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Abstract

This paper reports on the development of a new laser-based chemical sensor. The optical sensor is based on the modification
of the resonant cavity of a distributed-Bragg-reflector (DBR) laser. Part of the cavity (phase section and/or DBR grating) is
covered by a sensitive layer that changes its refractive index as a result of interaction with a given chemical. This produces the
change of optical cavity length, resulting in the lasing frequency shift. The results of modeling and preliminary experiments
proving the concept of chemical sensing are presented. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

There is an increasing need for high sensitivity, com-
pact, low-cost and real-time sensors. Detection and
identification of various liquids and gaseous species is
required in the areas of semiconductor manufacturing,
process control and environmental monitoring. Cur-
rently, mass spectrometers [1–3] and Fourier transform
infrared (FTIR) systems [4] are the most widespread
schemes for detection of low concentrations of chemi-
cals. Contemporary mass spectrometers have relative
sensitivity in the range of parts per million (ppm) in
mobile versions [1], and below 1 part per trillion for
stationary devices [2], with a detection limit of 10–18

mole [3]). However, as mass spectrometers require sam-
ple placement into the vacuum chamber, they are not
real-time devices. FTIR sensors have been successfully
used as environmental and biochemical sensors due to
the simple optical scheme (compared to classical spec-
trometers). Mobile FTIR systems weighing 50 kg and
consuming 100 W of electric power have been described
[4]. However, these systems, like mass spectrometers, do
not provide real-time on-line response.

The development of integrated optical components
and the advances of fiber-optic devices over the past
few years have opened a wide range of possible minia-
ture sensor designs [5–8]. Most optical sensors have
three major components: source of the coherent light
(typically laser diode), chemically sensitive element and
the detection system. Most integrated optical sensors
are based on the change of the real or imaginary part of
the refractive index of a sensitive material, which is
within the penetration depth of the evanescent field, in
the presence of a chemical in question. Fiber optic
sensors are usually built on the principle of evanescent
wave absorption in the medium surrounding the optical
fiber [5−7], or the interferometric principle [8] detect-
ing the slight changes of refractive index in the presence
of chemicals. The scheme with the Mach–Zehnder in-
terferometer is currently the most popular. One branch
is affected by the chemical to be measured, while the
other provides a reference phase. These sensors have
the sensitivity comparable to the low-end mass spec-
trometers, providing real-time operation.

In this article, we present a new detection technique
where the sensitive element is part of a resonant optical
cavity to enhance the sensitivity. This technique uses
the lasing wavelength shift of a distributed-Bragg-reflec-
tor (DBR) laser as a result of the change in optical* Corresponding author.
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cavity length caused by the refractive index change of
the sensitive material. The same type of sensor can also
be used to measure temperature and strain, since a
change of these parameters will also induce a change of
optical path length of the resonator. By using commer-
cially available components, we expect this sensor to be
low-cost and suitable for mass production. It also
makes it possible to employ sensor arrays to detect
many different chemicals at the same time.

In Section 2, the general concept of the sensor is
presented, with a theoretical model for two types of
sensor (monolithic and external cavity). The general
characteristics of the sensor are presented for different
designs. In Section 3, the experimental results for our
DBR laser sensor are presented. Section 4 presents the
concluding remarks about the proposed sensors.

2. Chemical sensing

2.1. General concept

In our detection scheme, the DBR laser is used as a
chemical sensor (Fig. 1). Phase sections (Fig. 1(a)) or
phase sections and grating (Fig. 1(b)) of the sensing
laser are covered with a layer sensitive to the chemical
in question. The action of the chemical produces refrac-
tive index change in the sensitive layer, thus changing
the effective index of the section. As a result, the lasing
frequency of the affected laser changes by a fraction
determined by the concentration of the chemical (de-
tailed analysis is supplied below). The second laser in
both cases serves as a reference source. The reference
laser has the same response to other environmental

Fig. 2. Four-layer waveguide structure for chemical detection.

factors (first of all temperature) but not to the given
chemical. Thus, the difference in lasing frequencies of
the sensitive and reference lasers is used to measure the
concentration of the chemical.

