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Ferroelectric Liquid Crystal Based Tunable
Microspectrometer

John W. McMurdy
Gregory P. Crawford
Division of Engineering, Box D, Brown University, Providence, RI, USA

Gregory D. Jay
Department of Emergency Medicine, Rhode Island Hospital, Providence,
RI, USA

A notch filter with minimum reflection bandwidth <20 nm and thermally tunable
throughout the visible regime is fabricated using vertically aligned deformed helix
ferroelectric liquid crystals. The performance of this filter is characterized both
experimentally and theoretically as a tunable Bragg reflection grating. The utility
of the filter as a microspectrometer is assessed by recreating the emission spectra of
a mercury arc lamp and a liquid crystal display. The recorded performance of the
microspectrometer lends it to applications using lower resolution spectral analysis
and requiring compact and inexpensive devices such as rapid on-line screening or
as disposable sensors.

Keywords: ferroelectric liquid crystals; notch filter; spectroscopy; tunable photonic
crystal

1. OBJECTIVE AND BACKGROUND

Applications utilizing visible regime spectroscopy include chemical
analysis, structural evaluation, optical quality analyses, and tissue
characterization. Conventional spectrometers require a system of
lenses and moving parts or high-density focal plane arrays (FPA) for
spectral decomposition, translating directly into larger and more
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costly instrumentation. Although micromachining techniques have
reduced the size and cost of these devices, including compact fiber
based spectrometers, they remain inhibitive in certain applications
including rapid screening and quality control testing, disposable spec-
trometers for chemical analysis, or in compact biomedical sensors.
Single chip microspectrometers having few components and no mov-
ing parts overcome limitations of grating=FPA spectrometers or scan-
ning grating spectrometers, namely size and cost. Several efforts to
fabricate such a device have been disclosed. Correia et al. has exam-
ined using an array of 16 fabry-perot etalons with varying cavity
lengths coupled with CMOS detectors as a static microchip device
[1]. While this device is easy to manufacture and customizable to suit
application needs, it is limited to static notch filters detecting 16 dis-
crete points and interpolating spectral signatures. Lammel et al. has
fabricated a tunable optical filter based on a silicon Bragg grating
and a micro-actuator modulate the angle of the Bragg grating,
achieving a resolution of 20 nm [2]. A spectrally sensitive monolithic
device has also been proposed by creating a spatial interference pat-
tern on an FPA and then Fourier transforming (FT) the signal recre-
ates the incident spectrum [3]. This embodiment is attractive for its
simple and passive design, although the resolution is directly corre-
lated the interferogram monitoring FPA pixel density. Numerous
other similar approaches have been made at microspectrometers
based on FT techniques [4–6]. Other more traditional miniature
monolithic devices have also been evaluated using phase trans-
mission gratings coupled with an FPA [7] as well as alternative meth-
ods of manufacturing self focusing micro-gratings using deep etching
x-ray lithography [8].

Liquid crystal (LC) materials are an interesting choice for micro-
spectrometer applications due to their optical anisotropy and respon-
sivity to both applied fields and thermal energy. Liquid crystal
materials aligned in different morphologies enable devices with an
optical reflection notch which may be tuned or deactivated with
applied voltage, two of which include holographically formed polymer
dispersed liquid crystals (H-PDLC’s) or cholesteric liquid crystals
(CLC’s). CLC materials have been utilized in reflective display appli-
cations in a notch activated=deactivate fashion [9] as well as other
applications in which the peak reflection wavelength may be tuned
using in-plane electrodes; [10] however the wide bandwidth of the
reflection notch (FWHM � 70 nm) coupled with the polarization sensi-
tivity in reflection (reflects only one circular polarization state) make
these materials less than ideal for microspectrometer applications.
H-PDLC’s, which have also been explored as reflective displays [11]
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and as color separation devices [12], have the advantage of a narrow
bandgap in the transmission spectra (FWHM � 15 nm) making the
technology more applicable for a microspectrometer application, how-
ever, these devices have only shown a tunability of 15 nm in a single
panel and concomitantly require multiple panels to achieve full visible
spectral coverage. We propose the use of vertically aligned deformed
helix ferroelectric liquid crystals (VA-DHFLC), a technology coupling
the full spectrum tunability of a cholesteric liquid crystal with the nar-
row bandgap reflection notch (<20 nm) and relative polarization
insensitivity of an H-PDLC Bragg reflection grating.

