an improvement taken by our as-
prepared matrix.

@ Springer

2 Experimental

Optical hybrid films containing DR1 were prepared by
depositing the hybrid solution onto glass slides. Here,
germanium isopropoxide (Ge[OCH(CH;),],) was used as
Germania source, and y-glycidoxypropyltrimethoxysilane
(GLYMO, CH,0OCH-CH,0(CH,);Si(OCH;);) was used
as ormosil source. In addition, hydrochloric acid (HCl, 37
wt % in water) was used as catalyst, 2-methoxyethanol
(CH;0CH,CH,0OH) was used to reduce the hydrolysis rate
of germanium isopropoxide, ethanol was used as solvent,
and deionized water was used for hydrolysis. In particular,
the Germania/ormosil organic—inorganic hybrid sols were
prepared at room temperature by the sol-gel process. In the
preparation, deionized water and hydrochloric acid were
added drop by drop, and the molar ratio of HCI/GLYMO
was 0.01. The details of the preparation processing of the
Germania/ormosil matrix were described in our previous
work [23]. To fabricate the DR1-doped Germania/ormosil
sols, the commercial DR1 compound in the weight of 1 %
of the sol-gel hybrid solution was added into the matrix.
One layer of the sol-gel film was spun onto the substrate
at 3000 rpm for 30 s by the spin-coating process. The
film-coated samples were then heated at 50 °C for about
10 min. As a comparison, the DR1 doped poly (methyl
methacrylate) (PMMA) polymer film was also fabricated
as follows: PMMA was dissolved in toluene, and thus, a
clear solution was obtained with the same viscosity as
DR1-doped Germania/ormosil sols has. The DR1 molecule
with a weight of 1 % was added into the solution, and then
the mixture was stirred for 5-6 h, until a clear and uniform
solution was obtained. As Ref. [15] reports, pH has an
impact on the absorption spectrum of DR1-doped materi-
als, which could influence the third-order nonlinearity of
the materials as well. Therefore, in order to avoid this, we
made the PMMA/DRI1 solution at the same pH ~ 2.5 as the
Germania/ormosil sols was. Afterward, the solution was
spun onto the substrate at 3000 rpm for 30 s by the spin-
coating process, followed a heat treatment. The parameter
of the fabrication process might be fine-turned to make sure
the thickness of all the samples are all about 1.55 pm. DR1
dye used in this study was procured from Merck, PMMA
from Aldrich, other chemicals, including all the solvents,
from Alfa Aesar.

Third-order nonlinear properties of the as-fabricated
films were evaluated by a z-scan technique, which can pro-
vide a sensitive single-beam technique for measuring both
the third-order nonlinear refractive index and the absorp-
tion coefficient, as well as their sign. In this paper, we used
an optical parametric amplifier (OPA) as the excitation light
source. It provides pulses with approximately 30 ps, cover-
ing the spectral range from 430 to 2000 nm, with a 10-Hz
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Fig.2 UV-Vis absorption spectra of the films based on different
matrices. S1: pure Germania/ormosil film; S2: DR1-doped Germania/
ormosil film; S3: DR1-doped PMMA film

repetition rate. The OPA was pumped by a PL2134B pico-
second Nd: YAG laser delivering 12-ps pulses at 532 nm. In
order to minimize the error and obtain an average value in
z-scan measurement, the incident energy was employed to
vary in a lower range of 3.25 + 0.4 uJ.

3 Results and Discussion

Figure 2 shows the molecular structure of DR1 compound,
absorption spectra of the pure Germania/ormosil film, the
DR1-doped Germania/ormosil film, and the DR1-doped
PMMA film. The DR1-doped films exhibit a high absorp-
tion band, located in the visible region, corresponding
to the m—7t* electronic transitions of the DR1 molecules,
while the absorption of the pure Germania/ormosil film is
much weaker in the whole visible range. The red color of
the doped film is due to the extension of m-electron delo-
calization in DR1 molecules, which is introduced by a
dialkylamino group (m-electron donor) and nitro group
(m-electron acceptor). The third-order nonlinear properties
of this dye have a wide variety of applications; however,
in spite of the superior properties of this dye, its applica-
bility is restricted because it degrades when exposed to
intense laser beams. Its opto-chemical, opto-physical, and
mechanical stabilities can be improved by being embedded
into proper matrix without compromising the nonlinearity
of the molecules.

