IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 25. NO. 1. NOVEMBER 1989

2239

Analysis of the Carrier-Induced FM Response of
DFB Lasers: Theoretical and Experimental
Case Studies
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Abstract—A comprehensive analysis of the carrier-induced FM re-
sponse of DFB lasers is given both in theory and by experiment.
Experimentally it is found that the FM response may sometimes vary
(strongly) from chip to chip. In a number of cases anomalies either as
a function of frequency or as a function of bias are observed.
Theoretically, a new dynamic model is presented which includes
spectral as well as longitudinal spatial hole burning. The main feature
of the model is that local variations of the Bragg wavelength caused by
hole burning, are rigorously and self-consistently taken into account.
By comparing the experimental results with theoretical calculations,
it is shown that spatial hole burning is an important phenomenon in
DFB lasers. The model confirms that the dynamic (FM) behavior can
strongly vary from DFB chip to DFB chip. The model shows that spa-
tial hole burning is indeed the dominant factor which induces the
anomalies that are found experimentally in the FM response.

1. INTRODUCTION

HE dynamic single-mode DFB laser is one of the most

promising and practical candidates as a light source
for optical coherent communication systems. In particu-
lar, optical FSK heterodyne detection systems are attrac-
tive. They pose only moderate requirements on the laser
linewidth, and the frequency modulation is obtained by
directly modulating the DFB laser. The FM response of
the latter then is a quantity of prime interest.

Recently, some research groups have reported theoret-
ical and experimental results on the dynamics of DFB la-
sers [1]-[7]. Their work covers the IM and FM response
of DFB lasers with and without phase-tuning segments.
The models used for explaining the experimental results
are usually derived from the simple rate equations [8] for
Fabry-Perot lasers.

In this paper we give a detailed analysis of the FM
modulation behavior of DFB lasers in the frequency range
where thermal effects no longer affect the small-signal be-
havior, i.e., above about 50 MHz. First we will give ex-
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amples of experimental data on the FM response of DFB
lasers. Then a model is presented in which spatial (lon-
gitudinal), temporal, and spectral effects are taken into
account simultaneously. Next this model is applied to a
number of DFB lasers and also to a Fabry-Perot laser.
Finally, a discussion is given in which the experimental
and theoretical results are compared.

II. EXPERIMENTAL INVESTIGATION
A. The DFB Devices

The FM response as a function of frequency and of bias
was measured for as-cleaved as well as for asymmetri-
cally-coated DFB lasers with a first-order grating (A =
1.55 um). The investigated frequency range usually ran
from 100 MHz to 4 GHz, at output powers up to approx-
imately 10 mW. Prior to measuring their FM response the
devices were selected for genuine single-mode behavior;
i.e., they show an SMSR (side mode suppression ratio)
of more than 30 dB over a wide power and temperature
range (10-60°C). The asymmetrically-coated DFB’s had
either a 5 or a 0.4 percent front-facet reflectivity, and an
as-cleaved back facet. The transverse structure of the de-
vices is of the PB-DCPBH-type [9], where the proton
bombardment (PB) is used to enhance the bandwidth of
the devices (with IM 3 dB bandwidths up to 6 GHz). Typ-
ical thresholds are around 20 mA, for devices of 250 um
length. Inferred from stopband measurements below
threshold, the optical-wave-grating coupling «L is about
2.

B. FM Response Measurements

The FM response at a given frequency and bias was
measured by adding a small ac component to the dc bias,
while measuring the power spectrum of the optical output
by a scanning Fabry—Perot interferometer. The amplitude
Al of the ac current was adjusted such as to obtain a power
spectrum of the frequency-modulated lightwave with a
known FM index. Particular useful FM indexes in this
respect are, e.g., m = 2.4 (zero amplitude for the carrier
frequency), m = 1.4 (with equal intensity for carrier and
first sidebands), and m = 1 (with first sideband intensities
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Fig. 1. (a)-(c) Perspective view of the FM response versus bias and fre-
quency, for three SM-DFB lasers with a front-facet reflectivity R, = 0.4

percent.

equal to one-third of the carrier). Using the relation be-
tween FM index m and frequency sweep A f (= mfiea)
the FM response follows from df/dl = (mfyeq) /AL
Particularly at high modulation frequency f;,.4 the data
were checked for consistency, at various values for the

FM index, in order to exclude the residual amplitude or
other spurious modulation that would spoil the experi-
mental data. Moreover, great care was taken to avoid the
effect of (weak) reflections back into the laser cavity on
the FM response of the DFB lasers.
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C. Examples of Measured FM Responses

Compared to the regular behavior of the (small-signal)
intensity modulation response of (FP and) DFB lasers, the
measured behavior of the corresponding FM response as
a function of frequency and bias is complex.

The small-signal intensity modulation (IM) response
basically is frequency independent up to a few GHz, fol-
lowed by the relaxation oscillation contribution at higher
frequencies. Below the relaxation oscillation at £, the IM
response is also bias independent, whereas f, is roughly
equal to 1 GHz /+/mA bias above threshold. For DFB la-
sers there is some scatter from chip to chip in the level of
the IM response: the random facet phases cause some
scatter in the front-facet differential efficiency. In con-
trast, the corresponding FM responses, however, turned
out to be chip dependent, bias dependent, and frequency
dependent. By chip dependent we do not mean a depen-
dence on the particular chip type (be it uncoated, or asym-
metrically coated with either 5 or 0.4 percent facet reflec-
tivity), but just a (sometimes large) variation from chip to
chip, apparently independent of the chip type. By bias and
frequency dependent we specifically refer to peculiar de-
pendencies, at frequencies below the relaxation oscilla-
tion frequency (in the range from 100 MHz to a few GHz).

Below we give an account of the FM response of some
15 measured DFB devices, while trying to find in the de-
scription a balance between general features and many ex-
ceptions. The number of devices is too small to carry out
good statistics. We therefore restrict ourselves to giving
examples.

Fig. 1(a)-(c) give a general, perspective overview of
the FM response of three chips as a function of bias and
modulation frequency. All three devices have the same
front-facet reflectivity (0.4 percent ), but behave quite dif-
ferently. The device of Fig. 1(a) shows the most simple
behavior: an FM response, fairly independent of both fre-
quency and bias, except at low bias/high frequency, where
the relaxation oscillation enhances the FM response.

