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Abstract

The modulation bandwidth of conventional 1.0-1.3 um self-organized
In(Ga)As quantum dot (QD) lasers is limited to ~6—8 GHz due to hot carrier
effects arising from the predominant occupation of wetting layer/barrier
states by the electrons injected into the active region at room temperature.
Thermal broadening of holes in the valence band of QDs also limits the
performance of the lasers. Tunnel injection and p-doping have been
proposed as solutions to these problems. In this paper, we describe
high-performance In(Ga)As undoped and p-doped tunnel injection
self-organized QD lasers emitting at 1.1 and 1.3 um. Undoped 1.1 um
tunnel injection lasers have ~22 GHz small-signal modulation bandwidth
and a gain compression factor of 8.2 x 1071 cm®. Higher modulation
bandwidth (~25 GHz) and differential gain (3 x 10~'* cm?) are measured in
1.1 um p-doped tunnel injection lasers with a characteristic temperature, 7,
of 205 K in the temperature range 5-95°C. Temperature invariant threshold
current (infinite Tp) in the temperature range 5-75°C and 11 GHz
modulation bandwidth are observed in 1.3 um p-doped tunnel injection QD
lasers with a differential gain of 8 x 10~'> cm?. The linewidth enhancement
factor of the undoped 1.1 wm tunnel injection laser is ~0.73 at lasing peak
and its dynamic chirp is <0.6 A at various frequencies and ac biases. Both
1.1 and 1.3 um p-doped tunnel injection QD lasers exhibit zero linewidth
enhancement factor (o ~ 0) and negligible chirp (<0.2 A). These dynamic
characteristics of QD lasers surpass those of equivalent quantum well lasers.

1. Introduction

Self-organized quantum dot (QD) lasers have been the
subject of extensive study in the last decade and have
demonstrated lower threshold current, linewidth enhancement
factor and dynamic chirp compared to quantum well (QW)
lasers [1-3].  Demonstration of high-speed QD lasers
can, therefore, be envisioned as a breakthrough in terms
of applications as coherent light sources for 1.0-1.3 um
short-haul local area network (LAN) and metropolitan area
network (MAN) 10 Gb s~! communication systems. However,
achieving high modulation bandwidths with conventional
separate confinement heterostructure (SCH) QD lasers has
not been possible [4]. There are unique problems that limit
the modulation performance of conventional SCH QD lasers,
compared to what is expected from an ‘ideal’ QD laser with a
discrete density of states. First, the inhomogenous linewidth
broadening, associated with the stochastic size distribution of
the dots, imposes a limit on the performance of QD lasers.
More importantly, SCH QD lasers suffer from significant
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hot-carrier effects and associated gain compression due to the
large density of states of the wetting layer and barrier states,
compared with thatin the QDs [5]. Asaresult, the conventional
devices cannot be modulated at bandwidths above 6—8 GHz [4].
In addition, the hole distribution is thermally broadened into
many available states with small energy spacings in QDs and
a large injected hole density is required for a large gain in the
ground state. This would also decrease the attainable gain and
differential gain in conventional QD lasers.

Two unique solutions have been proposed and imple-
mented to overcome these problems in conventional SCH QD
lasers: tunnelling injection (TT) and acceptor (p) doping of the
dots [6—13]. In the tunnel injection scheme, ‘cold carriers’ are
injected directly into the ground state of the QDs by phonon-
assisted tunnelling from an adjacent injector layer and are
removed by stimulated emission at approximately the same
rate. Therefore, the differential gain of the lasers can be opti-
mized and hot carrier effects are minimized. With p-doping,
extra holes are provided at the ground state energy by either
direct doping of the dots or by modulation doping in the GaAs
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barriers. These extra holes ensure population inversion with
less injected holes from the contacts; consequently, the elec-
tron population in the dots and their leakage into barrier and
waveguide layers is reduced as well.

