Superluminescent damping of relaxation resonance in the modulation
response of GaAs lasers
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It is demonstrated experimentally that the intrinsic modulation response of injection lasers can be
modified by reducing mirror reflectivities, which leads to suppression of relaxation oscillation
resonance and a reduction of nonlinear distortions up to multi-GHz frequencies. A totally flat
response with a 3-dB bandwidth of 5 GHz was obtained using antireflection coated buried
heterostructure lasers fabricated on a semi-insulating substrate. Harmonic distortions were below
40 dB within the entire 3-dB bandwidth. These results are in accord with theoretical predictions

based on an analysis which include the effects of superluminescence in the laser cavity.

PACS numbers: 42.55.Px, 42.60.Fc, 42.80.Sa, 42.60.Da

It is well established that most semiconductor lasers
exhibit a resonance peak in their modulation characteristics
before the final high-frequency falloff. The variation of the
magnitude of this resonance among laser structures has been
attributed to a variety of causes including the magnitude of
the spontaneous emission factor and lateral carrier diffusion.
The existence of this resonance peak limits the useful modu-
lation bandwidth of lasers to considerably below the relaxa-
tion oscillation frequency where the response is relatively
flat. Although equalization by external electrical circuit ele-
ments!? or external light injection®>* has been suggested as
means of suppressing the resonance, it is far preferable that
one has a laser which possesses an intrinsically weak reso-
nance. Lateral carrier diffusion, which plays a dominant role
in some laser structures, may not be an effective means for
suppressing relaxation oscillation, especially when the reso-
nance occurs at high frequencies. The reason is that the ef-
fect of the diffusion is that of a low-pass filter on the modula-
tion current,>® thus creating a dip in the modulation
response before the onset of the resonance peak and does not
actually remove the resonance.”® It was theoretically pre-
dicted® that lasers with a reduced mirror reflectivity possess
a flat modulation characteristic, with modulation band-
widths comparable to lasers with regular cleaved-mirror la-
sers. This letter describes experimental results confirming
the above theoretical prediction.

The lasers used in the experiment were buried hetero-
structure lasers fabricated on semi-insulating substrates'®
with a conventional length of 250 zm. The structure of this
laser provides stable optical and electrical confinement,
which reduce stray effects due to unstable optical modes or
lateral carrier diffusion. In addition, its fabrication on a
semi-insulating substrate considerably reduces the parasitic
capacitance'! which makes possible observation of the in-
trinsic response of the laser at high frequencies. Antireflec-
tion (AR) coatings were evaporated onto both mirror facets.
Figure 1 shows the static light versus current characteristics
of the laser before and after AR coatings were applied. As-
suming that the internal distributed loss of the laser (includ-
ing free-carrier absorption and waveguide scattering loss) is
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~70 cm ™, the reflectivity was estimated from the increase
in lasing threshold to be between 1-5%. Accompanying the
increase in lasing threshold are the softening of the lasing
transition and the increase in the number of lasing modes
[Fig. 1(b)]. The multimode lasing spectrum in AR coated
lasers has been observed before'>!* and was explained by a
theory involving effects of superluminescence inside the la-
ser cavity." An immediate consequence of the increase in
the number of lasing mode is the increase in the spontaneous
emission factor which has the effect of reducing the magni-
tude of the relaxation oscillation resonance.'’ This, in con-
junction with additional effects due to superluminescence as
described in Ref. 9, results in a modulation response which is
completely flat up to multi-GHz frequencies.
Measurements at high frequencies were performed with
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FIG. 1. cw light vs current characteristics of an uncoated and an AR coated
laser. The static lasing spectrum of each laser is also displayed. The points
on the curves indicate the bias currents at which high-frequency modula-
tion measurements in Fig. 2 are performed.
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the laser mounted on standard 50-f2 microstrip packages.
No special provision was made for impedance matching. Mi-
crowave s-parameter measurements show that the ampli-
tude of the modulation current driving the laser diode re-
mains relatively constant, to within 2—4 dB, over the entire
frequency range from 0.1 to 8 GHz. The photodiode used
was a p-i-n photodiode having rise and fall times of ~ 60 ps.
The 3-dB bandwidth of this detector was 2.5 GHz and the
frequency response was calibrated up to 10 GHz using pico-
second light pulses generated from a step-recovery diode ex-
cited GaAs laser. The finite width of the optical pulse, which
was measured independently by optical second harmonic
generation autocorrelation techniques to be 25 ps, was ac-
counted for in the photodiode calibration. The frequency
response of the laser was measured using a microwave s-
parameter system (HP8350, 8410, and 8746B). The data
were then normalized by the photodetector response. The
result is shown in Fig. 2(a}, where the different curves are
obtained with the laser biased at the corresponding points
indicated in Fig. 1 for the AR coated laser. A totally flat
response with a 3-dB bandwidth of 5 GHz was obtained with
this laser. The flatness of these response curves was in
marked contrast to those commonly observed in regular in-
jection lasers without coatings. A typical response of an un-
coated but otherwise identical laser is shown in Fig. 2(b). All
the lasers tested were from the same wafer and of the half-
dozen or so lasers tested in each category, all displayed near-
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FIG. 2. (a) Modulation response of an AR coated laser at various bias cur-
rents shown in Fig. 1.(b) Modulation response of an uncoated but otherwise
identical laser.
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ly identical characteristics as the shown in Figs. 2(a) and 2(b).
It should be noted that the responses shown in both Figs. 2(a)
and 2(b) have been normalized by the photodetector re-
sponse. This is very important since the high-frequency fal-
loff in the response of some photodetectors can equalize the
relaxation oscillation resonance in the laser response, result-
ing in an observed overall response which is apparently
flat.!!