The intrinsic properties of DHFLC’s have been exploited in numer-
ous other applications, the majority of which use electric fields to drive
the ferroelectric liquid crystal (FLC) alignment to one side of the conic
structure. VA-DHFLC materials have been implemented in a wave-
plate configuration such that the waveplate axis is manipulated using
circularly patterned in-plane electrodes to modulate FLC alignment
[13]. VA-DHFLC’s also have been shown to function as intrinsic and
tunable feedback mechanism in a laser cavity and, when doped with
fluorescent dyes, enable mirrorless lasing [14]. DHFLC’s act as rapid
cavity resonance modulators in fabry-perot etalons, enabling rapid
tuning of etalon transmission properties [15] while similar properties
have been applied in dynamic FLC holograms in WDM optical net-
works [16]. The literature also shows numerous configurations of
DHFLCs being used in liquid crystal display technology. One novel
method uses a VA-DHFLC sandwiched between a single linear polar-
izer and k=2 waveplate=metallic reflector stack [17]. In-plane electro-
des generate an electric field that is sufficiently strong to remove
the DHFLC pitch and force the initially average isotropic cell to
become anisotropic and modulate pixel output. Short pitch FLC’s as
well have shown promise in a polymer dispersed configuration,
denoted polymer dispersed ferroelectric liquid crystals (PDFLC’s), cre-
ating a bandgap structure analogous to an H-PDLC [18,19]. The per-
manent dipole of the FLC material in the PDFLC overcomes slow
switching times inherent in more conventional polymer dispersed
liquid crystal devices; however the tunability is still small and limited
by the finite birefringence values is not suitable for monolithic micro-
spectrometers. Using a single panel VA-DHFLC cell as a microspect-
rometer is a new concept and well suited due the optical and
electrical properties of these materials. A VA-DHFLC microspectrom-
eter has no moving components, actively scans spectral features
using applied fields or temperature, and requires only a single pixel
photodiode, making it ultra-compact, inexpensive, and easy to
manufacture.

Ferroelectric Liquid Crystal Microspectrometer 63=[309]
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2. THEORY OF OPERATION

A DHFLC aligned vertically between two substrates can be treated as
grating structure and the grating characterization parameter, Q,
given in equation (1) can be used to describe it where k is the wave-
length of incident light, d is the grating thickness, and K is the grating
pitch.

Q ¼ 2p
kd

nK2
ð1Þ

For cases when Q << 1, the cell behaves in the Raman Nath regime;
however in the case of short pitch FLC materials, K is on the order
of k and thus Q >> 1 causing the grating to behave in the Bragg
regime. In the vertically aligned condition, the Bragg planes will be
mostly perpendicular to the substrate normal and operate in a coher-
ent reflection mode dependent on index profile. This configuration is
shown in Figure 1. In the case of the vertically aligned condition,
the index profile of a VA-DHFLC cell for every incident polarization
state as a function of the depth z and the incidence angle can be repre-
sented by the equation:

nðz; hincÞ ¼ navgðhincÞ þ nmðhincÞ cosðKðhincÞzÞ ð2Þ

FIGURE 1 Configuration of a vertically aligned deformed helix ferroelectric
liquid crystal cell operating in the reflective mode.

64=[310] J. W. McMurdy et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

59
 0

9 
A

ug
us

t 2
01

2 



where navg is the average index as a function of hinc, the angle between
the FLC helical director and the incident wavevector, nm is the index
modulation as a function of hinc, and K ¼ 2p=K is also a function of hinc.
Using the standard equation describing the average index in a liquid
crystal

1

n2
avg

¼ cos2ðhtiltÞ
n2

0

þ sin2ðhtiltÞ
n2

e

ð3Þ

where htilt is the tilt angle of the liquid crystal molecule, n0 is the ordi-
nary index and ne is the extraordinary index, the VA-DHFLC spectral
performance can be modeled. Manipulating equation (3) for a FLC con-
figuration, the effective birefringence Dneff experienced by each
polarization state propagating through the VA-DHFLC cell can be
written as a function of the DHFLC tilt angle, htilt, angle of incidence
between helical director and incident wavevector (in the liquid crys-
tal), hinc, and ordinary and extraordinary index of the FLC material,
n0 and ne.