In this paper, we will first describe the intrinsic
characteristics of QD lasers that determine the small-signal
modulation bandwidth and the temperature dependence of
the threshold current. This is followed by a description of
tunnel injection and p-doping in QD lasers and a comparison
of the two approaches. We will see that although p-doping
is helpful in improving the characteristic temperature, Ty, of
QD lasers—especially at 1.3 um—it does not help in realizing
high modulation bandwidth lasers. On the other hand, tunnel
injection not only decreases the temperature sensitivity of
QD lasers, but also significantly enhances the high frequency
response of the devices. Specifically, the properties of 1.1 um
and 1.3 um QD lasers, in which tunnel injection and p-doping
are incorporated, are described. The high-speed modulation
characteristics of these devices are described and discussed.
Finally, data on chirp and «-factor of these devices are
presented. It will be evident that present high-speed QD lasers
are promising candidates for applications in MAN and LAN
systems.

2. Factors limiting high-speed operation of QD
lasers

It is now recognized that the limitations to high-speed
modulation of conventional SCH QD lasers is due to the
electronic properties of the QDs arising from the nature of
self-assembled growth. Due to the large lattice mismatch in
the In(Ga)As/GaAs system (>1.7%), the dots are formed in the
Stranski—Krastanow growth mode, where zero-dimensional
islands (QDs) are formed on top of a wetting layer (two-
dimensional electron-gas), as depicted in figure 1. The QDs
and the wetting layer form a coupled electronic system, whose
statistics cannot be described by quasi-Fermi equilibrium.
Due to the large number of the states in the two-dimensional
electron-gas compared to the number of states in the dots,
injected carriers predominantly reside in the higher energy
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Figure 1. Energy levels of 1.3 um QDs showing the large energy
spacing between the ground and first excited state in the conduction
band and many (~10) levels with small spacing (8—10 meV) in the
valence band.
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states in the wetting layer and QD lasers suffer from this
undesired ‘hot carrier’ effect and associated gain saturation.
Differential transmission spectroscopy (DTS) measurements
have indeed shown that electrons captured in the wetting
layer/barrier states tend to remain there at temperatures above
180K, i.e. they undergo very slow relaxation to the lasing
energy state [14]. Matthews et al [5] also observed severe
gain saturation in QDs at above 150K and showed that it
can be explained by incomplete population inversion in the
ground state of the QDs due to the occupancy of the wetting
layer states. The gain saturation leads to low modulation
bandwidth. Stated differently, the entropy change of carriers
relaxing from the two-dimensional wetting layer states to the
zero-dimensional QDs is responsible for the low modulation
bandwidths measured in QD lasers [15].

An ideal QD laser should preferably have only one
electron and one hole energy level. As shown in figure 1, the
inevitable existence of multiple hole energy levels with small
energy spacing (8—10meV) results in thermal broadening of
the hole population in energy. Consequently, the ground
state hole population is depleted, leading to a decrease in
gain. A higher injection of holes, to compensate for this
effect, necessitates increased injection of electrons due to
requirements of charge neutrality. The excess carriers lead
to leakage, non-radiative recombination outside the core,
increased threshold current and reduced differential gain.

3. Tunnel injection and acceptor doping in QD lasers

TI and p-doping have been suggested and studied as two
promising techniques to solve the hot-carrier related problems
in QD lasers [6—13]. Tunnel injection was originally proposed
and demonstrated more than a decade ago to reduce hot carrier
effects in QW lasers [16—18]. Inthis scheme, ‘cold carriers’ are
directly injected into the lasing energy state from an adjoining
injector layer; thus hot carrier effects can be bypassed and the
performance of the lasers would improve. High-performance
GaAs- and InP-based QW lasers with high T, reduced chirp
and improved modulation bandwidths have been reported by
our group for a long time [17, 18]. TI, however, is more useful
in enhancing the modulation bandwidth of QD lasers. As
shown in figure 2(a), cold electrons injected into the ground
state of the QDs by phonon-assisted tunnelling can by-pass the
hot carrier problems associated with the capture of electrons
into the wetting layer/barrier energy states. Femtosecond
DTS measurement of phonon-assisted tunnelling confirms
fast (~1.7 ps) temperature-independent tunnelling times [6].
Tunnelling also decreases carrier radiative recombination in
the wetting layer/barrier regions, and based on this Asryan and
Luryi theoretically predicted a significant increase of Ty [10].
We demonstrated a large increase in modulation bandwidth
(~15GHz) in our first tunnel injection QD lasers [19] and as
will be seen in the following, the characteristics of our lasers
have steadily improved since then.

