Developing flexible liquid crystal defect mode lasers
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ABSTRACT

The challenges associated with developing a flexible defect-mode liquid crystal (LC) laser are addressed in this paper.
To begin with, we discuss the process for creating a well-aligned photopolymerized film of chiral nematic LC using
various surface alignment layers such as polyvinyl alcohol, sulphonic azo-dye and rubbed polyimide. A single mode
flexible defect-mode laser is demonstrated with an excitation threshold fluence of 60uJ/cm?/pulse. In accordance with
previous studies, results from simulations based on the 4x4 Berreman model show that the wavelength and the number
of laser modes are determined by the thickness of the defect layer. The proposed flexible laser can be used to form lasers

that can be integrated into conformable platforms and that can be used to control the beam direction without the need for
additional optical components.
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1. INTRODUCTION
1.1 Defect-modes in chiral nematic LCs

It is well known that liquid crystals (LC) exhibit optical anisotropy and the most commonly studied LC phase is the
nematic phase. Figure 1(a) shows the optical indicatrix with refractive indices along the three principal axes relative to
the optic axis. When a nematic LC is doped with a chiral dopant, the molecules spontaneously self-organise to form a
helical structure, as shown in Figure 1(b). This is known as chiral nematic LC phase. The distance over which the
director rotates through an angle of 2x to form the helical structure is referred to as the pitch (p)*2.
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Figure 1: (a) The optical indicatrix with the corresponding refractive indices, (b) a chiral nematic LC, (c) an isotropic defect
layer in the helix, (d) a defect plane creating a pitch jump within the helix, and (€) a combination of ¢ & d.

The pitch is an important parameter in the chiral nematic LC phase since, along with the refractive indices, it determines
the wavelength and width of the photonic band gap (PBG). Depending upon the handedness of the chiral dopant, the
helical structure can be either left- or right-handed. When the chiral nematic LC is illuminated with circularly polarized
white light that matches the handedness of the helix and that is of the order of the pitch of the helix, the incident light is
reflected. This reflection band can be easily observed in the transmission spectrum as a dip in the spectrum is seen®*. The
short-wavelength and long-wavelength edges of the band-gap are defined by

As = Nop (1)
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and
AL=Nep (2)

respectively. Here p is the pitch of helix, n, and n. are the ordinary and extraordinary refractive indices of the LC,
respectively, As and A are the short and long-wavelength edges of the PBG, respectively. Equations 1 & 2 demonstrate
that the PBG can be positioned anywhere in the visible spectrum by changing either the birefringence or the pitch of the
helix. For a chiral nematic, the pitch can be adjusted by varying the concentration of the chiral dopant and obeys the
relationship

p=[cA* @)
where c is the concentration and HTP is the helical twisting power of the chiral dopant, respectively.

The self-organization of the periodic structure is a particularly attractive feature as it represents a facile means of
preparing a material with a PBG for visible light. This periodic structure can also act as a laser cavity>” when a gain
medium is added to the LC such as a laser dye®°. Laser emission in such structures can occur at the edges of the band-
gap when the fluorescence from the laser dye overlaps with one of the edges of the gap: as a result, these are known as
band-edge lasers®. While such lasers can be readily formed by mixing an LC host with a gain medium, the two have to
be compatible, which limits the choice of gain medium. For example, advanced functional materials such as quantum
dots'**3, nanocrystals'* and pervoskite®® tend to aggregate in LC hosts without adequate surface passivation. In addition,
when dye-doped CLCs are photo-polymerized to form solid thin films, the gain medium can photo-bleach which can
lead to a degradation in the laser emission performance such as an increase in the laser threshold¢-1°,

As an alternative, it is desirable to separate the gain medium from the CLC structure. This avoids the aggregation of the
material in the CLC and unwanted bleaching created when photo-polymerizing. Such an architecture is the defect-mode
structure in which the gain medium is sandwich between two identical CLC reflectors?-24,

