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ABSTRACT
We have formed one-dimensional (1D) diffraction gratings on a pho-
toresist polymer (SU-8) by interference exposure using a Lloyd mirror.
A single crystal of thiophene/phenylene co-oligomers (TPCOs) grown
in a vapor phase was placed on the 1D diffraction grating. Excitation
of the single crystal by an ultraviolet light of a mercury lamp pro-
duced spectrally-narrowed fluorescence. On the basis of the grating
periods and emission peak locations, we evaluated effective refractive
indices and diffraction orders. The relevant information enables us to
design and fabricate the 1Ddiffractiongratings that cause the spectrally-
narrowed emission lines to superimpose inherently occurring high-
intensity fluorescence peaks.

Introduction

Organic semiconductor single-crystals generally combine high carrier mobility and fluores-
cence efficiency. These crystals also exhibit laser oscillation and related spectrally-narrowed
emissions (SNEs) [1–6]. If the crystals are equipped with a suitable optical grating, the result-
ing structure can directly be used for a unique optoelectronic device. To construct a high-
performance optical device, detailed information on optical constants (e.g. refractive indices)
should be available with individual chemical species of crystals. In this respect we have already
developed a simple but effective method to determine the refractive indices of organic single
crystals [7–9]. The method is based upon careful observation and measurements of optical
fringes that take place in emission spectra. In that case a pair of parallel crystal facets at both
ends functions as a Fabry-Pérot resonator. Formost of optical device applications of the single
crystals, however, the crystals act as a waveguide. In this case we are dealing with an effective
refractive index instead of a phase refractive index.

Within a framework of determining the effective refractive index, we made one-
dimensional (1D) diffraction gratings of different grating periods on a photoresist polymer
(SU-8) by interference exposure using a Lloyd mirror. On the diffraction grating we placed a
single crystal of thiophene/phenylene co-oligomers (TPCOs) to construct an optical device.
In the present studies we chose BP3T and P6T [see Fig. 1(a) for structural formulae] from
among various TPCOs [10,11]. Excitation of the single crystal by ultraviolet light of a mer-
cury lamp produced angle-dependent spectrally-narrowed fluorescence. On the basis of the
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Figure . (a) Structural formulae of BPT and PT. (b) AFM image of a SU- diffraction grating. (c) Surface
and depth profile of the diffraction grating of (b).

experimental results on emission data obtained from various single crystal waveguides having
different grating periods and emission peak locations, we evaluated effective refractive indices
and diffraction orders of the waveguides. Crystal thicknesses play a role as well. Finally, we
propose a practical guideline to design a high-performance optical device.

Experiments

Photoresist filmswere spin-coated from either a solution ofMicroChem SU-8 2000.5 polymer
without dilution or a 12.5 wt% cyclopentanone solution of a MicroChem SU-8 3005 polymer
on a silicon dioxide layer (300 nm in thickness) which was formed on top of a quarried 1-cm
square silicon wafer. The resulting photoresist film was baked to evaporate the solvent (first at
65°C for 15 min and subsequently at 95°C for 15 min). To form the diffraction grating on the
photoresist film, we carried out the interference exposure to that film using a Lloyd mirror
as before [12–14]. We used for an exposure source third harmonic generation of an Nd:YAG
laser (wavelength: 355 nm, pulse duration: 25 ps, repetition rate: 10 Hz). After the laser beam
exposure we baked the photoresist film to ensure the curing reaction (at 65°C for 10 min and
subsequently at 95°C for 10 min). The film was then developed, rinsed with 2-propanol, and
dried. We further baked the film at 175°C for 20 min to complete the reaction. We set the
angle of the Lloyd mirror at 20.0° to 27.0° from the direction normal to the film surface. As
a result, we obtained diffraction gratings whose periods ranged from 394.0 to 498.6 nm. We
observed a surface of the diffraction grating with a Pacific Nanotechnology Nano-RTM atomic
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Table . Characterization of crystal samples and diffraction gratings.