p-Doping of QD lasers can be achieved by either direct
or modulation doping of the dots. As shown in figure 2(b) for
the modulation doping case, the holes of the p-doped barrier
are transferred into the hole ground state with lower energy
in the adjacent QD layer; thus, fewer electron—hole pairs are
required to be injected from the contacts to compensate for
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Figure 2. (a) Injection of cold carriers into the ground state of the
dot by tunnelling from an adjoining injector layer; (b) modulation
p-doping of the QD barrier in order to increase the gain through the
increase of hole ground state occupancy.

the thermal broadening of the hole distribution. Vahala and
Zah predicted an increase of gain in p-doped QW lasers [20],
which was followed by the prediction of enhancement of the
relaxation oscillation frequency and reduction of linewidth
enhancement factor in multi-QW lasers [21]. p-Doping is
expected to be more beneficial in QD lasers due to the
more pronounced thermal broadening of holes in the valence
band with smaller energy spacing in QDs than in QWs.
Miyamoto et al [7] proposed p-doping for increase of gain
and reduction of threshold current. Deppe et al have modelled
the impact of p-doping on the modulation response and
characteristic temperature, Ty, of QD lasers [8] and have
experimentally demonstrated 7y as high as 213 K in p-doped
InAs QD lasers [9]. We have measured temperature invariant
operation (Ty = o0) in p-doped 1.3 um QD SCH lasers
and have attributed this result to a significant role of Auger
recombination with its unique temperature dependence [12].
However, contrary to theoretical predictions [8], we observed
only a slight improvement in modulation bandwidth, from
9 GHz in undoped lasers to 11 GHz in 1.1 um p-doped lasers
with otherwise identical heterostructures. The modulation
response of the p-doped lasers is presented in figure 3, from
which a differential gain of 6.9 x 10~'5 cm? is obtained. The
low bandwidth can be attributed to the inefficiency of p-doping
due to the wetting layer states [22], inadequate enhancement
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Figure 3. Modulation response of single-mode 1.1 um p-doped QD
SCH laser at different biases with a maximum 3 dB bandwidth of
~11 GHz.

of gain and differential gain, and the increased damping effect
of Auger recombination in the modulation response.

These observations confirm that although p-doping may
be beneficial in enhancing Tj, tunnel injection appears to
be a better approach to achieve high-speed QD lasers.
In the following, we present the growth, fabrication and
characteristics of state-of-the-art 1.1 and 1.3 um tunnel
injection QD lasers. As will be evident, in some of these
devices, both techniques of tunnel injection and p-doping are
simultaneously incorporated.