1.2 Defect-mode structure

A defect structure is formed when a discontinuity is introduced into the CLC helix either by adding an isotropic layer, or
by introducing a pitch jump within the helix, or by a combination of the two*?5. This is shown in the Figure 1 (c) — (e). In
the current study, the defect structure is formed by inserting an isotropic layer between two identical CLC reflectors, as
shown in Figure 2(a). As the neat CLC exhibits a PBG, i.e., forbidden band for visible light, when the defect structure is
formed, this discontinuity in the CLC helix creates one or more localized leaky modes within the gap from where light
can escape. These leaky mode(s) are created by adding a defect in the helix and are therefore known as defect-modes?®-
28 When the defect layer is doped with an emissive material that exhibits photoluminescence (PL) emission so that the
spectrum overlaps with the leaky mode(s), laser emission can be observed. In this regard, the relative position of the
leaky modes in the gap to the PL spectrum of the gain medium is crucial for defect-mode laser emission, as shown in
Figure 2 (b).
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Figure 2: (a) The device architecture of a defect mode structure consists, and (b) the position of the defect mode in PBG
with respect to the photoluminescence spectrum of the gain medium.

1.3 Solution processed thin-film lasers

Over the past few decades, solution processed thin-film lasers have gained considerable attention due to their versatility
and ease-of-fabrication. Solution processing covers a wide range of techniques including spin coating, drop-casting, bar-



coating, dip-coating, spray-coating and screen printing. Unlike conventional inorganic semiconductor device processing,
solution processed devices are easy to fabricate and do not require stringent processing conditions. This reduces the
device cost and increases the throughput, which potentially enables large scale production using roll-to-roll methods?:3°,

Solution processed thin film lasers encompass a wide-range of materials, providing accessibility to wavelengths across
the visible and near-infrared electromagnetic spectrum. The use of facile and cost-effective fabrication techniques makes
them a potential candidate for a variety of applications including telecommunications, sensors, virtual and augmented
reality displays, and biomedical point-of-care devices. With the use of flexible substrates, it then becomes possible to
integrate these thin-film lasers into optical circuits and into technologies that can interact with the human body. Flexible
thin-film lasers can potentially also be used in microelectromechanical systems for optomechanical sensing as they can
exhibit tuning when they are deformed.

In the current study, a defect-mode structure is formed using photo-polymerized CLC films. This paper addresses the
challenges faced in developing a defect-mode laser based upon flexible substrates. The LC materials can form laser
cavities on the micron scale without the need for complicated fabrication processes. In this paper, we identify the
procedure required for fabricating these defect-mode LC lasers and consider the surface treatment, compatibility of
materials and the suitability of flexible substrates. Furthermore, results for single-mode and multi-mode laser emission
are demonstrated, and we discuss the experimental techniques employed to avoid the occurrence of the band-edge lasing
that might be encountered during the device formation. Lastly, results from simulations are used to demonstrate the
possibility of controlling the number and position of the modes in the defect-mode laser.

2. EXPERIMENTS, RESULTS & DISCUSSION
2.1 Device fabrication and characterization

Two photo-polymerizable chiral nematic LC mixtures, obtained from Merck, are used to create the thin film CLC layers.
The central wavelengths of the PBG for these mixtures are found to be ~425+10 nm and ~615+10 nm after photo-
polymerization, respectively. In this study, these are designated as Mixture | and Mixture I1, respectively. The uncured
mixture exhibits a clearing temperature of 79+1°C and is initially dissolved in toluene to lower its viscosity so that it can
be readily spin-coated onto a range of substrates.

Since the chiral LC mixtures exist in liquid form, there are therefore a number of methods that can be used to fabricate a
thin film. To begin with, the photo-polymerized chiral mixture is spin-coated onto a range of glass substrates that have
different alignment layers. Three different materials are tested as alignment layers: these are polyvinyl alcohol (PVA),
sulphonic azo-dye (SD1) and rubbed polyimide (PI).

