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Analysis of the Linewidth of a Grating-Feedback
GaAlAs Laser

G. Genty, A. Grohn, H. Talvitie, M. Kaivola, and H. Ludvigsen

Abstract—Effects of external optical feedback from a reflection Issues such as the mode stability and the influence of the
grating on the linewidth of a GaAlAs semiconductor laser oper- threshold current on the tuning characteristics and the output

ating at 780 nm are investigated. Accurate linewidth measurements power of external cavity diode lasers have been widely covered

as a function of the laser frequency tuning have been performed by . . - . .
applying the self-homodyne technique with a short delay line. A re- in the Ilteraturg [1]-{12]. The linewidth rEdUCt'on_ has also_
alistic coupled-cavity model, which incorporates the frequency-de- received attention, but to our knowledge no extensive analysis

pendent reflection from the grating, is used to explain the measured including the frequency dependence of the optical feedback
data. The agreement between the theoretical and experimental re- gnd comparison with experimental data has been carried out.

sults was found to be good. In this paper, we consider an external cavity diode laser under
Index Terms—External cavity laser, linewidth, self-homodyne strong optical feedback from a reflection grating. We measure
method. the linewidth variation as a function of the laser frequency

detuning using the self-homodyne technique with a short delay
line [13]. The experimental results are fully explained by a
) ) ~ realistic model that includes the dispersion properties of the
D IODE lasers are known to be highly susceptible to opticgfating. To our best knowledge, this is the first time that such a

feedback induced by parasitic reflections from outside thmprehensive study combining accurate measurements with a
laser cavity [1], [2]. Under proper circumstances this undesiealistic model for the laser linewidth behavior has been carried
able effect can, however, also be used as an advantage. dhe
static, dynamic, and spectral properties of the laser may be conthe paper is organized as follows. First, we discuss in general
siderably influenced by coupling a portion of the diode outpyérms the effects of optical feedback on the oscillation frequency
back into the laser cavity in a controlled fashion [3]. Such ingnd linewidth of an external cavity laser. This is followed by a
tentional optical feedback from an external reflective elemeghort description of the particular laser structure studied in this
allows for an effective control of, e.g., the threshold gain, thgork. Then we compare the measured linewidth values with
linewidth, as well as the mode stability and tuning propertigfose given by the applied model. Finally, we use this exper-
of the laser [4], [S]. In practice, the behavior of a diode lasgentally verified model to simulate the laser linewidth varia-
under external optical feedback can, however, be very Comlns produced by different feedback strengths and widths of
cated. It critically depends on the relative strength and phaseeé dispersion profile of the diffraction grating.
the reflected field as well as on various laser parameters. In an
attempt to classify the behavior, five distinct operating regimes
of external cavity diode lasers have been identified [6]. Stable
single mode operation with a narrow linewidth may be obtained We consider an external cavity laser (ECL) configuration of
either with weak or strong optical feedback [7], [8]. In both cathe type depicted in Fig. 1. Here a diode laser, represented by
egories, several device configurations have been developed @mactive medium in a short optical cavity with plane mirrors, is
the years, and laser linewidths on the order of a few kiloHertoupled to a much longer external cavity having a frequency se-
[9] and quasicontinuous wavelength tunings in excess of 1R@&tive and tunable end reflector. The amplitude reflectivities of
nm [10] have been reported. the diode facets are andr, and that of the external reflector

at the oscillation frequency, including all external losses, is
rs(w). In our case of strong external optical feedback the am-
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Fig. 1. Coupled-cavity model.

count the effects of both, andrs(w). By keeping the»-surface The operation characteristics of the coupled cavity laser can

as a reference planeg (w) takes the form [10] now be determined from (1), (3a), and (5). The variations in
. the frequency of the solitary diode laser and the frequency of
re(w) = 2 + 7’3(w)6’f°76 . (1) the coupled-cavity laser are related to each other via the chirp
L+ rorg(w)elere reduction factor defined as [17]

At threshold, the condition for oscillation of the coupled-cavity F dwgo

1 darg(reg(w))  « dlnl|reg(w)]
laser can be expressed as [14] dw T o ra de

=1
+ Tdo dw Tdo dw

(6)

) ) According to the results of the optical transmission line model
wheregq, is the threshold gain and.,, represents the modal 7] the coupling to an external cavity will make the linewidth

loss. This gives two coupled equations from which the steadyr ihe coupled-cavity lasekr be proportional to the inverse of
state values of the threshold gain and the oscillation frequengy square of the chirp reduction factor [17], [18], i..
of the laser may be obtained B

rrelgm—am)bagiotay () =1 2

1 Av = A—V; (7)
gih — Gy = _L_d 111(7’1 |Teﬂ(w)|) (Sa) F
1 whereAvy is the linewidth of thejth longitudinal mode of the
W —Wg = T arg(rem(w)) (3b) solitary diode laser without the optical feedback.

