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It is demonstrated that an ultrahigh speed window buried heterostructure GaAlAs laser
fabricated on a semi-insulating substrate can be used as a narrowband signal transmitter in the Ku
band frequency range (12-20 GHz). The modulation efficiency can be increased over a limited
bandwidth by a weak optical feedback. A stronger optical feedback enables one to actively mode
lock the laser diode at a very high repetition rate up to 17.5 GHz, producing pulses ~ 12 ps long.

Significant progress has been made recently in operat-
ing semiconductor laser diodes at very high frequencies. A
quantity of major significance in the small-signal modula-
tion regime is the — 3 dB modulation bandwidth, which is a
direct measure of the rate at which information can be trans-
mitted by the laser. However, one can obtain a high modula-
tion depth at frequencies beyond the — 3dB point by driving
the laser with sufficient rf drive power to compensate for the
drop-off in the modulation response of the laser. This tech-
nique is very useful in generating repetitive optical pulses
from a laser diode at a very high repetition rate, although the
repetition rate itself has no significance in terms of true infor-
mation transmitting capacity of the laser. A means to reduce
the rf drive power required for modulating the laser to a high
optical modulation depth at high repetition rate is the tech-
nique of mode locking. The laser diode is coupled to an exter-
nal cavity whose round-trip time corresponds to the modula-
tion frequency. The modulation frequency in this case is
limited to a very narrow range around the round-trip fre-
quency of the external cavity. Recent experimental work has
extended the small-signal — 3dB direct modulation band-
width of a solitary laser diode to ~ 12 GHz using a specially
developed window buried heterostructure laser on semi-in-
sulating substrate (BH on SI),' while large signal direct mo-
dulation has been reported at repetition rates up to 10.6
GHz.> Active mode locking of laser diodes in an external
cavity has been reported at repetition rates up to 7.2 GHz in
a LiNbO, directional coupler external cavity® and to 10 GHz
in fiber cavity.*

In this letter, results of modulation of the high speed
window BH on SI laser at frequencies beyond the — 3 dB
point, in both the small signal and large signal regime, will be
described. It will be shown that such lasers can be used as a
narrowband signal transmitter at frequencies above the

— 3dB point, with a reasonably flat response over a band-
width of up to ~ 1 GHz. The overall response of the laser at
such frequencies is substantially Jower than in the midband
range (i.e., at frequencies < the — 3 dB point} and conse-
quently higher rf drivers are necessary to attain a certain
modulation depth. It will be shown that a weak optical feed-
back from an external cavity can boost up the response by a
substantial amount over a wide frequency range. A strong
feedback induces a sharp spike in the response of the laser at
the round-trip frequency. Under this condition, picosecond
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pulses can be generated by modulating the laser on reso-
nance, which can be interpreted as active mode locking of
the laser diode.

The laser used in this experiment is a window BH on SI
laser reported previously.' The length of the laser is 300 zm,
with an active region dimension of 2um X 0.2um. The pres-
ence of the window near the end facet alleviates the problem
of catastrophic damage and enables the laser to operate at
very high optical power densities. The tight optical and elec-
trical confinement along the length of the laser cavity (except
at the window region) enables maximum interaction
between the photon and electrons to take place and results in
a very high direct modulation bandwidth. The small-signal
modulation bandwidth of this device biased at an optical
output power of L0 mW is shown as the heavy curvein Fig. 1.
Here, the “small-signal” regime is loosely defined as that
when the modulation depth of the optical output is = 80%.
The — 3 dBbandwidth, as shown in Fig. 1,1s 10.3 GHz. The
response drops to — 10dBat — 13.5 GHzand to — 20dB
at 18 GHz. The fall-off in the modulation response is due to a
combination of the intrinsic laser response and effects due to
parasitic elements. Figure 2 shows the sweep frequency mo-
dulation response of the laser, in a 1-GHz band, centered at
16 GHz. The response is relatively flat over the 1-GHz band
(to within -+ 2 dB), and is within + 1 dB over a 100-MHz
bandwidth. It is thus possible to use this laser as an optical
transmitter operating in a narrow bandwidth in the upper X-
band frequencies.
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FIG. 1. Small-signal modulation response of a window BH on SI laser: (a)
intrinsic laser response (dark solid curve); (b) weakly coupled to an external
fiber cavity (dotted curve|, and (c) with increased coupling (light solid
curve}.
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FIG. 2. Sweep-frequency modulation response of the intrinsic window BH
on SI laser at 16 GHz, over a 1-GHz band.

The intrinsic modulation response curve in Fig. 1 shows
that at 16 GHz, the response is approximately 13 dB below
the midband value. (The smali peak in the modulation re-
sponse at around 16 GHz is probably due to electrical reflec-
tions arising from imperfect impedance matching of the la-
ser.) This loss in modulation efficiency can be partially
compensated by coupling the laser to an external cavity of
the appropriate length. In this experiment the external cav-
ity is composed of a short length {6.3 mm) of standard graded
index multimode fiber of 50-um core diameter,** with a high
refractive index hemispherical lens attached to one end of
the fiber to facilitate coupling. The far end of the fiber is
cleaved but not metallized. The amount of optical feedback
into the laser in this arrangement is expected to be below 1%,
and produces no substantial reduction in lasing threshold or
differential quantum efficiency. The feedback, however, in-
duces a broad resonance in the frequency response at ~ 16
GHz—the round-trip frequency of the fiber cavity—as
shown by the dashed curve in Fig. 1. The full width of the
resonance is about 1.5 GHz, measured at the upper and low-
er — 3 dB points. At the peak of the resonance the modula-
tion efficiency is enhanced by ~ 10 dB. The — 3 dB band-
width of the resonance is approximately 1.5 GHz.

