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Fine-tuning of a diode laser wavelength with
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Abstract. A novel and simple approach for fine-tuning a laser wave-
length is proposed and demonstrated. The key element is a planarly
aligned nematic liquid crystal (NLC) cell inserted between the grating
and end mirror of an external-cavity semiconductor laser (ECL). Varying
the voltage driving the NLC cell, causes its extraordinary index of refrac-
tion to change due to field-induced reorientation of the LC director. This
is equivalent to tuning the laser cavity length. As a result, the laser wave-
length can be continuously tuned. With a 35.5-mm-thick NLC cell, the
output frequency of the present laser can be continuously tuned over 4
GHz. The root mean square driving voltage required is 1.5 V or less.
The tuning range is in good agreement with the theoretical
predictions. © 2004 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1629684]
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ing.
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1 Introduction

Tunable semiconductor lasers are compact and vers
sources that have a wide range of applications in opt
communication, high-resolution optical spectroscopy, a
precision metrology.1 These lasers often employ an extern
cavity configuration. Littrow2 and Littman3 type external-
cavity configurations are the dominant cavity designs. T
wavelength of these external-cavity semiconductor las
~ECLs! can be tuned mechanically by controlling the mov
ment of the optical feedback element, e.g., the grating
end mirror.4–7 Wavelength fine-tuning by inserting a sing
glass plate in an ECL was recently reported.8 By tilting the
2-mm-thick intracavity glass plate in a tunable 633-n
ECL that changes the optical path, a continuous tun
range of 1.8 GHz was obtained. The introduction of t
intracavity glass plate makes fine-tuning of the cav
length more convenient than in traditional cases. Howe
this approach still requires mechanical movement of a r
tively bulky component. It is desirable to be able to tune
laser frequency electronically by varying the driving vo
age applied to the tuning element only. Intracavity elect
optical LiNbO3 crystals9,10 or acousto-optic modulators11

have been used for electronic wavelength tuning. One s
approach utilized the electro-optic properties of liqu
crystals.12–19 Several types of liquid crystal elements ha
been successfully developed as intracavity tuning elem
in external-cavity semiconductor or fiber lasers. These
ments can be categorized as birefringent filters,12–14Fabry-
Pérot étalons,15,16 or spatial light modulators.17–19 Liquid
crystal tuning elements require driving voltages as low
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several volts. This is typically much lower than the voltag
required for other bulk electro-optic or acousto-optic tuni
devices. In this paper, a novel and simple liquid-cryst
based approach for fine-tuning of the laser wavelength
proposed and demonstrated. The key element is a plan
aligned nematic liquid crystal~NLC! cell inserted between
the diffraction grating and feedback mirror of an ECL. It
based on the principle of fine-tuning of the laser cav
length by electrically controlled birefringence of the NL
cell. Experimental methods and operation principles of
laser are described in Sec. 2 of the paper. Section 3 s
marizes results and discussions. Experimental results
found in good agreement with theoretical predictions.

2 Experimental Methods and Operation
Principles

A schematic of the laser configuration is shown in Fig. 1
is basically an ECL of the classic Littman design. The ga
medium is a laser diode~Sacher, model 780-40! with one
facet antireflection~AR! coated (R,131024) to suppress
self-lasing and the other facet coated as a high-reflec
The temperature of the laser diode is stabilized at 2
60.005°C. The output from the AR-coated facet of t
laser diode~LD! is collimated by an objective lens~numeri-
cal aperture, NA50.5) for optical coupling to the diffrac-
tion grating ~Optometrics, 1200 lines/mm, blazing wav
length ;750 nm) at grazing incidence. The zeroth-ord
reflected beam from the grating is the output of the las
The first-order reflection from the grating is retroreflect
back into the diode by an end mirror. The longitudin
mode spacing for this external cavity of 15-cm length
about 1 GHz. A 30-cm-long cavity was also investigate
For tuning the laser frequency without moving any m
.00 © 2004 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 Schematic of the ECL with a planar liquid crystal cell: LD; laser diode; HR; high reflector; AR;
antireflection coating; NLC, and nematic liquid crystal. The inset shows a typical laser output spectrum.
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chanical part, an NLC cell was introduced between
grating and the mirror. The cell is tilted at an angle w
respect to the laser axis. This helps to reduce the unwa
reflected light from either surface of the cell window
which are not AR coated.