Figure 3 shows the z-scan curves of the pure Germa-
nia/ormosil film deposited on glass substrate at 532, 800,
and 1064 nm. The main part of the figure is obtained from
closed-aperture measurement, while the insert part from the
open-aperture measurement. It can be seen that the peaks
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Fig.3 Z-scan curves of the Germania/ormosil hybrid film at differ-
ent wavelengths

precede the valleys and perform almost symmetrical con-
figurations in the closed-aperture measurement, while
almost no detectible nonlinear absorption could be iden-
tified in the open-aperture z-scan measurement at all the
three wavelengths. To calculate the third-order nonlinear
refractive index and absorption coefficient, n, and 8 can be
expressed as follows:

= JAT,_,/ [0.82171(1 - 5)1/410Leﬂ} )
B =2AT, /oLy 2)
Rex>esu = 10_7n2n(2)c/12712 (cmz/W) ?3)
Im)(3esu = 1077C/In(2)ﬁ/96712(cm2/W) 4)

where S, A, I,, and L are the closed-aperture parameter,
wavelength of laser, the power density of laser at the focal
plane and the effective thickness of sample, respectively.
The value of AT,, can be obtained from the normal-
ized figure obtained by the closed-aperture curve divid-
ing the open-aperture curve, which is the transmittance
(T,—T,) difference between the normalized peak and the
valley, while the AT, can be obtained from the normal-
ized figure obtained by the open-aperture curve. Thus, the
third-order nonlinear refractive indices of the Germania/
ormosil film generated by different wavelengths were cal-
culated, and their values are at an order of —107'0 cm®*W
as Table 1 shows. At 532 nm, the n, has a value of —
(5.13 £ 0.43) x 1071 cm*W, and the value of Rex? is also
calculated, while almost no detectible nonlinear absorp-
tion had been found in all the measured wavelengths.
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Table 1 Nonlinear optical 1. Samplenm 1, 10~ cm¥W B105cm/W  Re 1078 esu Im x® 10 esu  FOM
parameters of the three samples
at 532 nm. 5.11 pure Germania/ S1 532 —(5.13 £ 0.43) _ —(2.92 + 0.25) - -
gg;z;g‘;‘nfjsfg;dgged 800 —(5.64 + 0.43) - —(3.21 4 0.25) - -
DRI-doped PMMA film 1064 —(4.92 £ 0.43) - —(2.80 £ 0.25) - -
S2 532 —(7.28 £0.41) 6.37 +£0.37 —(4.15£0.25) 241 +£0.14 9.31
S3 532 —(1.82+£0.54) x 10> 6.45+0.32 —(1.04 £ 0.31) x 10> 2.45+0.12 0.38
As reference, CS, was also measured at 532 nm, and the 14l B
obtained n, value of CS, is (1.151 + 0.19) x 107! esu, N
which is in good agreement with the result as reported in 3 \ f
the Ref. [24]. To show the potential for the all-optical appli- G 12} 02 ’
cations, Stegeman quantified this property by using the fig- E
ure of merit (FOM) as follows: [25] 2 10
© 10+
FOM =2B/ny < 1 & =
which means the effect of the nonlinear absorption must ﬁ 08l
be weak as compared to the nonlinear effect, so that could g
have potential in device applications. For the Germania/ S
ormosil film, clearly, the FOM at all the three wavelengths = 0.6

shows excellent values, indicating great potential for all-
optical applications. The mechanism for the third-order
nonlinear optical response of the sol-gel hybrid matrix
mainly originates from the distortion of the electron cloud
or the motion of the nuclei. The former has a response
time less than 10 fs, while the latter has a relaxation time
between 100 fs and 10 ps. In our measurements, the pulse
durations give enough time for these two nonlinear optical
contributions to be resolved. However, the nonlinear opti-
cal contribution of the nuclei is much smaller than that of
the electronic part [26]. Therefore, the third-order nonlinear
response of the Germania/ormosil hybrid matrix is domi-
nantly produced by the electronic contribution, accompa-
nied with a small nuclear contribution.

To show the advantage by employing the Germania/
ormosil matrix system, we take DR1 molecules as dopant
to fabricate optical films. The laser we employed in z-scan
measurement for DR1-doped films was pulsed at 532 nm,
which is near the absorption maxima of DRI1. There are
two isomers for DR1 molecule, trans and cis. The trans—cis
photoisomerization gives rise to large negative third-order
nonlinearity in azobenzene. Light frequency near the main
absorption resonance causes the azobenzene molecule to
be changed from the trans isomer to the cis isomer. Dur-
ing this process, the distance between the two carbons from
which the acceptor and donor groups extend reduces from
about 0.9 nm to 0.55 nm. This results in a reduction in the
molecules’s dipole moment, which reduces the material’s
polarizability providing a large negative nonlinear refrac-
tion. This phenomenon has been investigated over the last
two decades. However, such a large nonlinearity accom-
panies a large nonlinear absorption, which greatly limits
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Fig. 4 Z-scan curves of the PMMA film doped with 1 % DR1