In a separate experiment the far end of a fiber is cleaved
and is butted to a gold mirror. This induces a very sharp
resonance in the modulation response of the laser, as shown
by the light solid curve in Fig. 1. When the laser is driven on
resonance by a microwave source whose power output is <6
dBm, the optical output is not fully modulated and the laser
is operating in the small-signal regime. As the microwave
drive power is increased to > 10 dBm the optical modulation
depth approaches unity and the optical waveform becomes
pulselike. The characteristics of the optical pulses cannot be
resolved by the photodiode, whose output appears to be sinu-
soidal since only the fundamental frequency (17.5 GHz) of
the modulated laser light can be detected with resonable effi-
ciency. An autocorrelator using optical second harmonic
generation is used to observe the optical output. Figure 3
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FIG. 3. Autocorrelation of the optical output of the window BH on SI laser
coupled to an external fiber cavity under (a) 4-dBm microwave drive and (b)
14-dBm microwave drive at 17.5 GHz.

shows autocorrection traces of the laser output under two
microwave drive power level, (a) at 4 dBm and (b) at 14 dBm.
The first trace is sinusoidal in shape, implying that the opti-
cal waveform is also sinusoidal, and that the optical modula-
tion depth is less than unity. The latter case (b) clearly indi-
cates the pulse behavior of the optical output, with a full
width at half-maximum (FWHM) width 12.4 ps (computed
from the FWHM of the autocorrection trace, assuming a
Gaussian pulse shape). This, in effect, is active mode locking
of a laser diode at a repetition rate of 17.5 GHz. The spec-
trum of the laser consists of a large number { ~ 7) of longitu-
dinal modes of the laser diode since there is no frequency
selective element (such as an etalon) in the external cavity.
The width of the individual mode is mainly determined by
frequency chirping due to heavy carrier modulation and
does not seem to correspond to the transformed value of the
optical pulse width.

There is a subtle difference between short optical pulse
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generation by large signal modulation of a solitary laser di-
ode and by active mode locking. In the former case, each
optical pulse builds up from essentially spontaneous emis-
sion noise and therefore pulse to pulse coherence is very
poor. In the latter case, each pulse builds up (at least partial-
ly) from stimulated emission of the previous optical pulse
which returns from a round-trip tour of the external cavity,
and hence the optical pulses should be coherent to one an-
other. However, the autocorrelation traces of Figs. 3(a) and
3(b) show that pulse to pulse coherence is quite poor in the
output of these very high rate actively mode-locked lasers.
This is most likely due to (1) the large amount of frequency
chirping due to variations in the refractive index of the laser
material at such high modulation frequencies®’ and (2) the
relatively small feedback from the external cavity.

In general, when attempting to actively mode lock a
laser diode at very high repetition rates one has several aven-
ues of approaches. One approach is to completely antireflec-
tion coat one facet of the laser and couple it to an external
cavity. Ail the cavity submodes of the laser diode are sup-
pressed, and lasing takes place soley between the laser facet
and the external mirror. The difficulty is that this laser now
has a much longer photon lifetime than a typical solitary
laser diode, which aggravates the already difficult problem
of driving the laser diode at frequencies of tens of gigahertz.
It appears that a better approach would be the one described
above—applying a relatively small amount of feedback to an
unaltered ultrafast laser diode so that the high speed capabil-
ity of the laser diode is not compromised. A second dilemma
is that it is generally observed that active mode locking of
laser diodes is achieved most easily when the laser is biased
only slightly above threshold. An intuitive explanation for
this result is that it is easier to fully modulate the output of
the laser diode and force it into the large signal regime when
the laser is only slightly above threshold. Since the modula-

tion speed of the laser decreases with decreasing bias level,
this approach also encounters difficulty when attempting to
mode lock at tens of gigahertz. In our experiment, the laser
was biased at a very high level at 10 mW so that the intrinsic
speed of the laser can be maintained. The microwave drive
power required to bring the optical output to full modulation
is consequently high. This, however, should not be regarded
as a penalty since the available optical power is correspond-
ingly high.

In conclusion, we have demonstrated that suitably con-
structed high speed laser diodes can be used as narrowband
signal transmitters in the Ku band frequency range (12-20
GHz). The modulation efficiency can be increased over li-
mited bandwidth by a weak optical feedback. A stronger
optical feeback enables one to actively mode lock the laser
diode at a very high repetition rate up to 17.5 GHz, produc-
ing pulses ~ 12 ps long.
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Cd diffused mesa-substrate buried heterostructure InGaAsP/InP laser
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A new type of buried heterostructure InGaAsP/InP lasers grown by a single-step liquid phase
epitaxy on Cd diffused mesa substrate is described. These fasers exhibit excellent current and
optical confinement. Threshold currents as low as 15 mA are achieved for a laser with a 2-um-

wide active region.

InGaAsP/InP double heterostructure lasers are used
as light sources for optical fiber communications in long-
wavelength range because of lower losses and dispersion of

*'On leave from Jilin University, Changchun, Jilin, China,
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optical fiber in this range.'™ Low threshold current and a
stable single transverse mode are necessary for such applica-
tions. Among the lasers developed to date the buried hetero-
structure lasers are very promising, owing to their very low
threshold currents. However, the growth of conventional

© 1985 American Institute of Physics 328

Downloaded 24 May 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