The coupled-cavity model presented above provides a gen-
with w, = 2mq/74 being the frequency of theth longitudinal  eral framework for treating the behavior of the laser linewidth in
mode of the solitary diode laser cavity. various external cavity configurations. An external cavity with

Above threshold, the carrier density in the semiconductarmirror as the end reflector is the simplest system for the anal-
medium varies as the frequency is changed. Since the refractpgs. In this case, the feedback is frequency independent, i.e.,
index of the medium is sensitive to the carrier density, the index(w) remains constant. Moreover, since the gain profile of the
will vary with the frequency changes as well. To a good approgaAlAs active medium is several tens of nanometers wide [7],
imation, the dependence of the index on the threshold gain ¢ag], it may be considered to be unchanged over a range of sev-

be written as [15] eral internal cavity modes. Equations (3a) and (5) are then di-
ac rectly linked through the feedback phase.. Fig. 2(a) shows
nd = nao ~ 5 (gin =~ gino) (4)  the relation between the threshold gain and the oscillation fre-

guency in a parametric plot obtained by letting the phase vary
whereg,o = a, —In(r172)/ La andngo are the threshold gain py 2. The figure shows two consecutive longitudinal modes of
and the refractive index of the diode laser medium in the cagf solitary diode laser using parameter values corresponding to
of no optical feedback (i.e., when(w) = 0). The parameter the type of laser of this work (see Table I). The dotted part of
a is the linewidth enhancement factor given by the ratio of thfie curve corresponds to unstable solutions of the laser opera-
real to the imaginary part of the refractive index [15], [16]. Th@on for which F < 0 [20]. Fig. 2(b) gives the corresponding
dependence of the refractive index on the threshold gain leadgihavior of the linewidth of the coupled-cavity laser with the
a shift in the oscillation frequency of the laser as can be noticagrror reflector as a function of the frequency detuning wo

by combining (4) with (3b) to give calculated from (5)—(7). The values presented by the dotted
1 curves again correspond to the unstable solutions.
W —weo = %[— arg(res(w)) + aLa(gim — gmwo)]-  (5) When a grating is used as the end reflector, the strength of

the optical feedback depends on the oscillation frequency. As a
Here the subscript 0 again refers to the values of the parametmasequence, the behavior of the laser linewidth as a function
in the case of no optical feedback. of the frequency detuning — wyo will change from that of
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Fig. 2. Calculation of the threshold gain as a function of the detuning of ﬂ%(e)wmg, we restrict the analysis to one period, i.e., to a single

external cavity laser with a mirror as the end-reflector. The unstable regions Hernal cavity mode. To understand what happens when the
marked with dotted curves. grating is tuned from its original orientation, we plot the coupled

equations (3a) and (5) as a function of the frequency detuning
TABLE | w—uwgo. These plots are subsequently referred to as the modulus
and phase curves. The solutions for the oscillation frequency
are now given as the intersection points of the two curves. The

ri’=0.95 Ag="780 nm curves have been plotted in Fig. 3 for a 2-cm long external cavity
"zj-: 0.05 na= 3.65 and a value ofug — w,0 = 20 GHz for the grating detuning.
rs=025 =20 cm™! The solid circles represent all the possible oscillation frequen-
Lp=400 pm Avy =20 MHz cies. The solution with minimum threshold gain, which is in-
Lr=12 cm dicated by an open rectangle, clearly differs from the one cor-

responding to the maximum reflection from the grating being
marked by an open triangle. An approximate assumption that
the simple case of feedback from a mirror reflector. Assumingese two frequencies would coincide has been made in some
a Gaussian intensity profile for the beam that illuminates thgevious studies of this type [21].
grating, the reflectivity of the grating as a function of frequency ag suggested by Fig. 3, the tuning of the grating dispersion
will be [17] profile relative to the frequency comb of the external cavity
N2 modes will determine the finer details of the tuning character-
ra(w) =rse n2(2°55 ) (8) istics of the laser. Fig. 4 illustrates the fine-tuning of the cavity,
i.e., the tuning of the lasing frequency within one external cavity
wherew is the frequency of maximum reflection of the gratingmode. Part (a) of the figure shows the modulus and the phase
Awg the full width at half maximum (FWHM) of its spectral curves for a fixed orientation of the grating. Both the oscillating
amplitude response, ang the peak reflectivity. For each ori- external cavity mode and its neighboring mode are plotted. The
entation of the grating, the grating dispersion selects an exteratiective oscillation frequency is the solution with the minimum
cavity mode with the minimum threshold gain to oscillate withithreshold gain, which is again marked by a solid rectangle. Part
the internal cavity mode considered. To simplify the analysi€) of the figure represents the same external cavity modes for
we choosev; to originally coincide with the frequency of thea slightly different orientation of the grating. The shift in the
gth longitudinal mode of the internal cavity (i.eve = wq). grating detuningug — wyo from Fig. 4(a) to (b) is equal to 1
The corresponding orientation of the grating serves as a ref@Hz. For small detunings (on the order of gigaHertz), the phase
ence position. For each detuning of the spectral response cuueve remains almost unchanged whereas the modulus curve is
of the grating relative to the internal cavity mode one can obhifted. When the grating is rotated, the intersection point of
tain a value for the oscillation frequencgy the chirp-reduction the two curves determining the oscillation frequency sweeps
factor I, and the linewidthAr by solving the set of equationsthe modulus curve, as indicated by the arrows in Fig. 4. Conse-
in (3a), (5), (6), and (7). When the calculation is repeated fouently, the lasing frequency of the ECL can be tuned within the
differentwyg, it results in a periodic variation of the linewidthexternal cavity modes by changing the grating orientation. Note
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Fig. 4. (a) Gain and phase curves as a function of the frequency detuning for ) . . .
a particular grating position. (b) Gain and phase curves for a grating detunfil§- 5. Computed linewidth as a function of the frequency detuning when
increased by 1 GHz. Effective oscillation frequencies are marked by sol@rying the grating orientation = 3.3. The calculated data points are marked

