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Abstract:  The gap of a planar-aligned liquid crystal (LC) cell is measured 
by a novel method: Monitoring the change in output wavelength of an 
external-cavity diode laser by varying the voltage driving the LC cell placed 
in the laser cavity.   This method is particularly suitable for measurement of 
LC cells of small phase retardation. Measurement errors of ±0.5 % and ±0.6 
% for 9.6-μm and 4.25-μm cells with phase retardations of 1.63 μm and 
0.20 μm respectively are demonstrated.  
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1. Introduction 

The cell thickness or cell gap is one of the key parameters in the design and fabrication of 
liquid crystal displays (LCD). For example, it affects the brightness, contrast ratio and 
response speed of the LCDs. Traditionally, the cell gaps of an empty [1], or filled [2] LC cell, 
even LC film with a free surface [3] are measured using interferometric methods. To date, 
many methods of measuring the cell gap in a filled cell of either transmissive or reflective 
LCDs have been developed. These include methods based on phase compensation [4-7], 
Jones Matrix calculation with rotating polarizers [8-10], and spectroscopic [11-13] methods. 
All of the methods except the interferometric method employ the polarizer and analyzer pairs. 
The measurement accuracy thus depends on the precision of the rotation stages for the 
polarizer and analyzer as well as extinction of the pair. By far, the rotating polarizer method is 
the most popular one. Briefly, the optical transmittance of a LC cell placed between a 
polarizer and an analyzer is measured as a function of rotation angle. Analysis of the intensity 
of the transmitted light through the setup provides information on the cell thickness. Small 
cell gaps, however, can not be easily measured by the rotating polarizer method. To overcome 
these problems, the total intensity ratio method [9] have been proposed and demonstrated. 
Cell gap of a reflective twisted nematic LCD was successfully measured by taking the ratio of 
reflected light intensity at two different polarizer angles [10]. These authors report accuracies 
of 1~2 %. Measurements by the above two methods are free from multiple solutions for the 
LC layer thickness, but a suitable range of wavelengths should be chosen to achieve desired 
accuracy. Chao and Moon [11] proposed a method of determining the cell thickness by the 
transmission spectrum containing variation points at given polarizer and analyzer angles. The 
accuracy is primarily limited by the process of choosing a variation point and the error is a 
little higher than the rotating polarizer method. 

In this paper, we propose a novel method of determining the thickness of a LC layer by 
measuring the change in laser wavelength induced by dΔn (d is the thickness and Δn is the 
birefriengence) of the LC cell in the laser cavity. The concept is derived from our previously 
work on fine-tuning of an external-cavity laser diode (ECL) with an intra-cavity LC cell [14, 
15]. The measurement errors are ~1 % for either thick or thin LC cells. 

2. Operation principles 

In a nematic LC material, which is uniaxially birefringent, the refractive index of the ordinary 
light is independent of the direction of light propagation. The extraordinary refractive index of 
the nematic LC given by Eq. (1), on the other hand, depends on the angle θ between the optic 
axis of the LC and the incident beam direction, 
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where no is the ordinary refractive index and ne is the extraordinary refractive index for θ = 
90°. Thus the LC cell can be viewed as a phase retarder. In general, if θ = θ(z), then neff (θ) = 
neff(z). The phase retardation ΔΦ of light propagating through the LC layer is expressed as 

( )[ ]dznznk
d

eff  
0 0∫ −=ΔΦ ,                                             (2) 

where k = 2π/λ, λ is the wavelength of the incident light, d is the thickness of the LC layer. 
The maximum phase retardation is given by 

( )dnn oe  
2

max −=ΔΦ
λ
π .                                               (3) 

Let us consider a planar-aligned LC cell inside the laser cavity and the laser polarization 
direction is along the easy direction, i.e., the direction along which the liquid crystal 
molecules are aligned. Varying the voltage driving the LC cell, its extraordinary index of 
refraction would change due to field-induced reorientation of the LC director (the thermal 
average orientation of the liquid crystal molecules) and bring about additional intra-cavity 
phase retardation ΔΦ. This corresponds to a change in laser cavity length by Δl=ΔΦ/k. The 
resulting shift of the laser output wavelength Δλ is then given by 

l

l

λ
λ

Δ Δ= −  ,                                                                  (4) 

where l is the cavity length and λ is the output wavelength. By measuring Δλ, we can 
calculate the retardation from Eq. (4). Further, if the birefringence Δn = (ne-no) of the LC is 
known, then the LC layer thickness d can be derived. 

