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High-frequency modulation of a quantum dot microring laser at elevated
temperature
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Dynamic characteristics of a microring laser with InGaAs/GaAs quantum dots were studied using small-signal
high-frequency direct modulation at 55 °C. The largest modulation bandwidth was measured to be 3.7 GHz, the
energy-to-data ratio was estimated as 4.2—6.4 pJ/bit. Temperature dependences of the parameters affecting the
speed (K-factor, threshold current, modulation current efficiency factor) were also determined.
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Microdisk/microring cavities based on quantum dots misoriented from plane (100) by 6°. The active region con-
(QDs) are promising for creating compact laser diodes tained five QD rows formed by depositing eight Ing 4Gag sAs
and integrating them with silicon electronics [1,2]. One of monolayers [8] separated from each other by GaAs interlay-
their promising applications is using them for optical data ers (40nm) and placed in the middle of a 0.8 um thick
transmission on a chip, which places quite high demands GaAs waveguide bounded by the Alj34GagecAs emitters.
on their ability for high-speed operation. Study [3] has Ring cavities with the outer/inner diameter of 20/6 um were
demonstrated for a microring laser 50um in diameter with fabricated by photolithography and dry etching to the depth
InAs QDs a room-temperature modulation bandwidth of of Sum (see the inset to Fig. 1). The ring p-contact to
6.5GHz (at the level of —3 dB) at the modulation efficiency ~ the top p*-GaAs layer was formed by metallization of
of 0.38 GHz/mA'!/2, and also optical data transmission with ~ AgMn/Ni/Au. The microrings were then planarized with
the rate of 10Gb/s. Similar values were obtained at the SU8 epoxy resist; on top of the resist, gold contact
room temperature for an InGaAs-QD-based microdisk laser pads 50 x 90 um in size were fabricated, to which 50 um
23 ym in diameter [4]: modulation bandwidth of 6.7 GHz,
data transfer rate of 12.5 Gb/s. In [5], the highest modulation
frequency at the —3 dB level for a microring InAs QD

laser 50 ym in diameter was 7.5 GHz at the bias current 10

of 22 mA, while the achieved optical transmission rate was

15 Gb/s. 5
Since optoelectronic devices integrated with silicon elec-

tronics are expected to operate at high temperatures, it is 22

important to maintain their serviceability also in this mode. s 0

While stripe QD lasers have long demonstrated the ability §

for high-speed data transmission at the temperatures of at =

least up to 85°C [6], studies on the high-temperature speed & -5

performance of QD disk/ring microlasers are not available,

although such microlasers with continuous pumping have ~10

demonstrated lasing at temperatures above 100°C [7]. In

this study, we have examined high-frequency characteristics

of a microring laser with InGaAs QDs at 55°C and -15

showed that the modulation bandwidth at the —3 dB level

exceeds 2GHz in a wide range of forward bias currents, Frequency, GHz

modulation efficiency near the threshold is 1.5 GHz/mA'/?, Figure 1. AFRs at 55°C for different direct current values.

and maximum modulation bandwidth amounts up to 4 GHz. Symbols represent experimental data, the dashed line illustrates
The laser heterostructure was grown by low-pressure approximation via relation (1). The inset presents a microphoto-

metal-organic vapor-phase epitaxy on an nt-GaAs substrate graph of a ring cavity with a top contact prior to planarization.
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Figure 2. Dependences of the modulation bandwidth (filled

symbols) and frequency of relaxation oscillations (open symbols)
on the forward bias current at 55 °C. The line corresponds to the
modulation efficiency of 1.5GHz/mA'/2. The inset presents the
calculated energy-to-data ratio.

thick gold contact wire was connected. On the side of
substrate, a continuous AuGe/Ni/Au n-contact was made.
The punctured chip containing the microlaser was soldered
substrate-side down onto a holder placed on a copper
heat sink.

The radiation was collected laterally by using a fiber-
coupled long-focus objective x20 Mitutoyo NIR with the
numerical aperture of 0.4. In the static mode, emission
spectra were recorded using spectral analyzer Yokogawa
AQ6370C (with the spectral resolution of 0.2nm). The
threshold current at 55°C was 8.6 mA. The lasing wave-
length was 1105nm. The spectrum had a quasi-single-
frequency character: at the pump current equal to doubled
threshold current, the side mode suppression coefficient
was 25 dB. Dynamic characteristics were investigated in
the frequency range up to 20 GHz by using a high-speed
detector (New Focus 1434 25GHz) and circuit analyzer
(Agilent E8364B). For pumping, a high-frequency ground-
signal-ground (GSG) probe was used. A modulation signal
with a certain frequency of f was supplied through a high-
frequency tee-joint together with forward-bias direct cur-
rent / set by source-measure unit Keithley 2401. Amplitude-
frequency responses (AFRs) were measured at various
bias currents, and, concurrently, voltage drop across the
laser diode was measured. The holder temperature was
maintained at 55 °C by using a feedback resistive heater.

