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Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal

Organic single crystals have been recently investigated as materials for miniaturized photosensors. Their light absorption can be further enhanced by coupling light into Whispering Gallery
Modes, a type of guided optical mode. This thesis presents a process for patterning organic single
crystals. The pattern transfer is achieved using Reactive Ion Etching, requiring extensive end point
optimization. Confocal fluorescence microscopy is used to verify the complete patterning process.
The fabricated devices are characterized in terms of their optoelectronic performance. For unpatterned crystals, the devices presented a maximum photoresponse of 0.010 A/W and an EQE of up
to 3.12%. Crystals patterned in rectangular shapes have yielded photoresponses of up to 0.020 A/W
and a maximum EQE of 6.08%. Finally, crystals patterned into circles with diameters of 20 µm have
yielded photoresponses of up to 0.241 A/W and a maximum EQE of 74.5%. These results may hint
at the excitation of WGMs.
I.
A.

INTRODUCTION

Motivation and Objectives

The miniaturization of photonic elements has been a
topic of interest in recent years. Organic semiconductors have several convenient properties in their optical,
mechanical and electrical behavior that make them attractive for various photonic applications [1], such as
their flexibility and low-temperature processability at low
costs [2, 3]. The fabrication of embedded organic single
crystal photodevices requires patterning of the organic
single-crystals, a challenging process.
It is possible to improve the absorption of light by coupling light into a guided mode, increasing the optical path
length [4]. Whispering Gallery Modes (WGMs) are a special type of guided mode where light is forced to travel
in closed, circular trajectories inside a curved dielectric
structure. Common geometries including spheres, microrings and microdisks [5].
The goal of this work is to demonstrate micrometric
photosensors based on patterned organic single-crystals.
For this purpose, a process to pattern organic single crystals compatible with the equipment available at INESCMN is developed and implemented. After patterning, the
crystals are analyzed to confirm a complete patterning
process. The fabricated devices are then characterized in
terms of various optoelectronic properties, with a focus
on measuring the photoresponse of the devices. Some
exploration of WGMs as a form of light absorption enhancement are also presented in the form of a numerical
simulation.

B.
1.

State-of-the-art

Organic Single Crystals

An organic crystal can be considered as being made
of identical neutral molecules, stacked in a regular close
packed formation and held together by intermolecular in-

teractions, such as Van der Walls forces [6]. These interactions are much weaker than the valence forces which
operate within individual molecules, and as such the organic crystal shares many of its properties with those of
the individual molecule [2].
An isolated molecule in its ground state has spinpaired electrons in its highest occupied molecular orbital
(HOMO). If an electron is excited into the lowest unoccupied molecular orbital (LUMO) by the absorption of
a photon, it leaves behind a hole in the HOMO. This
excited state is known as an exciton [7], with the electron and the hole in this system remaining bound by
Coulomb force [8]. In addition to forming excitons due
to direct photoexcitation, excitons may also be formed by
association of free carriers, which can subsequently dissociate radiatively [2, 8]. Excitons in an excited “donor”
molecule can move to an “acceptor” molecule through
a non-radiative process of energy transfer [9]. The two
molecules can be similar or different species. Once an
exciton is formed with a certain energy, it starts a downhil migration through these energy transfer processes towards the lower energy cites [3]. The diffusion coefficient
D and the exciton lifetime τ can be used to discover
the exciton diffusion length LEX , equation (1), describing the average distance traveled by an exciton [3]. Z in
this equation is 1, 2 or 3 depending on whether diffusion
occurs in 1D, 2D or 3D space.
√
LEX =

ZDτ .

(1)

The photoexcited electron may be transferred from donor
to acceptor molecules, resulting in the photogeneration of
charge carriers [10]. This can be happen with no external
forces if the two molecules have a large enough difference
in their LUMO energies, or by driving the process using
temperature or applied electric fields.
The transport of free charges in organic semiconductors has two different origins. Polaron hopping is a type
of transport in which the charge moves by polarons,
quasi-particles composed of a charge carrier and the lattice deformation caused by the presence of this charge,
hopping from one site to another site [2]. Band transport
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is a transport mechanism similar to that which occurs in
inorganic semiconductors [2]. Here, the charge carriers
are delocalized to form a propagating Bloch wave that
is occasionally scattered by lattice vibrations [3]. The
charge mobility is then given by equation (2),
µ=

eτ
,
mef f

(2)

where τ is the mean scattering time and mef f is the
effective mass of the band that can be evaluated from
the electronic band dispersion Ek :
1
1 d2 Ek
.
= 2
mef f
~
dk 2