rectangles. Arrows show the tuning route when increasing the grating-detunif.crosses. The dotted line represents the linewidth computed in the case of a
mirror as the end-reflector.

that the effective oscillation frequency will always be found to

correspond to a crossing point on the negative slope of the gain

curve. diode
. . . . . . laser lens

The linewidth characteristics of the grating-cavity diode

laser as a function of the grating detuning are determined by the

interplay of the frequency-dependent terms in the expression

of the chirp reduction factor (6). Therefore, when varying the

grating angle to tune the lasing frequency of the ECL, the i ,

linewidth value is affected. Fig. 5 illustrates the behavior of the s

linewidth within a single internal cavity mode when changing

the grating orientation. The calculated data points are marki|igl 6. Schematic layout of the grating-cavity laser of this work. The

with crosses. There is an overall trend for the linewidth t@gtuning of the laser is accomplished by rotating the grating with piezoelectric
transducers (PZT). The beamsplitter allows us to couple out the light without

decrease with an increased detuning' of thel grating diSperS&ﬂQnging the direction of the output beam when the laser frequency is tuned.
curve from the frequency of the solitary diode laser mode.

Additionally, within each external cavity mode, the Iinewidth1800 lines/mm. The laser operates at 780 nm with a maximum

shovys a variation, Wh'Ch.'S stronger for the s.maller detunm%ﬁtput power of 40 mW. The lengths of the internal and external
and it can reach several kiloHertz. For comparison, the behavigr

of the linewidth of the same laser but with the grating beincavIty are 40Qum and 12 cm, respectively, corresponding to

replaced by a simple, totally reflecting mirror is shown as %SR.Of 100 GHz and 1.25 (EHQZ The |nt$ns2|ty reflectlwt'les of
dotted line the diode Ia_lser fac_ets aﬂa9o(_r1) ar_1d 0.05(r3). The grating
The améunt the laser frequency can be continuously tun|esd'nounted in the Littrow configuration. Its feedback efficiency
within one external cavity mode by rotation of the grating dei-§ approxim_atel)ﬂ.25(7>§) and the spectral width of its djsper-
pends on the length of the external cavity. For example, for e profile is 100 GHz. The laser can be tuned_ quasicontinu-
laser considered in this work with, = 12 cm, the tuning range ously over a range of 36 nm by rotating the grating. The beam

is only on the order of 20 MHz. This is achieved by tunin‘c’pl!tter allqws coup_llng .Of the laser light out from the caV|t_y

. hile keeping the direction of the output beam constant during
the grating by 5 GHz. On the other hand, for = 1 cm the .

. ; . the wavelength tuning.

tuning range would increase to 2.5 GHz and, correspondingly, . . . .

. . . ..~ 2'The laser linewidth measurements were carried out using a
the required tuning of the grating to 50 GHz. By combinin . : . -

. ) . . If-homodyne technique with a delay line short compared with
the grating rotation with a simultaneous change of the len

. . - coherence length of the laser. With the short delay the low-
of the external cavity continuous frequency tuning over sever, . . . :
; . . requencyl/ f-noise of the laser is effectively filtered out and
external cavity mode spacings can be accomplished.

the measurement provides a value for the Lorentzian contribu-
tionto the laser linewidth [11] with high accuracy. The linewidth
is deduced from the measurement data by fitting a theoretical
The grating-cavity laser studied in this work is schematicallspectrum based on a white noise model to the measured power
depicted in Fig. 6 [22]. It is composed of a GaAlAs diode lasespectrum using a least square fitting procedure. The accuracy of
as the active mediurin, = 3.65), a collimating lens with a the method depends on the linewidth value and was estimated to
numerical aperture of 0.5, and a focal length of 8 mm, a bedm+1 kHz for the range of values measured. We performed the
splitter, and a gold-plated holographic diffraction grating wittinewidth measurement for several values of the laser detuning