The calculations in Ref. 9 show that damping of the
relaxation resonance occurs only when the facet reflectivity
is reduced to a fairly low level, between 0.5% and 0.1%.
That result was obtained assuming that only one facet was
AR coated. In our experiments, both facets of the lasers were
AR coated. Repeating the calculations as in Ref. 9 shows
that in this case, a reflectivity in the vicinity of 1% is suffi-
ciently low to manifest the damping effect. If, in addition,
the increased amount of spontaneous emission due to the
increased number of lasing longitudinal modes is taken into
account, a reflectivity of 2-4% is already adequate. This is
within the range of what can be attained by a single layer
coating, and falls in the vicinity of the estimated reflectivities
in the lasers used in our experiments.

As mentioned above, the relaxation resonance in the
frequency response of lasers can be equalized by prefiltering
the drive current' or compensated by the photodetector. "’
These methods, however, do not alter the fundamental prop-
erties of the laser under consideration and therefore cannot
suppress the high level of harmonic distortion and intermo-
dulation products, which are intrinsic to lasers with strong
relaxation resonance.'®'” These nonlinear effects can ham-
per the use of these lasers in multichannel analog transmis-
sion. Measurements of harmonic distortions under sinusoi-
dal modulation were made of the lasers used in this study.
The modulation current was adjusted at each frequency such
that the fundamental of the modulation response of the laser
remains constant. The corresponding modulation depth is
fixed at 80% at all frequencies. This is in effect the electrical
prefiltering scheme as described above. The harmonic con-
tent of the modulated output of an uncoated laser, as ob-
served on a microwave spectrum analyser, follows the gen-
eral trend as observed in a previous experiment.'” At low
frequencies (a few hundred MHz) the amplitude of the har-
monics is very low, more than 60 dB below the fundamental.
The amount of distortion increases, however, with increas-
ing modulation frequency and reaches a maximum at
around one-half of the relaxation oscillation frequency, at
which the second and third harmonics are ~ 15 dB below the
fundamental. The AR coated lasers, on the other hand, has a
higher harmonic distortion than the uncoated ones at low
frequencies, where the second harmonic is ~ 45 dB below
the fundamental. This can be expected from the slight non-
linearity in the static light versus current characteristic due
to a softening of the lasing transition [Fig. 1(b)]. However,
the harmonic content of the modulated output does not in-
crease significantly with increasing modulation frequency,
remaining at <40 dB below the fundamental over an entire
modulation frequency range of 0.1-5 GHz. This result is 2
direct corollary of the absence of a strong relaxation oscilla-
tion resonance in these lasers.
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In conclusion, it was demonstrated that the intrinisic
modulation response of injection lasers can be modified by
varying mirror reflectivities, with a resulting suppression of
the relaxation oscillation resonance and a reduction of non-
linear distortions at multi-GHz frequencies. In addition, the
flatness of the response extends the useful bandwidth of
these lasers up to the point of the final high-frequency cutoff.
Although experiments were performed on only one type of
laser, it is expected that these results, which are manifested
by basic superluminescent effects, apply to other laser struc-
tures as well.
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Internal photoemission from quantum well heterojunction superlattices by

phononless free-carrier absorption
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The possibility of phononless free-carrier absorption in quantum well heterojunction
superlattices was investigated. Order of magnitude calculation showed that the absorption
coefficient was significantly enhanced over the phonon-assisted process. Important aspects of the
enhancement in the design of infrared photodetectors are discussed.

PACS numbers: 73.40.Lq, 72.20.Jv, 72.20.Dp, 79.60.Eq

Recently, a novel infrared photodetector using free-car-
rier absorption to excite electrons in a quantum well GaAs/
GaAlAs heterojunction superlattice structure has been dem-
onstrated. 2 In GaAs, the normal phonon-assisted free-elec-
tron absorption in a quantum well was found to be enhanced
by a factor of 3-5 over its bulk value.' Despite this enhance-
ment, the coefficient of free-carrier absorption, «, is still
quite small. In view of this, the first detector working on this
principle was designed to be an edge detector to provide a
long interaction length.” Further investigation, however, re-
vealed that phononless free-carrier absorption in a quantum
well structure was possible, with further enhancement in the
absorption coefficient.

In this letter we present an approximate calculation for
a?' due to phononless free-carrier absorption in a quantum
well. Estimated values for a?' were over an order of magni-
tude larger than the phonon-assisted case, but much smaller
than the direct inter-sub-band absorption.? This is expected
since the transition matrix element is now first order as com-
pared to the second order phonon-assisted process, but the
restriction on electron wave vector in the direction perpendi-
cular to the superlattice plane renders it much smaller than
the inter-sub-band absorption.

To demonstrate the effect of phononless free-electron
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absorption, an order of magnitude calculation for the ab-
sorption coefficient a¥ in a single quantum well was per-
formed. If the actual superlattice structure is such that the
wells are effectively decoupled (which is desirable to mini-
mize the dark current in a detector), then the present result
will also be a reasonable estimate for o' in such construc-
tions.
Approximating the electron wave functions by

¥ = (Zzg)vzui(f’)e’k’psin zLi, (1)
by = — i ple P, @

VvV
where L is the width of well, L4 = Vis the volume of the well
p is the radius vector in the plane of the heterojunction (y-z
plane), k the electron wave vector, u the periodic part of the
Bloch function, and the subscripts i,/ denote the initial and
final states respectively. The interaction Hamiltonian is then
given by
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