The most pronounced feature in the FM response of the
device of Fig. 1(b) is the occurrence of a steep dip at a
bias of approximately 50 mA. This pronounced dip as
function of bias is not due to or associated with a mode
jump or the rise of a second mode.

The perspective view of the FM response of the device
of Fig. 1(c) looks intermediate between that of the chips
of (a) and (b): a little pronounced dip as a function of bias
is observed, and the FM response shows some frequency
dependence.

Instead of the instructive perspective views of Fig. 1(a)-
(c), the FM response can also be drawn in a more prac-
tical form as a function of frequency at various bias lev-
els. Fig. 2(a) gives such a plot for the device of Fig. 1(a),
showing that the FM is not really frequency independent
at higher bias. Fig. 2(b) gives the corresponding plot for
the device of Fig. 1(b), showing that in the pronounced
dip at 50 mA bias, the FM response (above 300 MHz) is
proportional to the modulation frequency. At still higher
bias we find a well-behaved, almost flat response at fre-
quencies up to about 1 GHz.
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Fig. 2. The FM response as a function of frequency at various bias levels.
The device of (a) is the same as that of Fig. 1(a), whereas (b) corre-
sponds to Fig. 1(b). Both devices have an R, of 0.4 percent.

The example of Fig. 3 shows a device with 2 uncoated
facets. The device also shows an FM response propor-
tional to the frequency (below the relaxation oscillation),
also at one specific bias level, but now at about 3 mA
above threshold. This illustrates that the dip as a function
of bias not only occurs for (some) devices with specifi-
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Fig. 3. The FM response of a 1.55 um SM-DFB device with uncoated
facets, as a function of frequency at various bias levels.
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Fig. 4. Comparison between (relative) IM response (in a.u.l.) and FM re-
sponse as a function of frequency, at low and high bias. The 1.55 um
SM-DFB has an R, of 5 percent.

cally a 0.4 percent front-facet reflectivity. At high bias
levels, the FM response resembles the response of the de-
vice of Fig. 1(a) [or Fig. 2(a)], with a decrease above
approximately 1 GHz.

The reader may get the impression that a dip in the FM
response as a function of bias is the rule. However, this
is not the case. The FM response for a device with a 5
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Fig. 5. Distribution of the FM efficiency of SM-DFB’s at 5 mW front-
facet power output and a modulation frequency of 500 MHz.

percent front-facet reflectivity, at low and at high bias, is
given in Fig. 4. The figure again illustrates that the var-
ious responses are not specific for a particular front-mirror
reflectivity. This device does not exhibit the dip as func-
tion of bias, but shows only a moderate and gradual de-
crease of the FM level with increasing bias. In the figure,
for comparison the corresponding (relative) IM responses
are also shown. At a few mA bias above threshold the FM
and IM show the relaxation oscillation; the FM level is
rather high. At high bias the IM response is flat as a func-
tion of frequency, whereas the FM is only approximately
flat from 100 MHz to 1 GHz and subsequently decreases
roughly as 1 /f when going beyond 1 GHz. The time scale
of rolloff is also of interest: 3 dB rolloff around 1.5 GHz
implies a characteristic time of about 0.10 ns, which is
much shorter than the measured effective electronic life-
time at threshold (0.7 ns).

Given the different bias and frequency dependencies for
the FM response of the various devices, there is some
difficulty in comparing the level of the FM response for
various devices. Fig. 5 gives such a distribution at a mod-
ulation frequency of 500 MHz and a front-facet output
power of 5 mW.

II. A SIMPLIFIED PHYSICAL TREATMENT OF CARRIER-
INpDUCED FM

Before proceeding towards an extensive theoretical
analysis, a simple treatment of the carrier-induced FM re-
sponse is given. This description focuses on the different
physical phenomena involved.

The small-signal rate equation for the field intensity P
can be written as

ldp (3G 4G oL
_® (L, ) e, 1
v, df <aP” aN" ap”) o (1)

Here p and n are the small-signal representations of the
average optical field intensity P(¢) = P, + p(t) and the
average carrier density N(¢) = N, + n(t), respectively.
Furthermore, G is the net averaged gain per unit length,
L represents the feedback loss, and v, is the group veloc-
ity. This rate equation is an extended version of one that
is found for example in [10]. The additional term
(0L /3P ) p in (1) arises from a spatial modulation in the
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carrier density along the laser cavity. It expresses the de-
pendence of the feedback loss on the level of spatial hole
burning, which in turn depends on the average power in
the laser. In the frequency domain with modulation fre-
quency /27, (1) can also be written as

3G 1 4G aL _\p
N R
an" <’ v, 0P "+6PP">P0

(2)

The small-signal equivalent for the field phase basically
expresses that the round-trip phase in the cavity remains
constant (modulo 27). It can be cast in an expression
which relates the frequency sweep Aw to the real part of
an effective refractive index modulation An,,

—+8Anm=0.

l)g c

(3)

In general, for distributed feedback, this effective index
An,, differs from the average refractive index

L
An, = S An,(z) dz (4)
where An, (z) is the local refractive index. Hence An, is
written as the sum

An, = AR, + An;

(5)

in which An, represents the direct influence of spatial hole
burning on the spectral behavior of the phase of the dis-
tributed reflections. (One could compare this way of rep-
resentation with replacing a change’in cavity length by a
fictitious change in refractive index.) This spatial hole
burning dependence is again (as with L) represented by a
power dependence of An; (or An,). The expression (3)
then becomes

+ -0 p (6)

Now substituting the expression for the linewidth en-
hancement factor, i.e.,

w [on, (0G .
a = ~2; <W 6N>’ with

an a7,
e 7
oN N ( )

and a similar expression for the relation between loss and
index changes in the cavity, i.e.,

w [dn, jOL on on
=22 (e /2 ; e _ TTL
b c<aP ap)’ wih o = (8
into (6) yields
1 a G B oL
—Aw=>—n-22,
v, " " 2an" " 23pP” ©)

The second term to the right only arises when the feed-
back in the laser is distributed. Unlike the o, which is a
conceptual *‘constant’’ [11], the factor 8 may differ from
device to device, depending on details of the distributed
feedback.
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Substitution of (2) into (9) gives an expression which
relates (small-signal) frequency sweep Aw and intensity
modulation p, i.e.,

af 1 3G 8\ oL
Aw—z[]ﬂp ang+<l a>ang]p. (10)

o

As expressed by (10) there are in principle three, phys-
ically distinguishable, contributions to the FM response.

