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xperimental method based on wavelength-modulation
pectroscopy for the characterization of semiconductor

asers under direct modulation

téphane Schilt and Luc Thévenaz

An experimental method is presented for characterization of the combined intensity and frequency
modulation produced when the injection current of a laser diode is modulated. The reported technique
is based on the analysis of the harmonic signals produced when a modulated laser is used to probe a gas
absorption line by the so-called wavelength-modulation spectroscopy method. Based on a theoretical
model of this technique, we present two methods that facilitate the determination of �i� the deviation in
laser frequency and �ii� the phase shift between intensity and frequency modulation. These methods are
illustrated experimentally by measurement of the modulation parameters of a 2-�m distributed-feedback
laser by use of a CO2 absorption line. The experimental results have been compared with those obtained
with another traditional method and have shown full agreement in the frequency range �400 Hz–30 kHz�
considered. © 2004 Optical Society of America

OCIS codes: 140.5960, 300.6380, 120.3940, 300.6260.
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. Introduction

avelength-modulation spectroscopy �WMS� is a
idely used technique for trace-gas detection by use

f laser diodes in the near and mid infrared.1–16

his sensitive technique is based on sinusoidal mod-
lation of the light emitted by a laser diode that is
lowly tuned through an absorption feature of the
pecies to be detected. The interaction of the mod-
lated light with the absorption feature leads to the
eneration of signals at the different harmonics of the
odulation frequency, which can be detected with a

ock-in amplifier. These harmonic signals are di-
ectly proportional to the absorption and are usually
sed to monitor gas concentration. Another original
pplication of this technique is presented here. It
onsists in the experimental measurement of the
odulation parameters of a laser diode by use of the

armonic signals produced when an absorption line
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anne, Swiss Federal Institute of Technology, Laboratory of Nano-
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446 APPLIED OPTICS � Vol. 43, No. 22 � 1 August 2004
f known parameters is probed by the modulated
aser.

Laser diodes are easily and efficiently modulated
y dithering of their injection current. This results
n simultaneous intensity modulation �IM� and fre-
uency modulation �FM� of the emitted light. Fur-
hermore, a phase shift is observed between the two
odulations; the phase varies from 0 at low modula-

ion frequencies to �� at high frequencies.17 Vari-
us experimental techniques, usually based on the
se of a high- or a low-finesse interferometer, have
een proposed for measuring the modulation param-
ters of a laser diode.18–21 One of these methods,
hich facilitates the measurement of both the devi-
tion in laser frequency and the IM–FM phase shift,
s briefly reviewed in Section 2 of this paper. Then
ur measurement method, derived from our work on
race-gas detection by WMS, is presented. WMS is
ased mainly on FM of laser light, whereas IM is an
ndesirable effect that distorts the signals. In a pre-
ious paper, Schilt et al. presented a general analyt-
cal model describing the harmonic signals obtained
hen a Lorentzian absorption line is probed by a
odulated laser.22 This model takes into account

he combined IM–FM of a laser diode with an arbi-
rary phase shift and shows the effect of several mod-
lation parameters on the detected signals. Here
e briefly review the main results of this model to
pply them to the determination of the modulation
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arameters of a laser diode. Different methods are
roposed for the measurement of the deviation in
aser frequency and of the IM–FM phase shift.
hese methods are illustrated by experimental re-
ults obtained with a 2-�m distributed-feedback
DFB� laser by use of a CO2 absorption line at atmo-
pheric pressure. These results are compared with
hose of another traditional experimental technique
nd the performances are discussed.

. IM–FM in a Laser Diode: Description and
easurement Techniques

he modulation of injection current i in a laser diode
roduces simultaneous modulation of optical inten-
ity I and of laser instantaneous frequency �:

I�t� � I0�1 � M cos �t� �IM�,

��t� � �0 � �� cos��t � 	� �FM�, (1)

here M is the intensity modulation index, � is the
odulation angular frequency, and 	 is the phase

hift between IM and FM. A negative sign is chosen
n the expression for FM to produce zero phase shift

at low frequency in the common case of DFB lasers
the laser frequency decreases in a DFB laser when
he optical power increases�. Various experimental
ethods to measure the modulation parameters of a

aser diode have been proposed. For example, one
an use a Fabry–Perot analyzer to determine the FM
fficiency through direct observation of the modula-
ion spectrum.18,23 However, this technique re-
uires expensive mirrors with high reflectivity and
oes not permit precise measurement of the IM–FM
hase shift. Another, more attractive, technique fa-
ilitates the simultaneous determination of the FM
fficiency and the IM–FM phase shift. It is based on
n unbalanced interferometric method proposed by
lesen and Jacobsen21 for measurement of the phase

hift.
This method was initially presented in a Michelson

onfiguration. To validate the novel measurement
echnique presented in this paper we implemented
he interferometric method, using a Mach–Zehnder
onfiguration. This modification has enabled us to
educe the optical feedback into the laser and to im-
rove the stability of the signals, particularly when it
s used with nonisolated lasers. The two arms of the
nterferometer have different lengths, L1 and L2, as
llustrated in Fig. 1. Output signal Iout�t� of the in-
erferometer is given by21–23

out�t� � �1 � M cos �t�
1 � R0��T�cos

� �2����T cos��t� � 	� � 2��0�T�, (2)

here t� � t � T0 and R0��T� is the autocorrelation
unction of the electrical field. In Eq. �2�, the aver-
ge propagation time T0 and the difference �T in the
ropagation times in the two arms of the interferom-
ter are given by T0 � �T1 � T2��2 and �T � �T1 �

�, where T and T represent the propagation times
2 1 2
n the two arms of the interferometer. Equation �2�
s valid when the condition

��T
2

�� 1 (3)

s fulfilled. The detected signal consists in an inter-
erence pattern superimposed upon a sinusoidal en-
elope produced by the laser’s IM. It contains a
erm, cos�2�A cos��t� � 	�, that shows some sym-
etry axes �see Fig. 2� located in

tk �
�	

2f
�

k
2f

, k � 0, 1, 2, 3, . . . . (4)

The IM–FM phase shift may be determined by de-
ay tk between one of the symmetry axes �points
here the frequency of the cosine term equals zero�
nd the IM maximum. The IM–FM phase shift is
hus directly extracted from the interference signal,
s shown in Fig. 2. This unbalanced interferometric
ethod can also be used for the measurement of the
M efficiency. The number of interference periods
etween two successive symmetry axes in the de-
ected signal is directly proportional to the laser fre-
uency deviation ��:

Nfringes � 2���T � 2��
�L
c

, (5)

here c is the velocity of light. When length differ-
nce �L between the two arms of the interferometer
s known, the FM amplitude is directly determined
rom the number of fringes:

�� �
Nfringesc

2�L
. (6)

. Application of WMS to the Characterization of a
odulated Laser

he theoretical model of WMS that we have devel-
ped applies to a Lorentzian absorption line scanned
y a laser diode that is simultaneously modulated in
ntensity and in frequency, with an arbitrary phase
hift 	.22 Laser modulation frequency f is generally
ound in a range of some hundreds of hertz to some
undreds of kilohertz, whereas a scan is performed
hrough the absorption line by use of a slow current

ig. 1. Experimental schematic of the unbalanced interferometer
sed for measurement of IM-FM phase shift 	: M’s, mirrors; BS,
eam splitter; L’s, lenses.
1 August 2004 � Vol. 43, No. 22 � APPLIED OPTICS 4447
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amp at a frequency F of a few hertz. This descrip-
ion applies well to gas measurements near atmo-
pheric pressure, where the Voigt line shape is
trongly dominated by the Lorentzian contribution
nd is therefore well approximated by a Lorentzian
unction. The FM of the laser is described by the
nstantaneous frequency given in Eq. �1�, and the
orentzian absorption line is given by the line-shape

unction

g� x� �
1

���line

1
1 � x2 , (7)

here

x � �� � �line����line (8)

s a frequency that has been normalized to the line
arameters, �line is the absorption line center, and
�line is the linewidth �half-width at half-maximum;
WHM�. The FM amplitude is characterized by
odulation index m � �����line, which represents

he maximum deviation in laser frequency normal-
zed by the absorption linewidth. The laser’s IM is
aken into account by introduction of a linear varia-
ion with slope p in the incident optical power as a
unction of the frequency. As the FM efficiency de-
ends on the modulation frequency,17 this coefficient
akes a different value for either the sine modulation
t the angular frequency � � 2�f or the low-
requency ramp used to scan the laser line through
he absorption feature. Two different coefficients,
� and p�, are therefore introduced to describe the
ariation in laser optical power.22 The first one is
ssociated with modulation frequency �; the second,
ith the low-frequency ramp at � � 2�F. The gen-
ral analytical expressions for the signals detected at
he three first harmonics of the modulation frequency
ere given in detail in a previous paper.22 Here we

ummarize only the main results necessary for the
escription of the experimental method that we re-
ort for the measurement of the modulation param-
ters.

