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A transistor laser (TL) is a device that operates at a high-speed with multiple functions such as output control with low wavelength shift and signal
mixing. By adopting a high heat dissipation structure with a high-speed compatible wide electrode pad and thick Au plating in TLs, improvement of

temperature performance in 1.3 um wavelength npn AlGalnAs/InP TL was demonstrated. As a result, continuous-wave operation of a 1.3 yum TL up
to 90 °C was achieved. The thermal resistance was estimated to be 25 K W, based on the spectrum behavior, which is at least four times lower

than the previously observed value. © 2020 The Japan Society of Applied Physics

1. Introduction

Recently, the internet traffic in data centers has been
increasing substantially due to an increase in the number of
internet users and the spread of telecommunication equip-
ment such as smartphones and tablets. Accordingly, there is a
need for high-speed optical communication. Directly modu-
lated laser diodes (DMLs) are commonly used for short to
medium distance optical communication systems. DMLs are
superior in terms of low power consumption and small
footprint. However, their modulation speeds are limited to
around 50 Gbaud owing to the damping effect'” and direct
modulation at 50 Gbps has been reported.” Therefore, new
high-speed optical sources are necessary for replacing con-
ventional DMLs. The transistor laser (TL) was proposed” as
a candidate to overcome the modulation speed limit of
DMLs.” " The TL is a simple device based on a heterojunc-
tion bipolar transistor” with an active layer in the base
region. Unlike conventional laser diodes, the TL has three-
terminals viz. emitter, base, and collector. Thanks to this
unique configuration, the TL is capable of both current and
voltage modulation. The combination of these two modula-
tion methods can lead to multiple functions such as output
control with low wavelength shift” and signal mixing.'?
Based on theoretical calculations, it is expected that a high-
speed modulation exceeding the limit of conventional DMLs
is possible for both cases. 112 Indeed, both voltage and
current modulation at 20 Gbps and room temperature were
demonstrated using TLs operating at a wavelength of 1 pm or
shorter.'® For long-wavelength TLs, we have demonstrated
continuous-wave (CW) operation of 1.3 pum npn AlGalnAs/
InP TLs, fabricated on InP substrates'*~'? and CW operation
of 1.5 pum wavelength GalnAsP/InP TLs has already been
demonstrated.”” However, the maximum operation tempera-
ture of long-wavelength TLs were limited up to 40 °C. High
temperature operation enables both low power consumption
and a smaller footprint through uncooled operation.”"’ High-
speed operation of long-wavelength TLs has not yet been
realized mainly due to a large parasitic capacitance. In the
previous conference, we briefly reported improved tempera-
ture characteristics of 1.3 pum wavelength TLs.”” In this

paper, we report the detail characteristics of highest CW
operation temperature of 90 °C for 1.3 pum wavelength TLs
by adopting a high heat dissipation structure. In the Sect. 2,
the device structure and fabrication are explained. In the
Sect. 3, the device characteristics including high temperature
characteristics are shown.

2. Device structure and fabrication

Figure 1 shows a cross-sectional view of the TL. Pyramidal
type mesa structure with three different mesa width was
formed. And we would like to name these three mesas as
collector mesa, base mesa and emitter mesa, respectively,
from the top. Five strain-compensated AlGalnAs QWs (well
width of 5 nm, barrier width of 10 nm, and total thickness of
85nm) were employed as the active layer to operate
at 1.3 um wavelength with better high temperature
characteristics.”” A graded-index separate confinement het-
erostructure (GRIN-SCH), whose composition was changed
from AlGalnAs (band gap or E,=1.17¢V at 300K) to
AllnAs (E, = 1.46 eV at 300 K), was used for both sides of
the active layer. The thickness of these layers was ~100 nm
on the n-side and ~80nm on the p-side. A buried hetero-
structure (BH) with n/p/n/p-InP was used to obtain high
optical and carrier confinement. The width of p-GalnAsP
base layer was chosen to be as narrow as the width of the
collector mesa in order to suppress non-radiative recombina-
tion in the base layer. A 3.5 um thick Au electrode pattern
was formed on the top of each mesa. The pattern on the base
electrode was fabricated to be wide enough in the lateral
direction in order to facilitate high heat dissipation. The
device was bonded onto an AIN submount, which has high
thermal conductivity, by soldering.

