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Abstract—We review the recent progress in the development
of photonic applications based on the organic crystal 4-N, N-
dimethylamino-4!-N!-methyl-stilbazolium tosylate (DAST). DAST
is an organic salt with an extremely high nonlinear optical suscep-
tibility !(2) ("2", ", ") = 580 ± 30 pm/V at 1.54 µm, a high
electrooptic figure of merit n3r = 455 ± 80 pm/V at 1.54 µm, as
well as a low dielectric constant # = 5.2. DAST is, therefore, very
attractive for high-speed optical modulators and field detectors, as
well as for frequency conversion and the generation of terahertz
waves. Several techniques to microscopically structure this mate-
rial have been developed recently; including modified photolithog-
raphy, photobleaching, femtosecond laser ablation, graphoepitax-
ial growth, ion implantation, and direct electron-beam structuring,
which open new perspectives of using this exceptional material for
high-speed very-large-scale integrated photonics.

Index Terms—Electrooptic devices, nonlinear optics (NLO), op-
tical waveguides, organic compounds, terahertz (THz) radiation.

I. INTRODUCTION

THE RESEARCH on organic nonlinear optical (NLO) ma-
terials is strongly motivated by the demand for higher data

rates in future optical communication technologies, presently
based on inorganic materials such as LiNbO3 , GaAs, and InP.
These materials are well understood, have good mechanical and
chemical stability, and sufficiently large NLO coefficients for
many applications. On the other hand, organic NLO materials
can reach much larger NLO efficiencies, and additionally offer
a large number of design possibilities. Furthermore, due to their
almost purely electronic response, they show extremely fast
optical nonlinerities compared to their inorganic counterparts,
and therefore promise to meet future requirements for ultrahigh
bandwidth photonic devices [1]–[3].

For high-speed second-order NLO applications, such as elec-
trooptics (EO), second-harmonic generation (SHG), optical
parametric oscillation (OPO), and optical rectification (OR),
including terahertz (THz) wave generation, a highly asymmet-
ric electronic response of the material to the external electric
field is required. Second-order NLO organic materials are most
often based on !-conjugated molecules (chromophores) with
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strong electron donor and acceptor groups at the ends of the
!-conjugated structure. Such molecules must be ordered in an
acentric manner in a material to achieve a macroscopic second-
order NLO response. This is most often realized by incorpo-
rating the NLO chromophores into a polymer matrix, and pole
the composite under the influence of a strong dc electric field
close to the glass transition temperature. Poled polymer sys-
tems are particularly interesting due to their relatively easy
thin-film processing and subsequent device fabrication by us-
ing conventional photolithography [4]. In the last few years,
sub-1 V driving voltages and modulation bandwidths beyond
100 GHz have been demonstrated in Mach–Zehnder EO poly-
mer devices [5]–[8]. Furthermore, microring resonators based
on EO polymers have shown a great potential for very-large-
scale integrated photonic devices [9]–[14]. Nevertheless, it is
particularly challenging to develop poled polymer systems with
a stable chromophore orientation over a long period of time, es-
pecially inside the micrometer- and submicrometer-size waveg-
uiding structures. Their macroscopic nonlinearity is limited by
the maximum chromophore concentration and the orientational
ordering (poling efficiency).

Another possibility to obtain an efficient macroscopic second-
order active NLO organic material is to order the NLO molecules
in an acentric structure by crystallization. Single crystals have
several advantages over poled polymers: they have a high
chromophore packing density, and they are orientationally sta-
ble [15]–[18]. Furthermore, organic crystals show a superior
photochemical stability than polymers [19]. On the other hand,
highly polar molecules tend to aggregate in a centrosymmetric
crystalline arrangement, and therefore, only certain specially
designed chromophores can be used for the growth of NLO
crystals. Also the processing of organic crystals, especially in
thin films needed for integrated photonic structures, is generally
much more challenging than for polymers.

One of the most successful approaches to develop highly
polar organic NLO crystals is based on using strong Coulomb
interactions to achieve noncentrosymmetric crystalline packing.
The most well known and widely investigated ionic crystal in
this family is 4-N, N-dimethylamino-4!-N!-methyl-stilbazolium
tosylate (DAST). DAST was first reported in 1989 by Marder
et al. [20] and is still being recognized as the state of the art
organic NLO crystal. High optical quality and large size DAST
crystals grown from methanol solution by the slow cooling
method [21] allowed to accurately determine its dielectric, lin-
ear, and NLO properties. The reasons for the growing interest in
obtaining high-quality DAST crystals are the high second-order
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Fig. 1. Molecular units of the ionic DAST crystal. The positively charged NLO
active chromophore methyl-stilbazolium and the negatively charged tosylate.

NLO and the electrooptic coefficients, being ten times and twice,
respectively, as large as those of the inorganic standard LiNbO3 .
Its extraordinarily high nonlinearities in combination with a low
dielectric constant allow for high-speed electrooptic applica-
tions and broadband THz wave generation.

In the last few years, DAST has been shown to be a very
efficient material for the generation and detection of THz waves
using the NLO process of optical rectification or difference-
frequency generation. Moreover, a significant progress has been
achieved in terms of integrated EO applications of DAST and
organic crystals in general, which have long been hindered due
to the difficult growth of thin films with a controlled thick-
ness on appropriate substrates, as well as due to the special
chemically compatible photolithographic processes needed for
structuring. In this paper, we summarize the measured struc-
tural, dielectric, optical, electrooptic, and NLO properties of
DAST most relevant for photonic applications. We discuss the
origins of the optical and the NLO properties of DAST, and
the reasons for its great potential for high-speed electroop-
tic and THz wave applications. We review the recent progress
on microstructuring techniques developed for DAST, including
modified photolithography, photobleaching, femtosecond laser
ablation, graphoepitaxial growth, ion implantation, and direct
electron-beam structuring.