(3)

The dominant mechanism depends on the mobility of the
charge carriers, with band transport often being dominant in organic single-crystals due to their high mobilities. The density of electronic defects in organic single
crystals depends significantly on the growth method [11],
and affect the charge transport properties by acting as
charge traps.
A useful figure of merit for organic optoelectronic devices is the photoresponse [12], Rph , given in A/W. This
parameter is defined as:
Ipc
Rph =

Adevice
.
Popt
ABeam

(4)

In this expression, Ipc is the photocurrent, given by Ipc =
Iillum − Idark [13], Po pt is the optical power, Abeam is the
incident beam spot size and Adevice being the area of the
device. This parameter is normalized to the device area
to allow comparison between different devices. Another
figure of merit is the external quantum efficiency (EQE).
This parameter is related to the photoresponse Rph , and
is given by equation (5), where q is the elementary charge
[12].
EQE =

hc
Rph .
λq

(5)

Through a phenomenon known as singlet fission, in which
a single high energy singlet exciton forms two lower energy triplet excitons, organic optoelectronic devices can
reach external quantum efficiencies (EQE) of over 100%
[14]. In photovoltaics, this allows devices to overcome
the Shockley/Queisser efficiency limit of 31% [15].
Rubrene (C4 2H2 8) is an organic molecule widely used
in organic electronics [16]. Its chemical structure represented in figure 1. Rubrene has been shown to form high
quality single crystals with a very low density of defects
and impurity-related traps [17], resulting in rubrene having the highest room temperature charge carrier mobility
reported to date at µ = 40 cm2 /V for holes [18].
The absorption spectrum of a 2.7 µm rubrene crystal
is shown in figure 2a for light polarized along the three

FIG. 1: Representation of the rubrene molecule (reused
with permission from [1]).

crystal axes. Figure 2b shows the emission spectrum of
rubrene for light polarized along one molecular axis. The
emission and the fluorescence spectra have some overlap
around the 550 nm bands, which implies that some of the
emitted radiation will be reabsorbed within the crystal.
The most commonly used material for electrical connections in rubrene is gold (Au), due to its chemical inertness
and due to its high work function of 5.1 eV [20], promoting charge carrier collection due to the proximity to the
5.36 eV HOMO energy level of rubrene [21]. The I-V
curve of the rubrene crystal with high quality contacts
should be symmetrical with an ohmic behavior at low
voltages [22].
The most frequently used process for single-crystal
growth is physical vapour transport (PVT) [23]. A
promising technique for organic single crystal patterning has been demonstrated in [23], employing Reactive
Ion Etching (RIE) to pattern the crystal. This method
was applied to obtain arrays of organic WGM lasers from
an organic thin film [24].

2.

Whispering Gallery Modes

WGM resonators are a special type of monolithic resonators. In these, the optical modes can be seen as
closed circular beams supported by total internal reflections from the boundaries of the resonators [5]. Figure 3
shows a representation of the optical path inside such a
resonator according to a geometrical optics approximation. The number of reflections m, also known as the
mode index, describes the shape of the trajectory. For a
large enough m, the trajectory of the ray will be approximately circular. The resonant frequencies in a resonator
depend on its morphology [25]; a resonator with diameter
d and refractive index n will be given by eq. 6(for large
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FIG. 3: Demonstration of the behavior of the resonator
in terms of ray optics.
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FIG. 2: (a) Absorption spectrum of rubrene for a
2.7 µm single crystal. (b) Emission spectra of the same
rubrene single crystals corrected for reabsorption.
Reused with permission from [19].