Fig. 1 demonstrates AFRs measured at 55°C at two
different forward bias currents. In the considered range of
currents (from the threshold value up to 23 mA), relaxation
oscillations remain incompletely damped, as evidenced
by a pronounced resonance peak. The experimental
data were used to estimate the modulation bandwidth
defined as frequency f34p at which the response drops by
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—3dB with respect to its low-frequency value. Evidently,
at 55°C the modulation bandwidth exceeds 2GHz in a
wide range of bias currents (Fig. 2). Near threshold cur-
rent I,;, frequency f34p may be approximated by function
f3a8 = MCEF\/T —I,;,, where MCEF is the modulation
current efficiency factor [9] determined as 1.5 GHz/mA'/2,
With a further increase in the bias current, the modulation
band growth slows down; then f34g decreases. The
largest modulation bandwidth was 3.73 GHz (at the current
of 21 mA). The error-free optical data transmission rate BR
is proportional to frequency f34p, namely BR = M f34p,
where coefficient M is about 2. For instance, in [4]
this coefficient for a microdisk laser was 12.5/6.7 = 1.87,
while [10] reported for high-speed vertical-cavity lasers the
M values ranging from 1.7 to 2.46. Therefore, we may
assume that quantum-dot microring lasers will be able to
realize data transmission at the temperature elevated to
55°C with the rate of about 7 Gb/s. Energy consumption
for transmitting one bit (energy-to-data ratio, EDR) was cal-
culated as EDR = &%, where I is the forward bias current,
U is the corresponding electrical voltage, BR = 2f34p is
the expected data transmission rate at M2. The relationship
between EDR and BR is shown in the inset to Fig. 2. The
lowest power consumption is estimated as 4.2 pJ/bit at the
rate of 6.2 Gb/s and EDR = 6.4 pJ/bit at the highest rate
of 7.5 Gb/s.

The experimentally measured small-signal modulation
curves were approximated via the relation derived by
analyzing the rate equations [11]:

fi 1
(Fi-rrere(E) 1

As a result, parameters determining the laser speed perfor-
mance were found for each point of operation: relaxation
oscillation frequency (fx) and relaxation oscillation damp-
ing factor (), as well as parasitic cutoff frequency (fp). As
found out, the latter does not exhibit a regular dependence
on either the bias current or temperature (inset in Fig. 3).
The mean and standard deviation determined at 13, 28,
and 55 °C are 5.4+0.9, 57+ 1.1, and 5.6 + 1.2 GHz,
respectively. To our mind, the parasitic cutoff is associated
with recharging of the microlaser capacitance. The fact that
at 55°C the modulation band appears to be below cutoff
frequency fp indicates that f34p is affected by other speed
restriction mechanisms.

Fig. 3 presents the dependence of the relaxation oscil-
lation damping factor on relaxation oscillation frequency
and its approximation via expression y = Kf% +yo [11].
K-factor was estimated as 1.2ns, the damping factor low-
frequency component caused by the finite lifetime of charge
carriers was found to be yy = 3.5GHz. Maximum mod-
ulation bandwidth fp, limited by damping of relaxation
oscillations may be obtained from (1) in the limit fp — oo
under the assumption that A = 1/2. Frequency fmax is a

complex function of parameters K and 7, [12], which gets

simplified t0 f max ~ 227 — L

A(f) =

(1)

when Kyo/(47?) is small.
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Figure 3. Relationship between the frequency and relaxation
oscillation damping factor (symbols) at 55°C and approximation
at K = 1.2ns, yo = 3.5 GHz. The inset demonstrates the parasitic
cutoff frequency versus forward bias current at different tempera-
tures.

For the parameter values we have determined, fp.x is
6.8 GHz. Thus, the internal maximum speed performance is
almost 2 times higher than the experimentally determined
maximum frequency f3 gg.

Fig. 2 shows the current dependence of relaxation oscil-
lation frequency fr deduced from the AFR approximation
via (1). Evidently, the fr and f34p behaviors are qualita-
tively the same. For instance, the increase in the relaxation

oscillation frequency with increasing current gradually slows
down; fr reaches its maximum at the same current as
the modulation bandwidth and then decreases. Since
the relaxation oscillation frequency itself is not affected
by either the damping factor or device capacitance, such
behavior indicates, as we believe, a significant influence
on the dynamic characteristics from the microlaser self-
heating. The increase in the laser operating temperature
at high currents is especially characteristic of small-area
devices, e.g. vertical-cavity lasers [13] and microdisks [14],
since thermal resistance increases with decreasing device
size. The temperature increase makes the spontaneous
recombination current I, continue to increase beyond the
lasing threshold. This in turn may slowdown the growth
of the relaxation oscillation frequency which should be pro-
portional to the square root of the stimulated recombination
current, i.e. fr o< /1 — I

In addition, dynamic characteristics of the microring laser
were measured at 28 and 13 °C. In the latter case, Peltier
cooling was used. As we have already mentioned, the
cutoff frequency does not exhibit any regular dependence
on temperature. Fig. 4 presents the generalized temperature
dependencies of other parameters affecting the speed
performance. The threshold current increases significantly
with temperature; the dependence may be described by
the characteristic temperature of 95K. The modulation
efficiency decreases by approximately 1.5 times as tem-
perature increases from 13 to 55°C, which, we believe,
reflects a decrease in the QD array differential gain at
high temperatures. The MCEF decrease due to self-heating
may be another factor affecting the modulation bandwidth
dependence on current. K-factor remains unchanged within
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Figure 4. Temperature dependences of the threshold current (1), modulation current efficiency factor (MCEF) and K-factor.
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the error limits of its determination when the temperature
varies within the range under consideration. Paper [15] has
noted that K-factor of the QD-laser is determined by the
sum of the photon lifetime in the cavity and time of carrier
capture by the QD state participating in lasing. We may
conclude that these times remain virtually unchanged in the
temperature range under consideration.

Thus, speed performance of the quantum dot microring
laser has been investigated at the holder temperature
of 55°C. The study has shown that the maximum speed
performance is significantly affected by the microlaser
self-heating leading to the growth slowdown of both the
relaxation oscillation frequency and modulation bandwidth.
In turn, the self-heating effect on the speed performance
may be explained by an increase in the spontaneous
recombination current and decrease in the active region
differential gain with increasing temperature.
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