In a DBR laser, the lasing occurs if the gain compen-
sates losses for at least one cavity mode. This mode lies
within the bandwidth of the Bragg grating. If this
condition is fulfilled for several modes, the one with the
largest difference of gain and losses is dominant due to
mode competition, thus producing single-mode opera-
tion. The lasing frequency is thus determined by:

n=q
c

2L
, (1)

where q is an integer number corresponding to the
lasing mode, c is the speed of light, L is the optical
length of the cavity. Thus, by changing the optical
cavity length (for example, by changing the effective
refractive index of some part of the cavity), lasing
frequency can be changed accordingly. This allows use
of part of the cavity (called phase section) as a fre-
quency selective element for fine tuning within the
bandwidth of Bragg grating. The same principle can be
used for environmental sensing. For this purpose, the
frequency selective element of the laser (Bragg grating
and/or phase section) is coated with a sensitive polymer
and immersed in the medium (Fig. 2). The presence of
chemicals causes the change of the refractive index of
the cladding. As a result, the effective index of the
coated section of the cavity also changes, as does the
optical length of the cavity [9,10]. Thus, the frequencies
corresponding to cavity modes change, so that the
lasing mode shifts within the peak of Bragg grating
reflectance (Fig. 3).

2.2. Theoretical analysis

The resolution of the DBR laser-based sensor is
limited by the resolvable frequency shift. The major
limitation of this resolvable shift is the linewidth of the
laser. The advantage of DBR lasers as sensors is the
possibility of obtaining a narrow linewidth in a mono-
lithic or a simple external cavity laser. The linewidth of
a DBR laser is approximately given by [13]:

Fig. 1. DBR laser-based sensor with coated phase sections (a) or
phase sections and gratings (b).
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where P is output power; La and Le are the active and
effective passive waveguide lengths, respectively; gth is
the threshold gain; c is the velocity of light; neff is the
effective refractive index; a is the linewidth enhance-
ment factor; aa is the loss coefficient in the active
region; and nsp is the spontaneous emission factor. The
threshold gain gth is, in turn, calculated by the formula:
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2
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�
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�1
C
�n

, (3)

where Rf and Rr are the front and rear side reflectances,
respectively and C is the power coupling efficiency
between the active and passive sections.

To obtain the narrow linewidth, good power cou-
pling between active and passive sections, low modal
losses and long cavity (relatively to the length of gain
section) are therefore necessary. Efficiency of lens cou-
pling in the case of external cavity may be 30–70% (for
monolithic lasers, power coupling between active and
passive sections may be 95% or more). Low modal
losses are achieved by using multiple-quantum-well
(MQW) gain layer and, in the case of monolithic lasers,
regrowth technology for grating regions (though the
losses in fiber gratings are still much lower). This,
together with improved layer structure and Bragg
reflector efficiency, has allowed to reduce the linewidth
from 3.2 [14] to less than 100 kHz for monolithic DBR
lasers [15,16]. Short-term linewidth of less than 300 kHz
has already been achieved for commercial external cav-
ity semiconductor lasers, with further improvement
possible. This, together with the possibility of separat-
ing the semiconductor gain section from the harsh
environment, makes the external cavity design very
attractive for proposed sensors. Due to the narrow
linewidth of DBR lasers, small changes of the effective

index and, correspondingly, small concentrations of
chemicals may be accurately detected.

A simple external cavity design is based on the
sensitive element and Bragg grating formed on the ridge
waveguide. This design provides good mode matching
with the semiconductor gain section and allows manu-
facturing of an array of sensors with multi-chemical
detection capability. Another way is to use single-mode
fiber Bragg grating as feedback and phase section. In
this case, part of the fiber has to be polished close to
the core (D-shape) and coated with sensitive material.
This technique allows to use simple procedures like
polishing and dip-coating for sensor fabrication.

There are two possible ways of evaluating the fre-
quency change. One of them is monitoring of the
frequency shift with the Fabry–Perot interferometer
that has a typical resolution of several megahertz. The
second technique is based on heterodyne detection. In
this approach, outputs of the sensor and reference
lasers are combined and sent to the optical detector
connected with a microwave spectrum analyzer. Since
the heterodyne technique can provide a resolution de-
termined by the linewidth of used sources, it takes
advantage of the full sensitivity of the proposed
sensors.

