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We present an experimental approach for the fast measurement of twisted nematic (TN) liquid crystal (LC) cells’
parameters. It is based on the spectral measurements of the light transmitted by the system polarizer-reference wave
plate-LC cell-analyzer. The cell parameters are obtained by fitting the theoretical model to the experimental data. This
method allows determining the rubbing angle, the twist angle and its sense, and the spectral dispersion of the LC cell
retardation, simultaneously, with few measurements and without the need of applying voltage or any specific
analytical conditions. The method is validated by characterizing two different TN cells with retardations of about 0.91
and 1.85 pm. The birefringence relative error is less than 1.3%.

OCIS codes:
Birefringence; (120.4630) Optical inspection.

1. Introduction

Twisted nematic (TN) liquid crystal (L.C) devices are
used extensively nowadays in multiple applications
like information displays; spatial light modulators
for optical correlators, projection systems, and laser
beam steering; or optical communication devices
such as optical switches and wavelength tunable
filters [1,2].

The optical characteristics and performance of a
TN device depend significantly on four cell parame-
ters [3-5]: the molecular twist angle (¢p ), the
rubbing direction angle at the input surface (ap), the
cell 31 thickness (dp ), and the LC material
birefringence (An), which depends on the wave-
length (1). There- fore, there is a constant need for
accurate characterization of the LC cell parame-
ters during themanufacturing processes. Several
characterization methods have been proposed in
the past. They are typically classified as single
wavelength methods or spectral methods.
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Single wavelength methods, as a rule, are more
reliable in an experiment. However, they are able
to determine the cell retardation (dp x An) for a fixed
wavelength only. Therefore, they are inherently un-
able to determine the wavelength dispersion of An,
An(4). The most common single wavelength method
for characterizing TN cells was proposed by Soutar
and Lu [6]. It consists of the nonlinear fitting of a
theoretical model, based on the Jones matrix calcu-
lus. The transmittances of the TN cell between
parallel and crossed polarizers are measured at a
fixed A, and at different output polarizer (analyzer)
angles ay, between 0° and 360°. This is an effective
method, but it is not able to determine unequivocally
the twist sense and the rubbing direction angle, due
to the mathematical ambiguities of its theoretical
model. Many single wavelength methods have been
proposed to find a unique answer for ¢p and ap
[7-13]. However, they require multiple rotation an-
gles for the polarizers or the LC cell, additional
measurements with different voltage levels, with



polarimeters, or the application of specific analytical
conditions.

On the other hand, spectral methods allow us to
determine An(4), even considering the transmission
ripple of the L.C devices caused by the multiple reflec-
tions in the indium tin oxide layers deposited on the
inner cell surfaces [14], overcoming this important
limitation of single wavelength methods. However,
the spectral methods reported to date are not able
to determine ¢y, the ¢y sense, ap, and dT x An(A) si-
multaneously [14-17]. This is because, in general,
most of the characterization methods proposed to
date are oriented to display applications, where
the determination of |¢7|, ap, and An(4) is enough.
However, the performance of the optical communica-
tion devices based on stacked structures of LC cells
[18-21] is very sensitive to the ¢7 sense as well as the
other parameters.

In this work, a new spectral method for the precise
determination of TN cell parameters is presented.
The method consists of measuring the transmit-
tance, between parallel and crossed polarizers, of a
reference wave plate, H, with well-known character-
istics, in series with the TN sample. Optical trans-
mittances are measured rotating H for different
azimuth angles, ay (only three are needed), in the
optical spectrum of interest. Then, the TN cell
parameters are determined by fitting the theoretical
model to the experimental curves. The model is
obtained with the Jones matrix calculus and the
extended Cauchy model (for the LC birefringence
dispersion calculations). The curve fitting is done
by implementing a genetic algorithm (GA) with wide
searching limits and without specific initial condi-
tions. This procedure allows us to determine the rub-
bing angle ap, the twist angle ¢, and its sense, as
well as the dispersion of the LC retardation,
dp x An(2), simultaneously, with few measurements,
and using a simple procedure.

