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For the realization of on-chip optical interconnects, light sources enabling ultralow power consumption and high-efficiency operation are required.
With this aim, we fabricated lateral-current-injection-type membrane Fabry—Perot lasers with a threshold current of 3.5mA and an external
differential quantum efficiency of 11% under a room temperature-continuous wave (RT-CW) condition. To the best of our knowledge, we
experimentally evaluated the thermal properties of a membrane laser for the first time. From the measurement, we obtained a thermal resistance of
330K/W, which well agreed with the theoretical value of 340K/W. From the theoretical analysis, it was found that a reduction of the
benzocyclobutene thickness was effective for reducing the thermal resistance of the membrane laser. Finally, we determined that the increase in
thermal resistance for short cavity (less than 50 um) devices is not a problem because self-heating is small for low operation current.

© 2015 The Japan Society of Applied Physics

1. Introduction

The introduction of optical interconnects to LSI circuits can
solve problems including the resistor—capacitor (RC) delay or
ohmic heating in electrical interconnects.'™> These problems
have occurred following the scaling of LSI® and will limit
the performance of LSI. For the realization of on-chip optical
interconnects, optical devices with ultralow power-consump-
tion operation, a small footprint, easy integration with other
optical components, and highly efficient light output are
required. Regarding the light sources, an available energy of
100 fJ/bit was estimated.” Recently, vertical-cavity surface-
emitting lasers (VCSELSs).} !V microdisk lasers,'>!® and
photonic crystal (PhC) lasers'*'® were reported as ultralow-
energy light sources.

In order to satisfy these requirements, we proposed semi-
conductor membrane photonic integrated circuits (PICs)
including membrane distributed feedback (DFB) lasers,
[I-V waveguides, and membrane detectors on a Si platform,
as shown in Fig. 1. The membrane structure consists of a thin
(typically 150-250 nm) semiconductor core layer sandwiched
by top and bottom low-refractive-index cladding materials
such as air, SiO,, and benzocyclobutene (BCB). Because this
structure enables an enhancement in the optical confinement
factor in the active region by a factor of approximately three
compared to conventional edge-emitting lasers, low-thresh-
old-current operation due to the enhanced modal gain is
expected. Low-threshold RT-CW operation under the optical
pumping of the membrane DFB laser was demonstrated, and
the CW operation was obtained, even up to 85 °C.!7-2?

However, it is difficult to inject current vertically because
the optical mode field spreads into the top and bottom
electrodes, which results in extraordinary absorption. There-
fore, we proposed to adopt a lateral-current-injection (LCI)
structure to realize an injection-type membrane laser*" and
obtained pulsed operation of the LCI laser prepared on a
semi-insulating InP substrate.?” Then, the LCI structure was
introduced to the membrane laser with the help of the BCB
bonding technique.?® Even though a relatively low threshold
current of 3.8 mA was obtained under RT pulsed conditions,
RT-CW operation could not be obtained owing to the large

042701-1

Membrane photodetector __

o

-V waveguide

5i0, cladding

Fig. 1. (Color online) Schematic of the membrane PICs on a Si platform.

thermal resistance of the BCB layer.”¥ By reducing the
thickness of the BCB layer to reduce the thermal resistance,
RT-CW operation of the LCI membrane laser was realized
for the first time.?>

In this paper, to the best of our knowledge, the thermal
resistance of the LCI membrane laser is experimentally eval-
uated for the first time from the peak lasing wavelength shift
versus the dissipated electric power, and it is compared with
the theoretical result. Further, we formulated an appropriate
calculation model for analyzing the thermal resistance by
comparing the simulation with experimental results. Finally,
we showed that the reduction of BCB thickness is an
effective method for reducing the thermal resistance eval-
uated through experiments and calculations.