ig. 2. Output signal from the unbalanced interferometer �solid c
nce fringes. Phase shift 	 is measured between the maximum
ignal obtained with a DFB laser emitting at � � 2 �m, with L2 �
imulated signal given by Eq. �2� for the same parameters.
448 APPLIED OPTICS � Vol. 43, No. 22 � 1 August 2004
. IM–FM Phase Shift Measurement

he amplitude of the WMS signal detected at the nth
armonic varies periodically with phase �n of the

ock-in detection. For each harmonic, the amplitude
eaches maximum and minimum values at detection
hases �n,max and �n,min, respectively, that are di-
ectly related to the IM–FM phase shift22:

�n,max � n	 � k�, (9a)

�n,min � n	 � �2k � 1���2. (9b)

ne can exploit this property experimentally to de-
ermine the IM–FM phase shift. The method of
easurement consists in determining detection

hase �n,min that minimizes the amplitude of the
th-harmonic signal. The phase shift is determined
y inversion of Eq. �9b�:

	 �
�n,min � �2k � 1���2

n
. (10)

n practice, however, detection phase �n is a relative
arameter that is not known precisely, as it depends
n some phase shifts in the electronics. It is there-
ore necessary to determine the minimal amplitude of
he signal at two different harmonics, n1 and n2, and
he phase shift is obtained from the difference in the
osition of these minima:

	 �
�n2,min � �n21,min

n2 � n1
. (11)

n practice, harmonics n1 � 2 and n2 � 3 are com-
only used for the determination of the IM–FM

hase shift but higher harmonics can be used as
ell.

. Measurement of the FM Amplitude

he FM efficiency in a laser diode is characterized
y the parameter ����i �GHz�mA, where �i is the
mplitude of the current modulation. This effi-
iency can be determined experimentally from the
ariation of the maximum �sn,max� or the amplitude
s � of the nth-harmonic signal as a function of

s�. The dashed curves represent the signal without the interfer-
is curve and the symmetry axis of the signal. �a� Experimental
76 cm, f � 10 kHz, M � 0.128, �� � 2.1 GHz, 	 � �22 deg. �b�
urve
of th
L1 �
n,ampl
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odulation amplitude �i applied to the laser.
hese parameters are defined in Fig. 3 for the first
hree harmonics. They depend on modulation in-
ex m, and, for each harmonic, there exist two op-
imal modulation indices, mn,max

opt and mn,ampl
opt,

or which either sn,max�m� or sn,ampl�m� is maximal.
hereas these values are perfectly determined in

he case of a pure FM �mn,max
opt is 2.00, 2.20, 3.59,

nd 4.12 for the four first harmonics22,24�, they de-
end on all the modulation parameters �m, p�, p�,
nd 	� when a combined IM–FM is considered.
owever, it was shown that, for realistic values of

M parameters, the optimal values mn,max
opt for

hich sn,max�m� reaches its maximum are not mod-
fied from those of pure FM for even harmonics.22

n the contrary, these values strongly vary for odd
armonics owing to the asymmetry produced by IM.
n this case, the index mn,ampl

opt that maximizes the
otal amplitude of the signals is, however, constant
hen IM increases. The measurement method

hat we have developed is based on this property
nd uses the second-harmonic signal. This signal
s proportional to the expression

s � x� � s � x�cos � � s � x�sin � , (12)

ig. 3. Shape of the WMS signals obtained at �a� the first, �b� the
econd, and �c� the third harmonic. Maximum sn,max and ampli-
ude sn,ampl of the signal are defined in each case.
2,� 2p 2 2q 2
here �2 represents the phase of the lock-in detec-
ion and s2p�x� and s2q�x� are the 2f signals in phase
nd in quadrature, respectively:

s2p� x� � I�� x�cos 2	s2� x� � p���line�m�2�

� �cos 	s1� x� � cos 3	s3� x�,

s2q� x� � I�� x�sin 2	s2� x� � p���line�m�2�

� �sin 	s1� x� � sin 3	s3� x�. (13)

n Eqs. �13�, I��x� � p���linex � 1, whereas the func-
ions sn�x� correspond to the signal at the nth har-
onic obtained for pure FM.1,25 The maximum of

he 2f signal is obtained for detection phase �2,max �
	 according to Eq. �9a�. For pure FM the maxi-
um is reached exactly on the line center �x � 0�.