2. Modeling of Nematic LC Cells

LC devices are usually modeled with Mueller [13] or
Jones matrices [3]. Unlike a Mueller matrix, which is
suitable for all kinds of optical systems, a Jones ma-
trix can only be applied to a nondepolarizing optical
system. Then, the Mueller-matrix-based models of
LC devices provide a more accurate representation
of the polarization state of the transmitted light than
the Jones-matrix-based models. However, Jones-
matrix-based models generally provide a good com-
promise between physical adequacy and accuracy
with computational efficiency and optimization
facilities in the theoretical model [22]. Moreover,
the characterization methods that use Jones matrix
models are less complex and require fewer measure-
ments (less input polarization states), so they are
widely used [6-10].

A. Jones Matrix Representation

Figure 1 shows the scheme of a TN cell. It can be
modeled as a stack of N nematic homogeneous
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Fig. 1. (a) Nematic LC molecule and (b) twisted nematic LC
cell (TN) representation with respect to the x—y laboratory axes.

layers, each one with a constant orientation angle
of the molecular axis (¢ axis) with respect to the x
axis, varying in a total twist angle ¢y, in increments
of A¢gp = ¢pp/N. Therefore, the Jones matrix of a TN
cell [3,23] with its front ¢ axis at apand total twist ¢,
with respect to the x—y laboratory axes, is given by

o) — Rl x cos(¢r) —Sin(¢T):|
Wrlor) =R(ar) [sin(w) cos(¢r)

§ [cos(X) - g Snd) :|
-4 % cos(X) + i =55
x R(ar), (1)

where X = (¢2 +I'2/4)/2 and I'y is the phase delay,
produced by the birefringence [An =n,-n,; see
Fig. 1(a)] of the LC molecules, between the polariza-
tion components of a light beam, at a specific wave-
length A. This phase delay is given by

And;p

2 (2)

Tp =2x

R(ap) is the rotation matrix of the ¢ axis orientation
angle with respect to the x axis:

cos(ar)

—sin(ay) cos(ar)

R(ar) = [ sin(ar) ] 3)

Hereinafter, the subindex T can be replaced by H, in
order to refer to a wave plate.

The birefringence spectral dispersion, An(1), is a
very important parameter for designing broadband
photonic devices [18-21]. In this work, An(4) is rep-
resented using the extended Cauchy model [17],
which is expressed as

4 Cao

+-2, (4)

An(d) = A, +

where A, B,,, and C,, are the differences between
the extraordinary and ordinary Cauchy coefficients
A,-A,, B,-B,, and C, - C,, respectively [24].

The elements [1, 1] and [2, 1] of the matrix in
Eq. (1) refer to the output light polarized at 0° to
the x axis (T,) and at 90° to the x axis (T), respec-
tively, when the input beam is x polarized.



B. TN Cell between Parallel and Crossed Polarizers

The most common display applications and charac-
terization schemes use a TN cell between parallel
and/or crossed polarizers. From Eq. (1), and consid-
ering an input beam polarized at 0° to the x axis, the
magnitude of the transmitted beam polarized at 90°
to the x axis, for crossed polarizers, is given by

T, = (sin(gr) cos@) - £ cos(py) sin0))’
2

+ (Fﬁ?‘ sin(2ay + ¢7) Sln(X)) (5)

And, since Jones matrices are unitary, the transmit-
ted beam polarized at 0° to the x axis, for parallel po-
larizers, can be expressed as T, = 1-T.,.

Equation (5) is not able to distinguish the ¢ sense
or the difference between ap and ap + 90°. These are
called ambiguous situations. For example, using
Eq. (5), in the cases where [ar, ¢7] = [0°,90°], [0°,

-90°], [90°, 0], and [90°, —-90°], the same magnitude
of T, is obtained, and it is given by

Ty = cos (X)Z + (F?T Sm}EX))Z

(6)

For this reason, the characterization methods that
use a single TN cell between parallel or crossed
polarizers and Jones matrix models cannot deter-
mine a single solution for ¢y and ay.

3. Characterization Method

The proposed characterization scheme is shown in
Fig. 2. Unambiguous and precise determination of
TN cell parameters can be achieved simultaneously
by developing a single curve-fitting procedure. It
uses the spectral measurements of the transmitted
beam between parallel and crossed polarizers of a
reference wave plate, H (with well known character-
istics), in series with the TN cell, at a fixed position.
The wave plate is rotated at M different azimuth
angles, ay,,, where m =1,2...M. The theoretical
model is obtained by using Jones calculus, and the
nonlinear fitting is performed with a GA.