A PVA solution is prepared in distilled water with 1% wt. concentration of PVA. The mixture is then stirred for 6 — 7
hours at 70 °C to form a homogeneous solution. The resultant mixture is poured onto filter paper to stain the undissolved
PVA and the filtered PVA solution is drop casted on a clean glass substrate using a pipette before being spin-coated at
1000 rpm for 60 sec. The substrate is then baked in an oven at 90°C for 30 minutes to evaporate any residual water
content. After this, the substrate is rubbed with a rubbing machine consisting of rotating a drum covered with clean
velvet cloth. The rubbing takes place in one direction for 3 — 5 times. Care is taken while rubbing the substrate along one
direction only. Rubbing the PVA-coated substrate promotes a planar alignment of the LC director at the substrate
interface. Once the substrate is ready, the photo-polymerized CLC Mixture | is drop-casted and spun-coated at 2000 rpm
for 30 sec. The substrate is then baked at 75°C for 60 sec in an oven and then photo-cured with UV radiation (365 nm) at
20+£5mW/cm? for 60 sec. The fabrication steps are illustrated in Figure 3.
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Figure 3: The experimental procedure for creating a PV A-treated substrate for the thin CLC film.



The sample is illuminated with unpolarized white light by placing it in an optical characterization setup as shown in
Figure 4. The setup includes a white light source that illuminates the LC sample before the emerging light is then
collected by a microscope objective and focused onto a fiber that is connected to an Ocean Optics USB 2000+
spectrometer. The transmission spectrum is recorded and shown in Figure 5(a). Even though the sample shows the
existence of a band-gap, the quality of the gap is not as expected. Furthermore, the film quality was also inspected on an
optical polarization microscope, as shown in Figure 5(b), which shows the appearance of defects and non-uniformity in
the alignment in accordance with the poor reflection quality of the film.

Reflection [%]

350 400 450 500

Wavelength, A [nm]
(a) (b)

Figure 5: (a) The transmission spectrum, and (b) optical polarization microscope image of a CLC film aligned on the PVA
treated substrate.

The second substrate was prepared using the azo-benzene sulphonic dye, commonly referred to as SD1, as an alignment
layer on the glass substrate. Initially, SD1 is dissolved into the solvent DMF (N,N-Dimethylformamide) at a 1 mg/ml
solution before being spin-coated onto glass at 2000 rpm for 20 seconds. Following this, the SD1-coated substrate was
annealed at 110 °C for 10 minutes. Once the SD1 layer was created on the glass substrate, the photo-polymerized CLC
Mixture | was spin-coated at 2000 rpm for 30 sec, baked at 40 °C for 50 minutes and then photo-cured using UV
radiation (365 nm) at a power density of 205 mW/cm? for 60 sec. The fabrication process is shown in Figure 6. The
CLC film was then placed on the optical setup as shown in Figure 4. The transmission spectrum that was recorded is
illustrated in Figure 7(a), this again forms a CLC film with a poor reflection spectrum, indicating a non-uniform
alignment of the helical structure. The film quality was studied on an optical polarization microscope as shown in Figure

7(b). Again, defects appear and the film is non-uniform as expected from the transmission spectrum.
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Figure 6: The fabrication steps used in this study to create an SD1-treated substrate and the preparation of the CLC film.
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Figure 7: (a) The transmission spectrum, and (b) optical polarization microscope image of a CLC film created on the SD1
treated substrate.

The third type of substrate considered in this study was prepared using a commercially available planar-aligned cell that
consisted of rubbed polyimide (PI) as an alignment layer. The glass substrates of the cell were separated to yield two
identical glass substrates with Pl layers. The photo-polymerized CLC Mixture | was then spin-coated at 2000 rpm for 30
sec, baked at 40 °C for 50 minutes and photo-cured with UV radiation at a wavelength of 365 nm at a power density of
20+5 mW/cm? for 60 sec. The fabrication steps are illustrated in Figure 8. The resultant CLC film was then illuminated
with white light using the optical setup shown in Figure 4. The transmission spectrum also shows a low reflection quality
as shown in Figure 9(a). Again, the film consists of several defects and non-uniformities as seen when the sample is
observed on an optical polarization microscope, as shown in Figure 9(b).
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Figure 8: The experimental steps for creating a thin film of CLC on a Pl-treated commercial planar substrate.
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Figure 9: (a) The transmission spectrum, and (b) optical polarization microscope image of a CLC film created on the PI
treated commercial substrate.