3. Experimental setup 

A schematic configuration for our LC layer thickness measurement setup is shown in Fig. 1.  
 

 
 
 
 
 
 
 
 
 
 

 

 

Fig. 1. The schematic diagram for LC cell gap measurement. LD: laser diode; Obj: Objective, 
LC: liquid crystal, λ-meter: wavelength meter. 

 
The gain-medium is a laser diode (LD, Sacher 830) with one facet anti-reflection (AR) coated 
to suppress self-lasing and the other facet coated as a high-reflector (HR). The temperature of 
the laser diode is stabilized at 20.0±0.01 °C. The output from the AR-coated facet of the LD is 

LC cell 
LD grating 

mirror 
λ-meter 

Obj. 
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collimated by an objective lens (numerical aperture, N.A. = 0.5) for optical coupling to the 
diffraction grating (1200 lines/mm) at grazing-incidence. The zeroth-order reflected beam 
from the grating is the output of the laser. The first-order reflection from the grating is 
retroreflected back into the diode by an end mirror. The LC cell is introduced between the LD 
and the grating. The output wavelength of the ECL is measured by a high precision 
wavelength meter (λ-meter) with a resolution of 0.0001 nm (Burleigh WA-1500). The 
coefficient for current-tuning of the laser, β=Δλ/ΔI, is 4.7×10-3 nm/mA over a range of ΔI  = ± 
4 mA around a bias current of I = 52 mA. Continuous mode-hop-free tuning of laser 
wavelength is accomplished by simultaneously changing the voltage driving the LC cell and 
the bias current of the LD synchronously [15]. 

3. Results and discussions 

As a first demonstration, we prepared two transmission-type planar-aligned nematic LC cells 
with different cell gaps and LC materials. The empty cells were first measured by using the 
interferometric method to be 9.6 um and 4.25 um [1]. The LC cells used in the experiment 
were driven by a square wave voltage waveform at 1 kHz and operated at the environmental 
temperature of 25±0.1 °C. 
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Fig. 2. (a) Output wavelength of the laser and (b) transmittance of the LC cell (9.6 μm) through 
crossed polarizers as a function of the driving root-mean square (rms) voltage of the LC cell. 

  
One cell of 9.6 μm gap is filled with nematic LC 5CB (Merck) and inserted into the laser 

cavity. First of all, the cavity length is determined to be 16.62 cm at λ=815.4409 nm by 
tuning the wavelength while allowing the laser to mode hop.  Next, the mode-hop-free tuning 
range of the laser as a function of the driving voltage of the LC cell is found to be 0.0080 nm 
(See Fig. 2 (a)). The synchronous change in LD current required for mode-hop-free tuning is 
1.5 mA, which is in good agreement with theoretical prediction of 1.7 mA 
(ΔI=Δλ/β=0.008/4.7×10-3=1.7 mA). Thus the retardation due to the LC cell is 1.63 μm 
according to Eq. (4). By fitting the data published by S. –T. Wu et al. [16], we determine the 
birefringence of 5CB to be 0.169 at λ =815 nm at T=25.1 °C. The LC layer thickness d is thus 
calculated to be 9.65 μm. Independently, d is measured by the crossed-polarizer configuration 
[10]. In this method, the transmittance of the LC cell between crossed polarizers is measured 
as a function of its driving voltage. The probing laser wavelength is 814.8140 nm. The result 
is shown in Fig. 2(b). Each cycle in Fig. 2(b) corresponds to a phase retardation of 2π. Thus a 
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phase retardation of ΔΦ=3.73π is obtained by ramping the driving voltage from 0 V to 10 V. 
The optical path length of the LC layer is 1.52 μm, corresponding to a thickness of 8.99 μm. 