Dneff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
cos2ðhtiltþhincÞ

n2
o

� �
þ sin2ðhtiltþhincÞ

n2
e

� �
vuut � no; hinc < htilt

Dneff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
cos2ðhtiltþhincÞ

n2
o

� �
þ sin2ðhtiltþhincÞ

n2
e

� �
vuut

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
cos2ðhtilt�hincÞ

n2
o

� �
þ sin2ðhtilt�hincÞ

n2
e

� �
vuut ; hinc > htilt

ð4Þ

Plotting Eq. (4) as a function of incidence angle for several FLC tilt
angles, the effective birefringence value is maximized at hinc ¼ 45�

when hinc < htilt. The effective birefringence achieves its maximum
value (Dneff ¼ Dnflc) at htilt ¼ 45� and hinc ¼ 45�. The effective birefrin-
gence maximum is maintained htilt > 45� by decreasing the incidence
angle. Minimum effective birefringence is seen at normal incidence
(of all feasible hinc < 80�) because the effective birefringence is much
lower than that of the liquid crystal molecule (Dneff << Dnflc).
Figure 2 shows the modeled normalized effective birefringence as a
function of htilt and hinc as described by Eq. (4).

The reflection efficiency, e, is determined by treating the VA-
DHFLC cell as a volume phase grating and using a simplified version
of the phase grating reflection efficiency equation as is shown in
Eq. (5) [20].

Ferroelectric Liquid Crystal Microspectrometer 65=[311]
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eðhincÞ ¼ tanh2 pDneff ðhincÞd
2k0

� �
ð5Þ

where d is the cell thickness and k0 is the reflected peak center
wavelength. It is noted that the reflection efficiency variation with
reflection notch wavelength is considered purely as a function of the
number of Bragg planes while dispersion and birefringence modu-
lation with decreasing order parameter are excluded in this equation.
For a microspectrometer, the bandwidth of the reflection notch should
be minimized while maximizing the reflection notch depth. The band-
width of the cell, given in Eq. (6) from that of a Bragg reflection grat-
ing, shows that a while increasing the effective birefringence increases
the peak reflectance, it also increases the reflectance bandwidth.

DkreflðhincÞ ¼ k0Dneff ðhincÞ ð6Þ

The trade off between peak reflectance and reflection bandwidth is
important when designing a DHFLC cell as a microspectrometer.
Equations (4–6) and the material properties of the ferroelectric liquid
crystal can be used to model the reflection spectra of a VA-DHFLC as a
function of peak reflection wavelength and device orientation as is pre-
sented in Section 4.

3. METHODS

3.1. DHFLC Cell Fabrication

Cells were constructed for temperature regulated pitch modulation.
Thermally tunable VA-DHFLC samples were prepared using Nissan
SE-120 polyimide (Brewer Science Ltd) spin-coated on glass sub-
strates. The polyimide was chosen because it promoted homeotropic
alignment of liquid crystals. The polyimide layer was first spin-coated
at 3000 rpm for 30 seconds to achieve a layers thickness of �200 nm.
Following the spin-coating, the polyimide was processed by heating on
a hotplate at 100�C for 10 minutes to remove the solvent followed by an
imidization in an oven at 180�C for 90 minutes. Empty cells were con-
structed using two pieces of the polyimide coated glass having a con-
stant cell gap of 10 mm maintained by glass fiber spacers. The larger
cell gap and consequent improved reflection efficiency is enabled by
operating the device in the thermal mode. Commercially available
deformed helix ferroelectric liquid crystal material (ROLIC 10855,
Rolic Research, Allschwil, Switzerland) with a pitch length <200 nm
at room temperature, a spontaneous polarization (Ps) of 98 nC=cm2,

