Control of surface-emitting laser diodes by modulating the distributed
Bragg mirror reflectivity: Small-signal analysis
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Cavity-loss control of surface emitting distributed Bragg reflector lasers by electro-optic
modulation of the Bragg mirror reflectivity is shown to be more efficient at high frequencies than
the conventional control by current modulation. Combining both means of control offers
additional possibilities, such as the elimination of relaxation oscillations and the achievement of

a pure frequency-modulation regime.

Conventional methods of modulating semiconductor
lasers by varying the pumping current are limited! to rel-
atively low frequencies on the order of the relaxation os-
cillation frequency (2wwS10 GHz at moderate cur-
rents). Several alternative schemes have been proposed
recently. Gorfinkel and co-workers®™ discussed theoreti-
cally and demonstrated experimentally a direct modulation
of the material gain coefficient by means of controlled heat-
ing of nonequilibrium carriers in the laser active region.
Besides posing technological problems, this method is
likely to dissipate a lot of power and require relatively high
threshold currents. Yamamoto and Bjork proposed® to em-
ploy the modulation of the spontaneous emission factor 3
in microcavity lasers with high-quality resonators (S~1).
Excellent dynamical properties can in principle be
achieved in this scheme, however its practical realization is
likely to be difficult. The above schemes have one common
feature in that they both attempt to directly affect the light
intensity in a laser cavity by modulating a physical quan-
tity other than the pumping current (which acts indirectly
through the relatively slow-varying carrier density). In the
present work, we discuss another scheme of this kind: Con-
trol of the photon lifetime 7, in the laser cavity by a
modulation of the reflectivity of the cavity mirrors.

One promising way to achieve this modulation is to use
electro-optically tuned distributed Bragg reflectors (DBR)
for surface-emitting microcavity lasers. Such tuned DBR
have been recently realized by Blum er al.,” with the reflec-
tance modulation as high as 129% for 1 V variation in the
applied voltage. Their tunable DBR consists of alternating
layers of direct and indirect materials. The mirror reflec-
tion modulation occurs due to the refractive index varia-
tion in a multiple quantum well (MQW) system built in
the direct gap layers. The MQW index has been varied by
more than 0.01 by an electro-optical shift of the excitonic
absorption resonance. Most of our discussion below is in
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the context of an assumed structure similar in principle to
that demonstrated in Ref. 7.

Consider the high-frequency response of the laser out-
put power to a variation of 7., For this purpose, it is
adequate to use the standard system of rate equations for
the carrier density » and the photon density S in the laser
active layer:
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where J==[/eV, is the electron flux per unit volume ¥, of
the active layer, / is the pumping current, g the optical gain
in the active layer, I' the confinement factor for the radi-
ation intensity, and *rsp( n) the radiative recombination life-
time of carriers. In principle, any of the parameters of Eqs.
(1) can be modulated. Thus, the pumping current modu-
lation enters the system as a variation 8J in Eq. (la) for
the carrier density, the scheme in Ref. 6 corresponds to a
variation 8f3 in Eq. (1b) for the photon density, and the
carrier-heating modulation®™ enters both equations as a
variation of gain §,=g50T, in response to variations in the
carrier temperature 7',. In the present work, we assume
that only the pumping current and the photon lifetime may
be subject to external modulation 8/ and 87y, respectively.

Assuming harmonic small signals at a modulation fre-
quency o and linearizing the system (1) around a steady
state in the laser generation regime, we obtain the follow-
ing expression for the light intensity response:

oI '8 J— G +77" 4754881,

. 2 bl
Wy — 0" + 0y

, (2)

where the stimulated recombination time 74, the dynami-
cal carrier lifetime 7, the relaxation oscillation frequency
@4, and the damping factor ¥ are defined by
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FIG. 1. Frequency dependence of the optical response 8S(f)/85(0) to
the variation of different parameters in 2 stripe MQW laser. Assumed
laser pamm&t(ra Plve 100 A QWs, area 360X 6 um; steady-state values
.5 3.5xX10% em~%, T'=0.3, Tpp==2.5 ps; the differential gain g,=2.5
¥10™ ¥ em—?, C,urve 1: Modulation by 8J; curve 2: Modulation either by
87y, or by 8I'; curve 3: Modulation by 87°.; curve 4: Dual modulation by
8J and 8T, subject to dn=0; curve 5 (flat response) corresponds to the
dual modulation by 6J and §7y, (or 8T'), subject to Sn=0.
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In writing down Eqg. (2), we have used the steady-state
relation 7, —Tg= ﬁfl/S T and made the usual approxi-
mation negleutmg Bryi<lry L.

The frequency dependence of the laser response to the
variation of different parameters is shown in Fig. 1. For the
conventional modulation by pumping current only, corre-
sponding to setting 57'&3:0 in Eq. (2), we recover the
usual response curve (curve 1, Fig. 1), which exhibits a
resonant peak at w,; (the electron-photon resonance) and
for higher frequencies, o> w,,, the intensity response de-
cays as 1/’ In contrast, the intensity variation due to
modulation of 7, decays at high frequencies only as l/c)
(curve 2). A similar 1/@ behavior was predicted earlier®
for the carrier-heating modulation scheme (curve 3).
Moreover, it was recently shown? that a combined action
of two independent modulation mechanisms with properly
adjusted amplitudes and phases offers other significant ad-
vantages over the conventional current modulation
scheme. Thus, it becomes possible to eliminate the relax-
ation oscillations by suppressing the high-frequency carrier
density variation Sn=0. The resultant flat modulation re-
sponse {curve 4, Fig. 1) is advantageous for analogue and
digital applications. This feature is immediately repro-
duced by the present madel; in fact, for 7 =0 there is no
high-frequency roll-off at all in the modulation response
(curve 5). The prige paid however, is that the relation