II. STRUCTURAL, OPTICAL AND NLO PROPERTIES OF DAST

A. Crystal Structure

DAST is an organic salt that consists of a positively charged
stilbazolium cation and a negatively charged tosylate anion,
as shown in Fig. 1. The crystal packing is achieved by strong
Coulomb interactions between the two charged molecules. The
stilbazolium cation is one of the most efficient NLO active
chromophores that pack in an acentric structure, whereas the
counter ion tosylate is used to promote a noncentrosymmetric
crystallization [20], [22].

Depending on the growth conditions, DAST can crystallize
in the centrosymmetric space group P̄1 (point group 1̄, z = 2)
containing water (orange color) [23], or in the monoclinic space
groupe Cc (point group m, z = 4) of red color [21]. The struc-
ture of the second-order NLO active noncentrosymmetric phase
is shown in Fig. 2. DAST crystals are composed of consecutive
layers of stilbazolium and tosylate molecules. The lattice param-
eters are a = 10.365 Å, b = 11.322 Å, and c = 17.893 Å. The
crystallographic a-axis makes an angle of " = 92.2" with the
crystallographic c-axis [21]. The chromophores are packed with
their main charge transfer axis oriented at about # = 20" with

Fig. 2. X-ray structure of the ionic DAST crystal with the point group symme-
try m showing molecules from one unit cell, projected along the crystallographic
axes b and c. Hydrogen atoms have been omitted for clarity. The ac crystallo-
graphic plane is the mirror plane. The charge transfer axis of the chromophores
makes an angle of about 20" with respect to the polar a-axis.

Fig. 3. Orientation of the crystallographic a, b, and c and the dielectric x1 ,
x2 , and x3 axes in DAST.

respect to the polar a-axis, resulting in a high-order parameter
of cos3 # = 0.83.

The measurement of the molecular first hyperpolarizability "
of the stilbazolium chromophore in dimethyl sulfoxide (DMSO)
solution, " = (1540 ± 250) # 10$40 m4 /V at 1542 nm, and its
relation to the measured macroscopic NLO characteristics of
crystals have shown that the molecular nonlinearity in the solid
state is about 20% of the value in solution, attributed to the
influence of intermolecular interactions [24].

There is a slight difference between the crystallographic and
the dielectric axes for the optical waves, as shown in Fig. 3. The
crystallographic b-axis and the dielectric x2-axis are normal to
the mirror plane. The angles between the dielectric principal
axes x1 and x3 , and the crystallographic axes a and c were
determined by conoscopy and are 5.4" and 3.2", respectively,
and do not change considerably with wavelength [25].

B. Growth of Single Crystals

Crystallization of organic NLO molecules is based on solu-
tion growth, melt growth, or vapor growth, depending on the
production of either three-dimensional bulk, two-dimensional
thin platelet, and one-dimensional fiber-like crystals [15]. Since
DAST decomposes upon melting at 256 "C, the most com-
mon way to obtain high optical quality DAST crystals is from
low-temperature solution growth close to the thermodynamic
equilibrium. The growth of DAST crystals is still very chal-
lenging and is being investigated by several groups world-
wide [21], [26]–[35] . Most often, methanol is used as solvent
with phase diagram shown in Fig. 4.

In our laboratory, we grow DAST from supersaturated
methanol solution using purified starting material (>99.8%).
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Fig. 4. Solubility curve and metastable region of DAST in methanol [27].

Fig. 5. Bulk single crystal of DAST grown from seeded methanol solution
by the controlled temperature lowering technique. (a) DAST appears green in
reflection (mounted on a growth holder). (b) DAST appears red in transmission.

The growth starts from either spontaneous nucleation or by seed
introduction. The growth temperature of the solution is carefully
reduced from about 40–45 "C down to room temperature [21],
[28]. A very high thermal stability of the solution (under 0.01 "C
over several weeks) is required in order to obtain high optical
quality bulk samples, as shown in Fig. 5.

For integrated optic applications, single crystalline thin films
with a thickness in the range of 0.2–10 µm are needed. Thin
films of DAST have been produced by mechanical methods,
i.e., by polishing down bulk crystals [36] and etching [37],
by epitaxial growth methods [27], [38], a solution capillary
method [27], [39], planar solution growth methods [27], and
vapor growth methods [40], [41].

C. Linear Optical and Dielectric Properties

The refractive indices of DAST were measured in our labo-
ratory with an interferometric technique [15]. The dispersion of
the refractive indices was described with a Sellmeier equation

n2(!) = n2
0 +

q!2
0

!2 $ !2
0

(1)

where $0 = c/!0 is the resonance frequency of the main os-
cillator and q is the oscillator strength. Contributions from all
other oscillators are included in n0 . The measured refractive
index dispersion was best described with the parameters listed
in Table I [25], [42].

Fig. 6 shows the refractive indices n1 , n2 , and n3 as a func-
tion of the wavelength, as well as the absorption coefficients
calculated from the measured transmission spectra taking into
account multiple reflections at the crystal surfaces [21]. DAST
crystals are highly anisotropic with a refractive index differ-
ence of n1 $ n2 > 0.5 in the visible and infrared wavelength

TABLE I
SELLMEIER PARAMETERS FOR THE REFRACTIVE INDEX DISPERSION OF

(1) [25], [42]

Fig. 6. Refractive indices n1 , n2 , and n3 and absorption coefficients %1 , %2 ,
and%3 of DAST, presented by full, dashed, and dotted curves, respectively [21],
[25], [42].

range. They show small absorption bands at 1700, 1400, and
1100 nm, which correspond to overtones of the C–H stretching
vibrations [43]. For applications in telecommunications, DAST
crystals are well suited with a material absorption that is smaller
than 1 cm$1 at wavelengths of 1.3 and 1.55 µm.