66=[312] J. W. McMurdy et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

59
 0

9 
A

ug
us

t 2
01

2 



a tilt angle (htilt) of 38�, a birefringence (Dnflc) of 0.07 at 550 nm,
and phase sequence of Smectic C�=FLC < 83�C < Nematic� < 93�C <
Isotropic. The DHFLC was capillary filled into the empty cell under
a vacuum in the isotropic phase and cooled to room temperature under
ambient conditions. The cell was then sealed with UV epoxy and cured
to maintain stability. Electrically tunable cells can be fabricated
similarly to thermally tunable cells except one substrate is coated
with indium-tin-oxide (ITO) prior to coating with polyimide varnish.
While this configuration is capable of tuning the spectral reflection
of a VA-DHFLC using applied field, thermal modulation will be
addressed here while in-plane electrode driving will be reported in a
future disclosure.

3.2. VA-DHFLC Properties

Thermal tuning was performed using a contact resistive heating stage
with a 0.5�C resolution (Instec, Boulder, CO). To investigate reflection
notch characteristics when operating in thermal mode, the DHFLC cell
was mounted on the heating stage and illuminated with a broadband
white light halogen source. Reflection spectra from the VA-DHFLC
were collected using a visible=near infrared grating spectrometer
(USB2000, Ocean Optics, Dunedin, FL) with 4 nm resolution and oper-
ating range from 330 nm to 1030 nm. The cell was tuned from 50–83�C
to fully examine the dynamic range of the sample before crossing the
FLC-Nematic� phase transition point and disrupting the helical con-
figuration. The cell was oriented at an incidence angle in air, hair, of
45� with respect to the collimated halogen source to demonstrate the
full visible=NIR spectral range of tunability. The experimentally
determined reflection characteristics are then compared to the results
of the model in Section 2 treating the VA-DHFLC as a Bragg reflection
grating with angular-dependent birefringence and subsequent peak
reflection and bandwidth. Using the FLC material with birefringence
Dn ¼ 0.07, tilt angle htilt ¼ 38�, and orienting with hair ¼ 45�

(hinc ¼ 28.1� as a result of refraction at substrates), Eq. (4) is used to
derive the index modulation in the Bragg grating. The index modu-
lation is then used in Eqs. (5) and (6) to determine maximum reflectiv-
ity and bandwidth. Several Gaussian reflection spectra with central
reflection wavelength corresponding to experimentally recorded data
were plotted using model-determined parameters. The modeled data
was also plotted with orientation hair ¼ 10� (hinc ¼ 6.8�) to highlight
the angular dependent resolution of these samples.

The angular sensitivity was verified by monitoring the trans-
mission of the VA-DHFLC cell as a function of the incidence angle

Ferroelectric Liquid Crystal Microspectrometer 67=[313]
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again using a grating spectrometer and collimated broadband source.
The VA-DHFLC cell was placed on a rotational heating stage and
heated to 65�C inducing a reflection notch at 550 nm. Transmission
spectra were analyzed in this case to eliminate small variability in
alignment while adjusting setup for different geometrical configur-
ation. Transmission spectra were monitored as a function of hair from
10� to 50� (hinc from 6.8� and 30.7�); below hair ¼ 10� the effective
birefringence was sufficiently small causing minimal Bragg reflection
and above hair ¼ 50� the overall transmission signal was weak due to
the reduced size of the VA-DHFLC clear aperture and initial wave-
guide losses in transmission mode.

Lastly, the polarization sensitivity of the DHFLC cell was charac-
terized by monitoring the reflected intensity for both right and left
handed circularly polarized light from a 532 Argon Ion Laser
(Coherent, Santa Clara, CA). The cell was thermally tuned to a cen-
ter reflection maximum of 532 nm (to correspond to the laser emission
maxima) and a fiber spectrometer was used to measure the reflected
emission intensity while rotating a 532 nm quarter waveplate by 90�.

3.3. Performance Characterization

The performance of a VA-DHFLC microspectrometer is assessed theo-
retically and experimentally. As reference emission standards, a liquid
crystal display (LCD) and a mercury arc lamp were interrogated using

FIGURE 2 Modeled determined effective birefringence as a function of the
tilt angle htilt of the ferroelectric liquid crystal and the angle of incidence hinc

with respect to the normal.