2. Design and fabrication process

Figure 2(a) shows a schematic of the LCI membrane
Fabry—Perot (FP) laser. The fabrication process of the LCI
membrane FP laser begins with an initial wafer consisting of
a Be-doped p-GalnAs contact layer and a core layer grown
on an n-InP substrate grown by gas-source MBE (GSMBE)
[Fig. 3-1)]. The core layer contains a strain-compensated
five quantum-well (SQW) structure, which consists of five
1% compressively-strained Gag;Ing78As081Po.19 wells with
0.15% tensile-strained Gagyelng 74As049Pg 51 barriers, un-
doped GalnAsP optical confinement layers (OCLs), and
undoped InP cap layers. The total core layer thickness is

© 2015 The Japan Society of Applied Physics
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Fig. 2. (Color online) Schematics of the (a) LCI-membrane FP laser and
(b) initial wafer structure with a core thickness of 220 nm.

220 nm, as shown in Fig. 2(b). A Be-doped contact layer was
adopted to suppress the diffusion of dopants into the active
region. The optical confinement factor is 3.2%/well, which is
1.5 times larger than that of the previously reported device
with a core thickness of 470 nm.>¥

First, the LCI structure was formed by two-step organo-
metallic vapor-phase epitaxy (OMVPE) selective-area re-
growth. Using photolithography and CH4/H, reactive-ion
etching (RIE), 7-um-wide mesas were formed, and the n-InP
(doping concentration Np =4 x 10'¥cm™) layer was re-
grown at both sides of the mesa with SiO, masks [Fig. 3-2)].
Afterwards, the n-InP layer on one side of the mesa and part of
the mesa were etched by the same method to form a narrow
(1-2pm) stripe geometry, and the p-InP (doping concen-
tration Ny = 4 x 10" cm™>) layer was regrown [Fig. 3-3)].

After preparing the LCI structure, a 1-um-thick SiO,
layer was deposited by a plasma-chemical-vapor-deposition
system and was BCB bonded to another InP host substrate.
A 2-um-thick layer of BCB was coated onto the InP host
substrate, and the substrate was precured at 210°C in a N,
atmosphere. The BCB thickness was reduced from the
thickness of 6um in previous devices.?? Then, the laser
wafer and InP host substrate were bonded at 130°C at a
pressure of approximately 25 kPa followed by hard curing at
250°C for 60min in a N, atmosphere [Fig. 3-4)]. We used
the n-InP host substrate for easy cleaving in this work, while
we target membrane lasers bonded on silicon LSI circuits
in the future. After that, the InP substrate side and GalnAs
etch-stop layer (300-nm-thick) were removed by polishing
and wet etching [Fig. 3-5)]. Finally, the Be-doped contact
layer, except the p-electrode region, was removed, and Ti/Au
electrodes were evaporated onto both p-contact and n-InP
layers [Fig. 3-6)].

Figure 4 shows a cross-sectional scanning electron micro-
scope (SEM) image of the fabricated LCI membrane FP
laser with a stripe width Wy of approximately 1 um. As can
be seen, the distance between the stripe edges to the Ti/Au
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Fig. 3. (Color online) Fabrication process of an LCI-membrane FP laser.
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Fig. 4. Cross-sectional SEM image of the fabricated LCI-membrane FP
laser.

electrode was approximately 3 um for both the p-InP and
n-InP sides.

3. Experimental results

Figure 5 shows the typical light-output—current (P-/) and
voltage—current (V-I) characteristics of the fabricated LCI
membrane FP laser with a core thickness of 220 nm used in
thermal analysis.?> The stripe width and cavity length of the
device were Wy = 1 um and L = 700 um, respectively. As can
be seen from the P—I characteristic, a threshold current of
3.5mA (threshold current density of 500 A /cm? for the SQW
active region) and an external differential quantum efficiency
of 11%/facet were obtained under RT-CW conditions.
From the V-I characteristic, we can confirm that the turn-
on voltage, threshold voltage, and device resistance near
the threshold are 0.8V, 1.2V, and 110 Q, respectively. The
device resistance is considerably high for the device size
because the thickness of the p-InP cladding is only 220
nm, and the distance from the Ti/Au electrode to the active
region is approximately 3 um. These values are approxi-
mately 10 times and two times larger than those of con-

© 2015 The Japan Society of Applied Physics
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Fig. 5. (Color online) P-I and V-I characteristics of the fabricated LCI
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Fig. 6. (Color online) Peak wavelength of the gain as a function of the
dissipated power of the LCI-membrane laser.

ventional vertical-injection-type buried-heterostructure (BH)
lasers. For the realization of ultralow power-consumption
operation of a membrane laser, a further reduction in the
device resistance will be required because the ratio of the
power consumption to the resistance increases drastically for
very short-cavity DFB lasers with a strongly index-coupled
grating structure.