The fabrication process of the TL is as follows. At first, an
initial wafer containing five AlGalnAs QWs was grown on a
Fe-doped (100) semi-insulating InP substrate by using
organometallic vapor-phase epitaxy. Next, a stripe mesa
was formed by Br,/CH;OH wet etching and CH4/H, reactive
ion etching. Following in situ thermal cleaning under PH3
atmosphere, for removing the oxidized surface, a n/p/n/p-InP
thyristor structure was deposited for current blocking as well
we optical confinement.”* " Please note the stripe width of
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Fig. 1. (Color online) Structure of a npn-AlGalnAs/InP TL.

W is defined as this metsa width (the width of QWs).
Subsequently, a p-GalnAsP base layer (100 nm,
E,=103eV) and a n-GalnAsP layer (40nm,
E,=1.03eV) were grown and etched at both sides of the
stripe by SiO, mask. Using this SiO, mask, a p*-GalnAs
base contact layer (100 nm) was selectively grown on both
sides of the stripe. Next, a n-InP sub-collector layer (2 p/m)
and a n+-GalnAs collector contact layer (50nm) were
grown. After this regrowth, collector, base, and emitter mesas
were formed by etching and SiO, (100 nm) was deposited on
the surface as an insulating layer. Then, the electrodes were
formed by evaporating Ti/Pt/Au on the device. Also, the base
electrode was widened and deposited on the side of base
mesa in order to facilitate better heat dissipation in the lateral
direction of the active layer in addition to making the device
compatible for modulation measurements, which means this
electrode was designed under consideration of RF character-
istics with direct probing of GSG high-speed probe. Finally, a
3.5 pm thick Au layer was deposited by electrolytic plating
(plating rate of 15nmmin ') on the electrodes as a heat
spreader.”® Au plating pattern was formed using a lift-off
process. Then, the wafer was made thinner (<200 pm) using
lapping process. After cleaving the wafer to form Fabry—
Perot cavities with a length of 300-1000 um, devices were
bonded onto an AIN submount by soldering. An optical
microscope top view and a scanning electron microscope
(SEM) cross-sectional view of fabricated TLs are shown in
Figs. 2 and 3, respectively. As described above, a wide base
electrode pattern (30 pm on the base mesa and 130 pm on the

Fig. 2.

device.

(Color online) Optical microscope top view of the fabricated
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Fig. 3. (Color online) SEM cross-sectional view of the fabricated device.
Fe-InP substrate) and a thick Au plating was introduced to
eliminate heat from the active region as well as realize
enough heat capacity.

3. Device characteristics

Figure 4 shows both the base current versus the light output
power (Ig—P) and the base current versus the collector current
(Ig—Ic) characteristics for various collector-emitter voltages
(Vcg) in a common emitter configuration under room
temperature CW (RT-CW at 20 °C) condition. We used a
current source and a voltage source for controlling the base
current /g and the collector-emitter voltage Vg, respectively.
The cavity length and the stripe width were 490 ym and
1.2 um, respectively. At Vcg =4V, the threshold base
current (Igy,) was 13mA (corresponding to a threshold
current density of 2.2 kA cm ™ ?) and the differential quantum
efficiency (#4) for both facets was 23%. The threshold current
density was reduced by 15% compared to a previously
reported device®™ due to the introduction of GRIN-SCH.
When Vg was applied, undesired recombination in the p-
GalnAsP base layer was suppressed because some electrons
were withdrawn by the collector and desired recombination
occurred in the QWs. At the same time, the optical absorption
coefficient of the p-n junction between the collector and the
base was increased due to the Franz—Keldysh (FK) effect.
Therefore, the light output power saturated with a change in
VcE.