P =/P’s Output
b
ransmission axis H IN fe" & beam
Polarizer | 1
y-Lab.‘:‘

axis : (a)

z-Lab.
axis,,

e,

Anrdr

Input L
X-Lab. = -der !
beam ~ . Retar de:lPiare s
axis C-axis

Fig. 2. Proposed characterization scheme. The angle variations
in the clockwise direction are positive. (a) Parallel polarizers,
(b) crossed polarizers.

A. Characterization Function

The system shown in Fig. 2 has a transfer matrix
given by

W = Wrp(ar) Wy (agm), (7

where Wy (ag,,) is the Jones matrix of H:

T

Wa(aan) = B aun) x [ €06 9, | x Riaun). ®)

I'y is its phase delay [see Eq. (2)], and R(agy,) is the
rotation matrix of the angle ag,, with respect to the x
axis [see Eq. (3)]. Then, considering an input beam
polarized at 0° to the x axis, the magnitude of the
element WI[2,1] represents the transmitted beam
polarized at 90° to the x axis:

} cos(%)[sin(gr +X) + sin(@r - X))+
% cos(%)lsin(pr - X) - sin(pr + X+

Iz sin (%’-)[cos(—ZaHm +03+X)
— cos(~2aggy, + 05— X)]

% sin (Ezﬂ) (62 —061) — % sin (Ezﬂ) (01 +09)+

+ *
£§ cos (%‘-)[cos(ag + X) — cos(o3 — X))
(9)
where o, = sin(2ay,, + ¢r-X), o2 = sin(2ay,,+

¢r +X), and o3 = 2ar + ¢r. ar, agy, and ¢ are
positive in the clockwise direction, as is shown in
Fig. 2. In this model it is considered that the TN cells
have a zero or negligible pretilt angle.

Now, a polarization function is defined in order to
relate T, and T,, eliminating the influence of the
losses and the ripple on the transmission spectrum
of the experimental measurements for the curve-
fitting procedure. Since the transmission spectra
are obtained for different ag,,, the theoretical polari-
zation function is defined as

Ty(aHm) - Tx(aHm)
Ty (aHm) + Tx (aHm)

P.I,‘m (aHm) = = ZTy(aHm) -1,

(10)

where m =1,2,...M, and the subindex ¢ indicates
that it refers to the theoretical curves from Eq. (9).
The polarization function P,,,(ag,,) varies between
-1 and 1, and it describes the preponderance of
transmitted light polarized at 0° to the x axis over
transmitted light polarized at 90° to the x axis.
P, (az,,,) = =1 means that the transmitted beam is
x polarized, and P;,, (ay,,) = 1 means that the trans-
mitted beam is y polarized.



B. Minimum Azimuth Angles of H (ay) for Solving
the Ambiguities

The potential of the proposed method for solving the
ambiguities in the determination of TN cell param-
eters is analyzed by using the polarization function
Py, (agy,), defined by Eq. (10). Py, (agy,) is simulated
using a TN cell of 5CB material (with Anp = 0.1785
at 589 nm and 25°C [24]) and dr = 5 pm, considering
four ambiguous combinations of [ap, ¢7] ([0°, 90°],
[0°, =90°], [90°, 0°], and [90°, —90°]) and a commercial
wave plate (H) of quartz (Si0s), with dg = 1 mm, in
the range from 420 to 886 nm. The same wave plate
and spectral range are used in the experimental sec-
tion. Each ambiguous combination is simulated with
four values of ay,, (ag; = 0°, agy = —15°, agy3 = -30°,
and ay, = —45°) in order to calculate the respec-
tive P.I,‘m (aHm)-

Figure 3 shows the behavior of P, (ay,,) without
including the TN cell, i.e., considering only H at
the different values of ay,,. It is observed that when
the ¢ axis of H is at 0° with respect to the x axis, there
is no change in the polarization state of the beam
emerging from the H plate with regard to the beam
coming from the polarizer. The maximum change in
the polarization state of the beam coming from the
polarizer is produced when the ¢ axis of H is at
—45° with respect to the x axis.

Figure 4 shows the behavior of Py, (ay,,) for the
characterization system, i.e., considering the TN cell
and H at the four values of ag,, for each ambiguous
combination of [ap, ¢r]. It can be seen that Py (ay; =
0°) has the same response for the different [ap, ¢7]
combinations. This case represents only the contri-
bution of the TN cell, since H has no effect; therefore,
Eq. (9) is equivalent to Eq. (6). On the other hand,
Py(agy = —45°) has equivalent responses for [0°
90°] and [90°, -90°], and for [0°, -90°] and [90°,
90°], which represent two ambiguous situations.
However, Py (ags = —15°) and Pyg(ags = —30°) have
different curves for each |ay, ¢7] combination. There-
fore, it can be seen that there is no ambiguity at
P, (agy,) for 0° < ay,, < —45° in the considered spec-
tral range.