———————
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FIG. 2. Calculated amplitude and phase of the reflection coefficient in a
22-period DBR in which the lower refractive index (AlAs) in each period
is fixed at #,=13.384, while the higher index 7, (GaAs/AlGaAs MQW)
is varied. In the plateau region #{)~ 1.25 ¢V, the phase of reflection varies
approximately linearly (@=2.1 ) with the refractive index difference.

oscillations, becomes progressively more difficult to main-
tain at higher frequencies. This relation is of the form

| _5.]( iwo—TSdg/dS+Bn/Sty,)
- S(g+S5dg/38) ’

which shows that the magnitude of 875 (dual to 8J s0 as
to mainfain 8n=0) increases with the frequen(_y.

So far, our discussion has been fairly general. The
above model describes the small-signal behavior of any la-
ser with a cavity-loss modulation, but it does not account
for the peculiarities of any specified structure. We shall
now discuss the special case of a microcavity surface-
emitting laser with a Bragg mirror reflectance modulated
electrooptically. Consider a reflector comprising alternat-
ing layers of GaAs/AlGaAs MQW and AlAs. The electro-
optic effect changes the difference 7 between the refractive
indices 77, of the MQW and 7, of AlAs, thus shifting the
Bragg reflectance peak. We shall assume that the two
DBRs are identical and can be described by the same wave-
amplitude reflection coefficient

r= R &%

Both the amplitude R(7,2) and the phase ¢(7,Q) of the
DBR reflectance vary® under electro-optic modulation, see
Fig. 2. The variation in ¢ leads to a dynamic change
(;hlrp) in the lasing frequency Q. Therefore, the radiation
modulation is esseatially of mixed amplitude-frequency
type.

The salient feature of Fig. 2 is the existence of a rela-
tively wide range of frequencies where the reflection am-
plitude does not change even as we vary the index of re-
fraction of MQW layers. In this range there is no
modulation of 7, and only the phase ¢ is varied. At first
glance, it may appear that the plateau of constant reflection
(characteristic of a lossless DBR) can be used for the im-
plementation of a pure frequency modulated (FM) regime.
This is not so, however, if the refractive index in the DBR
layers is the only externally controlled parameter. Indeed,

[ (3)
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the variation gain g (owing to its wavelength dependence)
in the active region of the cavity itself contributes to &S
and cannot be compensated in general in a one-parameter
modulation scheme. Pure FM regime can be brought about
only by a coherent dual modulation of the laser.

To show that this can be done, we complete our system
(1) with the resonant condition

P exp(2iky i L) =1, (4)

where L is the microcavity length, ky={}/c is the vacuum
wave number, and ff=1—ia@/2 is the complex refractive
index for the lasing mode. Both the spectral position Q of
the lasing line (which we shall assume to correspond to the
fundamental mode) and the value of Tpy are determined

Q=(e/L)[mr—p(1,02)], (42)
T =8a=— (&/L)In[R(n,Q)], (4b)

where ¢=c¢/7 is the speed of light in the medium. Esti-
mates made from Eqgs. (4) and numerical calculations® of
the reflectance for a typical DBR structure show that even
changes as small as 103 in the refractive index shift the
lasing wavelength by as much as 100 A, which is compa-
rable to the gain spectrum width.

We are considering the situation where the indepen-
dent variables are the pumping current 8/ and the refrac-
tive index 8m=47, of tuned MQW layers in the DBR. Qur
target is that the power P of the output optical signal re-
mains constant even as its wavelength is modulated:

dP SV AQ

—=(), where P= .

dt
Let us simplify the analysis by assuming that we are oper-
ating within the plateau of constant DBR reflectance,
drp/dr=0 (as evident from Fig. 2, this is our best case
anyway). Neglecting the small contribution to § P from
the variation § Q, Eq. (1b) implies that g=1/ 1y, and
hence the gain must remain constant,

og=g,0n+ga60=0, (6)

where 6Q=0;6n+Q;67n. The variation (,, results from
the dependence ¢[77(n)] and the variation Q; from @(7)
[see the phase equation (4a)]. The primes in Eq. (6) and
below denote the partial differentiation with respect to a
variable indicated by the subscript. The functional depen-
dence of the gain is assumed in accordance with

g:g[ﬂ(nsn)sn!Te:S]- (7

(3)

r ph
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The frequency control by &7 is expressed by
8n+8a;,’
which implies that the overall variation §Q can, in princi-
ple, be enhanced compared to 8Q,=Q;57, provided
2082, <0.
The dual relationship between 8J and 67, required to
maintain §P=0, can be obtained from Eqgs. (la) and (5):

(8)

Bnﬂ;,gﬁ(im—l-rs;l)
8. t+802,
where we have again neglected the contribution to 8§ P

from the variation §(1.

When condition (9) is fulfilled, the concentration n is
no longer constant,

8J=— , (9)

gafd;5n

gnt+gals’
It is still possible, of course, to opt for the elimination of
relaxation oscillations to achieve a high-frequency re-
sponse. To this end, one must set as the target dn=0,
instead of Eq. (5). This leads to a dual relationship be-
tween 87 and 8J, analogous to Eq. (3). It should be borne
in mind, however, that the modulation of light will then be
of well-developed mixed amplitude-frequency type.

én= (10)
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