Ill. EXPERIMENT AND RESULTS



GENTY et al. ANALYSIS OF LINEWIDTH OF GaAlAs LASER 1197

60 T T T — 80 T T T
t E = =05 . e
o % % ] ol * r,’=0.4 AA ¢ v
g 40 | o i i s 1’=03 " N o o
X [ ]
2 < 40} . a A ot . . -
g 2 . Ao
. A e .
20r .o'o§ ] :AAQ’.O.
L b 20| J145l, ]
O 1 * .
[ 1 . l!l re 4 * «®
o O+ % 1 FEE & S
0 . N . N . 0 . 1 . L N L N
-60 -50 40 -70 -60 -50 -40 -30
(@-0,0)/2n (GHz) (@-0,)/2n (GHz)

Fig. 7. Results of the laser linewidth measurements using a self-homodyrig- 8. Simulation of the impact of the grating diffraction efficiency on the
technique with a short delay. The measured data are marked by open cirdiggwidth.

The calculated linewidth data of Fig. 5 as a function of the frequency detuning

are also plotted.

100} ' ' ' ]

w — wyo Within a single internal cavity mode. The detuning ° ?
w—wyo Was determined by separately measuring the waveleng sol. o |
of the coupled-cavity laser and that of the diode laser in the ca: o A0g=30 GHz o 2
of no optical feedback by using an optical spectrum analyze | * An=50 GHz i .
The latter measurement was made by blocking the grating r L I o iZG::gfg;Z % u o 0]
flection. N ¢ s ®© 0

The measured linewidth values vary between 8 and 48 kH. 2 4of o . L e ’ i
The data are compared in Fig. 7 with the results calculated t 269 ,0° °
using the model presented in the previous section. The las 20+ 48 8ooe -
linewidth depends on the-factor value, which is a parameter so8?
difficult to measure in practice. We repeated the calculation fc 0 L . - ~
several values oft and obtained the best agreement betwee 60 -50 -40 -30
theory and measurements for= 3.3. It is important to note (0-0,,)/2n (GHz)
that the optical feedback effects thedactor of the laser and that
the «-factor varies with the wavelength and temperature [16].
The value for the solitary diode laserds= 5. Ili:i% 9iathSimuIation of the impact of the grating width dispersion profile on the

The overall agreement between the measured and calculate

linewidth values is good. Except for the two points corre-, . . .
sponding to the smallest detunings, the experimental datae; e_|mpact of t_he sf[rength of the grating feedback |s_presented
ig. 8. The linewidth is seen to become less sensitive to the

seen to be within the range of possible values calculated 1 rt G f th litarv diode | de when th i
each particular detuning. This random-looking distribution etuning from the solitary diode laser mode when the amoun

the data points is believed to be due to the fact that the reIatR/fefiedbagk IS |n|creased.tTrE)e tur;jlng rgmgt; mth'fn the mternﬁlﬂ
detuning between the grating dispersion curve and the lasi Ity mode IS also seen to be reduced and the requency shi
external cavity mode was not controlled in the measurem KM the solitary diode Iaser_frequency enh_ance_d for _stronger
when moving from one measurement point to another. edback. The effect of the width of the grating dispersion pro-

attribute the discrepancy between the simulation and t'§on the linewidth is illustrated in Fig. 9. The wider the pro-
r

measurements for the highest linewidth values to the sensitivt ' tTe Iartger |sdthe rgntge Ff frequept(;y tltjr?'nlg W'thc;tnhthﬁ In-
of the linewidth to thex-factor and to the grating reflectivity. . nal cavity mode and the 1ess sensitive the finewidth change

Encouraged by the good agreement between the measdEet(? th(_a grating detuning. Moreover, the simulations show that
and calculated linewidth values for our grating-cavity laser V\} € tuning range of the external_cawt_y mod_e becomes ext_ended
use the model to predict the impact, which different feedbagﬁr the larger W'dths of the grating dispersion proﬂle_. A W|de_r

strengths and widths of the dispersion profile of the grati nge of frequencies can then be swept by the grating rotation

would have on the linewidth of the laser. The results are giv ﬁfore the laser jumps to the next internal cavity mode.

in Figs. 8 and 9. For each external cavity mode, the plotted data
points represent the average value of the calculated linewidth
over the range of values obtained for the different detuningsWe have analyzed the effects of optical feedback on the
of the grating dispersion relative to the external cavity modinewidth of a grating-cavity laser operating at 780 nm. The

IV. SUMMARY
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