The reason for the realization of RT-CW operation is
attributed to the reduction in the thermal resistance by using a
thinner BCB layer. In order to explain this, we also evaluated
the peak lasing wavelength as a function of the dissipated
power, as shown in Fig. 6. The dissipated power is given by
the following relation:

Piss = Viiaslvias — Pos (1)

where Vi, 1S bias voltage, I, is bias current, and P, is the
output power of the laser. As can be seen from the fitting line
in Fig. 6, the change in the lasing wavelength with respect
to the change in the dissipated power, A1/APgis, was 0.17
nm/mW. From this result, the thermal resistance was esti-
mated to be 330 K/W by assuming a typical value for AA/AT
of 0.5 nm/K for GalnAsP/InP FP lasers emitting at a 1.5-pym
wavelength.?® This peak wavelength shift by increasing
temperature results from the refractive index change due to
lattice expansion. By using this thermal resistance Ry, the
temperature increase AT in the active region can be obtained
by the following equation:
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Fig. 7. (Color online) P-I characteristics of the fabricated LCI-membrane
laser under CW and pulsed operation and the temperature increase as a
function of the injection current.

AT = Ry APgis. 2)

Figure 7 shows P—I characteristics for both CW and pulsed
conditions and AT calculated from Eq. (2). It was found that
the light output under CW conditions exhibited a roll-off
tendency from the pulsed conditions due to a self-heating
effect, and a roll-over was observed at an injection current of
16 mA, where the temperature increase was estimated to be
13K, in contrast to only 1.4 K at the threshold.

4. Analysis of the thermal properties

In the previous section, the thermal resistance of the
membrane laser was estimated from the experimental results.
In this section, an analysis of the thermal properties by using
a two-dimensional (2D) finite element method (FEM) is
carried out, and its influence on a very short-cavity mem-
brane DFB laser with low-power consumption operation is
discussed. In the simulation model, the membrane laser is
assumed to be on a Cu heat sink (width of 11 mm and height
of 2mm) with a 2-um-thick air gap between the laser and the
heat sink, which represents the roughness between the InP
substrate and the Cu heat sink. Figure 8(a) shows the laser
part of the simulation model. In the simulation, the SQW
active region was regarded as a bulk structure by using the
average thermal conductivities of the quantum wells. We
used the typical steady-state heat transfer equation®”

-V (xrVT) =0, 3)

where Q is the heat source density, x7 is the thermal con-
ductivity, and T is the temperature. The thermal conductiv-
ities used in the analysis?®3? are listed in Table I. The
boundary conditions are given by

Tlsink = TS = 293 K’ (4)
krVT = (T - Ty), (5)

where T is the temperature at the bottom of the heat sink,
and & is the heat transfer coefficient. In this simulation, A
was assumed to be the typical value of 4.6 W/(K-m?) for
nonconvective air, and we consider the recombination and
absorption heat as well as the Joule heat in the active and p-InP
regions as the total dissipated power. For a dissipated power of
11.3mW (which corresponds to a bias current /y;,; of 7mA
with a device resistance of 110 €), the dissipated powers in the
active region and p-InP layer are 5.2 and 6.1 mW, respectively.