Therefore, P;; (ag; = 0°) will be used to determine

the parameters of the TN cell, while P,y(ags = —15°)
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Fig. 3. Behavior of the polarization function P,,,(ag,,) of a wave
plate H of quartz (SiO,), with dg = 1 mm and ag; = 0° (blue solid
line), ags = —15° (green dashed line), ays = —-30° (red dash-dot
line), and ag, = -45° (black dotted line).
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Fig. 4. Behavior of the polarization function P,,, (ay,,) of the pro-
posed characterization method, considering a TN cell of 5CB and
5 pm thickness with four ambiguous values of [ar, ¢7] = [0°,90]
(blue solid line), [0°, -90°] (green dashed line), [90°, 90°] (red
dash-dot line), and [90°, —-90°] (black dotted line). H is a wave plate
of quartz with dg =1 mm, and it is rotated at (a) ag; = 0°,
(b) ags = -15°, (¢) agz = -30°, and (d) ays = -45°.

and Pg(agz = —30°) will be used to eliminate the
uncertainty between the ambiguous situations of
ar and ¢T-

The phenomena shown in Fig. 4 can be described
as follows. The TN cell rotates the polarization state
of the incident beam 90°, from being x polarized to
being y polarized, at ~500 and ~900 nm. That is
why in these regions, all the ambiguous situations
of Fig. 4 [in Figs. 4(b)-4(d)] are overlapped with a
value that equals the values shown in Fig. 3 at these
wavelengths, but with the opposite sign. However, in
the other regions, e.g., between 550 and 800 nm, the
TN cell is not able to rotate the incident light com-
pletely. Therefore, in this region we see variations
in the amplitude and periodicity that are particular
for each ambiguous situation, and which allow their
identification. Therefore, the proposed method de-
pends on the existence of spectral regions where
the conversion efficiency of the TN cell is less than
100%, which are related to the Mauguin minima.
This is highly dependent on the L.C cell retardation,
and it is analyzed in the discussion section.

C. Nonlinear Fitting

The nonlinear fitting algorithm adjusts the theoreti-
cal model, given by Eq. (10), to the experimental
transmittances between parallel and crossed polar-
izers named T, (agn,) and T, (am,), respectively,



which are obtained by using an experimental setup
based on the scheme in Fig. 2. The experimental
polarization function, P,,, (ag,,), is defined as

Tye (aHm) - T.ne (aHm)
Tye (aHm) + T.ne (aHm) .

P, (agm) = (11)

The curve fitting can be done with any fitting algo-
rithm. In this work it is performed by using a GA.
Its random nature increments the possibility of
finding a global minimum; moreover, it allows the
imple- menting of the black-box function or
constraints, which can be discontinuous and
nondifferentiable, as part of the objective function
[25]. The curve- fitting procedure considers ar, ¢,
dr, and An(1) as unknown variables. Therefore, the
vector of fitting variables (considered as an
individual by the GA)is defined as
Acos Beo,

Ceo |- (12)

x=[ap, ¢p, dp,

where A,,, B., and C,, are the coefficients that
define An(4), from Eq. (4). The objective function to
be minimized is given by

1¥ 1
Fo@) =35> |72 Pen (- @ttm) = Pom i agm, 9)1,
i=1

m=1

(13)

where L is the number of sampled wavelengths (4,

Az, ...Ar). This expression represents the mean value
of the root mean square error (RMSE) between the
theoretical and experimental values of the M curves.
Then, the fitting algorithm finds the optimal values
of x that fits the theoretical model to the
experimental measurements for each ag,,.

It is important to note that this method determines
the LC cell optical path (retardation). Then, in order
to determine An(l), dy must be known, and vice
versa.

4. Experimental Results

In order to demonstrate the effectiveness and sim-
plicity of the proposed method, two experiments are
presented. In each case, a different TN cell is
characterized, and the resulting An(1) is compared
with the respective expected value. The TN cells
were manufactured with zero or negligible pretilt
angle.