68=[314] J. W. McMurdy et al.
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the microspectrometer device. The emission of both standards was
first measured using the same grating spectrometer as above. Using
these spectra, modeled reflection spectra of a VA-DHFLC device as
determined using the method in section 2 with hair ¼ 25� were applied
as weighting factors and then signals summed to simulate the incident
power on a single pixel diode and emulate microspectrometer perform-
ance. The modeled microspectrometer performance was broken down
into 350 discrete VA-DHFLC reflection notches ranging from 400 nm
to 750 nm and the summed intensity from each notch was then recom-
bined with its central wavelength to recreate the spectrum. To verify
microspectrometer performance experimentally, the emission stan-
dards were focused onto a single pixel photodiode (Melles-Griot,
Rochester, NY) using a high clear aperture lens after reflecting from
the VA-DHFLC sample at an incidence angle hair ¼ 25� (hinc ¼ 16.3�).
The incidence angle was chosen at an angle to compromise high signal
to noise with angular resolution dependence. The VA-DHFLC was
thermally tuned from 50–83�C to cover the full visible regime at a rate
of 3�C=min.

4. RESULTS

4.1. VA-DHFLC Properties

Reflection spectra of the VA-DHFLC as a function of temperature are
shown in Figure 3(a). The reflection notch shifts from the UV regime
(at room temperature) continuously through the short and long
wavelength visible regime. Figure 3(b) shows the peak reflection

FIGURE 3 Reflection spectra of a 10 mm VA-DHFLC as a function of tempera-
ture (a) and the peak reflectance wavelength as a function of temperature (b).

Ferroelectric Liquid Crystal Microspectrometer 69=[315]
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wavelength as a function of temperature for the VA-DHFLC cell,
closely following the quadratic correlation shown. In the short wave-
length visible spectrum (peak at 420 nm), the VA-DHFLC shows a
peak reflectivity of 75% for unpolarized light. Shifting to the long
wavelength visible regime, the peak reflectivity decreases to 50%
(peak at 710 nm) as a result of the decreased number of Bragg planes
for longer wavelength light before losing all selective reflectivity
beyond the nematic� phase transition temperature at 83�C. Reflectiv-
ity and thus sensitivity is maximized in the high incidence angle
(hair ¼ 45�) alignment. In this configuration, the FWHM in short wave-
length visible regime is �25 nm and broadens to �45 nm in the long
wavelength visible regime. The shift in reflection characteristics as a
function of peak reflection wavelength is in agreement with the mod-
eled reflection spectra as are shown in Figure 4(a). The tunable Bragg
grating model shows a similar decrease in reflection efficiency and
increase in bandwidth with increasing k0. The modeled results have
a peak reflectivity of 94% and FWHM of 35 nm at the short wave-
length visible peak (420 nm) and a peak reflectivity of 73% and
FWHM of 60 nm at the long wavelength visible peak (710 nm) using
an index modulation of 0.058 estimated using Eq. (4) with hair ¼ 45�

(hinc ¼ 28.1�), htilt ¼ 38�, and cell thickness, d, of 10 mm. The increased
peak reflectivity and increased bandwidth for the modeled system
compared to the experimental system can likely be attributed to the
model assumption of perfect alignment of the Bragg planes along
the incidence wavevector. Alignment imperfection decreases the total
index modulation experienced and has the effect of lowering the peak
reflectivity as well as the bandwidth, as is the case here. Figure 4(b) is

FIGURE 4 Modeled reflection spectra of a VA-DHFLC at 45 degree incidence
(a) and 5 degree incidence (b).

70=[316] J. W. McMurdy et al.
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the modeled reflection notch characteristics with an incidence angle
hair ¼ 10�, a significant improvement in notch bandwidth and result-
ant resolution as compared to the modeled reflection notch character-
istics with incidence angle hair ¼ 45� as shown in Figure 4(a). At
hair ¼ 10�, the FWHM ¼ 18 nm at a short wavelength visible peak
(420 nm) and FWHM ¼ 30 nm at a long wavelength visible peak
(710 nm) with a calculated index modulation of 0.036.