The Well-Known Ever-Present (‘‘Relaxation Oscilla-
tion’’) Contribution, with Aw = jQ(a/2)(p/P,): At
frequencies below the relaxation oscillation frequency f,,
the IM response (p) is frequency and bias independent
and hence, the FM response is proportional to the modu-
lation frequency Q /2 and to the inverse of the bias op-
tical power level (P,). In most situations anywhere near
the relaxation oscillation, this term will not only be ob-
served, but it will dominate.

The Contribution Due to Hole Burning in the Spectral
Gain Profile, with Aw = — (a/2)v,(3G /3P ) p: At fre-
quencies below f, this contribution to the FM response is
frequency and bias independent. It should be stressed that
spatial hole burning does not contribute to this term, as
long as « is carrier concentration independent. The reason
for this is simple, when one looks at the physics of spec-
tral hole burning.

Spectral hole burning does not give rise to an increasing
shortfall of carriers ‘‘at the laser frequency,’’ but instead
to an increasing excess of carriers at energies ‘‘outside the
laser frequency.’” Obviously, the number of carriers ‘‘at
the laser frequency’’ does not drop but remains constant,
otherwise the device stops lasing. The increasing excess
of carriers ‘‘outside the laser frequency’’ leads to a de-
creasing absorption ¢ + ¢ + An;. Associated with this An;
at other wavelengths there is a decrease in the real part
An, at the lasing wavelength. The latter can be calculated
via, e.g., a Kramers-Kronig relation.

Similar to spectral hole burning, spatial hole burning
neither gives rise to an increasing shortfall of carriers *‘at
the laser frequency,”” when averaged along the laser cav-
ity. For spatial hole burning only, this implies however
that (on the average) there is also no excess of carriers
“‘outside the laser frequency’’ and hence no associated
FM, unless the spatial hole burning affects the round-trip
gain and phase conditions. If it does so, the third contri-
bution arises.

The Contribution Due to the Influence of Spatial Hole
Burning on the Cavity Losses and the Cavity Resonance
Itself, with Aw = (a/2)v,(1 = B/a)(dL/3P) p: With
respect to this term it is instructive to consider first a Fa-
bry-Perot laser cavity. Though appreciable spatial hole
burning may occur there is no spatial contribution to the
FM, simply because the feedback loss in such a cavity,
(1/L) In (1/R;Ry), is independent of the power.

For DFB lasers the situation is very much different.
There the feedback is caused by distributed Bragg reflec-
tions, which are determined by the precise values of facet
reflectivities (modulus and especially phase), by the «L-
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product [12] and by modulations on the uniformity of the
grating (e.g., compare \/4-shifted devices) [13]. Fur-
thermore the spectral behavior of the distributed feedback
is a sensitive function of internal carrier distribution and
therefore of the power distribution in the laser [14].
Hence, when the power level changes with direct modu-
lation, the amount of spatial hole burning changes. This
in turn causes a shift in wavelength because the spatial
hole burning affects the round-trip phase and the feedback
losses, and consequently also the gain and carrier concen-
tration. So basically, there are two contributions to this
wavelength shift: a ‘‘direct’” one related (via §8) to the
round-trip phase condition and an *‘indirect’’ one related
(via ) to the unity round-trip gain condition. It should
be realized that these two spatial hole burning contribu-
tions to the shift in wavelength however are interdepen-
dent.

At low frequencies the spatial hole burning FM contri-
bution may be in-phase or out-of-phase with the spectral
hole burning FM. At high frequencies (above the sum of
1 /[ carrier lifetime ] and a characteristic spatial hole burn-
ing frequency) the spatial hole burning concentration will
rolloff (in contrast to the fast spectral hole burning). In
general the loss in DFB devices is affected by spatial hole
burning in a nonlinear way. Therefore, one may expect
the spatial hole burning FM to be bias dependent, in con-
trast with the bias independent spectral hole burning FM.
A rough estimate of the rolloff frequency and of the bias
dependence of the spatial hole burning is given in the Ap-
pendix.

Finally, we end this section with a remark on intensity
modulation (IM). Spatial hole burning affects the loss in
DFB laser cavities and hence the optical output. This im-
plies in principle that the power differential efficiency also
gets additional bias and frequency dependencies. How-
ever, relative to the implications for the FM response Aw,
the effects on the IM response ( p) are only minor, as can
be seen for example from (10).

IV. A RiGoRouS THEORETICAL TREATMENT

The simple description given in the previous section fo-
cused on simplified physical phenomena (and is for DFB’s
strongly approximate). Here we give a thorough theoret-
ical treatment, and present a new dynamic model which
includes spectral as well as longitudinal spatial hole burn-
ing. The main feature of the model is that local variations
of the Bragg wavelength caused by hole burning, are rig-
orously and self-consistently taken into account.