Apart from the geometrical dimensions and the laser
linewidth, the key parameter of the proposed sensors is
(neff/(ns, where ns is the refractive index of the sensitive
layer (Fig. 2). The evaluation of this parameter may be
made using the equations for guided-mode eigenvalues
[17,18] (Appendix A)

(neff

(ns

=
ns

neff

Gs, (4)

where Gs is the field confinement factor for the sensitive
layer.

The results of numerical modeling of frequency shift
are presented in Fig. 4. Fig. 4(a) is related to a fully
integrated (monolithic) version. Fig. 4(b) is related to
an external-cavity structure based on planar waveg-
uides. Typical values for the key parameters are as-
sumed (Table 1). The present calculations are made in
the infinite slab approximation. However, the similar
results can be obtained for other guiding
configurations.

The graphs show that covering both gratings and
phase sections with sensitive layer produces a propor-
tionally larger frequency shift. However, the layer struc-
ture on the top of Bragg grating has to be very uniform
in order to preserve the shape of frequency-response
curve of the gratings (otherwise the frequency selectiv-
ity of the scheme will be affected). Thus, a detection
scheme with only phase sections coated may be more
feasible technologically, since the effect of phase section
is determined by the change of optical length integrated
over the phase section and does not require high unifor-Fig. 3. Diagram of the DBR lasing mode and frequency shift.
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Fig. 4. Frequency shift vs. sensitive layer thickness for an on-chip (a)
and external-cavity configuration (b).

Table 1
Parameters of the on-chip and external-cavity DBR-laser-based sen-
sors used in modeling

External cavityMonolithic ver-
sion

0.3 1Guiding layer thickness (mm)
1.63.4Guiding layer refractive in-

dex
0.02 –Protective cladding thickness

(mm)
0.10.1Sensitive layer thickness (mm)

1.46 1.46Sensitive layer refractive in-
dex

1.463.1Substrate refractive index
Gain section length (mm) 0.3 0.4

0.3 10Phase section length (mm)
100.3Bragg grating effective length

(mm)
10−410–4Sensor refractive index

change
Wavelength (mm) 1.55 1.55

0.01760.0145Power confinement in sensi-
tive layer

quency shifts may be obtained by choosing materials
with larger range of refractive index change. The opti-
mum choice of the material for sensitive layer, there-
fore, has to be made for each case separately.

An optimum configuration of the sensor requires the
maximum ratio of frequency shift caused by a certain
concentration of the chemical to laser linewidth, i.e. the
maximum ratio of (neff/(ns to Dn. Such an optimum is
achievable due to the fact that both (n/(ns and losses
increase with the confinement in the sensing layer Gs;
however, the frequency shift increases with Gs linearly,
while Dn presents a second-power polynomial depen-
dence. Thus, an optimum confinement always exists
and is defined by the condition:

d
dGs

�(neff/(ns

Dn

�
=0 (5)

mity. These graphs allow to make an estimation of
resolvable refractive index change of the sensitive layer
(assuming a resolvable frequency shift equal to the laser
linewidth). Considering a 1-MHz linewidth of the exter-
nal cavity design, the resolvable refractive index change
would be better than 10–6.

In the case of a monolithic structure, the power
confinement in the sensitive layer strongly depends on
the thickness of the protective cladding (which is neces-
sary for technological reasons and higher reliability).
The frequency shift versus refractive index change of
the sensitive layer was modeled for different thickness
of the protective layer using the same parameters as
before (Fig. 5).

Power confinement in the sensitive layer depends on
the refractive index of this layer (apart from the layer
structure). The optical materials that may be used for
this layer have refractive indices between 1.4 and 2.5.
The results show that higher refractive indices produce
larger confinement and, consequently, larger frequency
shifts (Fig. 6). On the other hand, higher refractive
index of the outer (sensitive) layer means higher losses,
first of all due to surface scattering. Also, larger fre-

Fig. 5. Frequency shift vs. refractive index change of the sensitive
layer for different thickness of protective cladding.