The dielectric constants of DAST in the low-frequency
range, below acoustic and optical lattice vibrations (see Fig. 9),
were determined as &T1 = 5.2 ± 0.4, &T2 = 4.1 ± 0.4, and &T3 =
3.0 ± 0.3 [42], and are considerably lower compared to inor-
ganic EO materials, e.g., LiNbO3 with &T1 = 85 ± 1 and &T3 =
28 ± 1 [44], or KNbO3 with &T1 = 154 ± 5, &T2 = 985 ± 20,
and &T3 = 44 ± 2 [45]. DAST was also examined with respect
to charge transport properties [46] and photorefractive sensitiv-
ity [47]. The perfect alignment of the chromophores combined
with the weak Van der Waals interactions (CH–HC> 2.5 Å)
determine a one-dimensional thermally activated conductivity
with an activation energy of 0.34 ± 0.03 eV along the chro-
mophore chain [46].

D. NLO Properties

The NLO coefficients d111 , d122 , and d212 of DAST were
measured by Maker-fringe experiments [48] and are summa-
rized in Table II for the fundamental wavelengths of 1318,
1542, and 1907 nm. DAST has also been found interesting con-
sidering higher-order optical nonlinearities [49], particularly its
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TABLE II
NLO COEFFICIENTS d = 1/2'(2) ($2(,(,() OF DAST DETERMINED BY

MAKER-FRINGE EXPERIMENTS [48]

Fig. 7. Phase-matching curves for sum-frequency generation or parametric
oscillation of type II in a DAST crystal. Tuning curves for a beam propagation
in the x1x3 –plane and different values of the angle # (# = 0", 30", 45", and 60")
have been calculated to demonstrate the full tuning range. For this configuration,
the polarization of the pump beam is along the x2 -axis. The values of the
effective NLO coefficient de! have been calculated using the two-level model
to describe the measured dispersion of the dij k reported in Table II [52].

third-order NLO susceptibility and the cascading of second-
order NLO susceptibilities [50], [51].

DAST shows interesting properties for optical parametric
oscillation in the near infrared due to its relatively large off-
diagonal element d212 . The most interesting configuration for
efficient frequency conversion into the infrared region with con-
tinuous wavelength tuning from 800 nm up to at least 2500 nm
is shown in Fig. 7. The large NLO coefficients of DAST allow
for efficient frequency conversion close to the absorption edge
due to the huge absorption anisotropy [52].

E. Electrooptic Properties

Electrooptic modulators based on the linear electrooptic
(Pockels) effect exploit the electric-field-induced phase change
of an optical wave, which can be also converted to a change in
light intensity. Like this, the phase or the optical intensity can be
controlled by an electrical signal, a frequent task in telecommu-
nications. For such applications, materials with high EO figures
of merit (leading to low driving voltages) are required. DAST
has a favorable acentric orientation of the chromophores (see
Fig. 2) with an order parameter of cos3 # = 0.83, which is close
to the optimum for EO applications.

Fig. 8. Electrooptic coefficient of DAST. Dispersion of the free electrooptic
coefficient of DAST shown for r111 (dots), r221 (filled squared), and r113
(open squares) [42].

The low-frequency (unclamped) electrooptic coefficients rT
ijk

of DAST were measured by using an interferometric method in
the spectral range of 700–1535 nm [42]. DAST features large
electrooptic coefficients, e.g., r111 = 77 ± 8 pm/V at 800 nm
and r111 = 47 ± 8 pm/V at 1535 nm. The measured disper-
sion of the free electro-optic coefficients r111 , r221 , and r113 of
DAST bulk crystals is shown in Fig. 8. The other coefficients
r333 , r331 , and r223 are all smaller than 1 pm/V. For these mea-
surements, a sinusoidally modulated voltage with a frequency
of about 1 kHz and an amplitude of 10 V was applied to DAST
samples. The experimentally measured dispersion was modeled
by a theoretical dispersion calculated according to the Sellmeier
function (parameters of Table I) and the two-level model, and is
presented by solid curves in Fig. 8 [42]. The deviation at shorter
wavelengths stems from resonance effects when approaching
the absorption edge.

Due to the large electrooptic coefficients and refractive in-
dices of the DAST, its EO figure of merit n3r = 455 ± 80 pm/V
at the wavelength ! = 1535 nm, and therefore, the reduced half-
wave voltage v! = !/(n3r) compare favorably with inorganic
single crystals and other organic materials.

Some reported values of the electrooptic coefficients mea-
sured in thin films close to resonance at 720–750 nm are by a
factor of 5 larger than those measured in bulk crystals, reaching
values of r111 = 530–445 pm/V [39], [53], [54]. The reason for
this discrepancy is not yet explained.

Electro-absorption properties of DAST were also investi-
gated [55]. High-speed in-line intensity modulation [36] and
electrooptic sensing [56], [57] were demonstrated with DAST
crystals, confirming its great potential for EO applications.

F. Origin of the Optical Nonlinearities in DAST

In general, there is an essential difference between organic
and inorganic materials considering the origin of the linear and
nonlinear polarizability response. The electronic polarizability
of molecular units presents the dominant contribution in organic
materials. Inorganic materials are based on strong bonding be-
tween the lattice components (ions), which are acting as ad-
ditional polarizable elements. Contributions of ions or lattice
vibrations to the polarizability response are essential only for
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Fig. 9. Schematics of the material linear and of the NLO response as a function
of the frequency of the external electric field.

low frequencies of the applied electric field, since the dynamics
of ions is much slower compared to electrons.

The free (unclamped or zero stress) electrooptic coefficient
rT in the low-frequency region contains three different contri-
butions: from acoustic lattice vibrations (acoustic phonons) ra ,
optical lattice vibrations ro , and from electrons re

rT = ra + ro + re = ra + rS (2)

where rS = ro + re is the clamped (zero strain) electrooptic
coefficient. An analogous description is also valid for the lin-
ear response. The dielectric constant & can be related to the
refractive index n, and the electrooptic coefficient r to the NLO
susceptibilities '(2) only at optical frequencies, for which the
response is purely of electronic origin

&e = n2 (3)

re = $ 2
n4 '

(2)($(, 0,(). (4)

Fig. 9 schematically illustrates different lattice contributions
and their frequency range for the linear response (dielectric con-
stant &) and for the nonlinear response (electrooptic coefficient
r).