A. The Longitudinal Rate Equations

The dynamics of the optical field can be defined by a
set of coupled traveling-wave rate equations. In the ex-
amples we will only consider lasers with a sufficient dif-
ference in loss between the lasing mode and the side
modes. In this way we need to consider only the main
lasing mode. The traveling wave rate equations are de-
rived from Maxwell’s equations using the slowly-varying
amplitude approximation [15] and the approximations re-
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lated to the coupled-mode theory [16]. The forward and
backward propagating parts of the lateral electrical laser
field of the considered TE-mode can be represented by

E p(x,y, 2, 1) = Re (Re(z, )¢/ 798 (x, y))
E,p(x, y, 2. 1) = Re (Rp(z, 1)’ P9 (x, y))  (11)

with 8, = w/A for a first-order grating. ®(x, y) is the
transverse/lateral field distribution of the laser wave-
guide, assumed to be independent of time and axial po-
sition; w is the lasing frequency. The complex amplitudes
Rr and Ry satisfy the following equations and boundary
conditions:

JRp 1 0Rg . .
— 4+ —— + jAB(z, )R = — R
oz v, o JAB(z, 1)Rg JKrpIXp
O0Rp 1 0Rp i .
——= 4+ — — + jAB(z, )Ry = — R 12
oz v, a J 5(2 )B JKBrIF ( )

Rp(0, 1) = p,R5(0, 1),

Ry(L, 1) = peRe(L, 1) exp (—2j8,L)  (13)
with
AB(z, 1) = 2mn,/N — B, + TAy — 0.5joy
Ay = 2x/N(An, + jAn;) = Ay, + jAy,
Ay, = —apa(N)N(z, 1)
Ay = (a(MNN(z, 1) = b(N)(1 = e(r + Ip))

1 2

Irg = S S 7 |Re.g|" dx dy (14)
where Z,, is the characteristic impedance. All parame-
ters used in the above formula are explained in Table I.
Spectral hole burning is included via the (1 — e(If +
Ig)) factor. I'r and I are expressed in watts and they rep-
resent the total local forward or backward traveling power,
¢ is then expressed in [W™']. The choice of the z axis
origin is shown in Fig. 6, it is taken at a top of the grating.
The length L of the laser is assumed to be a whole number
of grating periods L = [ A. In practice this is not realiz-
able. Therefore the displacement of the real facets with
respect to the reference planes introduced at z = o and z
= L (both at a top of the grating), is accounted for in the
reflection coefficients psand p,. As indicated in the insets
of Fig. 6, p; = p,, exp (—j2xA;/A) (i = f, b), in which
;o is the reflectivity at the facet (including coatings) and
in which the phase factor expresses the displacement of
the facet with respect to the reference plane.

Spontaneous emission has been neglected in the field
equations, because its influence is weak and is only im-
portant when side-mode suppression is to be examined in
an exact way. The terms An, and An; represent the vari-
ations in real and imaginary part of the refractive index
due to changes in the carrier density. This carrier density
N(z, t) is time dependent and can vary with position. The
carrier dynamics are given by the following rate equation,
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TABLE 1
Typical
Parameter Value
ay, 6 Linewidth enhancement factor
Qe lpm ') 50 x 107+ Internal waveguide losses
[ um?/s] 100 Bimolecular recombination
& [ um®/s}] 20 x 107° Auger recombination
d [ pm] 0.12 Active layer thickness
€ (w1 Oorl Gain-suppression coefficient
hy [eV] Photon energy related to A
[ [—m 7} Phase of reflectivity p,
o3 |7, 7] Phase of reflectivity p,
r 0.5 Power confinement factor in active
layer
Keg  [pm '] 6.6 x 1077 Coupling coeflicient backward to
forward propagating wave
Kge  [pm '] 6.6 x 107° Coupling coeflicient forward to
backward propagating wave
L [ um] +300 Laser length
A [ um] Wavelength of the lasing mode
A [ um] 0.2422 Grating period
n, 3.25 Unperturbated effective refractive
index
7 0.8 Current injection efficiency
q [Coulomb] 1.6 X 10" '"  Electron charge
7 [s] 5.0 x 107" Carrier lifetime
I Field reflectivity at left (or back)
facet
oy Field reflectivity at right (or front)
facet
R, 0.32 Power reflectivity at left facet
R, 0,0.05,0.32  Power reflectivity at right facet
v, [ pm/s] 7.46 x 10" Group velocity
W, [ pm] 1.5 Stripe width
gain = a(N)N — b(\) [pm™']
with a(N) =0.8810 ® (kv — 0.752)°%" [ um?]
b(N) = 163.22 (hv — 0.668)* 7 [pum™']
{ac(et reference reference fe:cet
N \
N \
\ \
®ho E[; ooy °f<: :]E Pfo
E o2 E ¥
N A Lea L A
\
NI N -— NI
-4 0 0 ~A
b T
Py = Py expEsZTA, /2) Pg = Pgp expEj2mAL/A)
J
—— l Pl
RB(z] R(z+s2)
hy ) g /— hv
y\\/ active layer ‘
R (2) N(z) R (z+a2)
F F
0 2z 2+p2 L r4

Fig. 6. Longitudinal cross section of a DFB laser.

2245

in which the longitudinal diffusion term has been ne-
glected because the diffusion length is short as compared
to the axial variations.

M—ﬂ—H—BNz—CN3
ot qgd T
FA’Y! ( )\’ 2, [)
-l + .
hy dw, (IF(Z’ 0+ sz, Z))

(15)

The parameters are again explained in Table I. The in-
Jected current density is represented by J, and is assumed
to be uniform in the DFB lasers considered here.

Equations (12)-(15) fully determine the static and dy-
namic behavior of the laser. Fabry-Perot lasers can also
be described by this model by simply setting the coupling
constants to zero.

As it is our intention to perform a small-signal analysis,
we first need to solve the static laser problem in some bias
point. Then, we can proceed towards an ac analysis. In
the next section we will outline the solution method for
the static equations.

B. Above-Threshold Static Analysis of the DFB Laser

The static problem is obtained by omitting the time de-
rivatives in (12)-(15). The computer model we developed
is based on the well-known propagator-matrix formalism
[17] for the solution of the coupled-wave equations. To
take into account spatial variations of the carrier density
along the cavity, the device is divided into many small
sections of length Az (see Fig. 6), in which the carrier
density is considered to be uniform. For each section a
propagator matrix is calculated using the local carrier den-
sity. The lasing wavelength and optical power level are
found by transforming the boundary value problem (12),
(13) into an initial value problem that is solved with an
iterative shooting method.