In the last type consisted, a commercially available 5um planar cell was used. The cell consists of the rubbed PI layer as
an alignment layer. The empty cell was heated to 80 °C, which is above the clearing temperature of the chiral mixture.



Mixture Il was used to create a photo-polymerized CLC film. The toluene solvent, in which the CLC was dispersed, was
first evaporated by stirring the mixture at room temperature (T = 25 °C) for 40 hours at 200 rpm and then the photo-
polymerized chiral mixture was injected into the cell. Due to heating, the mixture becomes less viscous and fills the cell
via capillary action. Once filled, the cell was cooled down to room temperature. The cell was left on a flat surface in dark
conditions for 48 hours and then inspected on an optical microscope with a long pass filter to block UV wavelengths and
prevent unwanted polymerization. After confirming that the sample consisted of a low number of disclination lines, the
cell was photocured on one side using UV (365 nm) radiation with a power density of 40+5 mW/cm? for 15 secs. After
photo-polymerization, the cell was delaminated and the superstrate was removed; this exposed the photo-polymerized
CLC thin film.

After removal from the glass cell, the photo-polymerized CLC film had to be transferred to a flexible substrate. To
achieve this, the CLC film and underlying glass substrate was immersed into either acetone or isopropyl alcohol (IPA) to
release the CLC film from the glass substrate. When the CLC film was immersed in acetone, it was found that it started
to damage the film within a few minutes. However, IPA did not show any negative effect on the film even after 48 hours.
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Figure 10. Fabrication steps for creating the flexible defect-mode laser with no barrier layer.

A transparent flexible pressure sensitive adhesive substrate was then applied to the exposed CLC/glass substrate stack
and the flexible substrate was gently rubbed in one direction. The flexible substrate was slowly peeled-off from the glass
substrate which transferred the photo-polymerized CLC to the flexible substrate. The complete fabrication process is
shown in Figure 10. After transferring the CLC film onto the flexible substrate, the defect layer consisting of the gain
medium was spin-coated at 4000 rpm for 30 secs. The gain medium comprises 1 wt. % of laser dye, PM597, dispersed in
Polymethyl methacrylate (PMMA) and anisole. The CLC and gain medium stack was then heated to 40 °C for 50
minutes so as to evaporate the anisole. Finally, a second, identical CLC film attached to a flexible substrate was applied
on top of the gain medium layer to form a defect structure comprising a flexible substrate/CLC/gain medium
layer/CLC/flexible substrate, as shown in Figure 10.
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Figure 11: (a) The transmission spectrum, and (b) optical polarization microscope image of a CLC film created on the
commercial planar cell.
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The film quality and the reflection band was then again studied. The optical polarization microscope images (Figure
11(a)) reveals that the CLC film has a uniform area with few disclination lines. This is expected from a well-aligned
uniform standing helix configuration. Furthermore, the transmission spectrum of the film was studied using the optical
setup and the result is presented in Figure 11(b). The transmission spectrum suggests that the CLC film created with this
method forms a much more uniform standing helix configuration with the helix axis normal to the substrate. The
reflection band is found to be centered at 585 nm, which is slightly blue-shifted from the expected value and is likely due
to the contraction of the film as a result of the evaporation of the host material in which the PMMA was dissolved.
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Figure 12: The free space optical setup for optically exciting the samples using a nanosecond Nd:YAG (532 nm) pump
laser.

The complete device stack was optically pumped with a nanosecond pulsed Nd:YAG laser epitting at the second
harmonic of 532 nm. The free space optical setup is shown in Figure 12. The microscope objective ensures that the
highly divergent laser emission is captured from the sample and is directed to the optical fiber that is connected to the
spectrometer. The long-pass filter between the entrance of the optical fiber and the microscope objective cuts out the
pump laser to avoid saturation of the spectrometer. When the CLC stack is optically pumped, multimode laser emission
is observed, as shown in Figure 13. This is because laser emission occurs both within the band-gap as well as at the
edges of the gap. Band-edge laser emission can result due to the penetration of a small concentration of the laser dye into
the bare CLC reflectors. Laser emission that occurs within the band-gap, however, is due to the defect-mode structure.
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Figure 13: Band-edge and defect-mode laser emission from the flexible, but unprotected CLC film.