FIG. 4: WGMs for various mode indexes N and m.
Reprinted with permission from [27].

m) [26].
f=

mc
πdn

(6)

When the system is studied under a wave optics framework, only a discrete set of eigenfrequencies ωN,m are
found to be resonant modes. The index N ∈ N is a
quantification of the wave vectors |k0,ζ | accepted as solutions, and the index m being equivalent to the index
m determined in a geometrical optics approximation. In
figure 4 we see the electric field profile for various (N, m)
combinations. WGMs are by definition highly localized,
so it is common to consider that only modes with N = 1
and m  1 correspond to WGMs. In the limit of very
high m, we recover the approximate equation (6).
As optical resonators, WGM resonators can be described using resonator parameters [27]. One of the most
important parameters is the quality factor, or Q factor.
This represents the ratio between the energy stored in
an optical mode and the power loss of the resonator, and

can be defined by equation (7), where ω0 = 2πν0 is the
angular frequency and ν0 is the frequency of the resonance, τ is the cavity ringdown lifetime and ∆ωF W HM
is the linewidth of the resonance [27, 28].
Q = ω0 = ω0 τ =

ω0
.
∆ωF W HM

(7)

The total Q factor is comprised of several loss contribution: material absorption, scattering losses, surface
absorption losses, whispering gallery (or bending losses)
and external coupling losses to external modes [29].
−1
−1
−1
−1
−1
Q−1
tot = Qmat + Qscatt + Qsurf + QW GM + Qext .

(8)

WGM resonators had early usage as photonic filters
[30]. Several sensors based on WGM resonators (able
to detect chemical [26] and biological [31] agents and
measure mechanical properties [32]) have been employed;
WGM-based biosensors are in the class of evanescent
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wave sensors, which are among the most sensitive class
of biosensors [33], with label-free detection of single
molecules being achievable [34]. Among the most obvious and widespread applications of WGM resonators
are in miniaturized laser systems [24].

C.

Contributions

This work offers a method for organic single crystal
patterning using standard microfabrication techniques in
a cleanroom environment. A method has been proposed
in [23] using Reactive Ion Etching (RIE), but is only applied to organic thin films rather than single crystals.
This method is also only applied in the context of using
the crystals as laser cavities. The present work offers an
alternative process, also relying on RIE, proving its feasibility to pattern organic single crystals. Furthermore,
the produced devices are used as light sensors, with photoresponse measurements confirming that the patterning
process is compatible with this application.

II.

DEVICE FABRICATION

The fabrication process presented in this chapter was
conceived at INESC-MN and was modified and improved
as new challenges were overcome, resulting in the current iteration. We present an overview of the fabrication
process in Table I. Two different types of masks were
designed. The first type of mask consists of a cylindrical crystal with four equally-spaced gold contacts. The
cylindrical shape of the crystal allows it to act as a microresonator, with light being coupled to WGMs inside
the crystal. The four gold contacts are to be used to
obtain the resistivity of the crystal, by injecting current
and measuring the resulting voltage. Our devices use diameters of 25 µm and 50 µm. The second type consists
of devices consisting of simple 50 µm × 200 µm rectangular crystal with four gold contacts. These structures
are to be used as control structures, as comparing the
resistivity of the crystals patterned into circular shapes
and the resistivity of these rectangular crystals allows us
to ascertain whether the excitation of WGMs has a contribution to the absorption of light. These structures are
defined on a 25 mm × 25 mm glass substrate divided into
5 20 mm × 3.28 mm dies.
The process begins by cleaning the samples using a
commercial Alconox cleaning solution. RF magnetron
sputtering is then used to deposit the 1000 Å Au films
used in this work. A 100 Å layer of Cr is deposited before
the deposition of Au in order to enhance the adhesion of
Au. These depositions take place in an Alcatel SCM-450
machine.
The next step is to define the pattern of the Au pads in
a photoresist (PR) layer, which is achieved using optical
lithography in a Heidelberg Direct Write Laser (DWL)
2.0 system, and the transfer of this pattern to the Au