n the general case of combined IM–FM, the maxi-
um is moved slightly from line center. The corre-

ponding deviation �x2 depends on modulation
arameters p� and p�. However, we have observed
hat this shift was weak �lower than 10% of the ab-
orption linewidth� and mainly that the difference
etween the maximum of the 2f signal and its value
t line center was negligible. This difference was
ess than 1–2%, even for modulation parameters two
imes larger than in real conditions �we measured
ypical values of p� � �1�1�cm�1� and p� � �2�1�
m�1� at f � 10 kHz on a DFB laser emitting at 2 �m.
onsequently the shift of the maximum of the 2f
ignal from the line center can be neglected for real-
stic values of the modulation parameters, and one
btains the maximum of the 2f signal by introducing
� 0 and �2 � 2	 in into Eq. �13�:

s2,max � I0 a0��4
m2 �

2
m2

m2 � 2

�m2 � 1� , (14)

here I0 is the optical power at line center and a0 is
he absorbance at the same point. The function
2,max�m� is independent of IM, as described above; it
eaches its maximum for m2,max

opt��2�2�2�2.20.
he method of determining the FM index consists in
easuring the maximum s2,max of the 2f signal as a

unction of current modulation amplitude �i. A fit
f the experimental points by function �14� deter-
ines a proportionality coefficient K between modu-

ation index m and modulation amplitude �i:

m �
��

��line
� K�i. (15)

inally, the FM depth may be determined if absorp-
ion linewidth ��line is known:

����i � K��line. (16)

. Experimental Application of the Method

he FM efficiency and the IM–FM phase shift of a
FB laser diode emitting near a 2-�m wavelength
ave been characterized by the methods presented in
ection 3. An absorption line of CO2 at 2004 nm

line R16� was used at atmospheric pressure for de-
1 August 2004 � Vol. 43, No. 22 � APPLIED OPTICS 4449
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ermination of the modulation parameters. A scan
hrough this line, which we obtained by varying the
aser temperature, is shown in Fig. 4. A Lorentzian
t through the experimental points is also repre-
ented and confirms that the line shape is well ap-
roximated by a Lorentzian distribution. The line
arameters extracted from the fit fully agree with the
alues given by the HITRAN database,26 as listed in
able 1. The theoretical model that we have devel-
ped and the experimental methods that we propose
ith which to determine the modulation parameters

f the laser apply therefore properly to gas absorption
ines near atmospheric pressure.

The setup used for the experimental verification of
ur method is shown in Fig. 5. The laser is temper-
ture stabilized and driven by a commercial laser
urrent supply. It is sinusoidally modulated at vari-
ble frequency f, and a current ramp is applied at F �
�2� � 9.5 Hz to scan the absorption line. The

aser beam is collimated with an off-axis parabolic
irror and is divided into two paths by a beam split-

er. In the first arm, the light beam goes through a
easurement cell of length L � 100 cm and is focused

nto an InGaAs photodetector. The second part of
he beam is focused onto a reference detector. Sig-
als from both detectors are amplified and sub-
racted, such that they exactly counterbalance when
o absorbing species is present in the cell. The

engths of the two paths outside the cell are equal-
zed, so the absorption that is due to ambient CO2 is
uppressed.
The WMS signals obtained at the harmonics n � 2

nd n � 3 when the cell is filled with ambient air �350
arts in 106 of CO2� are recorded by an oscilloscope.
he background signals produced when the cell is
urged with pure N2 are also recorded and are sub-
racted from the signals obtained with CO2. The

ig. 4. Absorption line R16 of CO2 measured with a DFB laser
mitting at 2004 nm. The laser frequency was measured with a
avemeter with a resolution of 1 pm. Experimental points are

epresented by circles, and the curve results from a fit with a
orentzian distribution.