Band-edge laser emission in this case is undesirable and in order to avoid the emission at the edges, a barrier layer is
needed to protect the CLC film. This barrier layer can prevent the dye from penetrating into the CLC polymer network.
A solution of PMMA/anisole was used as a barrier layer. The solution was spin-coated onto the neat CLC film attached
to the flexible substrate at 4000 rpm for 30 sec. The sample was then heated to 40 °C for 50 minutes to evaporate the
solvent and to form a solid layer of PMMA. This barrier layer of neat PMMA was employed to stop the dye from
penetrating into the CLC film when the dye-doped PMMA solution was deposited. After adding the gain medium,
defect-mode layer onto the barrier layer, a second CLC/PMMA film on a flexible substrate was then attached on the top
of the gain medium layer thereby forming a complete stack of flexible substrate / CLC / PMMA / PMMA+dye / PMMA
/ CLC/ flexible substrate. The fabrication steps are illustrated in Figure 14.

Once the complete device stack had been fabricated, it was optically excited with the Nd:YAG laser (532nm). The
emission spectrum is presented in Figure 15. In this case, the device shows no laser emission at the edges of the band-
gap, suggesting that the barrier layer has protected the CLC films from the gain medium layer. The laser exhibits single
mode emission that is centered at Ac = 578.5 nm.



The position of the laser mode is important and is dependent on the physical parameters such as thickness and refractive
index of the defect layer. The spin coating parameters used to create the defect layer of 670+10 nm thick layer. This
includes 18045 nm for each of the barrier layers and 310+5 nm for defect layer which includes the dye.
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Figure 14: Fabrication steps for creating a flexible defect-mode laser with a barrier layer (i) injecting photo-polymerized
CLC mixture into a LC cell with planar alignment, (ii) photo-polymerizing the CLC mixture using UV (365nm) light to
create a thin film, (iii) delaminating the top substrate to expose the CLC film, (iv) apply the flexible substrate onto the CLC
and carefully transferring the CLC film, (v) spin-coat PMMA/anisole mixture to create a barrier layer, (vi) evaporation of
anisole, (vii) spin-coat the dye-doped PMMA/anisole solution, (viii) evaporation of anisole, (ix) cutting stack into two (x)
combining the two stacks and (xi) the complete device stack.
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Figure 15: The single mode lasing emission from thin film flexible laser with the barrier layer.



The threshold fluence was determined by varying the pump energy and the corresponding LC laser intensity was then
recorded. The variation in pump energy with respect to the output laser intensity is plotted in Figure 16. The laser
threshold is taken to be the point where the slope of the input-output characteristics changes abruptly. In this case, the
laser threshold is recorded to be 60 pJ/cm?/pulse, which is lower than previously reported LC band-edge or defect-mode
lasers®=7. In general, the defect-mode configuration exhibits lower threshold fluence compared to the band edge
configuration due to the larger density of states located at the defect-mode®. It is believed that the lower threshold in the
proposed device is a result of the high quantum efficiency (>70%) of the PM579 laser dye®. Furthermore, we recently
demonstrated a flexible defect-mode laser with an excitation fluence of 12.3 uJ/cm?/pulse®. However, for the device
presented in this paper the slight increase in the threshold fluence is considered to be the result of lower quality film
formation, which leads to nonuniform interfaces that give rise to light scattering and therefore greater cavity losses.
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Figure 16: The laser intensity as a function of excitation fluence to determine the threshold of the flexible laser.