film, achieved via ion milling etching in a Nordiko 3600
machine. In figure 5 we show an optical microscope image
of the patterned Au pads on top of which the organic
crystals will be placed.
The rubrene crystals are placed on top of the Au contacts. A planarization step with an oxide is therefore
required. In our work, we use a planarization layer consisting of two thin films: a 700 Å Al2 O3 layer and a 400 Å
SiO2 layer. The Al2 O3 film is deposited using the UHV2
machine, a machine built at INESC-MN used only for
Al2 O3 deposition, and the SiO2 film is deposited using
the Alcatel SCM-450. A lift-off process in Microstrip
4001 with ultrasounds at a temperature of 65C for about
two hours ensures that the oxide is only present where
the gold layer is absent. Each sample is observed in an
optical microscope to ensure that the PR has been completely removed, and the profile is then checked in the
profilometer; the step between the Au layer and the SiO2
layer must be smaller than 400 Å in order for the sample
to be considered adequate. After lift-off, some samples
were observed under Atomic Force Microscopy (AFM) in
order to check for the presence of lift-off residues. Tall
peaks are shown to be formed, presumably due to the
sidewalls of the resist being covered by the oxide before
liftoff, which compromises the electrical connections between the crystal and the Au. A Chemical-Mechanical
Polishing (CMP) step was employed on some samples,
but was not sufficient to remove the liftoff residues. A
future continuation of the work presented in this thesis
could optimize the conditions of the CMP process in order to completely remove these features.
Before placing the rubrene crystals onto the samples, a
cleaning process consisting of 20 minutes in ultrasounds
in HPLC grade acetone and 20 minutes in ultrasounds
in HPLC grade IPA. This is followed by a short surface
treatment in a plasma cleaner, where the samples are immersed in an O3 plasma. From this point on, we will refer
to the samples with the processing done up to now as the
substrates. These substrates are sent to UA-CICECO for
crystal growth (using PVT) and lamination.
To protect the crystals during processing, a 400 nm
layer of poly(vinyl alcohol) (PVA) and a 500 nm layer
of poly(methyl methacrylate) (PMMA) are spin-coated
onto the samples. Standard optical lithography techniques are used in order to define the pattern of the
crystals. The baking steps after coating and before developing are replaced with 60 s bake steps at 70C over a
hot plate in order to prevent the crystals from cracking.
To avoid being limited by the thickness of the resist, a
double photoresist layer is used.
Reactive Ion Etching (RIE) is used to transfer the pattern into the rubrene crystals in the Rainbow Lam 4520.
The etch rates of several of the compounds present in
the sample with various gas mixtures are known, and a
recipe consisting of a CF4 flow of 100 sccm, an O2 flow
of 10 sccm and an Ar flow of 100 sccm was found to have
the best crystal etch rate. All etching processes in this
machine are done in 150 s etching steps, separated by 80 s
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Step #
1
2

Microfabrication step
Substrate cleaning
Au deposition

3

Au pads definition by optical lithography

4
5
6
7
8
9
10
11
12

Ion milling etching
Planarization - Al2 O3 deposition
Planarization - SiO2 deposition
Oxide lift-off in microstrip
Substrate cleaning
Single-crystal Growth and Lamination (UA-CICECO)
PVA Preparation
PVA Coating
PMMA Coating

13

Crystal pattern definition by optical lithography

14
15
16
17
18
19

Reactive Ion Etching
Protective Layer Removal
Passivation - Al2 O2 deposition
Dicing
Encapsulation on chip carrier
Optical and electrical characterization

Equipment
Wetbench
Alcatel SCM-450
SVG Tracks
Heidelberg DWL 2.0
Nordiko 3600
UHVII
Alcatel SCM-450
Wetbench
Plasma Cleaner
PDMS Room
Spinner
SVG Tracks
SVG Tracks
Heidelberg DWL 2.0
Rainbow Lam 4520
Wetbench
UHVII
Disco DAD Automated Dicing Saw
Homemade setup.

TABLE I: List of steps in the microfabrication process for the organic single-crystal microresonator devices, along
with the equipment used for each step in this thesis.