The experimental setup can be shown in Fig. 5.
The input beam is obtained from a halogen light
source, and the transmittance measurements are
taken with the spectrometer AvaSpect-128, with a
spectral range from 360 to 886 nm and 4 nm of spec-
tral resolution. Multimode optical fibers with colli-
mators are used at the input and output ports. The
input collimator produces a beam of 5 mm diam-
eter. The polarizers have a diameter of 25 mm and
an extinction ratio > 250:1 in the range from 420 to

Spectrometer

Collimator

Light Source '
( Analyzer
v

Input

Collimator  Tolarizer

Fig. 5. Experimental setup. (a) Parallel polarizers, for T\.(agy),
and (b) crossed polarizers, for T.(ap,,). The measurements are
taken at an ambient temperature of about 25°C.

886 nm. The wave plate, H, is the WPMQO5M-
633, and its ay,, variations are done with a manual
rotation mount at 15° rotation steps. The values
chosen for ay, are agy; =0° ags =-15°, and
ags = —30°. ag; = 0° represents the TN cell behav-
ior, while ags = -15° and agys = —-30° allow us to
identify the univocal solution of apy and ¢p. The
transmittance curves T (ay,,), parallel polarizers,
and Ty.(agm), crossed polarizers, for m =1, 2, and
3 are measured in the range from 420 to 886 nm (lim-
ited by the polarizers and spectrometer operation
ranges).

Once T.,.(agm) and T.(anm,) are obtained, the ex-
perimental polarization function P, (ag,,) is calcu-
lated, for m =1, 2, and 3, and the curve-fitting
procedure is performed. The population size is set
to 1,000 (number of x combinations per iteration),
and the maximum number of iterations is set
to 100. Wide search limits are set for ag, ¢y,
and An(d) (-110° <ap <110°, 80° <|¢p| < 100°,
0<A,<04, 0<B,<003 and 0<C, <003
[24]), and all the initial conditions are set to 0, in
order to demonstrate the convergence capacity of
the proposed method. dy is fixed to its respective
theoretical value (for each characterized TIN cell),
since An(4) has been set as a variable.

A. First Experiment

A TN cell made with 5CB LC material, 90° twist, and
5.1 pm thickness (named TN1) is characterized.

Figure 6 shows the curves of the polarization
function P,,,(ag,,) for the three different values of
g, (dots). From these data, the nonlinear fitting
procedure finds the optimal theoretical model
for TN1, which is defined by: ap; = 82.6°, ¢p; =
-87.1°, dpy=5.1pm, A1 = 0.1605, B, = 0.0011,
and C,,p7; = 0.0017. The curve fitting results are also
shown in Fig. 6 (solid lines), where e,,,, represents
the RMSE between the experimental and theoretical
curves.

In Fig. 7, the resulting birefringence of TNI,
Anpi(A), which is defined by A, = 0.1605
B, = 0.0011, and C,p; = 0.0017 (solid line), is
compared with the birefringence of the 5CB LC
material, taken from [24], which is defined by
A,, = 0.1569, B,, = 0.0029, and C,, = 0.0016 (dots).
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Fig. 6. Polarization function of the TN cell TN1 in series with H.
Solid lines represent the curve fitting, P;,(ayy,), and the dots
represent the experimental measurements, P, (ay,).

The maximum relative error between both
curves is less than 1% in the range from 420 to
886 nm.

B. Second Experiment

A TN cell made with 1658 LC, 90° twist, and 5.1 pm
thickness (named TNZ2) is characterized. This is an
experimental LC material synthesized at the
Military University of Technology in Warsaw.

Figure 8 shows the experimental polarization
function P,,(ay,,) for the three different values of
ag, (dots). The theoretical model responses are also
plotted (solid lines). This model is obtained with the
nonlinear fitting algorithm, and it is defined by
am = 86.2°, =914°, dpo=5.1pm, A, ;o=
03108, By 0, and O 20 8083 ™