Sample Lloyd mirror angle (degree) Crystal thickness d (nm) Grating period� (nm) Depth of Grooves (nm)

PT- .  . .
PT- .  . .
PT- .  . .
PT- .  . .
PT- .  . .
PT- .  . .
BPT- .  . .
BPT- .  . .
BPT- .  . .
BPT- .  . .
BPT- .  . .
BPT- .  . .

forcemicroscope (AFM). Figure 1(b) shows an example of itsmicrograph for a specific sample
of BP3T-1 (see Table 1). Figure 1(c) shows a depth profile of this diffraction grating.

We made single crystals of BP3T and P6T by a vapor phase recrystallization method.
Detailed setup of apparatus and crystal growth procedures can be seen elsewhere [15,16]. We
measured crystal thicknesses using a BRUKERDektakXT stylus profiler. Table 1 collects char-
acteristic angles and dimensions of different samples. We measured emission spectra from
single crystals using an experimental setup and measurement geometry same as before [17];
an excitation ultraviolet light was incident to a wide crystal plane of the sample. The emission
spectra were collected in a direction parallel to the crystal plane as a function of angles of
rotation about the axis normal to the crystal plane. The rotation angle was defined as an angle
made by the emission direction and that of the grating wave vector. It was defined as positive
when the sample was rotated counterclockwise. In this geometry, we measured the emission
spectra from −90 to +90° in 5° to 10° steps.

Results and discussion

Figure 2 shows angle-dependent spectra of P6T-1 and BP3T-1 samples. For both the spectra
we observed two series ofmajor emission lines progressively redshifted relative to that taken at
a rotation angle θ = 0°. We assume the Bragg reflection with the emission observed at θ = 0°

Figure . (a) Angle-dependent spectra of PT-. (b) Angle-dependent spectra of BPT-. The indices m
denote the diffraction order.
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Figure . (a) Emission spectra taken at the rotation angle θ = ° as a function of crystal thicknesses. (b)
Relationship between the ne/n ratio and crystal thicknesses. The least-squares lines were determined from
the plots for the diffraction order m =  or m =  individually using PT- to PT- with different crystal
thicknesses.

among the series of spectra as follows [18,19]:

mλ = 2ne�, (1)

wherem is a diffraction order, λis the emission peak wavelength measured at θ = 0°, ne is the
effective refractive index, and � is the grating period. We determinedm and ne in such a way
that ne did not exceed a phase refractive index n at λ in question and m was the maximum
integer on this condition. Here we assume Sellmeier dispersion relationship between n and λ

[20,21]. As a result we assign individual redshifted progressions to a specific number ofm as
shown in Fig. 2. Note that we obtained related results with BP3T crystals.

Next we compared spectral profiles of various crystals of different thicknesses. Figure 3(a)
shows the results of P6T crystals. We notice the following trends from Fig. 3(a): (i) The larger
number of emission lines was observed with increasing crystal thicknesses. Crystals of a few
hundredmicrometers gave distinctly narrowed emission lines. (ii) Broadband spectra became
easier to notice near∼630 and∼680 nmwith increasing crystal thicknesses. These bands are
generally accompanied by large optical gains. We also examined the dependence of crystal
thickness on refractive index. As an example Fig. 3(b) depicts the results of P6T crystals using
PT6-1 to PT6-5 with different crystal thicknesses (see Table 1). Two lines in the diagram are
least-squares lines determined from the plots form = 3 orm= 4 individually. The ratio of ne
to n (ne/n) tends to decreases with increasing crystal thicknesses.

This can reasonably be explained by the following argument: Viewing the crystals of P6T
and BP3T as a slab waveguide, the presence of both the top and bottom wide crystal planes
imposed boundary conditions on propagation of electromagnetic waves within thewaveguide
(i.e. transverse modes). Defining k2 as a component of the wavenumber vector (k) parallel to
the normal of the slab plane, |k|2 = k12 + k22, where k1 = 2πne/λ = mπ /� is a component
of the wavenumber vector parallel to the slab plane [22]. The boundary conditions require
k2 = lπ /d, where l is the order of the transverse mode (a positive integer) and d is the crystal
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Figure . (a) Emission spectra of PT- taken at the rotation angle θ = °. (b) Emission spectra of a PT
crystal without a diffraction grating.