Y. Berego6ski et al. / Sensors and Actuators B 53 (1998) 116–124120

Fig. 6. Frequency shift vs. refractive index of the sensitive layer (other
parameters are the same as in Fig. 4(a)).

Mach–Zehnder-based sensor increases with increasing
length of the sensitive element (which may be made
equal to the total length of the interferometer). In the
case of the DBR-laser-based sensor, the resolution im-
proves with increasing ratio of sensitive section length
to the total cavity length and does not depend on the
actual size of the sensitive element. From the graph it is
clear that a resolvable shift in frequency B1 MHz has
to be achieved to obtain a resolution comparable to the
one of Mach–Zehnder devices. The resolution of the
DBR laser-based sensor can be improved by having the
sensitive element change the refractive index of the
cladding at the distributed Bragg reflector in addition
to the change in optical path length of the phase
section. This both increases the total change of the
optical path length and provides the change of the
reflectivity peak of the frequency selective element in
the same direction.

3. Experimental results

3.1. Chemical sensor

For the proof of concept, a fiber grating external
cavity DBR laser was selected. We have used matching
pairs of gratings and laser diodes in the 1550-nm re-
gion. The gain section consisted of a Fabry–Perot
InGaAsP/InP multiple quantum well (MQW) laser
diode mounted p-side up on the heat sink. The front
facet of laser diode and cleaved facet of the optical fiber
grating were AR-coated to reduce the reflectance to less
than 0.1%. Fibers were butt-coupled to the semiconduc-
tor gain sections using the fiber positioner. The fiber
gratings used in the experiments had peak reflectances
within 88–95% and bandwidth of 0.1–1 nm according
to the specifications.

This gives the optimum value for Gs:

Gs=

Q(Q+aaLa)

Leas

, (6)

where

Q=
1
2

ln
� 1

R1R2

�
+ ln

�1
C
�

(7)

as is loss coefficient in the sensitive layer, the rest of
variables are the same as in Eqs. (1) and (2). Other
layers of the passive section are assumed to be low-loss.

The key challenges are to create a sensitive element
with the desired optical and chemical characteristics as
well as to enable the sensor to detect sufficient small
changes in the effective refractive index of the sensitive
element, induced by the species in question. As a goal
of detectable changes, we aim to achieve a resolution
higher than Mach–Zehnder-based sensors. Mach–Zeh-
nder sensors are based on measuring the relative phase
shift between the measuring arm and sensitive arm: A
change in the effective refractive index of the sensitive
element causes the optical length of the sensitive arm to
change, thus resulting in a relative phase shift between
both arms. The minimum detectable refractive index
change of the sensitive layer in a Mach–Zehnder inter-
ferometer is:

Dns=
ld

2pLs

(neff

(ns

(8)

where d and l are the minimum detectable phase shift
and light wavelength, respectively; Ls is the length of
the sensitive section which may be made equal to the
length of the interferometer. Other parameters in Eq.
(8) are the same as before.

According to [11,12], phase shifts as low as d= (1–
2)×10−3 radian can be measured. Thus, the resolution
of a Mach–Zehnder-based sensor may be compared to
that of a DBR laser-based sensor (Fig. 7). The graph
shows lines of equal resolution. The resolution of the

Fig. 7. Comparison of an external-cavity DBR-laser-based chemical
sensor with a Mach–Zehnder interferometer (layer structure of the
sensor is the same as in the interferometer).
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Fig. 8. Scheme of the chemical sensor set-up.
Fig. 9. Emission spectrum of the external-cavity DBR laser with fiber
grating recorded by an optical spectrum analyzer with 0.8 Å resolu-
tion.

