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Direct modulation and optical confinement factor modulation
of semiconductor lasers

A. Frommer, S. Luryi,a) D. T. Nichols, J. Lopata, and W. S. Hobson
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

~Received 24 April 1995; accepted for publication 10 July 1995!

A method for modulation of semiconductor lasers based on the modulation of the op
confinement factor is demonstrated. Using this method, an enhanced23 dB bandwidth is observed
in agreement with the small signal rate equation analysis. A modulation response that drops a
frequencies slower than the conventional direct current modulation response is achieved. ©1995
American Institute of Physics.
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Semiconductor lasers are critically important elements
optical communications systems. An essential requireme
a high modulation bandwidth with reduced driving curren
The conventional method of directly modulating the drivi
current, has a bandwidth which at low and moderate curre
is limited by the 1/f 2 decay of the modulation respons
above the relaxation oscillation frequency.1 Recently Gor-
finkel and co-workers2–6 have discussed theoretically las
modulation by controlling other laser parameters such as
optical gain or optical confinement factor. A laser structu
suitable for an optical confinement factor modulation sche
has been proposed.5,6 In this letter we report the experiment
comparison of the direct modulation response and the op
confinement factor modulation response. The23 dB band-
width of the latter is shown to be almost twice as large
that of the former. The low frequency response of the lase
in good agreement with the small signal analysis of the r
equations, when the role of electrical parasitics is taken
account. At high frequencies a decreased decay rate o
optical confinement factor modulation response is obser
as compared to that of the direct modulation response. T
is attributed to the theoretical 1/f intrinsic response drop o
the former as compared to the 1/f 2 intrinsic decay for the
latter.

The laser structure studied is shown in Fig. 1. We fab
cated ridge-waveguide In0.2Ga0.8As/GaAs single quantum
well lasers grown in a vertical geometry MOCVD reacto7

The layers were grown on a~100! n1 GaAs substrate and
consist of the following layers: a 0.5mm GaAs buffer layer,
a 0.1mm undoped GaAs optical confinement layer, an 80
In0.2Ga0.8As quantum well, a 0.1mm undoped GaAs optica
confinement layer, a 1.2mm p2 InGaP cladding layer, and
0.2 mm p1 GaAs cap layer. Three parallel ridges were d
fined using wet chemical etching. A central 6mm wide ridge
waveguide and two additional 20mm wide ridges on both its
sides were formed. They were separated by two 5mm chemi-
cally etched grooves. The grooves are 1.3mm deep, and
etched off thep1 GaAs cap layer and 1.1mm out of the 1.2
mm p2 InGaP cladding layer. The three ridges are connec
to three Au pads using two metallization layers with a diel
tric in between. The central pad is connected to the cen
ridge, and the two side pads make contact to the two s
ridges. A detailed picture of the various metal and dielec

a!Currently at the State University of New York at Stony Brook, Sto
Brook, NY 11794.
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layers is shown in Fig. 1. The wafer was then cleaved in
laser chips with 500mm cavity length.

For device operation, the driving current is applied b
tween the top center electrode and the substrate cont
When an additional modulating signal is applied betwe
these terminals driving current modulation is achieved. T
two side electrodes connecting the side ridges are used
the modulation of the laser optical confinement factor. F
optical confinement factor modulation, a dc current sour
between the top central ridge and the substrate maintain
constant current flow through the device. When the volta
applied to the side contacts provides additional forward b
to the areas below the side ridges additional current will flo
in these regions. The result is an additional spreading of
driving current into these regions.5,6 When the voltage ap-
plied to the side contacts is of the opposite polarity, the vo
age drop along thePN junction under the side contacts is
decreased, therefore less current will flow in these regio
The driving current will thus be confined to flow mainly
under the central ridge-waveguide stripe. The lateral opti
mode profile is determined only by the ridge-waveguide g

ny
FIG. 1. Structure of the In0.2Ga0.8As/GaAs single quantum well ridge wave-
guide laser with additional side contacts for lateral carrier distribution co
trol.
1645(12)/1645/3/$6.00 © 1995 American Institute of Physics
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ometry and is fixed. Lasing takes place in the areas wh
population inversion is maintained. The current lateral dis
bution affects the width of this active region. Thus, by co
trolling the current lateral distribution the side voltages co
trol the lateral confinement factorG. Simultaneously, the side
voltages affect also the average current density in the ac
areaJ.6 Applying a modulating signal to the side contac
while maintaining a constant dc current through the dev
will thus result in a dualJ and G modulation action. Near
field radiation patterns of the laser below threshold as wel
L– I characteristics measurements where performed un
different bias conditions of the side contacts. These meas
ments showed similar results to those observed by Gorfin
et al.,5,6 and support the dualJ andG modulation action of
the side contacts. Electrical simulations of carrier lateral d
tribution below threshold~no stimulated emission!, using the
device simulatorPADRE,8 confirm the action of the side po
tentials on the carrier redistribution.