thickness. Combining these relationships with Eq. (1), we obtain the following expression:

ne
n

=
√

1
1 + (l2 �2 / d2 m2)

. (2)

The implications of Eq. (2) are as follows: (i) Larger numbers of m give larger numbers
of ne/n. (ii) If the number m is small, the variation in ne/n is more conspicuous with vary-
ing numbers of l and �. These trends are consistent with experimental data represented in
Fig. 3(b). More specifically, compared to a larger number of m (m = 4 in the present case) a
smaller number ofm (m = 3 in the present case) produces a relatively large deviation of ne/n
from the least-squares line as indicated in Fig. 3(b). Equations (1 and 2) as well as Fig. 3(b)
give us a practical guideline to design a single-crystal optical device. These relationships have
enabled us to design a device with an optimum grating period so that it can produce a nar-
rowed and strong emission line at θ = 0° and around a specific emission band at which a
large optical gain is anticipated (e.g. ∼630 and 680 nm for P6T). In a word, we become able
to determine an optimum grating period � at an aimed emission wavelength λ.

Thus we finally made P6T-6 with the crystal thickness of 233 nm (Table 1). As represented
in Fig. 4(a), we observed a dominant narrowed emission line at 627.3 nm (θ = 0°) with a
full width at half maxima (FWHM) of 4.5 nm [Fig. 4(a)] with this specific device. The ne/n
number estimated from Eq. (2) was 0.89 form = 4 with l = 1. This is in excellent agreement
with the experimentally determined number (0.88 form= 4). This result should be compared
to that for a P6T crystal without a diffraction grating [Fig. 4(b)]. The emission intensity of
P6T-6 was about five times as strong as that of Fig. 4(b). We emphasize that it will of great
importance from a practical point of view to cause the spectrally-narrowed emission lines
to superimpose the high-intensity fluorescence peaks that are accompanied by an inherently
large optical gain. In fact, the emission line occurring at θ = 20° (around 680 nm) for the
series of spectra assigned to m = 3 along with that noticed at θ = 70° (around 630 nm) for
those assigned tom = 4 indicated enhanced intensities [see Fig. 2(a)]. If this is the case with
θ = 0°, optical amplification should be anticipated.

We obtained similar results with BP3T devices. Figure 5 compare the results obtained from
BP3T-6 and a BP3T crystal without a diffraction grating. Since the latter crystal (without
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Figure . (a) Emission spectra of BPT- taken at the rotation angle θ = °. (b) Emission spectra of a BPT
crystal without a diffraction grating.

grating) exhibited a strong band at 616 nm, we designed an optimum BP3T device (BP3T-
6) as in the case of P6T devices. This specific device showed a narrowed line at 608.0 nm
(θ = 0°) with FWHM of 2.0 nm; see Fig. 5(a). Again the emission intensity of BP3T-6 was
about three times as strong as that of Fig. 5(b) that shows a spectrumof a BP3T crystal without
a diffraction grating.

Conclusions

We havemade single-crystal optical devices equipped with a 1D diffraction grating. The grat-
ings were formed on a photoresist polymer (SU-8) by interference exposure using a Lloyd
mirror. A single crystal of thiophene/phenylene co-oligomers (TPCOs) grown in a vapor
phase was placed on the diffraction grating. Excitation of the single crystal by an ultravio-
let light of a mercury lamp produced spectrally-narrowed emissions. Peak locations of the
major emission lines exhibited angle-dependent redshifts relative to the grating wave vector
direction. We assumed the Bragg reflection at the rotation angle θ = 0° in the progressively
redshifted spectra. Collecting emission data on the gratings with various periods, we have
determined the diffraction orders and effective refractive indices. Taking account of different
crystal thicknesses, we also sought the relationship between the crystal thicknesses and the
ratios of effective refractive indices to phase refractive indices.

These experimental results and numerical analyses have enabled us to determine an opti-
mum grating period � at an aimed emission wavelength λ with an appropriate combination
of a diffraction order m and mode order of l. In particular, we can readily cause a narrowed
emission line to superimpose a specific emission band accompanied by an inherently large
optical gain. This feature will be a powerful practical guideline to design a high-performance
optical device.
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