FIG. 5: Patterned Au pads as observed in an optical microscope.

cooldown steps to avoid raising the temperature of the
samples above the maximum temperature of the crystals
and also to prevent the resist from hardening. After every
five etching steps, the sample is unloaded from the machine and the crystals are checked to verify whether they
have been completely etched. The simplest method used
for this verification is a simple optical verification with
an optical microscope. An alternative method of monitoring the evolution of the profile with a profilometer
was also experimented with, but did not show significant
advantages. A rough estimate of the etch rate or rubrene
single-crystals was found to be of 1.63 ± 0.87 Å/s.
After etching, the protective layers of PVA and PMMA
and the photoresist layer are removed by immersing the
samples in DI water for around 8 hours, with the ex-

act duration of this process varying between samples. A
passivation layer is deposited in the UHV2 machine. A
complete sidewall covering is desired, necessitating the
deposition of a thick Al2 O3 layer. A 4000 Å thick layer
was found to be sufficient for most samples, with 8000 Å
being a safer alternative for larger crystal thicknesses. In
order to prevent the Au pads from being completely covered by the passivation layer, a shadow mask was fabricated from a 1.4mm thick layer of PMMA using a milling
machine and used to cover the pads during deposition.
The samples are then diced in the D.A.D. Automated
Dicing Saw, resulting in 5 dies per sample, each measuring 25 mm × 3.97 mm and containing 7 devices. Each die
is then glued onto chip carriers and a silver ink mixture is
applied to perform an electrical connection between the
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pads on the sample and the pins on the chip carrier. At
this stage, the devices are complete and may be optically
and electrically characterized.

III.
A.

CHARACTERIZATION

Confocal Fluorescence Microscopy

The rubrene molecule exhibits fluorescence. In order
to examine the effect of the processing in the rubrene
crystals, some of the dies of fabricated devices were selected after the dicing process and kept for fluorescence
analysis, rather than encapsulated in chip carriers and
characterized using the optical setup. In order to obtain
fluorescence measurements with sufficient resolution, a
confocal scanning microscope was used. The confocal
microscopy equipment available at Instituto Superior Tcnico was used, with the rubrene single crystal molecules
being excited by a laser with a wavelength of 458 nm.
Figures 6a and 6b show two completely patterned crystals (with thicknesses of 185.5 nm and 382.2 nm, respectively), with brighter spots representing regions with a
higher fluorescence. It is possible to see that the crystals have been completely patterned, as no fluorescence is
emitted in the regions where the crystal has been etched.

B.

Optoelectronic Set-up

The set-up used for the optical characterization phase
was assembled at INESC-MN, having been used in previous work [1]. It contains a 250 W halogen lamp acting as a light source, a monochromator that allows the
selection of a single wavelength, two lenses and a mirror to focus the light onto the sample and a calibration
photosensor (with a servo allowing it to be moved automatically) to measure the incident optical power. It also
allows the current produced by the device to be measured by a picoammeter (a Keithley 237 High Voltage
Source Measure Unit). The picoammeter, the calibration
photosensor (a Thorlabs S120C Si Photodiode) and the
monochromator are all connected to a central software
control system, allowing various parts of the experiment
to be automated. Two experiments are performed for
each fabricated device: the I-V curve, which allows us to
analyze the resistivity of the devices and infer the quality
of the electrical contacts, and the photoresponse, which
is given by the current generated by the device divided
by the incident power (eq. (4)). The I-V curve is acquired under a constant illumination with a wavelength
of 500 nm. The picoammeter is used to apply a range
of voltages on the pins, from -5 V to +5 V with a step
of 0.5 V, and measure the current that is generated by
the device under test. The photoresponse is the main parameter used in characterizing the obtained devices, as
well as the parameter intended to be maximized through
the patterning of the organic single crystals into circular

shapes. It is dependent on the wavelength of the incident
beam. The full experiment consists of positioning the
calibration photosensor so it chops the beam, measuring
the current without illumination and the incident optical
power, moving the calibration photosensor so as to allow
the sample to be illuminated and acquiring the current
under illumination. The wavelength at the monochromator is then changed, and the process is repeated for each
wavelength between 400 nm and 700 nm. The dark current is acquired every time the wavelength is changed to
account for possible fluctuations in the conditions of the
experiment. The external quantum efficiency (EQE) can
also be obtained from the photoresponse measurements
by using equation (5). None of the fabricated samples
presented four working electrodes; all measurements are
done in a simple two point probe configuration.

C.

