Parasitic-free measurement of the fundamental frequency response
of a semiconductor laser by active-laver photomixing
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We report the measurement of the fundamental (intrinsic) frequency response of a GaAs
semiconductor laser to 12 GHz by direcily photomixing two optical sources in the active
region of the laser. This novel technique reveals the underlying fundamental frequency
response of the device as parasitic effects are avoided. Well beyond the relaxation resonance,
the theoretically predicted 40 dB/dec signal rolloff is abserved. Other features of the measured
response function are also observed to be the theoretical ideal.

The frequency response of a semiconductor laser to di-
rect modulation is important to many optical communica-
tion systems employing these devices as sources. The ulti-
mate frequency lmit for semiconductor laser modulation is
determined by the electron-pheton relaxation resonance fre-
guency. The response function associated with this process is
referred to as the fundamental or intrinsic response of the
device.! Ofien, however, the maximum modulation band-
width is reduced by the unavoidable parasitic impedances in
packaged laser diodes. These parasitic elements limit ordi-
nary carrier injection at high frequencies by shunting cur-
rent from the active region. Even in high-speed laser struc-
tures, where parasitic effects are circomvented up to the
relaxation resonance, they soon dominate the modulation
behavior beyond the resonance, masking the fundamental
response of the device.” An experimental technique to probe
the fundamental modulation respouse of a laser Giode is
therefore important. In this letter we propose and demon-
strate such 2 technigue. In our system we photomix (ie.,
heterodyne) two single-freguency iaser sources directly in
the active region of the device whose response is to be mea-
sured. The resuiting modulation is thus independent of car-
rier transpors, and parasitic effects are avoided. Previously,
the photomising technigue has been used f{o measure the
frequency response of photodetectors.™ In these cases, how-
ever, both the intrinsic device response and the parasitic re-
sponse are measured simultanecusly, since the photomix-
generated signal is dependent upon current transport out of
the device under test.

The intrinsic modulation response can be derived easily
in the small signal limit by using the spatially averaged rate
eguations, The response function is given by’
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where p, is the steady-state lasing mode photon density,
2w (§2) 18 the corresponding small signal amplitude response
function, I is the filling factor, G’ is the derivative of the
optical gain with respect to carrier density, /,, (1) is the
injection level amplitude in units of carrier density per sec-
ond, @, is the reiaxation oscillation frequency, and y is the
relaxation oscillation damping rate. The intrinsic response
function is therefore Aat at low frequencies, has a rescnance
tear wy, and rolls off rapidly with increasing frequency be-
yond this resonance. The rolloff in Eq. (1) of 20 dB/dec
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translates into a 40 dB/dec rollofl in detected power from a
photodetector. The relaxation resonance frequency ey is
given by’

Wy =G /T, {(2)

where 7 is the photon lifetime. Much progress has been made
in extending the intrinsic frequency response by increasing
@y . This includes the use of window structures io increase p,
{Ref. 5) and multiple quantum well active layers to increase
G '.%7 Verification of the intrinsic response at these frequen-
cies is difficult, however, since great efforts must be made to
reduce parasitic effects.

The photomixing technigue involves the mixing of two
laser beams with a small frequency difference in an absorb-
ing medium. When the beams are mized in a semiconductor,
for example, the carrier density is modulated at the beat fre-
guency. By varying the frequency of one or both lasers, the
beat frequency can be tuned to encompass the entire micro-

wave spectrum.

In our system we combine lght from a krypton laser and
adye laser to generate the microwave modulation. The kryp-
tou laser, with an intracavity étalon, operates in a single lon-
gitudinal mode at 752.5 nm. The output power is approxi-
mately 250 mW. The single-mode ring dye laser, ronning
with Pyridin 2 dye, generates 250 mW at the same wave-
fength. The light from these sources is focused into single-
mode optical fibers and combined in a 50/50 fiber coupler
that mixes the light. By stressing one input arm of the fiber
coupler, we bring the polarizaticns of the two beams into
alignment at the output, so that the maximum power is avail-
able for optical modulation. The beat frequency is controlled
by runing the dye laser, which can be electronically scanned
over a 30 GHz range. The dye laser frequency is actively
stabilized to 300 kHz, so that the stability of the beat fre-
guency spectrumn is determined by the stability of the kryp-
ton laser freguency, which we measure to be 10 MHz as a
result of room microphonics. Initial overlap of the two fre-
quencies is accomplished by first directing the output from
one arm of the fiber coupler into a 0.75 m grating spectrom-
eter and superimposing the two lines to within 40 GHzg, the
resolution of the instrument. We then illuminate a photo-
diode with the mixed light and scan the dye laser until the
beat frequency falls within the bandwidth of the photodiode,
appearing on an electronic spectrum analyzer. The dye laser
scan offset is then adjusted until the beat frequency can be
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continucusly scanned from O to 30 GHz.