In the second experiment, an empty LC cell of 4.25 μm in thickness is filled with the 
nematic LC 18523 (BDH), which is a low-birefringence LC prepared by mixing highly 
fluorinated low-refractive-index organic compound additives in hydrocarbon LC hosts. As in 
the first example, the cavity length is first measured to be 16.62 cm at λ=820.3159 nm. The 
mode-hop-free tuning range of the laser as a function of the driving voltage of this LC cell is 
found to be 0.0010 nm (See Fig. 3(a)). The corresponding retardation is 0.20 μm. The 
birefringence of BDH-18523 is determined by interpolating the data from Merck at 0.636 μm 
and the data published by R. -P. Pan et al. at 1.3 and 1.5 μm [17]. The birefringence is thus 
estimated to be 0.04737 at λ=820 nm and T=25 °C. The LC layer thickness, d is then 4.28 
μm. In this case, we can not measure d by using the simple crossed-polarizer configuration. 
As shown in Fig. 3(b), the transmittance curve is less than one cycle, i.e. the phase retardation 
ΔΦ is less than 1π.  
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Fig. 3. (a) Output wavelength of the laser and (b) transmittance of the LC cell (4.25 μm) 
through crossed polarizers as a function of the driving root-mean-square (rms) voltage of the 
LC cell.  

 
The LC layer thickness measured by the wavelength tuning method, the interferometric 

method and the crossed-polarizer method are summarized in Table 1. 

Table 1. Results of LC layer thickness measurement 

 Interferometric 
(empty cell)  

Wavelength tuning Crossed-
polarizers 

d (μm) 9.6 9.7 (1.63) 9.0 (1.52) 

d (μm) 4.25 4.2 (0.20)  

  
The values listed in the parentheses are the retardations, dΔn (unit: μm). LC layer thickness 
measured by the present method are in good agreements with those measured by the 
interferometric method, i.e., 1.0 % and 1.2 % for the thick (9.6 μm) and thin (4.25 μm) cells, 
respectively. The accuracy of thickness measurements by the present method depends on the 
uncertainties in the cavity length, birefringence Δn, tilted angle of the LC cell with respect to 
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the propagation direction of the laser, drift of the laser frequency (wavelength), and the 
resolution of the wavelength meter. The error sources of the present method are broken down 
and discussed below:  

3.1  Wavelength meter：δλ 

The resolution of the wavelength meter is 0.0001 nm. The accuracy is assumed to be 
±0.00005 nm. The relation between the error of thickness measurement δd and the accuracy 
of the wavelength meter δ(Δλ) can be derived by differentiating Eq. (4): 

( )
dd ⋅

Δ
Δ≈
λ
λδδ    .                                                     (5) 

According to above equation, the measurement error is ±0.06 μm for the cell with d=9.6 μm. 
The wavelength tuning range of the ECL is Δλ=0.0080 nm, and ±0.21μm for the cell with 
d=4.25 μm with the corresponding wavelength tuning range of Δλ=0.0010 nm. 

3.2  Drift of laser frequency (wavelength)：δf (δλ) 

During environmental perturbation, the frequency of the ECL in the free-running mode could 
drift by ~200 MHz during an hour. Thus |δλ|/λ = |δf|/f = 5.43×10-7 for λ = 815 nm (f = 368 
THz). The relation between δd and the frequency drift of the free-running laser mode δf is 
given by 

f

f

n
d

δ
δ

Δ
= 1     .                                                      (6) 

According to Eq. (6), the corresponding measurement error is 0.534 μm for a cavity length of 
16.62 cm and LC birefringence Δn = 0.169 (5CB). For a cell with a thin LC layer, e.g., d = 
4.25 μm, the measurement time is short (less than 3 minutes). Thus the measurement error 
due to laser frequency drift is 0.095 μm for δf/f = 2.72×10-8 and LC birefringence Δn = 
0.04737 (BDH18523). 

3.3 Uncertainty in cavity length： δl 

The relation between δd and the accuracy of the measurement of cavity length δl is given by 

l

d
ld δδ =     .                                                      (7) 

If the cavity length is known with an accuracy of ± 0.1 mm, and the cavity length is 16.62 cm, 
the accuracy of the cell gap measurement is ±0.006 μm for the 9.6-μm cell and ±0.003 μm for 
the 4.25-μm cell. 