The calculation proceeds as follows. First, initial esti-
mates are introduced for the lasing wavelength A and the
field Rz(0), which can be taken real without any restric-
tion. Applying the left boundary condition gives a starting
value for the field Rx(0). Both backward and forward
waves are now propagated through the laser taking the
photon-carrier interaction into account self-consistently.
At the right facet the second boundary conditions requires
Ry(L) — ps Rp(L) to be zero. Since the propagation im-
plies that Rz(L) and Rr(L) are both complex functions
of the real variables A and Rgz(0), it is clear that we have
to find the appropriate zero of a function f, defined as

F(N, Rp(0)) = Rp(L) (N, Rz(0))
- D/RF(L)()M RB(O))'

A Newton-Raphson (NR) technique is applied to find this
zero starting from the initial estimates. The derivatives
needed in this NR-algorithm are calculated by an addi-
tional  propagation of the AR p(z)/N and

(16)
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ARy 5(z) /R (0) derivatives. The above principle can be
used for a multimode approach.

C. Small-Signal Analysis of the DFB Laser

The usual approach towards the small-signal analysis is
the sinus regime, written in the phasor notation. However,
before complex phasors related to the modulation fre-
quency @ /2w can be introduced, the complex notation
with respect to the lasing frequency » must be removed.
Therefore Ry and Ry are replaced by

Re p(z, 1) = re p(z, 1)e/®rBEn detndt —(7)

in which the functions rg, rg, ¢r, ¢5, and Aw are all real;
Aw(t) represents the wavelength chirp (further on this will
correspond to the FM response). Because of the explicit
presence of the chirp in the phase of Ry g, the term ¢y p
is fixed to not include chirp by boundary conditions which
are imposed later [in (20)]. The traveling-wave equations
for rr and ¢y become (with AR = AB, + jAB;)

org 1 arg

aZ Ug at B[rF
= 'KFB‘ sin (¢pp + dp — Or) g (18)
d 1 a 1
90 190 1 py+ a8,
9z v, ot v,

ﬁ%;_‘KFB|COS(¢FB+¢B_¢F). (19)

¢rp is the phase of xpg. For rg and ¢ similar equations
hold. The boundary conditions (13) are transformed into

re(0, 1) = |pb| rg(0, 1), rg(L, t) = Ipf“ re(L, 1)
d)F(O’ t) = ¢mb’ ¢B(O, t) = 0
(L, 1) = ¢p(L, 1) + ¢,y + 27m —

m=0, £, £2, - .

28,L
(20)

The sinus regime is now introduced by linearizing (15),
(18), (19), and (20) around some bias point, using

res(z, 1) = rrpo(z) + Re (Arpp(z, @) ™)
ér.5(z, 1) = ¢r5,(2) + Re (Adp p(z, @) ejm)
N(z, t) = N,(z) + Re (AN(z, ) ')
J(1) =J, + Re (AJ ™)

Aw(t) = Re (Aw(Q)e/™). (21)

The terms with the subscript (o) belong to the static so-
lution, while the other terms are small-signal complex
phasors for the ac analysis; @ = 27 f with fthe modulation
frequency. We will not give the linearized equations be-
cause they are too extended although their derivation is
straightforward. The equations thus obtained form a lin-
ear set that can be solved with standard techniques. Aw ()
describes the FM response of the laser, while the IM re-
sponse can be deduced from Arg(0, @) and Arp(L, Q).
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V. MODELING EXAMPLES

The FM response of both the FP laser and DFB laser
will be examined. The most important parameters used in
the model are specified in Table I. Other values than these
will be specified explicitly in the text. Spontaneous emis-
sion is omitted in the analysis.

A. The Fabry-Perot Laser

Although the FP laser has already been investigated
thoroughly, we include this topic for two reasons, first as
a verification of our model and secondly to demonstrate
the general phenomena of longitudinal carrier density
modulations. Two cases are considered, one with (e = 1
W~') and one without (¢ = 0 W™') spectral hole burn-
ing, i.e., gain suppression. In Fig. 7(a) and (b) the am-
plitude and phase of the FM response (i.e., the amplitude
and phase of Aw/AI) versus modulation frequency are
drawn for several bias currents. The results agree with
literature [18]: without spectral hole burning Aw goes to
zero as ( decreases, in the other case a flat response oc-
curs at low modulation rates and the resonances are
damped more strongly.

As expected (see Section III), spatial hole burning
shows no effect on the FM response. It is however inter-
esting to take a closer look at the internal behavior of the
carriers. To remove the influence of spectral hole burning
we depict the small-signal carrier density AN(z, @) for
the e = 0 W™! case. Fig. 8(a) shows the amplitude of
AN(z, Q) as a function of z and Q and Fig. 8(b) shows
its phase. In contrast to the FM response (Fig. 7, case
with e = 0 W) the local small-signal carrier density
modulation does not approach zero as  drops and more-
over it fluctuates along the z axis [Fig. 8(a) and (b)]. In a
classical rate equation model [8] the (average) small-sig-
nal carrier density would be zero. This means that at low
modulation frequencies the in-phase with injected current
and out-of-phase areas, respectively, phase zero and phase
7 for low Q in Fig. 8(b), must compensate each other.

As indicated by the arrow in Fig. 8(a), at higher fre-
quencies there is a cutoff of the spatial hole burning in the
small-signal carrier distribution. This is confirmed by the
uniform behavior of the carrier density AN for higher fre-
quencies.

None of these internal spatial hole burning effects are
observed in the FM response.

B. The DFB Laser

In this section a number of case studies on different DFB
devices is described, in particular, with the aim of eluci-
dating the effect of longitudinal spatial hole burning on
the FM response.

Examples of Calculated Devices: The FM response of
approximately a dozen different DFB devices was stud-
ied. Besides, for some devices, we checked the sensitivity
of their behavior to variations in chosen parameter values.
In total about 50 devices were calculated.
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Fig. 7. (a) Amplitude and (b) phase of the FM response of a Fabry-Perot
laser for two bias currents. The solid line indicates without spectral hole
burning while the broken line indicates with spectral hole burning.

Detailed results for two devices are presented here. Both
devices have a kL of 2 and a 32 percent back-facet reflec-
tivity. One device (labeled A4) has an ideal AR coating on
the front facet, whereas the other (labeled B ) has a 5 per-
cent front-facet reflectivity. The choice we made for the
facet phases for both devices is random, except that we
checked the devices for a large threshold gain difference
between main mode and side mode. The difference 2Aa L
is 0.64 for 4 and 0.56 for B. According to [12] this guar-
antees genuine single-mode operation over a wide power
range.