Results and Discussion

In order to obtain a basis for comparison, the I-V
curves and photoresponse for unpatterned crystals were
obtained. The electrical connections to these crystals
were not microfabricated Au leads, but direct connections with a conductive carbon paste. The results are
represented for one crystal in figure 7. In the I-V curve,
figure 7a, the expected ohmic behaviour [22] is generally
observed, albeit with some non-ohmic effects indicating
possible charge traps. The red lines in the plot show
the fitting lines used to calculate the resistance. A resistance value of 0.167 ± 0.003 GΩ was found at an incident
wavelength of 500 nm. The band-like structures in the
photoresponse roughly correspond to the peaks in the absorption spectrum of rubrene, as seen in figure 2a. The
maximum achieved photoresponse in unpatterned crystals was of 0.010 A/W.
The measurements made for a crystal patterned into
a circle with a diameter of 20 µm is shown in figure 8.
Only a single device was shown to be completely functional for each of the considered geometries. The photoresponse shows the expected behavior, approximately,
being much larger than observed in any other device including unpatterned crystals, with a maximum value of
0.241 A/W. This is visible in figure 9a, which displays
the largest photoresponse for each of the four geometries:
an unpatterned crystal (the device in figure 7) showing
a maximum photoresponse of 0.010 A/W, a crystal patterned into a rectangular shape showing a maximum photoresponse of 0.020 A/W, a crystal patterned into a circle
with a diameter of 50 µm) showing a maximum photoresponse of 0.003 A/W and a crystal patterned into a circle
with a diameter of 20 µm (the device in figure 8), showing a maximum photoresponse of 0.241 A/W. The EQE
for each of these devices is also present in figure 9b. The
quantum efficiency of the crystal patterned into a circle with a diameter of 20 µm has a maximum value of
74.5%, much larger than the maximum of 3.12% that
has been found in the previous unpatterned crystals, and
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FIG. 6: Fluorescence spectrum of a patterned crystal with an initial thickness of (a) 185.5 nm; (b) 382.2 nm.
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FIG. 7: Measurements for an unpatterned crystal. (a) I-V curve, with current measured from -5 V to + 5 V and
back to - 5 V in steps of 0.5 V. The black line represents the acquired values, while the red line represents the fitting
line used to calculate the resistance. (b) Photoresponse of the measured crystal.

the largest quantum efficiency of all tested devices. This
could be an indication of a light absorption enhancement
effect due to the excitation of WGMs. It is important to
note that such a high calculated EQE could have many
sources other than WGMs. It is possible that the initial
thickness of the crystal is high enough that the crystal
could not have been completely patterned, and instead a
thin layer of the rubrene crystal could cover the area that
was supposed to be etched. In this case, the performed
normalization is not adequate, as the device area is larger

than the considered area.
While the patterning of organic single crystal interfaces was not included in the goals for the thesis, it may
be relevant in a future work, as light enhancement due to
organic single crystal heterojunctions was demonstrated
in Ref. [13]. We performed similar measurements for
interfaces between tubrene crystals, fabricated by laminating two rubrene crystals on top of one another. The
photoresponse of single crystal interfaces is consistently
larger than those of individual crystals, with a maximum
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FIG. 8: Measurements for a crystal patterned into a circle with a diameter of 20 µm. (a) I-V curve, with current
measured from -5 V to + 5 V and back to - 5 V in steps of 0.5 V. The black line represents the acquired values,
while the red line represents the fitting line used to calculate the resistance. (b) Photoresponse of the measured
device. Inset shows a diagram of the device, with the black line representing the path between the two electrodes
used for the measurement.
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FIG. 9: Comparison between devices with different geometries in terms of: (a) Photoresponse; (b) External
Quantum Efficiency (EQE).

value of 0.066 A/W being found, resulting to a maximum
EQE of around 20.4%.

IV.

NUMERICAL SIMULATIONS

2
ues ωN,m
, the resonant frequencies, and eigenfunctions
ψN,m (r), each component of the electric field. c is the
speed of light in the medium.

2

∇ ψN,m +
A commercial Finite Element Method multiphysics
simulation software is used to simulate the behavior of
the microresonator. The equation to be solved is the
Helmoltz equation, an eigenvalue equation with eigenval-

2
ωN,m
c2 (r)

!
ψN,m = 0.

(9)

We consider our 2D geometry a cylinder of a radius r, which represents our organic single-crystal resonator, surrounded by a square block of a different ma-
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FIG. 10: Electric field norm profile for a mode with
m = 38.

