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Abstract— We theoretically investigated the self-heating effect
caused by current injection into a membrane distributed feedback laser designed to operate at ultralow-power consumption.
By simulating its temperature distribution, the thermal resistance
of the laser was estimated to be 6100 K/W. In addition, changes
in lasing characteristics owing to the self-heating effect were
calculated. An output power of 0.18 mW—which is adequate for
an on-chip light source—can be obtained at a driving power of
1 mW. We proved that, owing to its ultralow-threshold operation,
the self-heating effect has little effect on the lasing characteristics
of the membrane laser.
Index Terms— DFB laser, membrane laser, optical
interconnection, semiconductor laser, strong optical confinement,
thermal analysis, thermal resistance.

I. I NTRODUCTION

L

ARGE scale integrated circuits (LSIs) face considerable
performance limitations caused by factors such as resistive capacitive (RC) delays and large transmission losses in
their electrical global wiring [1], [2]. One promising method
for solving this problem is the use of optical interconnections [3]–[5]. For on-chip optical interconnection, a light
source (e.g., a directly modulated semiconductor laser or
external optical modulator) operating at less than 100 fJ/bit
is required [6]; this corresponds to a driving power of 1 mW
at a modulation speed of 10 Gb/s. By assuming that the
minimum receivable power of a pin photodiode has a typical
value of −13 dBm (0.05 mW at a bit-error-rate of 10−9 at
10 Gb/s) and that the total loss between the light source
and photodiode (which also includes the quantum efficiency
of the photodiode) is 5dB, the required output of the light
source becomes −8 dBm (0.16 mW); as such, a light source
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with ultra-low power-consumption and high-speed (>10 Gb/s)
operational capability is required to successfully achieve onchip optical interconnection. Owing to their strong ability to
be optically confined within very small cavities, vertical cavity
surface emitting lasers (VCSELs) [7]–[11] and microdisk
lasers [12], [13] have shown promise in this respect, and in
recent years extremely low-power operation and high-speed
transmission using micro cavity photonic crystal (PhC) lasers
and photodiodes has been demonstrated [14]–[18].
As an alternative, the authors have proposed and demonstrated a semiconductor membrane distributed feedback (DFB)
laser containing a thin (150–200 nm) semiconductor core
layer sandwiched between low-refractive index cladding layers
composed of SiO2 , BCB, and air. Because of the strong optical
confinement effect of the semiconductor membrane structure caused by the large refractive index difference between
the core and cladding layers, ultra-low-threshold operation
could be confirmed experimentally through optical pumping
[19]–[21]. In order to electrically pump a membrane laser,
a lateral-current-injection (LCI) scheme [22] can be adopted
and, using a surface grating structure, an electrically pumped
LCI membrane DFB laser was demonstrated [23]–[27].
Because of its ultra-low power-consumption and ability
to integrate more fully with in-plane photonic devices, the
membrane laser is one of more promising technologies for
achieving on-chip optical interconnection; however, owing to
the low thermal conductivity of the semiconductor membrane
structure itself, there remain concerns about self-heating from
current injection.
In this study, we conducted a thermal analysis of the semiconductor membrane laser in order to better understand the
self-heating effect. In Section II, the temperature distribution
and thermal resistance of the semiconductor membrane laser
are numerically analyzed. In Section III, the self-heating effect
is used to develop a simulation of the light output characteristics of the semiconductor membrane laser under both
pulsed and continuous-wave (CW) conditions. Even though
the thermal resistance of the semiconductor membrane laser
is shown to be two orders of magnitude larger than that of
a conventional (vertical current injection type) semiconductor
laser, owing to its low operational current the self-heating
induced temperature rise is found to be only a few degrees
at close to room temperature.
II. T HERMAL R ESISTANCE OF M EMBRANE L ASER
Fig. 1 shows a schematic device structure of a GaInAsP/InP
membrane DFB laser with a surface grating on top of
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TABLE I
T HERMAL C ONDUCTIVITY U SED IN THE 2D FEM S IMULATION

Fig. 1. Schematic device structure of a GaInAsP/InP membrane DFB laser
with surface grating structure.

Fig. 2. Calculated threshold current and differential quantum efficiency per
facet as a function of a cavity length.

the laser stripe. The core layer of the device consists of
5-quantum-wells (CS-5QWs, 6 nm-thick) that are 1% compressively strained and sandwiched above and below, respectively, by 50 and 10-nm-thick InP passivation layers. The
top and bottom cladding layers consist, respectively of air
(refractive index n = 1) and SiO2 (n = 1.45). In order
to enable the lateral injection of current, n-InP and p-InP
inclusions have been formed on opposite sides of the core layer
through a two-step regrowth process. The estimated optical
confinement factor within the core layer structure is 3.8%/well.
Fig. 2 shows the calculated threshold current Ith and the
external differential quantum efficiency ηd as a function
of cavity length at an assumed surface grating depth of
30 nm, which corresponds to an index-coupling coefficient
of 2200 cm−1 . As can be seen, the estimated minimum
threshold current and external differential quantum efficiency
are 0.12 mA and 31%/facet, respectively, at a cavity length of
48 μm; this suggests that the membrane laser should be able
to operate at an ultra-low threshold current.
Next, we simulated the temperature distribution in the
active layer of the membrane laser using a two dimensional
model implemented with the finite element method (FEM),
as shown in Fig. 3. In the model, the 5QWs were replaced