As shown in Figure 4, the incidence angle is of particular impor-
tance in designing the microspectrometer as the resolution and sensi-
tivity are directly correlated to the index modulation and thus the
operating incidence angle. Figure 5 shows the experimentally mea-
sured VA-DHFLC transmission spectra as a function of incidence
angle in air. At a low incidence angle hair ¼ 10� (hinc ¼ 6.8�), the FWHM
is 14 nm. As the incidence angle is increased to hair ¼ 50� (hinc ¼ 28.1�),
the reflection bandwidth increases to 35 nm as a result of increased
index modulation. The slight drop in reflection intensity from
hair ¼ 45� to hair ¼ 50� is likely the result of initial waveguide losses
in substrates as the continued broadening transmission notch sug-
gests the effective birefringence is continuing to increase as the model
predicts.

Figure 6 shows the reflected intensity for right handed and left
handed circularly polarized light (the two spectra are offset for clar-
ity). The variation in the peak reflected laser intensity is 1.3%
between the two orthogonal polarization states, showing that the
VA-DHFLC is mostly polarization insensitive more analogous to an

FIGURE 5 Variation of bandwidth and efficiency of transmission spectra as a
function of incidence angle.

Ferroelectric Liquid Crystal Microspectrometer 71=[317]
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H-PDLC as opposed to a CLC. This allows a microspectrometer based
on this technology to be inherently more simple and sensitive by not
requiring one filter for each circular polarization.

4.2. Spectrometer Performance

The emission spectra of an the mercury arc lamp as measured by a
grating spectrometer and as determined both theoretically and exper-
imentally using a VA-DHFLC microspectrometer are shown in
Figure (7) while the same is shown for an LCD in Figure (8). Although
the loss in resolution is present from a commercial fiber based spec-
trometer to the LC system, analogous spectral features between data
are clearly observable. The modeled spectral signatures are in good
agreement with experimentally determined signatures, although
particularly in the case of the mercury lamp, the experimentally mea-
sured signature has improved resolution. The peak in the mercury
spectrum at 436 nm has an experimentally determined FWHM of
15 nm using the VA-DHFLC operating at hair ¼ 25� and a model
determined FWHM of 23 nm with the same parameters. This is a
result of the discrepancy in ideal modeled effective birefringence as
opposed to actual effective birefringence narrowing the peak linewidth
and thus features linewidth as explained previously. Both experi-
mental and theoretical spectra demonstrate this device is capable of
resolving the doublet in the mercury spectra at 546 nm and 579 nm.
The recreated LCD emission spectra show that the VA-DHFLC device

FIGURE 6 Reflection intensity of a 532 nm Argon-ion laser with left-hand
and right-hand circular polarization (Offset for clarity).
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FIGURE 8 Emission spectrum of green pixels of an LCD measured using a
grating spectrometer (a), modeled VA-DHFLC performance (b), and fabricated
VA-DHFLC (c).

FIGURE 7 Emission spectrum of a mercury lamp measured using a grating
spectrometer (a), modeled VA-DHFLC performance (b), and fabricated
VA-DHFLC (c).
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is also suitable in monitoring broadband spectral lineshapes as
opposed to narrow emission lines, as is the case in several spectroscopy
applications.

5. DISCUSSION

As shown in Figure 3, the thermally tuned VA-DHFLC device with
this FLC material has a dynamic range of 450 nm to 750 nm. The
upper threshold is defined for thermally tuned devices by the FLC-
nematic� phase transition point after which the FLC no longer main-
tains is helical structure. The dynamic range of a thermally tunable
cell can be shifted to longer wavelengths and near-infrared by inte-
grating an FLC material with a longer resting (room temperature)
helical pitch such that the window of tunable reflection wavelengths
is shifted for temperatures in the smectic C� phase. An electrically con-
trollable cell with patterned ITO has a larger dynamic range as the
phase transition does not sharply limit the upper bound; however,
the upper bound is limited by the reduced number of Bragg planes
at long wavelength helical pitches causing a decrease in the peak
reflectivity (see Eq. (5) where k0 is increasing and d remains constant).
A tunable FLC NIR spectroscope is most effectively fabricated using a
thermally tuning VA-DHFLC cell using longer pitch FLC materials
and a thick VA-DHFLC cell gap to assure numerous Bragg planes
even at the upper limit of the device dynamic range. These thick cells
must be thermally addressed because of the inability of feasible elec-
tric fields to effectively deform the helical pitch uniformly though
the larger cell gap.