The NLC cell is constructed by sandwiching a 35.5-mm-
thick layer of 48-n-pentyl-4-cyanobiphenyl~5CB! between
two glass plates coated with indium tin oxide on the inn
surfaces as electrodes. After assembly, the two glass p
are parallel within half a wavelength in the visible~i.e., less
than 300 nm!, as determined by an interference experime
We chose 5CB as the LC material because its phys
properties are well known and it is commercially availab
We also experimented with another readily available liq
crystal~E7; Merck! with good success. Planar alignment
the nematic phase is achieved by rubbing polyimide fil
coated on the inner sides of substrates. The NLC ce
driven by a square wave at 1 kHz. The transmission of
NLC cell as a function of the driving voltage is characte
ized before it is introduced in the ECL system. In the ch
acterization measurement, the NLC cell is inserted betw
two crossed polarizers. The first polarizer is oriented to
parallel to the polarization of the incident laser bea
which is also at an angle of 45 deg to the rubbing direct
of the planar NLC cell. The transmission intensityI of this
setup can be expressed as

I 5I 0 sin2
DF

2
, ~1!

whereDF5Dnkd is the phase retardation;Dn is the dif-
ference in refractive indices for extraordinary and ordina
waves and is a function of the driving voltage;d is the
layer thickness of NLC cell; andk52p/l, wherel is the
wavelength of the light. The transmission maxima a
minima occur whenDnd is a half-integral multiple and an
integral multiple of wavelength, respectively. Figure 2 is
plot of the transmission of the NLC cell used in the ECL
a function of the driving voltage. The probing laser wav
pticalengineering.spiedigitallibrary.org/ on 04/27/2014 T
d

s

l

length is 772 nm. Each cycle in Fig. 2 corresponds to
phase retardation of 2p. There are eight cycles. Thus
phase retardation ofDF515p is possible by tuning the
root mean square~rms! driving voltage from 0.55 to 10.0 V.

In the laser cavity, the NLC cell is oriented so that t
laser polarization direction is along its rubbing directio
After insertion of the LC cell, the laser output power r
duced by about 16%. Varying the voltage driving NLC ce
its extraordinary index of refraction would change due
field-induced reorientation of the LC director and results
an additional intracavity phase differenceDF, which corre-
sponds to an optical path differenceD l 5DF/k. The rela-
tive frequency shift of the laser output is then given by

D l

l
52

D f

f
, ~2!

where D l 5Dnd is the optical path change through th

Fig. 2 Transmission of the NLC cell between crossed polarizers at
772 nm plotted as a function of the driving voltage.
235Optical Engineering, Vol. 43 No. 1, January 2004
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NLC cell, l is the cavity length,D f is the induced relative
frequency shift, andf is the laser frequency. The maximu
tuning range of the LC cell is then

u~D f !maxu5 f une2nou~d/l !. ~3!

Figure 3 plots the theoretical prediction of the pha
change-induced optical length variation derived from Fig
and Eq. ~2!. The solid circles correspond to the drivin
voltages of the LC cell at transmission maxima and mini
of Fig. 2. The curve is intended only as a guide for the e
It is obvious that a linear and continuous frequency va
tion of several gigahertz can be obtained by changing
driving voltage of the NLC cell over several volts in th
linear portion of the curve.

3 Results and Discussion

A typical lasing spectrum of the ECL with an NLC cell
shown in the inset of Fig. 1. The laser linewidth is less th
0.015 nm~instrument-limited, as measured by an optic
spectrum analyzer ANDO model AQ6317B!. The side-
mode suppression ratio is better than 30 dB throughout
tuning range of the laser (;19.1 nm). The output wave
length and the wavelength tuning range of the ECL w
measured using a wavelength meter~Burleigh WA-1500!
with a resolution of 0.0001 nm. In the fine-tuning expe
ment, the laser frequency was also monitored by a scan
Fabry-Pe´rot interferometer ~SFP, Melles Griot mode
13SAE005! with a free spectral range of 2 GHz. Measur
ments were carried out at room temperature (;25°C) for
two cavity lengths. Fine wavelength tuning was acco
plished by changing the voltage driving the NLC cell in t
linear operation region of Fig. 3, i.e., from 0.9 to 1.3
Examples of frequency shifts of the laser output as mo
tored by the SFP are shown in Fig. 4. Four sets of data
shown for the driving voltage increased successively b
step of 0.01 V. The frequency shift is evident. Using t
wavelength meter, the laser frequency shift as the app
voltage on NLC cell in the range of 0.9 to 1.3 V for 15- an
30-cm ECL cavities were also determined quantitativ