An experimental set-up (Fig. 8) was used for detec-
tion of acetone vapors in the air. It was based on an
external-cavity DBR laser scheme using fiber DBR
grating with 1550 nm peak wavelength. The fiber con-
taining the 95% reflectance, 1-nm-bandwidth grating
was butt-coupled to the gain section (the coupling
efficiency was measured at 12%). Prior to the butt-cou-
pling, a section of the fiber adjacent to the grating
(phase section) was polished close to the core (with
power output control as a criterion of polishing depth)
and dip-coated with a polymer sensitive to acetone and
toluene. This section was placed into the enclosure
where a container with acetone could be placed (so as
to allow the build-up of vapor concentration within
5–10 s). The other end of the fiber was used to couple
light into the Fabry–Perot interferometer. After achiev-
ing the maximum laser power output by positioning the
fiber, an acetone container was placed in the enclosure
containing the sensitive section, and the latter was
closed. During the vapor build-up, the frequency shift
could be observed visually on the interferometer dis-
play. The reversibility of the polymer response allowed
to make a series of measurements on the same sample.
The response time of the sensor is determined by the
response time of the sensitive layer, since the response
of the laser to an index change is very fast. In a
separate experiment [19], the response of this sensitive
layer was measured to be on the order of seconds, with
full reversibility after termination of the influx of a
chemical.

The typical spectrum of a fiber-based DBR laser is
shown in Fig. 9. Here a distributed Bragg reflector with
a FWHM=0.14 nm and a peak reflectivity of 88% has
been used. The center wavelength of the semiconductor
gain as well as of the reflectivity peak was at �1538
nm.

A side-mode suppression better than 34 dB has been
achieved. Using a scanning Fabry–Perot interferome-
ter, a linewidth 3–5 MHz and short-term instability of
26 MHz (RMS) were measured. The most probable
cause of frequency instability was mechanical instability
of the experimental set-up.

The results of the measurements are shown in Fig.
10. They indicate an �130-MHz frequency shift as a
result of the presence of acetone vapors, with return to
the initial frequency after exposure to acetone. The
group of peaks in each spectrum indicates several lasing
modes resolvable by the Fabry–Perot interferometer
(Fig. 9). The entire group of lasing modes shifts simul-
taneously under the action of acetone.

Two different configurations of the sensitive element
(with coated grating and coated phase section) were
tested. The results presented above (for coated phase
section) have the RMS error due to instability approxi-
mately half of that produced by the scheme with coated
gratings. This may be attributed to the change of
grating frequency response caused by the non-unifor-
mity of polishing and coating the grating section.

3.2. Temperature sensiti6ity

The sensitivity of DBR lasers to temperature is im-
portant for two reasons. Firstly, the frequency shift due
to typical changes of ambient temperature is much
larger than the above-listed frequency shift resulting
from chemicals. This shift is usually large enough to be
detected by classical spectral analyzers. Thus, in the

Fig. 10. Frequency shift of a DBR laser in the presence of acetone
vapors measured with Fabry–Perot interferometer.
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Fig. 11. Temperature dependence of fiber-grating DBR lasing wave-
length.

4. Conclusions

The frequency change of DBR lasers as a result of
environmental changes has been used for chemical
and temperature detection. A single-channel scheme
(without a reference source) allows to detect large
concentrations of vapors, while a differential scheme
may have the potential sensitivity equal to that of a
10-cm or larger Mach–Zehnder interferometer. The
external-cavity schemes (with waveguides on a glass
or SiO2 substrate) provide an overall higher sensitivity
when used with polymer sensitive layers. The analysis
shows that, unlike the passive fiber-optic sensors, the
DBR-based sensors have an optimum value of power
confinement in the sensitive layer. This optimum
value is primarily the function of loss coefficient of
the sensitive material and the length of the sensitive
section. The experimental results prove the concept of
DBR-laser-based chemical sensing.
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Appendix A. Evaluation of 3neff/3ns for 3- and 4-layer
structures

The eigenequations for the qth mode are [17,18]:

2h0d0−8+0−8−0−qp=0, (A1.1)

where 8+0 and 8−0 are half-phase shifts on the bot-
tom and top boundaries of the guiding level, respec-
tively. For a simple 4-layer structure used for
chemical detection (Fig. 2), the equations for these
half-phase shifts are the following:

8−0= tan−1�p−1

h0

�
; 80= tan−1�p1

h0

tanh c1
�

(A1.2)

c1=p1d1+ tanh−1�p2

p1

�
;

h0=k0 
n0
2−n eff

2 ; pi=k0 
n eff
2 −ni

2

(i= −1, 1, 2)

k0=2p/l0

assuming that n0\neff\n−1, 1, 2. The sensitive layer
in this scheme is number 1, thus ns=n1.