By varying the processing parameters, a thicker defect layer was also deposited, which could, in principle, support
multimode laser emission. This is shown in Figure 17 consisting of laser emission at two different wavelengths i.e., 575
nm and 586 nm. The presence of multimodes in a defect-mode structure is also demonstrated using 4x4 Berreman
simulations in the next section.
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Figure 17: The multimode lasing emission from the thick defect layer structure.
2.2 4x4 Berreman model simulation

The number of laser modes and their corresponding wavelength within the band-gap depends on the thickness and
refractive index of the defect layer. A thick layer can support multimodes within the gap; however, a thin defect-mode
layer can support at least a single mode. 4x4 Berreman simulations were performed with the same device parameters
used in the experiment. In the simulations, defect layer parameters such as thickness and refractive index were set to 670



nm and 1.50, respectively. On the other hand, each CLC film had a thickness of 5026 nm, pitch 359 nm and n, = 1.56
and ne = 1.67. The transmission spectrum from the simulation is shown in Figure 18. The result suggests that the

position of the laser mode corresponds to the single mode laser emission as seen in Figure 15. This also confirms that the
laser is a result of the defect-mode structure.
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Figure 18: Simulations of the transmission spectrum using the 4x4 Berreman model, which shows a single mode in the gap.

Since the position of the laser emission in the defect-mode is sensitive to the thickness of the defect-layer, simulations
were run to demonstrate the variation in the wavelength of the mode, and this is illustrated in Figure 19. Figure 19 (a) -
19 (c) represents when the defect thickness is varied up to a few hundreds of nanometers: in this case it produces a single

mode with a wavelength that changes with the defect thickness. These simulations were run for a thickness of CLC layer
equal to 5376 nm, pitch = 384, n, = 1.56 and n. = 1.67.
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Figure 19: (a —c) The variation in the wavelength of the single mode in the defect mode structure when the thickness of the

defect layer is changed, and (d — ) the appearance of multiple modes in the band-gap when the thick defect layer is
increased.



When the defect thickness was set to 57 nm, a resonant mode is seen at 608 nm, as shown in Figure 19 (a). However,
with a small variation in the thickness of the defect layer i.e., from 57 nm to 135 nm, this single mode is found to red-
shift to 641 nm as shown in Figure 19 (c). A contour plot in Figure 20 (a) highlights the variation in the wavelength of a
single mode within the band-gap when the thickness of the defect layer was increased from 10 nm to 200 nm.

Multiple resonant modes can also be observed when the thickness of the defect layer is further increased. Figure 19 (d) —
19 (f) illustrates results from 4x4 Berreman simulations showing the presence of multimodes in the defect-mode
structure. Figure 19 (d) shows two modes centered at 610 nm and 639 nm when the thickness of the defect layer is set to
3000 nm. Three resonant modes appear (600 nm, 624 nm and 650 nm) when the thickness is increased to 3500 nm as
shown in Figure 19 (e). Further increasing the thickness of the defect layer up to 10,000 nm adds yet more, as illustrated
in Figure 19 (f).

Figure 20 (b) is a contour plot that shows the variation in the number of modes in the defect-mode structure when the
thickness of the defect layer is changed from 1000 nm to 20,000 nm while keeping other parameters such as the
refractive index of the defect layer unchanged.
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Figure 20: Contour plot shows (a) the variation in the wavelength of the single when the defect layer is varied between 10
nm to 200 nm, and (b) appearance of multimodes within the band-gap by for relatively thick defect layers from 1000nm to
20,000 nm.

3. CONCLUSION

A flexible defect-mode thin-film laser is demonstrated. Results are presented that highlight the challenges in fabricating
a flexible defect-modes laser, such as the effect of different types of alignment layer on the formation of the photo-
polymerized CLC layers. The experimental procedure employed to minimize the penetration of the gain medium into the
polymerized CLC is also discussed. Both single mode and multimode laser emission are demonstrated with the flexible
defect-mode laser. The laser threshold from the single mode flexible laser in this study is determined to be 60
ul/cm?/pulse. The experimental results are supported with simulations using the 4x4 Berreman model, which shows that
the number modes in the defect-mode structure is controlled by changing the defect layer thickness. The simulation
models are also presented for the experimentally realized device that supports single as well as multimodes. In
conclusion, a simple and cost-effective solution processing approach is proposed to create a flexible defect-mode. Due to
the mechanical flexibility of the laser, the demonstrated device can could potentially be integrated into wearable and
conformable technologies.
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