The acoustic phonon contrubution to the linear electrooptic
effect in DAST was measured by applying a step voltage to the
sample [58]. A very low contribution from acoustic phonons
(ra = $1 ± 0.1 pm/V at 1535 nm) to rT

111 was derived (see
Fig. 10). The electronic contribution to the electrooptic effect
re can be calculated from the measured NLO susceptibility
'(2)

111($2(,(,() = 2d111(() using the oriented-gas and two-
level models [15], [59]–[61]. This results in re = 36 ± 2 pm/V
at 1535 nm, which is about 75% of the measured unclamped
coefficient [43]. Therefore, DAST is a very favorable material
for broadband electrooptic switches, since the electrooptic re-
sponse is large and follows almost perfectly the applied voltage
from dc to at least 1 GHz, and most likely up to much higher
frequencies below the optical phonon resonances [58].

Fig. 10. (a) Applied step voltage. (b) Electrooptic response of r111 in DAST
at 1535 nm [58]. A small and negative contribution resulting from acoustic
excitation of the crystal can be seen. For comparison, the electro-optic response
with a large contribution of the acoustic phonons in KNbO3 is also shown (c).

TABLE III
COMPARISON OF INORGANIC CRYSTALS LINBO3 AND KNBO3 , AND THE

ORGANIC CRYSTAL DAST WITH RESPECT TO THE ORIGINS OF THE LINEAR
AND OF THE NLO RESPONSE*

If we compare the measured optical and NLO parameters and
the frequency dependence in DAST and in inorganic crystals
LiNbO3 and KNbO3 (Table III), we can see that in DAST, the
electronic contribution is dominant, whereas in inorganic crys-
tals, the greater part of the response comes from the acoustic and
optical lattice vibrations. This difference is of essential impor-
tance for high-speed electrooptics and THz wave applications.

In organic materials, the electric wave travels at about the
same speed as the optical wave, due to the low dielectric constant
in the low-frequency regime & % n2 , which is not the case for
most inorganic electro-optic materials with & & n2 . This kind
of phase matching is important when building high-frequency
EO modulators. The low dielectric constant of organic materi-
als will also decrease the power requirement of EO modulators.
Another advantage of organic over inorganic materials is the
almost constant electrooptic coefficient over an extremely wide
frequency range. This property is essential when building broad-
band electrooptic modulators and field detectors.

The almost purely electronic response is also of advantage
for THz pulse generation via optical rectification in NLO mate-
rials. A high THz generation efficiency can only be obtained if
the so-called velocity-matching between pump pulses at optical
frequencies and the generated THz waves is achieved. This is
possible in organic materials, because the relatively low dielec-
tric constants allow for the matching between the phase velocity
of the THz wave and the group velocity of the optical pump
pulse.
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III. THZ GENERATION

DAST has attracted lots of attention as an efficient source
of THz radiation in the last decade [62]–[82]. By using the
process of optical rectification, broadband THz radiation can
be efficiently generated in noncentrosymmetric NLO materi-
als pumped by femtosecond pulses. An ultrashort laser pulse
(<200 fs) induces a quasi-static polarization in such materials
through optical rectification, which follows the amplitude of the
pump pulse, and thus acts as a source for the THz pulse. The
total emitted THz spectrum at the end of a crystal with thickness
l is given by [70]

ÊTHz(", l) = S0'
(2)"I(")

1 $ e$%(")l/2$i"(n(")$ng (!))l/c

1
2%(") + i"

c (n(") $ ng (!))
(5)

where " is the THz frequency, ng (!) is the group velocity
index at the pump optical wavelength !, n(") is the refrac-
tive index, %(") is the absorption coefficient at THz frequency,
I(") is the pump pulse intensity spectrum, and S0 is a constant.
The generation process scales with the second-order NLO sus-
ceptibility '(2)($",(," $ () of the material. ÊTHz(") has
a maximum for the velocity-matched case ng (!) = n("). Due
to the low dielectric constant of DAST, velocity matching be-
tween the pump pulse and the generated THz wave is possible,
which is besides high second-order NLO susceptibilities essen-
tial to achieve high generation efficiencies. Tuning the pump
wavelength in the range between 1000–1200 nm and 1300–
1700 nm, optimized THz conversion efficiencies were obtained
using DAST in the frequency range between 0.4–0.8 THz and
1.5–5 THz, respectively [69], [70]. The generation of THz waves
with frequencies around' 1.1 THz is limited due to a transverse
optical phonon in DAST [83].

The THz generation efficiency of optical rectification in
DAST is under similar conditions in the velocity-matched
regime more than one order of magnitude higher as compared
to that of the commonly employed inorganic semiconductor
ZnTe [70]. Using 160 fs pump pulses with a pulse energy of
25 µJ at a wavelength of 1500 nm, a broadband THz electric
field spectrum of up to 8 THz, limited only by the length of the
pump pulse, in a 0.6-mm-thick DAST crystal with very-high-
electric field strengths of up to 50 kV/cm was generated [69].

By using the process of difference-frequency generation,
frequency-tunable THz wave generation in DAST crystals un-
der phase-matched conditions is also possible [74]–[82]. The
accessible THz wavelength range is for both optical rectifica-
tion and difference-frequency generation intrinsically limited
by the absorption of the NLO material employed. While with
inorganic materials, it is difficult to generate waves above 5 THz
due to strong optical phonon resonances, THz waves reaching
frequencies of above 30 THz with a high-peak power can be
generated in DAST, as shown in Fig. 11 [82].

DAST crystals can be also used for the coherent detection
of the THz waves. Most commonly used technique for detect-
ing the THz waves is the electrooptic sampling based on the
change of the polarization state of the probe light in the de-
tecting EO material due to the THz field, which is, however,

Fig. 11. THz-wave peak power spectrum generated in a 1-mm-thick DAST
crystal using difference frequency generation (from Takahashi et al. [82],
reprinted with permission from Elsevier). A coherent, widely tunable THz
wave in the broad range of 2–31.5 THz with a high-peak power was gener-
ated. The shaded area around 1 THz represents the frequency range accessible
by photoconducting switches based on semiconductors [62].