The VA-DHFLC microspectrometer is an enabling technology for
numerous applications. The size and cost of these devices enables on-
line rapid colorimetry, gas and liquid analysis for quality control=
screening applications. Integration of a microspectrometer into a
MEMS system such as a microfluidics chip can enhance functionality
of these systems, namely spectral mapping of single channels in
approximate real time. One particular application of particular inter-
est is the use of a VA-DHFLC as microspectrometers in noninvasive
optical diagnostic tools as we have highlighted elsewhere [21]. The nar-
row band reflection spectrum and full spectrum tunability of a single
panel also enable the VA-DHFLC to be integrated into a miniature
spectral imaging device as opposed to a single pixel microspectrometer.
Adding spectral imaging capabilities to the VA-DHFLC requires inte-
gration of a Grayscale CCD detector with high sensitivity and
additional focus on the spatial uniformity of DHFLC cell to assure uni-
formity of spectral signals at the image plane. Tuning the VA-DHFLC
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into the NIR and fabricating a handheld inexpensive NIR imaging
device has tremendous potential in a number of noninvasive medical
imaging application, including mammography and dermatology.

One distinct advantage of a narrow band ferroelectric liquid crystal
notch filter is the potential fast response times when driving this
device in the in-plane switching electric field mode. As a result of
the spontaneous polarization in a ferroelectric liquid crystal, the orien-
tation of the ferroelectric liquid crystal couples to the applied field
polarity, allowing electric field to drive the helix to wind and unwind
causing the respective blue-shift and red-shift. Unlike nematic liquid
crystal which require an induced dipole moment and are insensitive
to the electric field polarity, the permanent dipole in an FLC has
shown switching times of 2 ms in a light valve display configuration
switching the entire helix on a cone [17]. As a VA-DHFLC microspect-
rometer utilizes the intermediate unwinding states of the helix,
shorter switching times are hypothesized as the helix has less defor-
mation (although yet to be experimentally verified). The narrow band
and fast switching time of a VA-DHFLC make this device a potential
choice for spectral discrimination elements in two fluorophore scan-
ning microscopy, particularly when the two fluorophore signals need
to be co-localized on a single FPA. Using a single FPA and rapidly
switchable filter for discerning fluorescent markers, fluorescently
tagged areas can be co-localized and dynamics can be observed in close
to real time.

6. CONCLUSIONS

A VA-DHFLC microspectrometer has been fabricated using homeotro-
pically aligned ferroelectric liquid crystal and a single pixel photo-
diode. This device can be tuned with a narrow reflection notch fully
through the visible spectra regime using thermal modulation. The
reflection notch characteristics were investigated both experimentally
measured reflection spectra and modeled reflection spectra treating
the VA-DHFLC as a tunable Bragg reflection grating and estimating
the effective birefringence through the geometrical configuration. Per-
formance tests involving emission spectra from a liquid crystal display
have demonstrated the feasibility and resolution of a microspectro-
meter created with a single vertically aligned deformed helix ferroelec-
tric liquid crystal and a single pixel photodiode. A DHFLC based
spectrometer is advantageous over other reported methods of fabricat-
ing microspectrometers as it only requires two components for oper-
ation, does not depend on high resolution focal plane arrays for
wavelength resolution, and is straightforward to fabricate and align.
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While the inexpensive nature of a DHFLC microspectrometer allows it
to replace more expensive and bulky spectrometers in rapid and routine
screening applications, the ultra-compact aspect of this device enables
new applications of spectral analysis where prior instrumentation has
limited functionality. A survey of existing applications potentially
impacted by an inexpensive microspectrometer includes handheld
optical diagnostic devices, spectrochemical analysis, and MEMS devices.
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