3.4 Birefringence: δ(Δn) 

The relation between δd and the accuracy of the birefringence δ(Δn) of the LC can be written 
as 

( )
( )

( )n
n

d

n

n
d Δ

Δ
=

Δ
ΔΔ= δδ

λ
λδ

2
�                                           (8) 

The birefringence δ(Δn)/ΔT is -1.524×10-3 /°C for 5CB [16]. During the course of the 
experiment, the room temperature changes by the amount ±0.1 °C. The corresponding 
variation in birefringence Δn is then 1.524×10-4. The accuracy of the cell gap is thus 0.009 μm 

#7787 - $15.00 USD Received 13 June 2005; revised 2 September 2005; accepted 19 September 2005

(C) 2005 OSA 3 October 2005 / Vol. 13,  No. 20  / OPTICS EXPRESS  7910



for the 9.6-μm cell. The measurement error resulting from variation in Δn is negligible for the 
4.25-μm cell. 

3.5 Angle： δθ 

Variation of the angle between the propagation direction of laser light in the ECL and normal 
of the LC cell θ will also induce measurement errors. The relation between θ, measured 
thickness dM and the true thickness d is dM = d/cosθ. The relations between δd and the 
accuracy of the angle δθ is then 

δθθδ ⋅= tandd          .                                           (9) 

The corresponding error in cell gap d is 0.003 μm for a 9.6-μm cell and 0.001 μm for a 4.25-
μm cell when the angle θ = 10° and δθ = 0.1° (6 min. of arc). 

We summarize the error sources of the present method in Table 2. 

Table 2. Error sources for LC layer thickness measurement by the present method 

Errors (μm) 
Error sources Symbols Quantity 

9.6 μm cell 4.25 μm cell 

Wavelength meter δλ 0.00005 nm 0.06 0.21 

Drift of laser frequency δf 200 MHz 0.534 0.095 

Cavity length δl 1 mm 0.006 0.003 

Birefringence δ(Δn) 1.524×10-4  0.009 ⎯ 

Angle δθ 0.1°  0.003 0.001 

Combined error    0.537 0.23 

 
Clearly, the accuracy of our cell gap measurement is limited mainly by the resolution of 

the wavelength meter and the frequency drift of the ECL. The frequency drift of our ECL is 
primarily caused by the thermal drift or mechanical instability of the laser cavity. Obviously, 
there is still a lot of room for improvement, e. g. constructing the ECL to be more rigid and 
reducing the effect of temperature variation in the laboratory by isolating the laser system in a 
box, even employing a temperature-compensating mechanism for the external cavity.  Instead 
of the wavelength meter, the laser frequency can be measured by heterodyning the ECL with 
a frequency-stabilized laser. The beating signal between the two lasers can be easily detected 
with a typical resolution of 100 kHz, which is about five hundred times better than that of the 
wavelength meter. Employing both approaches, the phase retardation due to the LC layer as 
small as 4×10-5 μm can be measured. This is more than meeting the requirement for the 
manufacture of LCD panels at present.  

The present method can also be applied to measure the cell gap of the vertical-aligned 
(VA) liquid crystal panels widely employed by the LCD industry for enlarging the viewing 
angle. The optical axis of the VA LC is in a direction perpendicular to the glass surfaces. Thus 
the type of variation in birefringence is similar to the planar-aligned LC cells reported here.    

4. Conclusion  

The gap of a planar-aligned liquid crystal (LC) cell is measured by a novel method: 
Monitoring the change in output wavelength of an external-cavity diode laser by varying the 
voltage driving the LC cell placed in the laser cavity. This method is particularly suitable for 
measurement of LC cells of small phase retardation. Measurement errors of ±0.5 % and ±0.6 
% for 9.6-μm and 4.25-μm cells are demonstrated. This is more than sufficient for the 
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requirement of the LCD industry.  The error sources of this method are analyzed and found to 
be dominated by the wavelength meter used for monitoring the laser wavelength and its drift 
during the course of the experiment.  Both can be readily improved with known techniques. 
The proposed method is also suitable for measurement of vertical-aligned LC cells widely 
employed by the LCD industry for enlarging the viewing angle.  
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