Figure 5 shows both the emitter current versus the light
output power ([g—P) and the emitter current versus the
collector current (Ig—Ic) characteristics for various
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Fig. 4. (Color online) Iz—P (Solid lines) and Ig—Ic (Dotted Lines)
characteristics in the common emitter configuration. Each color of lines
indicates the characteristics with different Vcg (0 V to 6 V with 1V step, the
arrow direction shows the direction of increment).
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Fig. 5. (Color online) Iz—P (Solid lines) and Iz—Ic (Dotted Lines)
characteristics in the common base configuration. Each color of lines
indicates the characteristics with different Vg (0 V to 6 V with 1 V step, the
arrow direction shows the direction of increment).

collector-base voltages (Vcg) in a common base configura-
tion under RT-CW condition. We used a current source and a
voltage source for controlling the emitter current /g and the
collector-base voltage Vg, respectively. The device was the
same as the one used in Fig. 4. At Vcg =0V, the threshold
emitter current (lgg,) was 22mA (corresponding to a
threshold current density of 3.7 kA cm %) and the ng for
both facets was 23%. The light output power was observed to
decrease with increasing Vg, which may be attributed to the
FK effect and the Early effect. While the optical absorption
coefficient was increased due to the FK effect upon the
application of Vg, the number of electrons flowing to the
collector was increased because of the Early effect. Figure 6
shows cavity length dependence of 1/n4 for various Vg in
the common base configuration under RT-CW condition. The
stripe width was 2.2 ym. Upon increasing Vg from 0 to 6V,
a concomitant increase in the waveguide loss was observed
from 11 to 14cm™'. This observation implies that the FK
effect increases with Vcg.

The thermal resistance was also measured from the
spectrum behavior under various biases and temperatures’”
with a two-terminal base-emitter configuration having a
floating collector. Figure 7 shows the wavelength dependence
on the dissipated power under CW operation. The dissipated
power was defined as the difference between the applied
power and light output power. The cavity length and the
stripe width of the TL were 1000 pm and 1.2 pm,
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Fig. 6. (Color online) Cavity length dependence of 1/54 at different Vg
values in the common base configuration.
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Fig. 7. (Color online) Wavelength dependence on the dissipated power.

respectively. The AMN/ARj;, value of the TL was
0.0021 nmmW ™", In addition, the wavelength dependence
on the heat sink temperature was measured under pulse
operation (pulse width of 1.0 us, duty cycle of 0.1%). The
AN/ AT value of the TL was 0.085nmK~'. The thermal
resistance was calculated to be 25 KW~ !, which was much
lower than the previously reported value (110 K W) of the
device without wide electrode pattern and an AIN
submount.'?

Figure 8 shows the light output characteristics at various
temperatures in a two-terminal configuration. The cavity
length and the stripe width were 1000 yum and 1.2 pm,
respectively. At 20 °C, the threshold current was 29 mA
while the 74 for both facets was 21%. The CW operation up
to 90 °C was successfully achieved. To the best of our
knowledge, this is the highest CW operation temperature
reported yet for long-wavelength TLs. The low value of Ry,
and high-temperature CW operation may be attributed to both
better BH and improved heat dissipation structures.

4. Conclusion

In conclusion, 1.3 pum wavelength TLs with a high heat
dissipation structure were fabricated. A thermal resistance of
25K W' that is at least four times lower than previously
reported values was obtained. More importantly, the CW
operation of TL at a temperature of 90 °C was successfully
demonstrated. This is the highest CW operation temperature
reported thus far for long-wavelength TLs. This result can
lead to low power consumption and a smaller footprint for
long-wavelength TLs through uncooled operation.
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Fig. 8. (Color online) /-P characteristics at various temperatures in a two-
terminal configuration.
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