Table 1. Comparison of the Line Parameters of the R16 CO2 L

Line Parameter Symbol Experimen

Central frequency �line 4989.971
Linewidth ��line 0.07324
Line intensity S 1.341 � 10
450 APPLIED OPTICS � Vol. 43, No. 22 � 1 August 2004
armonic signals are measured either as a function of
he detection phase �for determination of the IM–FM
hase shift� or as a function of the modulation am-
litude �for determination of the FM efficiency�. The
xperimental results are compared with the inter-
erometric method described in Section 2.

. Experimental Measurement of the IM–FM Phase Shift

o extract the IM–FM phase shift we measure the
mplitudes s2,ampl and s3,ampl of the second- and
hird-harmonic signals as functions of detection
hase �n, as described in Subsection 3.A. Figure 6
hows the experimental measurements obtained for
wo modulation frequencies � f � 2.5 kHz and f � 15.8
Hz�. The difference in the positions of the minima
f the two curves corresponds to phase shift 	. The
urves given by our theoretical model are also repre-
ented and match the experimental points.
The IM–FM phase shift was measured by this tech-

ique over a wide range of modulation frequencies.
he results are shown in Fig. 7 and are compared
ith the interferometric method described above.
he results of the two techniques are in excellent
greement in the frequency range considered. The
hase shift decreases monotonically with the modu-
ation frequency and goes approximately to zero at
ow frequencies. This behavior is due to two differ-
nt effects that contribute to the laser FM.27,28 The
rst one is a thermal effect �the emission frequency
aries with the laser temperature owing to the ex-
ansion of the cavity�, for which the efficiency de-
reases with increasing modulation frequency. The
econd is due to the carrier density in the semicon-
uctor laser �the emission frequency varies with the
arrier density owing to a change in the refractive
ndex�. This effect is fast and is present up to high
requencies, but it is smaller in magnitude and 180°
ut of phase compared with the thermal effect. The
wo effects add to produce the laser FM and the

ig. 5. Experimental setup of the WMS technique: OAPs, off-
xis parabolic mirrors; BS, beam splitter; DETs, detectors.

tained Experimentally and According to the HITRAN Database

alue
HITRAN

Value Unit

4989.973 cm�1

0.07327 cm�1

1.328 � 10�21 cm�1��mol cm�2�
ine Ob

tal V

�21
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M–FM phase shift. Consequently the phase shift
ends to zero at low frequency and then decreases
onotonically as a function of the frequency because

f time averaging of the thermal effect.

. Experimental Measurement of FM Efficiency

he maximum s2,max of the second-harmonic signal is
easured as a function of laser modulation ampli-

ude �i and for detection phase �2,max that maxi-
izes the 2f signal. Figure 8 shows the

xperimental measurements obtained for different
odulation frequencies � f � 1 kHz and f � 11 kHz�.
odulation amplitude �i is linked to modulation in-

ig. 6. Evolution of the amplitude of the WMS signal at 2f �lighte
he detection phase for �a� f � 2.5 kHz and �b� f � 15.8 kHz. In b
urves are the results of our theoretical model.

ig. 7. IM–FM phase shift as a function of modulation frequency:
omparison of WMS and interferometric methods.

ig. 8. Evolution of the maximum of the 2f signal as a function of t
xperimental measurements; curves, results of a fit.
ex m through a fit of the experimental points by Eq.
14�, which describes curve s2,max�m�. FM efficiency
���i is finally determined from absorption line-
idth ��line through Eq. �16�. The value of the line-
idth was measured experimentally and was

onfirmed by the HITRAN database.26

The FM parameter was measured by this tech-
ique for different modulation frequencies. The re-
ults are shown in Fig. 9 and are compared with those
f the interferometric method described above. The
esults of the two methods are in excellent agreement
n the frequency range considered.