For both devices the FM response is calculated with
spatial hole burning always present. In order to emphasize
the effect of spatial hole burning, calculations with and
without simultaneous spectral hole burning were done.
The devices A4 and B without spectral hole burning are
denoted A, and B, in the text, with spectral hole burning
they are denoted A, and B,, respectively. (An index 1 is
chosen deliberately; it corresponds to a spectral hole
burning gain suppression coefficient € of about 1 W)
Common parameter values of devices A and B are given
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Fig. 8. Small-signal carrier density distribution (a) amplitude and (b) phase
in the longitudinal direction versus modulation frequency for a Fabry-
Perot laser and for I,;,, = 20 mA (I, = 18.2 mA).

TABLE 11
DFB LASER EXAMPLES

€ Iy N
Case R, b, R, ¢, [W7'] [mA) [ #m] AaL
A, 032 -—-wx/4 0 — 0 24.14  1.56045 0.32
A, 0.32 -7/4 0 — 1 24.14  1.56045 0.32
B, 032 x/2 005 0 0 2124 156110 0.28
B, 032 x/2 005 0 1 2124 1.56110 028

in Table I, whereas the parameters, which have different
values for the two devices, are listed in Table II.

The Carrier Density Modulations: Obviously, the non-
uniform longitudinal distribution of the modulated carrier
density forms the basis for the spatial hole burning con-
tribution to the FM response. As an example, the small-
signal carrier density modulations AN(z, Q) for devices
A and B at a bias of 30 mA are depicted in Figs. 9 and
10. Spectral hole burning turns out to have negligible in-
fluence on the spatial distributions of AN (z, Q); the index
0 or 1 is therefore immaterial in these plots. At first glance
we somewhat surprisingly find the spatial hole burning
component of these carrier density modulations to be very
similar for all devices and there is not much difference
from the longitudinal carrier density modulation along the
FP laser, as shown in Fig. 8(a) and (b). The main differ-
ence with the FP is in the spatial distribution of the phase
at low frequency. Along the cavity of the FP the phase
subsequently is m, 0, w. For the DFB’s A and B it is the
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Fig. 9. Small-signal carrier density distribution (amplitude) in the longi-
tudinal direction versus modulation frequency for device A, (R, = 0 per-
cent, R, = 32 percent, no spectral hole burning) for /y;,, = 30 mA.
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Fig. 10. Small-signal carrier density distribution in the longitudinal direc-
tion versus modulation frequency for device B, (R, = 5 percent, R, =
32 percent, no spectral hole burning) for lyi,, = 30 mA. (a) Amplitude,

(b) phase.

other way around: 0, m, O (see Fig. 10(b) for device B).
We would also speculate that DFB’s with a 7, 0, = dis-
tribution can be found, presumably, e.g., for DFB’s with
two uncoated facets (or at lower «L or at other facet
phases). Further note that for the DFB’s A and B as well
as for the FP laser, the amplitude of the carrier density
modulation at intermediate frequency (well below the re-
laxation oscillation) only shows a dip at positions where
the low-frequency phase is zero (i.e., carrier density mod-
ulation in-phase with the current modulation).

For devices B, and B, the static carrier density for a
whole range of bias levels is shown in Fig. 11. The local
difference between the static carrier density distributions
at two subsequent bias levels (at least if they are closely

spaced) is the small-signal carrier density in the limit of
zero modulation frequency.

The Carrier-Induced FM Response: Despite the large
similarity in the spatial hole burning component of the
carrier density modulations, the calculations showed that
the spatial hole burning contribution to the FM response
is totally different for the three devices (the FP and the
two DFB’s 4 and B). Obviously it is not the carrier den-
sity modulation by itself which matters, but rather it is the
overall effect of the carrier density modulation on the
round-trip gain and phase conditions of the cavity which
counts. This was already demonstrated for the FP laser,
where the effect of the spatial hole burning component
was shown to be zero. As discussed qualitatively in Sec-
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carrier density (um>)

Fig. 11. Static carrier density distribution along z for devices B, and B,
for several dc currents. The solid line indicates without spectral hole
burning while the broken line indicates with spectral hole burning.

tion III, the effect for DFB’s may vary (strongly) from
one device to another, depending on facet phase, facet
reflectivity, «L, the static carrier density distribution, and
possibly also on details of the carrier density modulation.
So this explains why the two DFB devices 4 and B behave
very differently in their FM responses.

Spatial Hole Burning Effects: Leaving out the spectral
hole burning for a moment, the FM responses for devices
A, and B, as a function of frequency at various bias levels
are shown in Figs. 12 and 13. Devices 4, and B, do in-
deed have in common a flat FM response at low frequen-
cies due to spatial hole burning. The level of this response
decreases with increasing bias.

As shown in Figs. 12 and 13, the striking difference
between A, and B, is the phase of the FM at low and
intermediate frequencies. At low frequency the FM phase
of 4, is w, whereas for B, it is 0. Associated with this
difference in phase, there also is a pronounced difference
in the amplitude of the FM versus frequency. Device A,
shows a gradual increase around the GHz; and then a fur-
ther increase into the relaxation oscillation. However, for
device B, a pronounced dip appears in the FM versus fre-
quency around the GHz, before the relaxation oscillation
takes over. Obviously the dip is caused by a rolloff of the
spatial hole burning at high frequency. Simultaneously
with this dynamic rolloff of the spatial hole burning con-
tribution to Aw, the phase of that FM component will quite
abruptly change either from = to /2 (case A) or from 0
to —m /2 (case B). It is then the compound effect of the
ever-present term, which increases with Q and has phase
7/2 below f,, and the spatial hole burning component,
that determines whether or not a dip in the FM versus
frequency will occur. When at rolloff both components
have phase /2, a gradual increase will occur (case A).
However when the phase of the terms becomes /2
(“‘ever-present’”” component ), respectively, —x /2, then
a dip will appear (case B).