Fig. 12. Microring resonators are considered very promising for filtering and
modulation in future VLSI photonic systems. This figure shows an example of
a filtering characteristics (through port transmission as a function of the input
wavelength) of a polymer add-drop microresonator of only 50 µm radius with
a high finesse (' 17) and high extinction ratio of 12 dB [86].

limited to materials with a relatively small birefringence [84].
In our laboratory, another technique suitable for DAST crystals
was developed, which is based on a lensing effect in the de-
tecting EO material due to the changes of the refractive index
induced by the THz waves [67]. This lensing is detected by
measuring the intensity change in the central part of the probe
beam [67], or by exploiting the effect of two-photon absorption
in a photodiode [85].

IV. ELECTROOPTIC SINGLE CRYSTALLINE WAVEGUIDES

DAST has very attractive properties for high-speed active
photonic devices; therefore, it is also important to develop
structuring techniques suitable for fabricating integrated op-
tic devices. Furthermore, for very-large-scale integrated (VLSI)
photonic structures, e.g., photonic crystals and microresonators,
the fabricated waveguiding structures should have reasonably
low losses and high refractive index contrasts. Fig. 12 shows a re-
cent result of a microresonator filtering performance in a hybrid
polymer Ormocore, for which it was possible to switch the res-
onator wavelength by the thermo-optic effect [86]. Active pho-
tonic crystals [87], [88] and microresonator structures [9]–[14]
have already been fabricated using poled electrooptic polymers.
In this section, we report on the progress and potential of the
structuring techniques developed recently for DAST, including
modified photolithography, photobleaching, femtosecond laser
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ablation, graphoepitaxial growth, ion implantation, and direct
electron-beam structuring.

A. Photolithography

Standard photolithographic microfabrication techniques have
been developed for semiconductors and can be also used for sev-
eral inorganic NLO crystals and polymers, but mostly cannot
be applied to organic crystals straightforwardly. This is because
many organic crystals are incompatible with common photore-
sist solvents that will generally etch or even destroy the surfaces
of the crystals.

One exception is the organic crystal 4!-nitrobenzylidene-3-
acetamino-4-methoxyaniline (MNBA) that is insoluble in com-
mon organic solvents, and therefore standard photolithogra-
phy and oxygen reactive ion etching were applied to fabricate
channel waveguide structures [89]. Channel waveguides were
also produced in (-)2-(%-methylbenzylamino)-5-nitropyridine
(MBANP) that is soluble in organic solvents. In this case, a spe-
cial water-soluble inorganic photoresist heteropolyacid (HPA)
was used [90]. Both of these techniques, however, cannot be
used for organic salts like DAST, which are soluble in both
water and standard organic solvents used for photolithography.

A special photolithographic technique was developed to pro-
duce channel waveguides in DAST by Kaino et al. [37], [91],
[92]. To reduce the optical losses, these waveguides were pro-
duced in a serially grafted configuration, in which most of the
waveguide is made of a transparent polymer, and only a small
part (typically of 0.2–0.5 mm length) out of DAST [91]. DAST
crystals used were thinned to about 18 µm in the c crystallo-
graphic direction by oxygen reactive ion etching, and the edges
cleaved in the ac–plane. A protecting polymethyl methacrylate
(PMMA) layer was used to prevent DAST crystals from being
dissolved in the photoresist solution and developer. PMMA was
finally removed by lift-off in toluene that is not affecting the
DAST.

We developed an alternative photolithographic process [93],
which is suitable to pattern ridge waveguide structures when
planar waveguiding is achieved by other means (in this par-
ticular case by ion implantation, see later on). The negative
tone photoresist SU-8 from MicroChem was used for the struc-
turing, since it offers high-aspect ratio processing and superb
chemical and thermal stability. The solvent of SU-8 is slightly
attacking the DAST, and therefore, a LOR-B5 lift-off resist (Mi-
croChem) was used as a protective cladding and adhesion pro-
moter for SU-8. Subsequent to the ridge waveguide structuring,
electrodes were patterned by using the photoresist AZ-5214E
(MicroChem). Prior to the spinning of the AZ resist, the ridge
waveguides were protected with a SU-8 cladding as illustrated
in Fig. 13 [93].

B. Photobleaching

Photobleaching is an alternative technique for waveguide pat-
terning, which is also often used for the structuring of polymer-
based devices. Photobleaching refers to the change of the chem-
ical composition of the molecules after high-intensity light
exposure in the resonant wavelength regime, which leads to

Fig. 13. Photolithography and electrode patterning of DAST. (a) DAST sam-
ple is coated with a LOR-B5 adhesion layer and subsequently with SU-8. (b)
After the exposure and postexposure bake, the SU-8 photoresist is developed.
(c) Waveguide structure is transformed from the photoresist to the crystal by
reactive ion etching. (d) Protecting of the ridge waveguide with a SU-8 cladding,
followed by spinning AZ-5214E photoresist. (e) Baking of the resist, exposure
and development of the structures, and subsequent deposition of a gold layer. (f)
Development of the electrodes in acetone; DAST is protected from acetone by
SU-8. (g) Microscope photograph of the structured Mach–Zehnder modulators
with the ridge waveguide widths of 3, 5, and 7 µm [93].

a decrease of the refractive index that can be used for confining
light laterally.

Also the refractive indices of DAST crystals can be reduced
by photobleaching [94], [95]. We studied the linear optical prop-
erties and absorption of DAST within the absorption band from
260 to 700 nm, respectively, in order to determine the depth-
range of photobleaching [96]. We showed that the depth range
of photobleaching can be varied between 0.2 and 2.6 µm by se-
lecting a suitable wavelength [96]. Photobleaching is, therefore,
useful for structuring DAST surfaces for integrated optics. The
investigation of the bleaching process in various atmospheres
showed that no significant bleaching occurs in nitrogen atmo-
sphere, whereas the bleaching process under oxygen atmosphere
(0.9 bar) is faster by a factor of 2 to 3 compared to normal air
under atmospheric pressure. Hence, we can conclude that pho-
tobleaching of DAST is a photo-oxidation process, whose depth
is limited by the diffusion length of oxygen in the material [93].