4. Growth and fabrication of tunnel injection lasers
with p-doping

Three types of tunnel injection lasers are discussed in this
work. They are undoped and p-doped 1.1 um lasers and
p-doped 1.3 um lasers. All the laser heterostructures were
grown by molecular beam epitaxy (MBE) on (001) GaAs
substrates. The heterostructure of a 1.1 um InGaAs tunnel
injection QD lasers is schematically shown in figure 4(a).
The wavelength of the dot luminescence peak is controlled
by adjusting the InGaAs dot charge during epitaxy. The active
region consists of a 95 A Ing 25Gag 75As injector well, a 20A
Al s5Gag 45As tunnel barrier, and three coupled Ing 50Gag soAs
QD layers. The Ing,5Gag 75As injector layer is grown at 450°C
and the QD layers are grown at 510°C. The energy separation
in the conduction band between the injector layer state and
the QD ground state is ~36 meV at room temperature. This
energy separation ensures longitudinal optical (LO) phonon-
assisted tunnelling from the injector layer to the dot ground
states through the AlGaAs barrier. In the p-doped lasers,
doping is provided by delta-doping (5 x 10'' cm~2) the 500 A
barrier/waveguide region grown on top of the three layers
of coupled QDs. 50nm of the GaAs waveguide above the
three coupled QD layers are p-type doped with beryllium
(N, =5 x 10" cm—?), averaging about 20 holes per dot.
Figure 5(a) shows the band diagram in the active region
of the 1.3 um p-doped tunnel injection QD laser. All the
depicted energy transitions are calculated and design values.
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Figure 4. (a) Heterostructure schematic of 1.1 um undoped and
p-doped tunnel injection QD lasers; (b) variation of the threshold
current and slope efficiency of 200 x 3 um? single-mode 1.1 um
p-doped lasers with temperature. The inset shows the output
spectrum of the laser at 3 times threshold.

Long wavelength (1.3 um) tunnel injection QD lasers are
more difficult to realize due to the higher misfit-related strains
involved in this system. In order to reduce the strain, the design
of 1.3 um QD lasers differs from the 1.1 um lasers in that
electrons tunnel into the first excited states of the dot, instead
of the ground state. This eases the alloying requirements of
the injected layer. Pump-probe DTS measurements show that
the relaxation time from the dot first excited state to the ground
state is very small, ~130 fs, if the excited states are filled with
electrons, i.e. lasing conditions [23]. One QD layer, which
consists of 2.6 ML of InAs capped with 45 Ang 15GaggsAs, is
grown on top of its neighbouring 95 A Ing,7Gag 73 As injection
layer. In order to increase the modal gain, five periods of
injector/QDs/GaAs buffers are stacked. Compared to the
1.1 um design, shorter tunnel barriers (Alp25Gag7s5As) are
employed to facilitate carrier injection across the SCH region.
Ithas to be noted that carrier lifetimes are long enough to ensure
they reach all the five dot layers, as has been shown in 70-layer
QD infrared photodetectors by Monte Carlo simulations [24].
As shown in figure 5(b), the laser heterostructure exhibits
strong photoluminescence (PL) with a narrow linewidth
at room temperature. This is an indication of efficient
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tunnelling due to the selection process of the tunnelling states in
the dots.

Mesa-shaped broad area (20-100 wm-wide) and single-
mode ridge waveguide lasers (3—5 um ridge width) were
fabricated by standard lithography, wet and dry etching and
metallization techniques. 200-2000 um long lasers were
obtained by cleaving. Measurements were made on lasers
with as-cleaved facets, as well as, facets with high reflectivity
mirrors obtained with the deposition of dielectric distributed
Bragg reflectors (DBR).

5. Static characteristics of QD lasers

Light-current (L-I) measurements were made with the devices
mounted on a Cu heat-sink, whose temperature was stabilized
with a Peltier cooler. Pulsed biased (1 us, 10 kHz) light-current
measurements were performed on 1.1 um TI-QD p-doped
as-cleaved 200 x 3 um? single-mode lasers and as the threshold
current versus temperature plot in figure 4(b) indicates, Ty ~
205K from 5°C to 95°C and slope efficiency of 0.465 W A~}
can be extracted for the devices. The inset shows the output
spectrum of the device lasing at about 1090nm. Similarly,
the undoped 1.1 um TI-QD lasers exhibit 7, ~ 363K for
5°C < T < 60°C and a threshold current of 8 mA at 288 K
for a 400 x 3 um? device. From the L-I characteristics of
undoped TI lasers of varying cavity length, we determine the
value of internal quantum efficiency n; = 85% and cavity loss
y = 8.2cm™!, by plotting the inverse of differential efficiency,
14, against cavity length, . It is evident that the characteristic
temperature of TI lasers is much higher than typical values
of Ty < 100K in conventional QD lasers, which is due to
efficient (direct) injection of cold carriers into the ground state
of QDs, minimal occupation of wetting layer/barrier states,
and the consequent reduction in the radiative recombination
component of threshold current from these higher energy
states.