its application as an all-optical switching. Our work is to
break the limitation by employing the as-prepared matrix in
532 nm. As a comparison, the DR1-doped PMMA film was
fabricated to identify the third-order nonlinearity of the pure
DRI1. To exclude an impact of the PMMA, the blank film
sample fabricated from pure PMMA was also measured
under the same condition. Results indicate that no detectable
signal found from the pure PMMA film; that is, the PMMA
matrix gives no contribution to the third-order nonlinearity
of the DR1 doped PMMA film. Figure 4 shows the z-scan
curves of the 1 % DRI1-doped PMMA film, for the main
part is the normalized figure obtained by the closed-aperture
curve dividing the open-aperture curve, which corresponds
to the contribution of the nonlinear refraction, while the
insert part is the result of the open-aperture measurement,
which represents the contribution of nonlinear absorption
only. As have been reported in the Refs. [12, 15, 20], DR1
doped material always presents a negative nonlinear refrac-
tive index and a large nonlinear absorption. According to
Egs. (1) and (2), the n, is about —(7.28 £ 0.41) x 107"
cm?/W, while the induced nonlinear absorption coefficient
B is about (6.37 & 0.37) x 10> cm/W. The value of Rey’
and Imy? is also calculated according to Eqgs. (3) and (4) as
Table 1 shows. Based on the above results and discussion,
among the three main mechanisms of the third-order non-
linearity in azobenzenes: electronic nonlinearity, trans—cis
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photoisomerization, and thermal effect, in our present work,
the trans—cis photoisomerization mechanism should make
a main contribution, for the laser pulsed close to the main
absorption peak of DR1 molecule. Moreover, considering
the strong linear optical absorption of DR1 molecules at
532 nm, thermal nonlinearities could arise from a change in
the refractive index with increasing temperature due to the
absorption. It should be mentioned here that the pulse width
and the repetition rate of the laser we employed were con-
trolled low enough to effectively avoid large thermal effect.
FOM was also calculated, and the value was about 9.31
(>1). Clearly, such value cannot satisfy the requirements for
device application enough.

To improve the poor FOM of the DR1 doped materi-
als, one method could be considered. It has been proven
that the pure Germania/ormosil hybrid matrix system has
an excellent third-order nonlinearity. Our previous work
[27] demonstrates that 4-hydroxyazobenzene azoben-
zene compound can be doped into the Germania/ormosil
matrix to produce a dense and low absorption and
highly transparent organic—inorganic film for photonic
application at a low temperature. Here, we introduced
it into the third-order nonlinear application as a func-
tional matrix. Figure 5 shows the z-scan curves of the
Germania/ormosil film doped with 1 % DRI1. It can be
observed that the peak precedes the valley in the closed-
aperture measurement, demonstrating a negative nonlin-
ear refractive index of the doped film. It also appears as
a large nonlinear absorption, which can be found in the
deep valley in the open-aperture measurement. Accord-
ing to Egs. (1) and (2), the third-order nonlinear refrac-
tive index n, is about —(1.82 £ 0.54) x 1078 cm*/W,
while the nonlinear absorption coefficient B is about
(6.45 & 0.32) x 107> cm/W. Furthermore, the figure of
merit is also calculated FOM = 0.38 < 1, which presents
a significant improvement as compared to the PMMA/
DR1 system. To make a clear comparison, the nonlinear
optical parameters for all the three samples at 532 nm
are shown in Table 1. These results indicate that the
Germania/ormosil matrix has a good compatibility with
the DR1 molecules in the aspect of third-order nonlin-
ear optical response. As compared to the DR1 doped
PMMA film, our ormosil/DR1 system gives rise to the
third-order nonlinear refractive index, while no obvious
extra contribution to the nonlinear absorption. Further-
more, as similar as our PMMA/DRI1 reference sample,
the FOM reported by Refs [20, 28, 29], which embed
DRI into polymers to fabricate nonlinear materials, is
all around 10. When compared with those reports, it can
be found that the Germania/ormosil matrix presents a
great improvement in FOM among DR1-doped materi-
als, which change the limited situation for DR1 mole-
cules applied in all-optical applications at 532 nm.
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Fig. 5 Z-scan curves of the Germania/ormosil hybrid film doped
with 1 % DRI

4 Conclusion

We have presented the z-scan measurement results of the
Germania/ormosils film at different wavelengths and also
DR1-doped films based on different matrices at 532 nm.
To effectively avoid large thermal effect, the thickness of
all the films were controlled only about 1.55 pm to reduce
the thermal accumulation, and a low pulse width and the
repetition rate of the laser were also employed during the
measurement. Results indicate that the Germania/ormosils
film shows large third-order nonlinear refractive indices
at an order of 1078 cm¥W at all measured wavelengths;
besides, it also could be used as a functional matrix to help
and improve the FOM of the DR1-doped films. By employ-
ing the Germania/ormosils matrix, the FOM of DR1 doped
material drops into an acceptable value of 0.38 for device,
demonstrating a greatly improvement as compared to 9.31
of PMMA/DRI1 film, as well as compared to that of the
other reports around 10. All the results indicate that the
Germania/ormosil hybrid system could be a promising can-
didate for all-optical applications as a matrix for compat-
ible dopants.
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