Photobleaching was used to produce channel waveguides in
thin DAST samples by Kaino et al. [91] with a UV resin used as
an undercladding. Thin DAST crystals were fixed on the cured
UV resin and covered with a photo mask. After exposure under
a Xe lamp for 65 h with an intensity of 0.24 W/cm2 , buried
DAST waveguides were fabricated. Channel waveguides were
produced in the serially grafted configuration [97]. To make it
suitable for the photobleaching method, the HF polymer (poly-
4-[2-(ethyl-phenyl-amino)-ethoxy]-3,5-difluoro-2-hydroxy-6-
[4-(9-phenyl-9H-fluoren-9-yl)-phenoxy]-benzonitrile) used as
a core waveguide grafted to DAST was doped with disperse red
DR1. The length of the produced multimode DAST waveguides
of 60 µm thickness and 40 µm width was up to 1.3 mm
with propagation losses of about 11 dB/cm. The required
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Fig. 14. Views of a ridge waveguide structure ablated at ! = 775 nm [99].
(a) Top view. (b) Side view.

parameters for single-mode DAST waveguides produced by
photobleaching were also evaluated [98].

C. Femtosecond Laser Ablation

DAST surfaces can be efficiently patterned by femtosecond
laser ablation [99], [100]. The advantage of damage-free mate-
rial processing by femtosecond laser ablation is well known
and has been applied to various photonic materials [101].
This method is especially interesting for the fabrication of
waveguides for integrated nonlinear optics, where the crystalline
structure of the waveguide should be maintained. Furthermore,
femtosecond laser ablation is well suited for two-dimensional
structuring as required for optical processing devices that are
fabricated on a planar surface.

The depths and widths of the grooves ablated by femtosecond
radiation were measured in our laboratory as a function of the
fluence of the structuring laser beam [99]. From these measure-
ments, the threshold fluences for ablation and an ideal fluence
range for almost damage-free ablation were determined at the
wavelengths of 775, 600, and 550 nm, with a pulse width of
about 170 fs. Fig. 14 shows photographs of an ablated ridge
waveguide structure on the surface of DAST in top view and
in side view. Two grooves were written with a mutual spacing
of about 15 µm. The side view profile reveals that the ablation
of ridge waveguides using femtosecond lasers in DAST is very
promising for the realization of low loss optical waveguides [99].

D. Graphoepitaxial Melt Growth

An interesting method for producing DAST crystalline
waveguides by graphoepitaxial melt growth was proposed by
Geis et al. [38]. Melt growth of DAST single crystals is limited
due to the thermal decomposition of DAST molecules above
the melting point. Nevertheless, it was shown that, in nitrogen
atmosphere, the molten DAST is relatively stable for about
200–500 s, which was enough for a fast growth of DAST onto
a structured substrate.

Microstructures with 2–15 µm wide waveguide forms and
crossed gratings to seed the growth were etched 2–4 µm deep
into an oxidized silicon substrate. The substrate was coated with
a polycrystalline film of DAST, and then heated above the melt-
ing point for a short time. The resulting crystals show a much
higher quality than without the grating-like microstructure, and
reasonable orientation with the c-axis normal to the substrate to

within approximately±4". The graphoepitaxially grown waveg-
uides with the desired orientation (b-axis parallel to the waveg-
uide) determined by grating patterning exhibited optical losses
below 10 dB/cm. Optical modulation was also demonsrated in a
Mach–Zehnder geometry using '100 nm TiN or Cr conductive
coating of the grating substrate prior to DAST growth [38].

E. Ion Implantation

Since the growth of organic single crystalline thin films with
accurate thickness control needed for integrated optics is very
difficult, we have developed a novel approach to produce planar
waveguides in bulk crystals by ion implantation [102]. In order
to use the largest electrooptic coefficient r111 = 47 pm/V at
1535 nm of DAST, the guided light should be polarized parallel
to x1 , and therefore, the refractive index n1 altered to ensure
confinement. The x1x2-surface polished to !/4 surface quality
was implanted at room temperature with 720 keV He+ and with
1 MeV H+ ions under 60" from normal incidence. After implan-
tation, we investigated the refractive index profile of the samples
by measuring the reflection of a wedge-polished surface [102].

The energy transfer from the ions to the target material dur-
ing implantation is given by two contributions: electronic exci-
tations prevailing at high ion velocities, and nuclear collisions
that become effective as the ion becomes slower at the end of
the ion track. By comparing the electronic excitations and nu-
clear collisions profiles calculated by the stopping and range
of ions in matter (SRIM) [103] and the measured refractive in-
dex profiles of He+ or H+ implanted samples, we found that
the refractive index in DAST is altered mainly by electronic
excitations [102]. The effect of implantation is, therefore, es-
sentially different compared to inorganic materials, where the
major refractive index changes are due to ion induced nuclear
displacements [104], [105].

The refractive index was decreased in both He+ or H+ im-
planted DAST. We attribute the lowered refractive index to a de-
crease of the polarizability of the molecules due to changes of the
chemical composition. Implantation with He+ resulted in a re-
fractive index profile with a shape similar to a diffusion-like pro-
file with a maximum refractive index decrease at the sample sur-
face, which is not suitable for the production of waveguides. In
H+ ion implanted DAST, however, the electronic loss curve has
a peak at the end of the ion range, which results in an optical bar-
rier. The measured profile of the refractive index n1 at ! = 633
nm for an implantation fluence of ) = 1.25 # 1014 ions/cm2 is
shown in Fig. 15(a). A maximal peak refractive index change
of around $0.2 at 633 nm and $0.1 at 810 nm was measured.