60
Theoretical
Simulation

50

Frequency (THz)

terial, representing the environment. The dimensions of
the block are chosen to be three times the diameter of
the resonator. The cylinder has a refractive index of
ncyl = 1.736 and the refractive index of the environment
is nenv = 1. Both materials are considered lossless in
this study. The first study is done using a fixed radius
r = 25 µm, by trying to find as many eigenfrequencies
as possible. An example of a calculated mode can be
found in figure 10. Figure 11 shows a graph of the resonant frequencies found as a function of the mode index
m, compared with the theoretical approximation. All
obtained values are lower than the values given by the
approximation. One notable observation is that as the
mode index m increases, the approximation should more
adequately represent the real behaviour of the system,
and as such the obtained frequencies should be closer to
those given by the approximation; the opposite is observed in the figure. The cause for this contradiction is
unknown. The eigenfrequencies found in this study are
complex numbers, with the imaginary part of the eigenfrequencies being lower for higher calues of m, showing
that the higher order modes have less leakage.
The question of the dependence of the behaviour of
WGMs on the geometry of the resonator (specifically on
the radius of the resonator) naturally arises. A different
study was therefore attempted, in which the eigenfrequencies for low index modes (m up to 20) were explored
for a range of different radii: r = 2.5 µm, 5 µm, 10 µm,
25 µm and 50 µm. The behaviour for each resonator diameter is similar, showing an inverse dependence of resonant frequencies on the radius, as was predicted by the
approximate equation.
The analysis presented in this work is merely an introductory study, useful in providing an initial insight into
the topic of WGM resonators. This study has the potential of being expanded further in several fronts. The first
topic of improvement should be making the simulation
yield results which are better described by the theoret-
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FIG. 11: Real part of the eigenfrequencies found as a
function of the mode index m for low-order modes.

ical approximation or, alternatively, discover the cause
of this discrepancy. Ultimately, the tool chosen for the
simulations may not have been adequate for the considered topic, and an alternative tool with greater access to
its background operations may show a greater degree of
success.

V.

CONCLUSIONS

This work targets the fabrication of miniaturized photosensors based on patterned organic single crystals.
The main focus of the present work was the fabrication
of photosensitive devices using patterned rubrene single
crystals. This task required definition of the substrates
with electrical connections on top of which the crystals
were to be laminated. The substrate fabrication process
has been optimized to facilitate the subsequent crystal
processing steps. An AFM analysis revealed thick liftoff
residues near the oxide-Au transition, which can compromise the electrical connection to the crystals.
The crystal patterning process has been achieved, with
verification via confocal fluorescence microscopy. Reactive Ion Etching is used to pattern the crystals; the most
suitable end point control technique was found to be simple visual verification using an optical microscope. Only
a few devices could be characterized in the optical setup.
Unpatterned crystals have yielded photoresponses of
up to 0.010 A/W and an EQE of up to 3.12%. Crystals
patterned in rectangular shapes have yielded photoresponses of up to 0.020 A/W and a maximum EQE of
6.08%. Crystals patterned into circles with diameters of
50 µm have yielded photoresponses of up to 0.003% and
a maximum EQE of 0.90%. Finally, crystals patterned
into circles with diameters of 20 µm have yielded photoresponses of up to 0.241 A/W and a maximum EQE of
74.5%. The crystals with the largest photoresponse and
EQE were therefore the crystals patterned into circular
microresonators, hinting at light absorption enhancement
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due to the excitation of WGMs. Considerations on other
sources of the apparently high EQE were posed, and it
was not possible to invalidate the possibility of a thin
layer of rubrene crystal remaining after the etching process, leading to an incorrect assessment of the effective
device area. Rubrene-rubrene single crystal interfaces
were also characterized, with a maximum measured photoresponse of 0.066 A/W and a maximum measured EQE
of 20.4%, much larger than obtained for the unpatterned
crystals.
A numerical model to simulate the behavior of WGMs
was developed in a commercially available FEM software
package, which yielded resonant modes for frequencies
following a law that did not correspond to the one predicted by a theoretical approximation. The model remains useful as a basis which can be improved in the
future to achieve the initial goals.
As future work, improving the device yield is prioritary. The removal of the liftoff residues should increase

the yield significantly; this requires optimization of the
CMP process. The final passivation step, after the device
has been completely patterned, also needs to be better
controlled. The RIE end point control should also be improved. Additionally, future work will use organic single
crystal interfaces. In a parallel project, solution based
techniques are currently being explored at INESC-MN
for growth of organic single crystals. These are more
compatible with cleanroom microfabrication processes.