Simultaneous Spectral and Spatial Hole Burning Ef-
fects: Simultaneous inclusion of spectral hole burning

2249
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Fig. 12. Amplitude (a) and phase (b) of the FM response of device A, (R,
= 0 percent, R, = 32 percent, no spectral hole burning ) for several bias
currents.

further complicates the FM response, in particular for
DFB device 4 (now 4,). The consequences for B (now
B,) are less pronounced. The calculated FM responses of
A and B, as a function of frequency at various bias levels
are given in Fig. 14 and Fig. 15 (with an e of 1 W™").

A common feature of the FM response of 4, and B, is
that at low to intermediate frequency, the FM response,
with increasing bias, now levels off to a constant value
(i.e., the spectral hole burning contribution). Upon com-
paring A4, B, (Figs. 12, 13) with 4,, B, (Figs. 14, 15),
respectively, another common feature is found. At low
bias (a few mA above threshold), the simultaneous inclu-
sion of spectral hole burning has little influence and the
spatial hole burning dominates the (low and intermediate
frequency) FM response.

‘“‘Spatially’’ dominating at low bias, combined with
“‘spectral’’ dominating at high bias has, for device B, pro-
duces few further consequences. It only weakens the spa-
tial hole burning dip around the GHz in the FM versus
frequency. However, for device A, the two contributions
apparently cancel almost exactly, at one specific bias level
(50 mA). As seen from Fig. 14 at this bias level, the (low
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Fig. 13. Amplitude (a) and phase (b) of the FM response of device B, (R,
= 5 percent, R, = 32 percent, no spectral hole burning) for several bias
currents.
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Fig. 14. Amplitude (a) and phase (b) of the FM response of device A, (R,
= 0 percent, R, = 32 percent, with spectral hole burning) for several
bias currents.
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Fig. 16. Perspective view of the FM response versus bias and frequency,
for device A,.

and intermediate) FM is proportional to the frequency and
the FM phase is close to 7 /2. The large difference in FM
as a function of bias between A4, and B, is easy to under-
stand. As can be seen in Fig. 7(b) for the FP laser, the

phase of the

equal to zero.

0/““spatial”’
0/“spatial”

low-frequency spectral hole burning FM is
Hence device B has the phases: “‘spectral’’
0, whereas device A; has: ‘‘spectral”’
w. Therefore, only for device A4, a spatial

hole burning FM, decreasing with bias, can be compen-
sated for by a constant spectral hole burning FM, at one
specific bias level. At this bias level then only the ‘‘ever-
present’’ contribution to the FM is retained (see also Sec-
tion III) and a pronounced dip will occur in the FM versus
bias.

A perspective view of the calculated FM responses of
devices A4, and B, as a function of frequency and bias is
given in Figs. 16 and 17, respectively. Such in order to
facilitate comparison of the gross features with experi-
mentally determined FM responses of DFB lasers (e.g.,
Fig. 1(a)-(c)).

The Thermally-Induced FM: Although thermal contri-
butions to the FM response at lower frequencies (below
say 10 MHz) are outside the scope of this paper, we want
to point out the way they may interfere with spectral and
spatial hole burning FM. In the FM, the thermal contri-
bution and the spectral one are out-of-phase. Since the
magnitude of the low-frequency thermal contribution is
always larger than the spectral one, this would lead to a
dip in the FM response somewhere around the MHz.
However this dip will disappear if there is a spatial hole
burning contribution, dominating over the spectral con-
tribution in the 100 MHz-1 GHz range and which by
chance is also out-of-phase with the spectral, and hence
in-phase with the thermal.

Obviously, for a very large spatial contribution to the
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Fig. 17. Perspective view of the FM response versus bias and frequency,
for device B,.

FM (which also dominates over the low-frequency ther-
mal FM) the spectral/thermal dip around the MHz will
always disappear, irrespective of the ‘‘spatial’’ phase.

VI. CoMPARISON OF THEORY AND EXPERIMENT

Generally, there is a good qualitative agreement be-
tween the experimental and theoretical results on the car-
rier-induced FM response of DFB lasers. The 12 model-
ing examples confirm that the dynamic FM behavior can
strongly vary from chip to chip.

A striking resemblance between theory and experiment
is the occasional occurrence of the dip in the FM versus
bias, where ‘‘spectral’’ and ‘‘spatial’’ cancel each other.
The experimental device of Fig. 1(b), as well as the the-
oretical device A, of Fig. 16 show this feature.

Another strong similarity between theory and experi-
ment is the occasional occurrence of a rolloff (slightly
above the GHz) in the FM versus frequency at elevated
bias. This rolloff occurs in conjunction with a high FM
level at low bias, while in the FM versus bias no dip (due
to ‘‘spectral’’/*‘spatial’’ cancellation) appears. Both the
experimental device of Fig. 4 and the theoretical device
B, (or By) of Fig. 15 (Fig. 13) show the rolloff. The time
scale of the rolloff is about the same (0.1 ns) where the
measured and with the model calculated lifetime at
threshold are, respectively, 0.7 and 0.9 ns

By no means, do all experimental or theoretical devices
show such a dominating spatial hole burning contribution,
be it either out- or in-phase with the ‘‘spectral’’ FM. For
instance the experimental device of Fig. 1(a) [Fig. 2(a)]
only has a relatively weak ‘‘spatial’’ FM contribution, in-
phase with the ‘‘spectral’”’ FM at low frequency. This
leads to a slight rolloff around the GHz in the FM versus
frequency and also a slight decrease with bias (at low fre-
quency around 200 MHz). But the gross features still are
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Fig. 18. Amplitude of the FM-response of a X /4-shifted DFB laser ( with
R;= R, = 0 percent and ¢ = | W ') for several bias currents.

rather characteristic for a dominating spectral hole burn-
ing contribution to the FM. Theory however does not ex-
clude this possibility.

At some points there are discrepancies between theo-
retical and experimental data. For virtually all biases the
theoretical results show a really flat FM response from
100 up to about 600 MHz. Experimentally in many cases
it is only approximately flat, with variations of the order
of a dB. Furthermore, in theory the strength of the spatial
hole burning contribution to the FM response always ap-
pears to decrease with increasing bias. For some experi-
mental devices one would rather conclude an increase of
the strength of the ‘‘spatial’’ with bias.