The refractive index profile produced by proton H+ implan-
tation was described by the following phenomenological model

#n(z) = #n0
!
1 $ e$()Ge l (z )/Ge l , 0 )* "

(6)

where #n0 is the saturation refractive index change, Gel,0 is
the saturation energy, and * is an exponential factor. * accounts
for the nonlinear response between the refractive index change
and the deposited electronic energy Gel(z) that was calculated
with SRIM. We obtained * % 1.7 for the theoretical function of
Fig. 15(a) [102]. Furthermore, we developed a model that relates
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Fig. 15. (a) Measured refractive index change #n1 as a function of the
implantation depth at ! = 633 nm for 1 MeV H+ ion implantation with a
fluence ) = 1.25 # 1014 ions/cm2 at an angle of 60" [102]. (b) Refractive
index profile of the same waveguide at a wavelength of 1.55 µm (solid curve)
and corresponding electric field amplitude of the first (dashed curve) and second
mode (dotted curve), which have calculated tunneling losses of below 1 dB/cm.

the molecular changes to the measured macroscopic alteration of
the refractive index to quantify the fraction of molecules mod-
ified by ion implantation. This allows to calculate the refrac-
tive index profile at a given ion fluence and wavelength [106].
Fig. 15(b) shows the refractive index profile at the wavelength
of 1.55 µm with the corresponding electric field distributions of
the first and second TE mode.

To use ion implanted waveguides for active integrated pho-
tonic devices, it is of main importance to maintain the high NLO
properties in the waveguide core region. In inorganic NLO ac-
tive crystals such as KNbO3 or LiNbO3 , a reduction of the NLO
properties by more than 50% of its bulk value was observed upon
implantation [107], [108]. With thermal annealing and subse-
quent repoling the optical nonlinearity was recovered to more
than 90% of the bulk value [107]. Since in organic NLO crystals,
the origins of the refractive index change by ion implantation
are essentially different compared to inorganic crystals, also the
effect of the implantation on the NLO properties is not the same
as in inorganics.

To investigate the influence of proton implantation on the
second-order NLO susceptibility of DAST, we measured the
profile of the NLO coefficient in the waveguide region by de-
tecting the second harmonic light generated at the air sample
interface. As fundamental wavelength, the light of parametric
amplifier at 1176 nm pumped with a Ti:Sapphire 160 fs laser
was used. The results show that the NLO coefficient in the
waveguide core region is after implantation preserved by more
than 90%, as shown in Fig. 16 [106].

Waveguiding in ion implanted waveguides was demonstrated
by using the conventional end-fire light coupling. The light was
propagating along the x2-direction and was polarized parallel
to x1 , which is the most interesting configuration for optical
modulation in DAST. We could clearly observe the light guiding.
The estimated transmission losses are around 10 dB/cm at ! =
1550 nm.

We could also demonstrate the EO phase modulation in ion
implanted waveguides. We measured r111 = 42 ± 10 pm/V at
! = 1550 nm using a modulation frequency of 2 kHz, which is
about 10% lower compared to the bulk value of 47 ± 8 pm/V
[42]. In this case, the length of the waveguide was similar to the
distance between the electrodes; therefore, the required voltage

Fig. 16. Normalized susceptibility profile of DAST waveguide at !2( = 588
nm produced by 1 MeV H+ implantation with a fluence of ) = 1.25 # 1014

ions/cm2 . The solid curve corresponds best to the theoretical model analogous
to (6) [106]. The dashed curve presents the fraction of unmodified molecules
after implantation.

to achieve !/2 phase shift is approximately equal to the reduced
half-wave voltage of !/n3r = 3.4 kV at 1.55 µm, which is about
40% lower as in (bulk) LiNbO3 . For the target devices in DAST
crystals with an electrode distance below 5µm, the half-wave
voltage-interaction length product will be below 1.7 V·cm.

F. Electron Beam Irradiation

We recently developed a new and very promising technique
that allows to pattern electrooptically active channel waveguid-
ing structures in bulk organic NLO crystals using electron-beam
irradiation [109]. Using this method, channel waveguides can
be directly patterned in a single process step, and the waveg-
uide dimensions can be tailored with submicrometer resolution
to attain single mode waveguiding, which is essential for ef-
ficient electrooptic devices. Since no mechanical or chemical
etching is required as compared to standard photolithography,
the produced channel waveguides have very smooth side walls.

DAST crystals were exposed with a Raith electron beam sys-
tem with an electron energy of 30 keV. After irradiation, we
investigated the refractive index profile of the samples by mea-
suring the reflection of a wedge-polished surface [109]. The
refractive index is decreased by electron beam exposure. For a
fluence of ) = 2.6 mC/cm2 , a maximal refractive index reduc-
tion of #n = $0.3 at ! = 633 nm is achieved. The obtained
refractive index profile was related to the e-beam fluence ) and
the energy deposition G(z) of electrons in DAST, which was
calculated with the Monte Carlo simulation tool CASINO for
electron trajectory in solids [110], as

#n(z) = c)G(z) (7)

with c = $0.036 ± 0.001 cm2µm/(CeV) at a wavelength of
! = 633 nm [109]. The refractive index change at a certain
position is, therefore, simply proportional to the fluence ) and
the deposited energy G(z), and can be calculated for any expo-
sure parameters in the low fluence regime by considering only
one experimentally determined constant c.

The electrons of the writing beam are scattered in the material,
and therefore, the beam is widened up in the target material.
This circumstance can be exploited to directly write channel
waveguides in bulk crystals by exposing two lines separated by
the waveguide width, as depicted in Fig. 17(a). Between the two
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Fig. 17. (a) Concept of channel waveguide patterning in DAST: Two lines
spaced by the waveguide core width are exposed by e-beam (gray, deposited
energy). An unexposed region surrounded by an exposed area with lowered
refractive index is created, forming a waveguide (red). (b) Calculated two-
dimensional profile of the refractive index n1 at a wavelength of ! = 1.55 µm
for an electron fluence of ) = 2.6 mC/cm2 , a line width L = 4 µm, and a
waveguide core width of W = 6 µm. The corresponding intensity profile of the
optical mode is also depicted.

lines, an unexposed region surrounded by an e-beam modified
area with lowered refractive index remains, and thus a channel
waveguide is formed. The advantage of this configuration is that
the waveguide core is mostly in the virgin material, in which
the nonlinear and electrooptic properties are the same as in the
bulk material.