The small signal solution to the rate equations gives
laser’s intrinsic frequency response for direct current mo
lation as:

RJ5
f 0
2

@~ f 22 f 0
2!21 f 2~g/2p!2#1/2

. ~1!

f is the modulating frequency,f 0 is the resonant frequency
andg is the damping rate. Small signal analysis of the r
equations forG modulation gives a laser frequency respon
of the form:4–6

RG5
f 0
2~11 f 2t0

2!1/2

@~ f 22 f 0
2!21 f 2~g/2p!2#1/2

, ~2!

wheret0 is a characteristic time describing the efficiency
the optical confinement factor modulation.t0 depends on the
photon density, and decreases with increasing pump
current.6 Equation ~2! can be shown to apply also for th
case of simultaneous modulation ofJ andG, as is the case in
our laser structure.6 Only the value ofg0 in Eq. ~2! is differ-
ent between the case of pureG modulation and the case o
dual J and G modulation. We will thus refer from now to
modulation applied to the side contacts as toG modulation.

The small signal frequency response of the laser w
measured for both directJ modulation and forG modulation
using an HP8703A lightwave component analyzer. Figure
and 3 show the small signal frequency responses of the l
for the two schemes of modulation. The curves are con
erably different from each other as predicted by Eqs.~1! and
~2!. The resonance peak is enhanced for theG modulation
case due to the termf 2t0

2 in the numerator. It is also ob
served that theG modulation response has a23 dB band-
width almost twice as large as that of theJ modulation re-
sponse.

In order to compare the experimental data to the theo
the role of the electrical parasitics in determining the mod
lation response of the laser must be taken into account.1,9,10A
low frequencyRC rolloff is caused by the oxide capacitanc
and series resistance. We utilize the commonly us
expression:10

Re5
1

@11~ f / f RC!2#1/2
~3!
1646 Appl. Phys. Lett., Vol. 67, No. 12, 18 September 1995

Downloaded¬13¬Dec¬2001¬to¬129.49.69.110.¬Redistribution¬subject¬to
ere
tri-
n-
n-

tive
ts
ice

l as
der
ure-
kel

is-

-

the
du-

,
ate
se

of

ing
e

f

as

s 2
aser
sid-

-

ry,
u-

e
ed

to describe the low frequencyRC rolloff of the laser. Taking
into account only Eq.~3! for the electrical response of the
laser, we expect a good fit to the experimental data for low
frequencies. At higher frequencies additional parasitics be
come important. We assume that up to 4 GHz the only para
sitics contributing to the response is theRC rolloff described
by Eq.~3!. The full laser modulation response up to 4 GHz is
thus approximated by:

R5RJRe

R5RG Re

for J modulation,
for G modulation. ~4!

At each bias point, the response in the low frequency rang
( f,4 GHz! is analyzed by performing a fit of Eq.~4! to the
measured curves. The fit determines the paramete
f 0 , g, t0 , and f RC . For a given biasf 0 andg are the same
for the J and for theG modulation. TheG modulation re-
sponse, however, has a much lower parasitic rolloff fre
quency f RC . From the fits we determinef RC

G '0.85 GHz,
whereasf RC

J '3.6 GHz. This is expected, since our laser
structure implies a much higherRC limitation for the side
contacts since they are connected with a long and wide fir
metallization layer. This metallization layer is the major
component of the parasitic capacitance in our structure. Th
type of contact layer is not needed in the case of the centr
electrode, therefore the direct modulation scheme has a mu
higher f RC . Figure 3~a! shows a typical example of the fits
obtained. A good fit is obtained for the low frequency range
The different behavior of theJ andG modulation responses
is well predicted by Eq.~4!. Using the parameters fitted to
the experimental results, Fig. 3~a! shows also the deduced
intrinsic response of the laser for theJ and G modulation
schemes,RJ and RG , respectively. The laser’s intrinsicG
modulation response is shown to have a23 dB bandwidth

FIG. 2. ~a! Small signalJ modulation response at various bias currents~b!.
Small signalG modulation response for same bias currents as in~a!.
Frommer et al.
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higher than 20 GHz as compared to;2 GHz for the directJ
modulation.