Fig. 3 Theoretical prediction of the relative frequency shift of a
15-cm ECL as the voltage driving the NLC cell is changed.
236 Optical Engineering, Vol. 43 No. 1, January 2004

oaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/27/2014 T
g

and are shown in Fig. 5. For the 15-cm-long ECL cavi
the mode-hop-free tuning range of the laser is 4.42 G
~from 0.9 to 1.23 V!. The laser mode jumps one axial mod
spacing (;1 GHz) at Vrms51.24 V. For the 30-cm-long
cavity, the mode-hop-free tuning range is 2.77 GHz~0.9 to
1.3 V!. The tuning characteristics are in good agreem
with the theoretical predictions of 4.30 and 2.46 GHz a
cording to Eq.~2! for the two cavity lengths, respectively
The theoretical predictions according to Fig. 3 are also p
ted in Fig. 5 as solid and dashed curves forl 515 and 30
cm in that order. The slight discrepancies between the
perimental and theoretical tuning ranges are within the

Fig. 4 Single-mode operation and output frequency shift of the
15-cm ECL for several driving voltages of the NLC cell, as observed
by an SFP with a free spectral range of 2 GHz.

Fig. 5 Laser frequency shift measured by a wavemeter as the driv-
ing voltage of the NLC cell is in the range of 0.9 to 1.3 V. Data for the
two cavity lengths l515 cm and l530 cm are shown.
erms of Use: http://spiedl.org/terms
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curacy of the wavelength meter, which was calibrated to
331027 by the National Measurement Laboratory of Ta
wan. Withne-no50.2 for 5CB andd535.5mm, the maxi-
mum frequency shift possible with the present LC cell a
18.4 and 9.2 GHz for the 15- and 30-cm cavities. Su
large frequency shifts can not be realized in the pres
laser system due to the occurrence of mode hopping.
proaches such as synchronous scanning of the bias cu
of the laser diode could remedy this situation.20

We used this ECL system to observe the sub-Dopp
resonances of the RbD2-line (5S1/2 to 5P3/2, 780 nm! at
room temperature (;25°C). A standard saturation absor
tion experimental setup was employed.21 The rubidium cell
is 25 mm long and 1 in. in diameter. It is made up of
mixture of isotopes85Rb and87Rb. We scanned the driving
voltage of the NLC cell with a sinusoidal wave at 30 mH
The observed spectrum is shown in Fig. 6. The hyper
structure components of linear absorption profile for
bidium isotopes 85Rb (F53→F8) and 87Rb (F52
→F8), designated as 85B and 87B, can be clearly se
The voltage scan range of the NLC cell required is o
200 mV.

4 Conclusions

We demonstrated that a planar NLC cell can be used as
fine-tuning device in an ECL. With a 35.5-mm-thick cell,
the output frequency of the present laser can be cont
ously tuned over 4.42 GHz for a 15-cm-long ECL b
changing the rms voltage applied to the LC cell from 0.9
1.23 V. The tuning range is in good agreement with th
retical predictions. To demonstrate, we used this ECL s
tem to observe the sub-Doppler resonances of the
D2-line (5S1/2 to 5P3/2, 780 nm!. The experiment results
demonstrate that this ECL system can operate in a si
mode and can be used for spectroscopic applications.
system is superior because no mechanical moving pa
required. The driving voltage is low (,1.5 V). No critical
alignment is required. The introduction of this intracav
NLC cell makes it more convenient to realize fine-tuning

Fig. 6 Sub-Doppler resonances of the Rb D2-line (5S1/2 to 5P3/2 ,
780 nm) in a mixture of isotopes 85Rb and 87Rb observed using the
present ECL by scanning the driving voltage of the NLC cell.
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the laser frequency. With a thicker NLC cell or LC materi
with higher birefringence, a broader continuous tuni
range should be possible. Coarse tuning over tens of
nometers can be realized with conventional techniqu
e.g., mechanical tuning of the laser cavity length.
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