Consequently, for each guided mode, the following
is true:

case of chemical sensors, this shift has to be either
compensated (as in differential scheme) or accurately
accounted for. Secondly, due to the same reason of
large magnitude, the temperature-induced frequency
shift may be used for direct temperature measure-
ments. In the case of an external-cavity fiber grating
DBR laser, the fiber may be used in harsh environ-
ments.

The theoretical background of temperature mea-
surements is supplied in Apendix B. The experiment
was carried out using the AR-coated semiconductor
laser (l=1525 nm at room temperature before coat-
ing) and a single-mode optical fiber with Bragg grat-
ing of a nominal wavelength 1540 nm. The cleaved
fiber was butt-coupled to the laser and its output
measured with HP-70950B optical spectrum analyzer.
The temperature of the Bragg grating was varied by
placing it onto a Peltier element (producing the tem-
perature changes up to 70°). During the experiment
the grating was protected from environmental influ-
ences other than controlled temperature changes (such
as air streams.). The actual temperature was con-
trolled by a thermoelectric sensor placed on the
Peltier element adjacent to the fiber grating.

A wavelength shift of 0.01 nm °C−1 for the Bragg
wavelength was verified in the experiment between
room temperature and 75°C. Experimental data are
shown in Fig. 11.

Therefore, the thermal sensitivity of DBR lasers
shows the advantage of a differential detection
scheme proposed for chemical sensing. Such a scheme
would not have the temperature-related instability.
Also, the magnitude of the wavelength changes allows
to detect changes using simple and inexpensive spec-
tral techniques (particularly because these changes oc-
cur in the vicinity of the wavelength known in
advance).
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(

(ni

(2h0d0−8+0−8−0)=0. (A1.3)

A simple evaluation may be made for a 3-layer struc-
ture, with the refractive indices of substrate, guiding
layer and superstrate n–1, n0, and n1=ns, respectively.
Guiding layer thickness remains to be 2d0. For this
structure:

2h0d0−8−0−8+0−qp=0; (A1.4)

8−0= tan−1�p−1

h0

�
; 8+0= tan−1�p1

h0

�
Other parameters are defined in Eq. (5).

For this structure, the following equation for (neff/(ns

may be obtained:

(neff

(ns

=
ns

neff

h0
2

p1(h0
2+p1

2)
1

2d0+
1
p1

+
1

p−1

(A1.5)

This is equivalent to the following expression:

(neff

(ns

=
ns

neff

Gs (A1.6)

This is similar to the formulae obtained in [20,21] from
the perturbation theory.

Appendix B. Temperature and strain sensitivity

Temperature and strain influence on the fiber result
in a Bragg wavelength shift of

DlB=2neffL
�!

1−
�n eff

2

2
�

[P12−n(P11+P12)]
"

o

+
�

a+
dn/dT

neff

n
DT

�
(B2.1)

where the factor(n eff
2 /2)[P12−n(P11+P12)], including

Pockel’s coefficients of the stress–optic tensor, Pois-
son’s ratio and the fiber’s refractive index, equals �
0.22. o represents the applied strain and a the thermal
expansion coefficient. DT is the temperature change of
the grating [22].

With constant temperature, the normalized strain
response for a 1.3 mm- grating can be expressed as

1
lB

·
dlB

do
=0.78 · 10−6mo−1 (B2.2)

This value gives a wavelength shift of roughly 1 nm per
1000 mo.

The wavelength shift due to temperature changes is
mainly dependent on the change of the refractive index
and thermal expansions of the fiber material. For silica
fibers the normalized wavelength shift for constant
strain is

1
lB

·
dlB

dT
=6.67 · 10−6 °C−1 (B2.3)

which gives a wavelength shift of 0.008–0.01 nm °C−1

within the examined spectral region [22].
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