. Discussion and Conclusions

xperimental methods based on wavelength-
odulation spectroscopy have been demonstrated for

he characterization of the combined IM-FM of a la-
er diode. These techniques are based on the anal-
sis of the harmonic signals produced when a
odulated laser field interacts with an absorption

ine of a gas near atmospheric pressure. The theo-
etical description of these methods is based on a
odel of WMS that we have developed in the general

ase of combined IM–FM with an arbitrary phase
hift. This theoretical model is valid in the Lorent-
ian line-shape limit, but the experimental methods

ves and circles� and 3f �darker curves and circles� as a function of
ses, m � 1. Circles represent experimental measurements, and
r cur
oth ca
he modulation amplitude for �a� f � 1 kHz and �b� f � 11 kHz. Circles,
1 August 2004 � Vol. 43, No. 22 � APPLIED OPTICS 4451



r
r
I
S
b
t
p
w
c
m
E
t
V
�

p
o
h
e
t
w
T
t
t
f
c
s

o
c
o
i
l
a
C
o
n
m
F
w
l
w
a
o
l
t
q
a

v
s
t
m
s

m
t
k
c
�
n
s
m
F
h
t
m
r
c
a
f
t
u
u
m
q
W
fi
m

R

1

1

F
c

4

eported here have in fact a much wider application
ange. For example, the measurement of the laser
M–FM phase shift with the technique presented in
ubsection 3.A �Eq. �11� remains valid for a Doppler-
roadened absorption line �Gaussian line-shape func-
ion� and therefore also for a generalized Voigt
rofile. The measurement of the FM amplitude
ith the method reported in Subsection 3.B, however,

annot be applied for a Gaussian line shape, as the
aximum of the 2f signal is no longer described by
q. �14� for a Gaussian absorption line. However,

he proposed technique remains applicable for a
oigt profile, when reduced broadening parameter Y

�Lorentz HWHM�Doppler HWHM� is larger than 2.
Two different measurement techniques have been

roposed for determination of the FM amplitude on
ne hand and of the IM–FM phase shift on the other
and. These techniques have been demonstrated
xperimentally for characterization of the modula-
ion parameters of a 2-�m distributed-feedback laser
ith a CO2 absorption line at atmospheric pressure.
he results were compared with those obtained by a

raditional interferometric method, and the values of
he two techniques are in excellent agreement in the
requency range �400 Hz–30 kHz� considered. This
omparison proves the validity of the reported mea-
urement techniques.
The methods presented in this paper complement

ther existing techniques in laser metrology. They
an be used to characterize the modulation properties
f laser diodes emitting in different spectral ranges,
ncluding the optical telecommunications wave-
engths, by use of a suitable absorbing gas. For ex-
mple, HF can be used in the 1260–1350-nm range;
2H2, HCN, and CO to cover the third windows of
ptical fibers �1510–1600 nm�; and CH4 near 1650
m. Furthermore, this technique can also be imple-
ented by use of the resonance of an optical etalon �a
abry–Perot cavity� instead of a gas absorption line,
hich extends its range of application to any wave-

ength in the infrared. In our setup, this technique
as limited to modulation frequencies lower than
pproximately 30 kHz because of the bandwidth limit
f our lock-in amplifier. However, the use of a rf
ock-in or a rf mixer enables this range to be extended
o much higher frequencies. The modulation fre-
uency should, however, stay much smaller than the
bsorption linewidth, so the WMS description is

ig. 9. Parameter ����i as a function of modulation frequency:
omparison of WMS and interferometric methods.
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alid. When the modulation frequency is of the
ame order of magnitude or higher than the absorp-
ion linewidth, the technique is referred as frequency
odulation spectroscopy, and another theoretical de-

cription must be considered.2,23

Another important point of the experimental
ethod reported in this paper concerns knowledge of

he absorption linewidth. This parameter should be
nown precisely for determination of the FM effi-
iency, as these two factors are directly proportional
see Eq. �16�. However, the absorption linewidth is
ot relevant for determination of the IM–FM phase
hift and thus causes no inaccuracy; the measure-
ent can be made even if the linewidth is unknown.
inally, another advantage of the methods reported
ere compared with traditional techniques concerns
he required bandwidth of the detector that is used to
easure the signals. The interferometric technique

eviewed in Section 2 requires a fast detector, espe-
ially when high precision of the parameters ����i
nd 	 is necessary. A large number of interference
ringes should be detected to obtain good precision on
he parameters. Typically, 20–40 fringes per mod-
lation half-period are necessary. This implies the
se of a photodetector with a bandwidth approxi-
ately 100 times higher than the modulation fre-

uency. The methods reported that are based on
MS require a much lower bandwidth, as it is suf-

cient to detect the second and third harmonics of the
odulation frequency.
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