© 2015 The Japan Society of Applied Physics
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Table I. Thermal conductivity [W/(K-m)] for thermal analysis.?*3?
Material Thermal conductivity
Cu 400
Au 320
InP 68
Gag 22Ing.78A80.81Po.19 (Well) 5.1
Gaga6lng74As0.49Po 51 (barrier) 5.2
Gay 47In 53As (contact layer) 4.4
SiO, 1.4
BCB 0.29
e r T T T T T T T T T ]
= [ SQWSs 1
2 fW.=1pm ]
— 4 _
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Fig. 9. (Color online) Calculated thermal resistance dependence on the

BCB thickness for various structures.

Figure 8(b) shows the temperature distribution in the mem-
brane structure calculated by the 2D FEM at a dissipated
power of 11.3mW (/pi,s = 7mA). The maximum temperature
and the temperature increase in the active region are 296.9
and 3.9K, respectively. As a result, a thermal resistance of
340K/W was obtained, which is very close to the value of
330 K/W estimated from the experimental results of the lasing
wavelength change versus the dissipated power.

Then, the thermal resistance dependence on the BCB
thickness is calculated for various cavity lengths, as shown in
Fig. 9, where the stripe width is kept constant at Wg = 1 um.
The measured thermal resistance in this work and that of
the previous work?® (calculated value) are also plotted in
the same graph. As can be seen, the reduction in the BCB
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(Color online) (a) Simulation model for thermal analysis. (b) Temperature distribution of the membrane structure using a 2D FEM with a dissipated
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Fig. 10. (Color online) Calculated threshold-current dependence on the
cavity length of the LCI membrane laser.

thickness from 6 to 2 um enables a reduction in the thermal
resistance by approximately 30%. Furthermore, the thermal
resistance tends to increase owing to the increase in the
device resistance for a shorter cavity. However, this heating
problem will not be a serious problem when a short-cavity
DFB structure is adopted, and the bias current is very low
(approximately 1mA) for the required output power of
—8 dBm, which satisfies the requirements for on-chip optical
interconnects.’®” From these results, it is determined that a
relatively large thermal resistance has little influence on the
laser operation for on-chip light sources.

Finally, we calculated the cavity-length dependence of the
threshold current for LCI membrane lasers. Figure 10 shows
these dependencies for an LCI membrane FP laser (solid line)
and a DFB laser (dashed line) with an index-coupling coeffi-
cient ¥ = 2000 cm™!, where the stripe width and the internal
quantum efficiency were assumed to be 1um and 75%,
respectively. The facet reflectivity of this membrane FP
structure was calculated to be 20%.> As can be seen, the
experimentally obtained threshold current (I, = 3.5mA, L =
700 um) was close to theoretical one (I, =3.2mA), and it
can be reduced to 1 mA by shortening the cavity length to
approximately 100 um. The solid line in Fig. 10 indicates the
threshold current for a DFB structure with x =2000cm™!
without facet reflection, which can be obtained by adopting
a 40-nm-deep surface grating on the top InP layer. In this
case, we calculated the threshold current in the cavity length

© 2015 The Japan Society of Applied Physics
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of up to 400 um because the external differential quantum 7)
efficiency is approximately zero at this cavity length. A ®
threshold current of 0.24 mA can be attained for a cavity 9)
length of 46 um. In this case, self-heating is approximately
8 K, which is negligible owing to the low operation current
of approximately 1 mA, as mentioned before. 10)
. 1
5. Conclusion )
In conclusion, we experimentally and theoretically evaluated 12;
thermal properties of LCI membrane FP laser under a RT-
CW operation. A threshold current of 3.5 mA, which corre-
sponds to a threshold current density of 500 A/cm” for a  14)
5QW active region, and an external differential quantum 15)
efficiency of 11%/facet were obtained for a stripe width
of 1um and a cavity length of 700 um. From the meas-
urement, the experimental thermal resistance of 340K/W,  16)
which is close to the simulated thermal resistance of
330K/W, were obtained. This result shows that a suitable 47,
model for real devices was formulated. Using the developed
simulation model, we showed that the reduction of BCB  18)
thickness is effective for the reduction of thermal resistance. 19)
Further, the possibility of low self-heating operation in
extremely low-threshold-current DFB lasers by introducing
a strongly index-coupled structure with short cavity was  20)
also presented. 21)
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