The calculated examples shown have one AR-coated
and one uncoated facet and a «L of 2. The power reflec-
tion coefficient of the coated facets varied between 0 and
5 percent. For all of these examples the level of the spa-
tially-induced FM component is quite similar. Presum-
ably this relates to the kL-product being the same for the
calculated examples. For most (not all) values of ¢, and/
or ¢y (at least those for which a stable-single-mode static
behavior occurs) the 0 percent AR-coating gives phase 7
for the low-frequency spatial FM, while the 5 percent AR-
coating gives phase 0. This suggests a stronger depen-
dence on the level of the reflectivity than on its phase.
Further calculations are needed however, to investigate
this issue in detail and to see how the level and the phase
of the spatial FM are affected by the amplitude and the
phase of the end reflections for higher reflectivities of the
coated facet.

From a fabrication yield and mode selectivity point of
view the N\ /4-shifted DFB laser with good AR coatings
looks like a favored device. Moreover these devices
should have deterministic FM-responses. A preliminary
calculation of the FM-response of a \ /4 shifted laser is
shown in Fig. 18. The laser has two perfect AR-coatings
and e = 1 W~'. All other parameters are mentioned in
Table I. Again observe the bias dependent spatial hole
burning contribution to the FM which has a zero low-fre-
quency phase (not shown) so that no dip occurs in the FM
versus bias characteristic. In devices with a dominant
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“‘spectral’” FM the bias dependent spatial FM will be
screened by the ‘‘spectral’” FM causing a smaller overall
bias dependence.

Finally it ought to be mentioned that many minor ef-
fects that are not included in the model, might contribute
to the FM while hardly affecting the IM. We mention: a
wavelength and carrier dependent linewidth enhancement
factor, small local heating effects, nonuniform current in-
jection, effects due to side modes on a 30 dB down level,
coupling between longitudinal and lateral spatial hole
burning, and technological imperfections.

VII. CONCLUSION

We have made a comprehensive analysis of the carrier-
induced FM response of DFB lasers.

Experimentally we have shown that the FM response
may sometimes vary strongly from chip to chip. In a num-
ber of instances anomalies either as a function of fre-
quency or as a function of bias were observed.

Theoretically a new dynamic model was presented
which includes spectral as well as longitudinal spatial hole
burning. Its main feature is that local variations of the
Bragg wavelength, due to variations in the carrier density,
are rigorously and self-consistently taken into account.

Various calculations with this model confirmed that
spatial hole burning can deliver an important contribution
to the carrier-induced FM response in DFB lasers. In con-
trast with the spectral hole burning and ‘‘ever-present’’
(relaxation oscillation) contribution, spatial hole burning
can cause either a red or blue frequency shift. Which of
the two possibilities occurs, depends on the facet reflec-
tivity (modulus and phase), «L and so on, as does the ac-
tual strength of the ‘‘spatial’’ contribution to the FM.

By comparing our experimental results with the theo-
retical calculations, the anomalies that are found experi-
mentally in the FM versus frequency and FM versus bias
were explained as the combined effect of the different
contributions to the carrier-induced FM response. The dip
or rolloff in the low GHz range of the FM versus fre-
quency is caused by the dynamic rolloff of the spatial hole
burning component and the relative phases between the
FM contributions. More particularly the rolloff will ap-
pear when a sufficiently strong ‘‘spatial’’ contribution oc-
curs in-phase with the ‘‘spectral’’ component (phase 0)
at low frequency and is due to the interference of the
‘‘ever-present’’ and spatial hole burning FM components.
The FM versus bias then just shows a slight decrease in
the FM efficiency with bias. The dip in FM versus bias is
due to the bias dependence of the amplitude of the spatial
hole burning contribution and the possible phase differ-
ence between spatial and spectral hole burning compo-
nents. Hence, when ‘‘spatial’’ and ‘‘spectral’’ contribu-
tions are out-of-phase a strong dip may occur in the FM
versus bias characteristic. Then, at one specific bias level
‘‘spatial’” and ‘‘spectral’’ contributions cancel each other
and only the ‘‘ever-present’’ contribution is retained.

Because the mirror phase is an unknown, it is hard to
predict the FM response of individual DFB lasers. Statis-
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tical considerations then are useful and/or necessary. On
the other hand the X /4 shifted DFB lasers with good AR
coatings seem promising for deterministic FM responses.

APPENDIX

An estimate of the rolloff frequency and of the bias de-
pendence of the spatial hole burning follows from the rate
equation of the carriers:

d, N
N_y- Y _6p
dt T

To reduce complexity we will neglect here the spectral
hole burning and set the gain equal to

00 (N - W)
oN e

(22)

G

I

N, = transparency carrier density. (23)

Further the field intensity is assumed to have a spatial dis-
tribution of the form

P(z, 1) = P()(1 + f(2)) (24)

where fis some function for which | fdz = 0 holds. The
spatial hole burning can now be approximated by expand-
ing the spatial carrier distribution to the first order in f

N(z, 1) = N,(t) + N (1) f (2). (25)

Inserting (23)-(25) in (22) gives, after some manipula-
tions the rate equation for N,:

dN, N, 3G 3G

= 1 s N, — — _

dt T Syazv Puly N (Na = Nu) P, (26)
with

1({d
F=1-— 7 S7Z szdz, [ = laser length. (27)
We introduce now the small-signal phasor representation
by writing P, = P, , + pe’™, N, = N, , + n,e’™, and
Ny =N, + n e, Equation (26) can then be written as

1 aG
QR+ -+ ¢ =P
<] 7 + ‘(aN a.0>n]

oG
= ((Na.a'+ {Nl,o - Nlr)p + Pu,ona)'

“3N (28)

As seen from the left-hand side of this expression, the
spatial hole burning, here represented by n,, shows a 3
dB rolloff at a frequency of [1/7 + $(3G/oN)P, ,].
With increasing bias (P, ,) there is apparently a decrease
of the low-frequency spatial hole burning and simulta-
neously an increase of the rolloff frequency.
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