For frequencies well above the resonant frequencyf
. f 0 , 1/t0 , Eqs.~1! and ~2! predict an intrinsic 1/f decay
of the response for theG modulation as compared to a 1/f 2

drop of the directJ modulation response. At high frequen
cies, however, the additional rolloff caused by the diffusi
capacitance becomes important10 and other electrical para
sitic elements might also contribute to the overall electri
response decay rate. Recently, transport across the sep
confinement heterostructure~SCH! was shown to introduce a
rolloff of the modulation response, with a break frequen
given by ;1/2pts , where t is the carrier transport time
across the SCH.11 For our laser structure with SCH of 200
Å, ts;30 ps.11 This corresponds to a carrier transport rollo
frequency of;5 GHz. Thus, Eq.~4! does not fully account
for the electrical and carrier transport response terms wh
become important forf>5 GHz. In order to compare the
high frequency response of the two modulation schemes,
suggest a phenomenological description of the laser resp
at high frequencies as:

Rhf}
1

f n
, ~5!

wheren is a fitting parameter, including the overall intrins
and parasitic response of the laser at high frequencies.
perform a least squares fit of Eq.~5! to the experimental data

FIG. 3. ~a! J andG modulation responses forI pump560 mA. The solid lines
are fits to the low frequency range,f,4 GHz @Eq. ~4!#, and to the high
frequency range,f.6 GHz @Eq. ~5!#. The dashed lines are the laser’s in
trinsic responses extracted from the fitted parameters.~b! Same as~a! but in
logarithmic scale. The solid lines are the fits to the high frequency ran
showing the different decay rates of the modulation response for theJ andG
modulation schemes.
Appl. Phys. Lett., Vol. 67, No. 12, 18 September 1995
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for the high frequency range which is taken to bef.6 GHz.
A good fit is obtained for the different bias conditions. A
typical example is shown in Fig. 3, wherenJ'3.7 andnG

'2.8. For all bias points theG modulation response gives a
high frequency decay rate smaller than that of theJmodula-
tion response, and the differencenJ2nG varies between 0.7
and 0.9 for the different bias conditions. It is not unity, how-
ever, as would be predicted due to the difference in the in
trinsic behaviors alone. This is attributed to the differen
electrical responses for the two cases. The rf modulation si
nal applied to the side contacts suffers both, from the ele
trical parasitics experienced by the direct modulation rf sig
nal, and from the series resistance and the addition
capacitances which are related to the metal layers connecti
the side electrodes in our structure. It is thus expected th
the G modulation electrical~parasitic! response will have a
steeper decay. This partially masks out the pure intrinsic b
havior in the experimental data. However, for all bias condi
tionsnJ2nG>0.7 due to the 1/f intrinsic behavior of theG
modulation as compared to the 1/f 2 intrinsic behavior of the
conventionalJ modulation.

In conclusion, we have demonstrated experimentally th
G modulation of a laser diode. The enhanced resonance pe
predicted by the small signal analysis of the rate equations
clearly observed in the measurements, and the low frequen
behavior of the response is in good accord with the theory. A
high frequencies a smaller decay rate of theG modulation
response as compared toJ modulation is observed. The
lower decay rate is due to the intrinsic smaller decay rate o
the G modulation response. Additional parasitics, howeve
complicate the analysis. Our results show that a highe
modulation bandwidth is achieved with theG modulation
scheme, and suggest that in a structure, optimized for hig
speed operation, a very high modulation bandwidth can b
achieved with low driving currents. In such a structure, the
parasitic rolloff frequency~such asf RC or 1/2pts) is made
high. For low driving currentsf 0 is small and the modulation
bandwidth forJ modulation is limited to; f 0 , due to the
1/ f 2 intrinsic rolloff of the response abovef 0 . In contrast,
theG modulation response will be limited only by the para-
sitic rolloff even at low driving currents, since it drops only
as 1/f above f 0 . It can thus have a high modulation band-
width with much reduced driving currents.
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