[1] H. Alves, R. M. Pinto, and E. S. Maçôas, Nature communications 4, 1842 (2013).
[2] C. Wang, H. Dong, L. Jiang, and W. Hu, Chemical Society Reviews (2018).
[3] O. Ostroverkhova, Chemical reviews 116, 13279 (2016).
[4] J. Grandidier, D. M. Callahan, J. N. Munday, and H. A.
Atwater, Advanced Materials 23, 1272 (2011).
[5] V. S. Ilchenko and A. B. Matsko, IEEE Journal of selected topics in quantum electronics 12, 3 (2006).
[6] M. Samoc, J. Williams, and D. Williams, Progress in
Crystal Growth and Characterization 4, 149 (1981).
[7] C. J. Bardeen, Annual review of physical chemistry 65,
127 (2014).
[8] G. D. Scholes and G. Rumbles, Nature materials 5, 683
(2006).
[9] O. V. Mikhnenko, P. W. Blom, and T.-Q. Nguyen, Energy & Environmental Science 8, 1867 (2015).
[10] W. E. Shepherd, A. D. Platt, M. J. Kendrick, M. A.
Loth, J. E. Anthony, and O. Ostroverkhova, The Journal
of Physical Chemistry Letters 2, 362 (2011).
[11] M. Gershenson, V. Podzorov, and A. Morpurgo, Reviews
of modern physics 78, 973 (2006).
[12] R. Pinto, W. Gouveia, A. Neves, and H. Alves, Applied
Physics Letters 107, 109 1 (2015).
[13] R. M. Pinto, E. M. Maçôas, and H. Alves, Journal of
Materials Chemistry C 2, 3639 (2014).
[14] P. D. Reusswig, D. N. Congreve, N. J. Thompson,
and M. A. Baldo, Applied Physics Letters 101, 113304
(2012).
[15] M. Hanna and A. Nozik, Journal of Applied Physics 100,
074510 (2006).
[16] T. Hasegawa and J. Takeya, Science and Technology of
Advanced Materials 10, 024314 (2009).
[17] R. Zeis, C. Besnard, T. Siegrist, C. Schlockermann,
X. Chi, and C. Kloc, Chemistry of materials 18, 244
(2006).
[18] J. Takeya, M. Yamagishi, Y. Tominari, R. Hirahara,
Y. Nakazawa, T. Nishikawa, T. Kawase, T. Shimoda, and

S. Ogawa, Applied Physics Letters 90, 102120 (2007).
[19] P. Irkhin, A. Ryasnyanskiy, M. Koehler, and I. Biaggio,
Physical Review B 86, 085143 (2012).
[20] A. Molinari, I. Gutiérrez, I. N. Hulea, S. Russo, and A. F.
Morpurgo, Applied physics letters 90, 212103 (2007).
[21] Y. Wang, R. Kumashiro, R. Nouchi, N. Komatsu, and
K. Tanigaki, Journal of Applied Physics 105, 124912
(2009).
[22] D. Braga, N. Battaglini, A. Yassar, G. Horowitz,
M. Campione, A. Sassella, and A. Borghesi, Physical review B 77, 115205 (2008).
[23] H.-H. Fang, R. Ding, S.-Y. Lu, Y.-D. Yang, Q.-D. Chen,
J. Feng, Y.-Z. Huang, and H.-B. Sun, Laser & Photonics
Reviews 7, 281 (2013).
[24] S.-Y. Lu, H.-H. Fang, J. Feng, H. Xia, T.-Q. Zhang, Q.-D.
Chen, and H.-B. Sun, Journal of Lightwave Technology
32, 2415 (2014).
[25] H. Quan, Z. Guo, and S. Pau, in Nanosensing: Materials and Devices (International Society for Optics and
Photonics, 2004), vol. 5593, pp. 593–603.
[26] A. Boleininger, T. Lake, S. Hami, and C. Vallance, Sensors 10, 1765 (2010).
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