In Fig. 9, the resulting birefringence of TNZ2,
Angps(A), which is defined by A.,pe = 0.3103, B, =
0, and C,,» = 0.0063 (solid line), is com- pared with
the birefringence values of the 1658 LC material
measured at six different wavelengths (dots). These
values were obtained for cells of the same material,
using a different characterization method [26]. The
validity of these data was tested in a previous work
[20], and the points are limited between 520 and 886
nm due to the LPs and the
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Fig. 7. Birefringence of the TN cell TN1, defined by
A,r1 = 0.1605, Boypy = 0.0011, and C,,p; = 0.0017 (solid line),
and the theoretical birefringence of the 5CB LC material, defined
by A,, = 0.1569, B,, = 0.0029, and C,, = 0.0016 (dots).
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Fig. 8. Polarization function of the TN cell TN2 in series with H.
Solid lines represent the curve fitting, P,,(ay,,), and the dots
represent experimental measurements, P,,, (agy, ).
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Fig. 9. Birefringence of the TN cell TN2, defined by
Apra=0.3103, B, =0, and C.,re= 0.0063 (solid line), and

the expected birefringence values of the LC-1658 material at
various wavelengths (dots) obtained from a homogeneous cell by a
different characterization method.

spectrometer used in their characterization [20].
The relative error between Anpq(1) and the previous
characterized values [20,26] is less than 1.3%.

5. Discussion

The proposed method allows us to unambiguously
determine the most important parameters of TN
cells, unlike other spectral methods. And unlike
single wavelength methods, it can also accurately
determine the LC birefringence spectral dispersion,
An(1).

It has been shown that only six measurements are
required, since a spectrometer can simultaneously
measure all the wavelengths, unlike a polarimeter
or a single detector. The smaller number of measure-
ments decreases the error sources.

The system uses manual rotation mounts and a
low-resolution spectrometer. Therefore, the proposed
method can be simpler and cheaper than those using
high-resolution motorized rotation stages, polarime-
ters, and monochromatic light sources.

The simple approach of using a Jones matrix has
allowed us to design a fast fitting algorithm. The



previous section results were obtained using
a population of 1000 individuals (number of
combinations of x per iteration) and 116

wavelengths (spectral range from 420 to 886
nm with a 4 nm resolution). Under these
conditions, the average convergence time was 20"
(35 iterations on average) using a computer with
CPU Intel Core 2 Duo at 2.66 GHz and RAM
of 3.25 GB. The search time can be reduced to
12" using a spectral resolution of 8 nm (58
wavelengths), with very similar results to those
obtained in the previous section.

It is important to note that e,3 >e.,o > e, in
Figs. 6 and 8. This is because the amplitude of the
peaks of P, (ay,,) increases as ag,, approaches
+45°, and therefore a better sampling resolution is
required. However, this does not affect the
calculation of the cell parameters. The adjustment of
the curve P.(ag; = 0°), given by e, defines the
accuracy in the calculation of the cell parameters,
since there is no influence of H, as is demonstrated

in the birefringence results (Figs. 7 and 9).
The adjustment of the curves P o(ag,= - 15°) and
P,3(ags= —30°), given by e, and e,.3, defines the
uniqueness of apand ¢p. For example, the solutions
of apand ¢rofcell TN1 are apr = 82.6° and ¢y =
-87.1° with e,;=0.79%, e,y =>54%, and
er3 = 12%; however, if we replace ap; by ap; + 90°,
the same value of e, is obtained, but the values of
e, and e.3 change to 23% and 40%, respectively.
The search limits of ap and An(l) are very wide.
This allows us to characterize high-birefringence
LC cells, such as those made of 1658 LLC material.
This method can obtain the unique solution for the
arand ¢7of TN cells with retardations between 0.91
and 1.85 pm; e.g., TN1 has retardation = 5.1 pm x
0.1786 (at 589 nm and ~25°C) ~0.91, and TNZ2 has
retardation = 5.1 pm x 0.3625 (at 589 nm and ~25°
C) ~1.85. This is described in the next sub- section.
¢p limits were set as 80° < [¢| < 100°, since it was
known that the cells were twisted 90°. This range is
large in comparison with those reported in [13], of
90° + 5°. However, different tests have been
performed with larger limits on ¢ (even with
-360° < ¢ <360°), by using ay = 0°, -15°, -30°,
and -45°, with an average convergence time of 24",
These limits include cells with arbitrary twists, even
super-twisted cells (|¢p| = 270°).

Other tests were performed using wave plates of
low order, e.g., a nematic homogeneous cell of 5CB
and 5 pm. In these cases there is better curve fitting
(less error between curves), but with slower conver-
gence (more iterations) and with less accurate
results. All the tests done with this method, includ-
ing the results of the previous section, were per-
formed using experimental LC cells.