For the 1.3 um p-doped TI QD lasers, L-I measurements
were performed on devices with 95% high reflectivity mirrors
on one facet. The room temperature L-I characteristics of
an 800 x 5um? single-mode laser, with its optical output
spectrum, are shown in figure 6(a). It is evident that the laser
single-mode peak is from the ground state of the dots and is
very close to the corresponding PL peak in figure 5(b). The
value of Jy, is 180 A cm~2 for an 800 um long cavity. Values
of n; = 71% and cavity loss y = 6.3cm™! were determined
for these devices under quasi-CW bias (10% duty cycle) from
the n; ' versus I plot. A differential gain of 9.8 x 107" cm? is
estimated in the devices from the same plot.

The threshold current of a 400 x 5um? device versus
temperature is shown in figure 6(b). It is observed that
Ty = oo in the temperature range of 5-70°C. This result is
similar to our first report on temperature invariant operation of
p-doped 1.3 um QD lasers [12]. As discussed in detail therein,
although high Tj has been predicted and previously reported in
p-doped QD lasers [7-9], complete temperature independence
of I, may seem unlikely, since the inhomogeneous linewidth
broadening of the gain, associated with the stochastic size
distribution of self-organized QDs, should limit such ideal
performance of QD lasers. The radiative recombination terms
in the wetting layers and GaAs barrier/waveguide regions are
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Figure 5. (a) The energy band diagram in the active region of 1.3 um p-doped tunnel injection QD lasers illustrating the phonon-assisted
tunnelling from the injector layer into the first excited state; (b) room temperature PL spectrum of the heterostructure showing distinct peaks

from the dot ground and excited states and the injector layer state.

functions of the Fermi—Dirac distribution, i.e. they contribute
to finite 7j, as well. Therefore, a recombination process whose
rate decreases with temperature has to be considered in order
to explain the experimentally observed 7y = co. We have
employed a self-consistent model [12] to calculate the various
radiative and non-radiative current components in p-doped
and undoped lasers and concluded that the zero temperature
dependence of the p-doped 1.3 um QD SCH lasers is due to
the significant role of Auger recombination in the devices,
and its decrease with temperature according to the temperature
dependence of the Auger coefficient [25]. We believe the lower
To = 205K in the 1.1 um p-doped TI lasers is a consequence
of the following: (a) the Auger recombination is expected to be
lower in higher band gap materials, as confirmed by hydrostatic
pressure dependence measurements [26]. Therefore, Auger
recombination is less effective in playing the compensating
role to achieve high 7j; (b) the conduction and valence band
offsets (AEc and AEy) are smaller in 1.1 um QDs than in

longer wavelength 1.3 um dots. Consequently, the carrier
leakage into the barrier/waveguide region is higher in 1.1 um
QDs, which also leads to a lower value of Tj.

6. Small signal modulation response

The small signal modulation response of the lasers
was measured with a high-speed photodetector, low-noise
amplifier, a HP 8350B sweep oscillator and a HP 8562A
electrical spectrum analyser. The modulation response of
the undoped 1.1 um TI-QD laser at room temperature and
at different injection currents is shown in figure 7. It is
seen that the lasers have a maximum modulation bandwidth,
f—3aB, of ~22GHz at a bias of 125mA. By plotting the
resonance frequency versus (I — Iy)'/? a modulation efficiency
of ~1.7 GHzmA~!/? is derived in these lasers. A differential
gain, dg/dn = 2.7 x 107*cm? in these devices is derived
from the measured modulation efficiency and a calculated
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Figure 6. (a) Pulsed light-current characteristics of 1.3 um p-doped
tunnel injection single mode QD lasers at room temperature. The
inset shows the output spectrum; (b) variation of threshold current of
the 1.3 um lasers with temperature.
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Figure 7. Modulation response of single-mode 1.1 xm undoped
tunnel injection QD lasers at different biases at 15°C.

optical confinement factor of I' = 2.5 x 1073, From the
damping factor of the best fit to the modulation response, a
gain compression factor, ¢ = 8.2 x 107! ¢cm? is also obtained
for these devices.
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Figure 8. (a) Modulation response of single-mode 1.1 um p-doped
QD tunnel injection lasers at different biases; (b) resonance
frequency of the lasers versus /1 — Iy.