The device used in this experiment is 2 Mitsubishi GaAs
transverse junction stripe {T7S) laser diode with 2 16.2 mA
fasing threshold and Jasing wavelength of 838 nm. This par-
ticular device had a transparent contact to facilitate the pho-
tomixing process. It was mounted in a low-frequency her-
metically sealed capsule that was disassembled for the
experiment. As shown in Fig. 1, the mixing pump light is
focused by a cylindrical lens and microscope objective to a
stripe coincident with the active region. In this way we can
couple uniformly into the active region over the entire length
of the device. For alignment purposes the same microscope
objective images the top surface of the laser dicde on an
infrared vidicon. Both luminescence from the active region
and reflected pump Hght are visible on the monitor, making
rough alignment possible. Maximom coupling is achieved by
peaking the laser modulation signal detected on a p-i-n pho-
todiode (Ortel PDO50-0OM). An optical isolator with 35 dB
isofation suppresses feedback to the laser diode and rejects
any scattered pump light going to the detector. The detected
microwave photocurrent was measured with an HP 8565A
specirum analyzer combined with an HP §349B amplifier.
We calibrated the system—detector, amplifier, and cables—
te 20 GHz using the photomixing technigue directly on the
detector.

The beat frequency power incident on the active region
of the semiconductor laser is approximately 7 mW, which
takes into account 2 30% Fresnel reflection from the contact
layer. By optimizing the pump optics, this figure has been
improved substantially since this experiment was comples-
ed. The intensity modulation of the semiconductor laser out-
put can be found from the ratic of the amplitude of the rf
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FIG. 1. Schematic diagram of the experimental arrangement.
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FIG. 2. Measured modulation response at different bias ievels. The re-
sponse peaks and 40 dB/dec rolloff are clearly visible, indicating the ab-
sence of parasitic effects.

photocurrent 1o the de photocurrent. The modulation index
is 5.6% and 10.3%, well below the resonance fora 28and 22
mA bias, respectively. Further increases in the beat freguen-
¢y pump power thus offer the possiblity of modulating the
output intensity at fairly high levels.

Plots of the observed modulation response in relative
units at different bias currents appesr in Fig. 2, Data points
are only given on two curves for clarity. We note the reson-
ances are clearly defined. For each curve we also observe the
ideal 40 dB/dec rolloff well beyond the resonance. This is
most easily seen on the 17, 19, and 22 mA curves, where the
data extend to several multiples of the resonance frequency.
By use of Eqg. (1}, we can extract frora these curves wy and y
for each bias level. A plot of v versus injection current ap-
pearsin Fig. 3 and exhibits the theoretical linear behavior for
above thrashold operation. The damping rate 3 can be ex-
pressed as

¥ = Yo b T@a, (3
where ¥, includes the power independent sources of damp-
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FiG. 3. Square of resonance frequency vs bias current.

fif. A. Newkirk and K. J. Vahala 771

...... L0 00006-20.0006.-2008:40.4.31-245.225: 44 RRedistrbBution subj ect te- Al Heense or-copyrighisseedattpsfapl-aip:org/apl/copyright.jsp



3

@&

(2]

-

T

g

@

e

I3 .

=
4L
2 : A A, ! i L £ [
0 2 4 & 8 10

w2 (1x10%rad?sec?

FIG. 4. Damping rate ¥ vs w% . The ideal linear relationship is predicted by
Eg. (3).

ing (e.g., spontaneous emission, diffusion, etc. ). The expect-
ed linear relationship between ¢ and o}, is verified in Fig, 4.
The slope and intercept of the resulting line yield estimates
for ¥, and 7 of 5.3X10° rad s " and 6.2 ps, respectively.
From these results we infer that the measured modulation
resposise curves are close to ideal, free of any parasitic in-
Ruences.
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In conclusion, we have measured the intrinsic modula-
tion response of a TIS laser diode by photomixing two lasers
directly in the active region of the device. The response
curves appear to be ideal, since there is no indication of any
parasitic effects. Welook forward to extending the technique
to investigate the intrinsic modulation response of high-
speed laser structures.
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