The results of Anp;(4) and Anqpg (1) have relative
errors less than 1.3%, with respect to the theoretical
values, which demonstrates the effectiveness and ac-
curacy of the method. In general, the possible differ-
ence between An or dp and their theoretical values
are given by other characteristics of the cell, such

as the pretilt angle, the dopants (for twist purpose),
or the temperature effects.

The proposed method does not consider the pretilt
angle of the cells, so it is designed to characterize TN
cells with zero or negligible pretilt angle. However,
the pretilt angle can also be included in the model,
considering its effects on the variation of the effective
birefringence [27].

A. Retardation Range That Can be Characterized
Unambiguously

In order to demonstrate that the proposed method
can distinguish between the possible ambiguous sit-
uations of ap and ¢y in TN cells with wide retarda-
tion ranges, it is important to know how different the
curves of Py(ags = —15°) and Ps(ags = —30°) are,
produced by the different combinations of [ap, ¢r].
A new parameter is defined to estimate the degree
of differentiation, AP_; . Itis obtained by subtracting
the different curves of Figs. 4(b) and 4(c), two by two,
and then the root mean square (RMS) of each sub-
traction is calculated and the minimum RMS value
is selected. The maximum possible value of AP, is
2. If AP_;, = 2, the curves produced by the ambigu-
ous combinations are 100% different. On the other
hand, if AP,;, =0, the curves produced by the
ambiguous combinations are equivalent. Then,
AP, defines the ability of the proposed characteri-
zation method to identify the unique answer of the
parameters of an unknown TN cell at a specific ag,,.
The curves of Py (ags = —15°) and P;3(ags = -30°),
produced under the different combinations of [ay, ¢r]
shown in Fig. 4, are obtained by simulating a TN cell
ofdp = 5 pm and 5CB material, with a retardation of
5 pm x 0.1786 (at 589 nm and ~25°C) ~0.89 pm. In
this case, the resulting AP_;, of P, (ags, = —15°)
and Pys(ags = —30°) is about 0.28. In order to deter-
mine the minimum and maximum retardation of the
TN cells that can be characterized with the proposed
system, Fig. 10 shows the variation of AP, for val-
ues of dp between 0.5 and 11 pm, which represent
retardations between ~0.09 and ~1.96 pm for cells
of 5CB at 589 nm at 25°C, under the same conditions
as the simulations presented in Fig. 4, for ags = —-15°
(solid line) and agys = —30° (dashed line). It can be
seen that AP ;, >0.13 in the whole considered
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Fig. 10. APy, of the curves of Py (ays = —15°) (solid line) and
P,s(ags = —30°) (dashed line) produced under the different combi-
nations of [ar, ¢r] of a TN cell of 5CB material using the proposed
characterization method.



range, which includes very thin cells [14]. AP ;, >
0.13 is sufficient to identify the unique solution for
the parameters (ay , ¢p7 ) of an unknown TN cell by
using the proposed method. This is demonstrated in
the experimental section by characterizing a TN cell
of 1658 LC (TN2), with retardation of about 1.85
pm ( AP, . ~ 0.13; see Fig. 10). Cells with more
retardation can be characterized using more
azimuth angles, ag,,.
It is important to note that Eq. (9) is not math-
ematically complicated, as it keeps the
simplicity of using a Jones matrix and solves
the ambiguities of Eq. (5) without the need to
perform additional  measurements or analysis.

6. Conclusion

We have proposed a simple experimental method
for univocal determination of nematic LC cell
parameters. Unlike previous proposals, it uses few
angle variations, uses wide searching limits, needs
no initial conditions, and can be used for determining
the spectral dispersion of the LC birefringence. It is
ideal for broadband applications.

The characterization results of two different TN

cells have been presented (TN1 and TNZ2). The re-
sults of their physical parameters (ap, ars, ¢, and
¢r2) and birefringence [Anp(1) and Anqge(d)] are
consistent with the theoretical expectations. The
measured Anqpq(4) has a relative error of less than 1%
with respect to the 5CB LC birefringence in the range
from 420 to 890 nm, and Anqy(4) has a relative error
of less than 1.3% with respect to a previous
characterization with a different method of the 1658
LC material.

The proposed characterization method can also be
applied to characterizing homogeneous nematic
devices, which are widely used in the design of
tunable optical filters [19,20]. It can be easily

package in a precise, fast, and automatic
characterization system. - ) )
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