The modulation response for the 1.1 um p-doped TI QD
lasers is shown in figure 8(a). The measurements were made
under pulsed bias. The maximum f_3qg measured for an
injection bias of 6.7 x [y is ~24.5 GHz, which is higher
than the undoped sample and is indeed the highest modulation
bandwidth reported to date in any QD laser. The resonance
frequency of the devices is plotted versus (I — Iy)'/? in
figure 8(b), from which a modulation efficiency and differential
gain of 2GHzmA "2 and 3 x 10~'*cm?, respectively, are
derived. The corresponding extracted gain compression factor
of the lasers is ¢ = 4 x 1079 cm3. All these parameters show
improvement compared to the undoped samples, which may
be attributed to the slight impact of p-doping in the modulation
characteristics of QD lasers. As briefly discussed in section 3,
we have also observed a few gigahertz enhancement of
modulation bandwidth upon p-doping (from 9 to 11 GHz)
in conventional 1.1 um SCH lasers, which is due to the
slight increase of gain and differential gain by the extra holes
provided from the doped barriers.

Figure 9 presents the modulation response characteristics
of a single-mode 400 x 3 um? p-doped 1.3 um TI QD
lasers. A maximum 3 dB modulation bandwidth of 11 GHz is
measured in these devices at 45 mA. A modulation efficiency
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Figure 9. Modulation response of single-mode 1.3 um p-doped QD
tunnel injection lasers at different biases at 15°C.

of 1.1 GHzmA~"/? and a differential gain of 8 x 10~!% cm?
are extracted, the latter of which is close to the estimation of
the figure from the dc measurements presented before. We can
speculate the following as a reason for the lower bandwidths
observed in 1.3 um TI QD lasers compared to that measured
in 1.1 um TI QD lasers (figures 7 and 8). As discussed before,
very fast tunnelling time constant and relaxation times from
the dot excited states to the ground state have been measured
by DTS [6,23]. Therefore, the 1.3 wm tunnel injection lasers
are most probably not limited by relaxation and tunnelling
times. The modal gain of a QD laser is proportional to dot
density (fill factor) and density of states, of which the latter is
inversely proportional to the average volume of a single dot.
The average volume of the 1.3 um dots is about a factor of 2
larger and the dot density is usually lower compared to 1.1 um
QDs. These geometrical differences translate to lower gain
and differential gain in 1.3 um lasers.

7. Dynamic properties: chirp and «-factor

The modulation characteristics of tunnel injection lasers
presented in the previous section indicate that these
devices have enormous potential for high-speed fibre optic
communication LAN and MAN systems. Therefore, we
have also studied important dynamic figures of merit for
such applications in the present lasers, namely, linewidth
enhancement factor, o, and dynamic chirp. The «-factor
is a critical parameter in semiconductor lasers, since the
laser linewidth is (I + o) times larger than the Shawlow—
Townes fundamental limit. « is inversely proportional to the
differential gain and it is evident that large differential gains
are attainable in QD lasers. Therefore, low a-factors can be
expected and have indeed been reported in conventional QD
lasers [2]. We have measured the linewidth enhancement factor
of the tunnel injection lasers by the Hakki—Paoli method at

threshold by using the formula:

_2 A
“ T B A7 - DA+ D

where dA is the mode spacing, r; is the peak-to-averaged
valleys ratio of the ith competing mode in the optical
spectrum and AN is the incremental carrier density for
two differential bias values [27]. It is worth noting that
the subthreshold measurement results employed have shown
excellent agreement with results from other measurements of
a-factor above threshold, such as injection locking, in QW
lasers [28]. The results of the two techniques may be different
in QD lasers if these devices exhibit multi-mode lasing from
the excited states at high biases [29]. However, spectral
measurements of our lasers show a stable single-mode output
spectrum from the ground state of QDs at all biases, and
thus the subthreshold Hakki—Paoli technique should yield the
true value of @. The sub-threshold spectra were measured
under pulsed bias (10kHz, 1%) at room temperature with
a HP 70952B optical spectrum analyser with a minimum
resolution of 0.8 A. The voltage increment, AV, was kept
below 0.1 V. The measured linewidth enhancement factors
are shown against the peak wavelength of the subthreshold
spectrum for the undoped TI 1.1 um QD laser in figure 10(a).
The value of « at lasing peak (~1057 nm) is ~0.73, which
is lower than what is measured in conventional SCH QD
lasers [2]. At other wavelengths, the value of « is <0.5. This
is an indication of reduced hot carrier densities in the tunnel
injection laser. The reduction of « in QD lasers, compared to
typical values >2 in QW lasers, implies a very small refractive
index change in the lasing core. Consequently, there is a
reduction of the self-focusing effect in these devices, which
leads to absence of filamentation in their measured near-field
pattern, as we have reported elsewhere [27].

As can be seen in figure 10(), upon varying the voltage
increment, AV, from a differential value of 0.1 V to values as
high as 0.5V, no spectral differential shift of the longitudinal
laser peaks, AX;, was observed in p-doped 1.1 um TI lasers.
Therefore, « is virtually zero in these lasers (within the
resolution of our spectrum analyser). The a-factors of the
1.3 um devices were measured by the same method and,
similarly, the values of the a-factors are essentially zero versus
wavelength around the lasing peak.

Finally, since chirp is directly proportional to ¢, tunnel
injection QD lasers are expected to have ultra-low chirp. We
measured the chirp in both 1.1 and 1.3 um TI QD lasers from
the difference in the linewidth of single longitudinal modes
with and without superimposition of an ac signal. The envelope
of the dynamic shift in wavelength of the sinusoidal modulation
signal was recorded with an optical spectrum analyser. The
evaluated chirp for the undoped 1.1 um TI QD lasers versus
peak-to-peak modulation current is shown in figure 11(a) at
a modulation frequency of 5 GHz and dc bias of 28 mA. For
comparison, the same figure presents our results from InGaAs
1.0 um QW lasers, whose heterostructure design and device
fabrication are similar to the TI QD lasers. The chirp of the
QW lasers varies between 1.6 and 2.9 A and is comparable to
previously reported values [30], whereas the value is ~0.4 Ain
the TI QD lasers. Furthermore, upon changing the modulation
frequency from 1 to 15 GHz and at a constant ac bias of 36 mA,
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Figure 10. Linewidth enhancement factor at the peak wavelengths
of the subthreshold spectrum of (a) undoped and (b) p-doped

1.1 pm tunnel injection QD lasers. The inset in (b) shows two
differentially close measured subthreshold spectra with bias voltage
difference, AV ~ 0.1V in the p-doped lasers.

the TI QD lasers show chirp of <0.6 A at all frequencies. The
measured chirp in 1.3 um lasers as a function of modulating
frequency, with a peak-to-peak modulation current of 8 mA
and a dc bias of 20mA, is shown in figure 11(b). As can be
seen, the dynamic chirp is negligible (<0.2 A). Similar results
were obtained for 1.1 pm tunnel injection QD lasers and are not
discussed further herein. It can be clearly concluded that tunnel
injection QD lasers have dynamic properties that surpass those
of QW lasers for 1.0-1.3 um optical communication systems.

8. Conclusions

The characteristics of very high performance 1.1 and 1.3 um
self-organized QD lasers are presented. The effects of tunnel
injection and p-doping have been studied. While small-
signal modulation bandwidths up to 11 GHz can be measured
with p-doping alone, bandwidths up to 25 GHz are measured
in tunnel injection lasers. The p-doped lasers demonstrate
Ty = oo, together with near-zero chirp and «-factors.
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