With the CASINO software [110], the two-dimensional en-
ergy distribution in the material for an electron beam was calcu-
lated. Using the measured relation between the refractive index
reduction and the electron fluence, the two-dimensional refrac-
tive index cross section was obtained [109]. Fig. 17(b) shows the
calculated refractive index profile n1(r) and the intensity profile
of the first-order guided mode that was evaluated with the com-
mercially available integrated optics software OlympIOs with
the full vectorial complex bend two-dimensional mode solver,
resulting in losses of below 0.1 dB/cm.

We have produced several channel waveguides using fluences
between)=0.65 and 2.6 mC/cm2 , with a line width of L=4µm
or 5 µm, and varying the waveguide core width between W =3
and 12 µm. The x1x3-end-faces were subsequently polished,
and waveguiding experiments were performed using standard
end-fire coupling. In Fig. 18(a), a photograph taken from top
and a photograph of a mode profile taken at the output face of
the waveguide guiding 1.55 µm light are shown.

Mach–Zehnder structures were successfully realized with
similar parameters as the channel waveguides [see Fig. 19(a)].
Electrodes were patterned subsequent to the e-beam exposure
using the procedure shown in Fig. 13(d–f). The electrooptic
modulation measurements were performed in the experimen-
tal configuration shown in Fig. 19(b). The applied modulation
voltage (amplitude of 10 V, lower curve) and the measured
modulated signal (upper curve) at the output of the Mach–
Zehnder device are shown in Fig. 19(c) for a waveguide width of
W = 4 µm. The amplitude of the modulation was about 20% of
the output signal. At present, the half-wave voltage is still higher
than 10 V, since the modulator dimensions and the electrode ar-
rangement have not been optimized yet. The electrode spacing
was with 20 µm relatively wide, and the effective interaction

Fig. 18. (a) Channel waveguiding as seen from top. (b) Corresponding mode
profile as observed at the end of the channel waveguide with W = 6 µm.
The 1.55 µm light was propagating along the dielectric x2 -axis, polarized
along the x1 -axis, and coupled into the waveguide by end-fire coupling. The
observed intensity decrease along the propagation direction gives losses of about
20 dB/cm, which are attributed mostly to losses of the higher order modes that
are weakly supported by this particular waveguide [109].

Fig. 19. (a) Mach–Zehnder modulator geometry in DAST with in-plane elec-
trodes in order to use the largest electrooptic coefficient r111 of DAST; Lo :
electrical and optical field overlap length. (b) Setup for the electrooptic modula-
tion experiment. The modulated light intensity was detected with a photodiode
(PD); A, aperture; L, lens. (c) Applied modulation voltage with an amplitude of
10 V at a frequency of 20 kHz (lower curve) and the detected signal with the
photodiode (upper curve).

arm length, where the optical and electric fields were overlap-
ping, was only Lo = 0.85 mm long. Nevertheless, we find this
technique very promising for structuring DAST and also other
organic crystals. It allows for direct and single-exposure step
structuring of channel waveguides in bulk crystals with partic-
ularly smooth side walls. The depth and the lateral size can be
precisely tuned in the range of 0–12 µm needed for integrated
optics. The refractive index contrast of about 0.1 at 1.55 µm
allows for structuring curved structures with a radius of 100 µm
and above. Compared to the ridge channel waveguides fabri-
cated by photolithography or femtosecond laser ablation, edge
polishing for in- and out-coupling of light is much less demand-
ing. Furthermore, there is no need for additional processing in
order to achieve confinement in vertical direction as required
when using photolithography, photobleaching, or laser abla-
tion. Fig. 20 shows some examples of the structures that can be
fabricated by electron-beam irradiation.
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Fig. 20. Photographs of e-beam irradiated samples in a transmission micro-
scope. (a) Detail of a Mach–Zehnder. (b) Microresonator structure.

Due to the high resolution offered by e-beams, it is easy
to control the waveguide separation for fabricating directional
couplers and microring resonators. The parameters needed for
achieving single-mode propagation in e-beam structured waveg-
uides in DAST are given in [109].

V. CONCLUSION AND OUTLOOK

Organic NLO crystals are particularly attractive for high-
speed photonics and THz wave applications. Their NLO figures
of merit can be of orders of magnitude higher compared to inor-
ganics, and their long-term orientational and photochemical sta-
bility orders of magnitude better as in conventional electrooptic
polymers. The major challenge for organic NLO crystals re-
mains the microstructuring for VLSI photonics. In the last few
years there have been several promising structuring techniques
developed for the highly NLO organic crystal DAST, which
open a wide spectrum of new possibilities and functionalities in
guided wave photonic technology.

Theoretical evaluations show that the upper limits of second-
order optical nonlinearities of organic crystals have by far not
been reached yet [17]; therefore, the research and development
of novel NLO organic crystals is being continued. Recently, sev-
eral novel stilbazolium salts have been identified with similar
or even superior NLO properties than DAST [111]–[117], also
combined with better growth possibilities [112], [114]. Further-
more, the optical nonlinearities of best molecular crystals based
on Van der Waals or hydrogen bonds are approaching those
of DAST [118], [119], which is of particular interest because
of a much better thermal stability of these materials, allowing
for relatively simple melt and vapor material processing [120].
These materials may also be superior with respect to THz wave
applications due to the absent or shifted optical phonon absorp-
tion peaks in the THz wavelength range [112], [121]. Novel
optimized materials and structuring techniques therefore give
a great promise for the development of highly efficient THz
sources and high-speed VLSI photonic devices based on crys-
talline organic materials.
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