Fig. 3. (a) Overview of the simulation model and (b) detailed drawing of
active layer surroundings.

by a bulk structure (Ga0.26 In0.74 As0.49 P0.51 (30 nm),
Ga0.22 In0.78 As0.81 P0.19 (30 nm), Ga0.26 In0.74As0.49 P0.51
(30 nm)), and the simulation was based on the typical
steady-state heat transfer equation [28]:
−∇ · (κ∇T ) = Q

(1)

where Q is the heat source density, κ is the thermal conductivity, and T is the temperature. The thermal conductivities
of the materials used in the simulation were obtained from
previous reports [29] and [30] and are listed in Table I. The
boundary conditions were given by:
T |sink = Ts = 293[K],

(2)

κ∇T = h (T − Ts ),

(3)

where Ts is the temperature at the bottom of the heat sink, and
h is the heat transfer coefficient used to express heat flux to the
air surrounding the laser bar and heat sink; these were assumed
to be 293 K and 4.6 W/K·m2 , respectively. As an internal
boundary condition, a thermal resistance equivalent to that of a
2-μm-thick air gap was assumed between the Si substrate and
the heat sink; this was justified by the non-ideal heat transfer
characteristics owing to the roughness of the contact interface.
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Fig. 5. Simulated two-dimensional temperature distribution in the membrane
laser at a driving power of 1 mW (dissipated power Pdiss of 0.63 mW).

Fig. 4. Theoretical predictions of dissipated power as a function of injection
current.

In the active region, values of the optical absorption, nonradiative recombination, and joule heat were all given with
respect to the heat sources. In the part of the p-InP layer the
current flows through, which is 6 μm from the stripe edge,
joule heating owing to sheet resistance was assumed, while
in the n-InP layer it was assumed to be negligible because
the sheet resistance of the p-InP layer dominates the total
series resistance of the LCI structure. Dissipated power Pdiss
is plotted as a function of the injection current of various laser
sections in Fig. 4, which is expressed as follows:
Pdiss = Uact + PJoule,act + PJoule,p−InP


= Vd I − 2E g ηd (I − Ith ) + Ract I 2 + Rp−InP I 2

Fig. 6. Simulated two dimensional heat flux distribution in membrane laser
at a driving power of 1 mW (dissipated power Pdiss of 0.63 mW).

(4)

where Uact , PJoule,act , PJoule,p−InP, Vd , I and E g are,
respectively, the total of optical absorption and nonradiative recombination heat, the joule heat in the active layer,
the joule heat in the p-InP layer, the voltage drop across the
active region, the bias current and the bandgap of 0.8 eV.
When the driving power and corresponding driving current are 1 mW and 0.87 mA, respectively, the active and
p-InP layers dissipated heat at Uact + PJoule,act = 0.52 and
PJoule,p−InP = 0.11 mW, respectively, at electric resistances of
Ract = 35 and Rp−InP = 145 , respectively.
Figs. 5 and 6 show the temperature distribution and heat
flux distribution around the core layer of the membrane laser
at a dissipated power Pdiss of 0.63 mW. In Fig. 5 it can be
seen that the maximum temperature and the temperature rise
T in the active layer are 296.8 and 3.8 K, respectively, at
a membrane laser thermal resistance, Rth of 6100 K/W, which
was calculated as follows:
T
.
(5)
Rth =
Pdiss
This value is very high compared with the thermal resistance
of conventional vertical-current-injection-type semiconductor
lasers operating at 20–50 K/W [31]. As shown in Fig. 6,
most of the heat generated in the active and p-InP layers
flows laterally through the electrodes (Au) and through the
InP because the thermal conductivities of the cladding air and

Fig. 7. Thermal resistance of membrane laser as a function of BCB thickness.

SiO2 layers and the BCB adhesive layer are much lower than
those of the electrodes and the InP layers.
Figs. 7 and 8 show thermal resistance as a function of
BCB and Au thickness, respectively. As the BCB thins or
the Au thickens, the thermal resistance decreases, which
leads to decreased temperature rise in the active layer. This
suggests that, thermal resistance can be reduced by making
the Au thicker than 1 μm while ensuring that the BCB layer
is as thin as possible; because SiO2 act as a cladding layer
in the structure, the thickness of the BCB can be reduced as
long as bonding is possible.
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Fig. 8. Thermal resistance of membrane laser as a function of Au thickness.

Fig. 9. Simulated light output power and voltage characteristics as a function
of injection current at room temperature for various thermal resistances.

III. S IMULATED L ASING C HARACTERISTICS
Using the thermal resistances derived in the previous
section, simulations of the lasing characteristics of the membrane laser under CW conditions were conducted. The temperature dependencies of the threshold current and external
differential quantum efficiency can be characterized by the
respective characteristic temperatures T0 and T1 and expressed
as follows:


T
Ith (T ) = Ith (Ts ) exp
,
(6)
T
 0 
T
.
(7)
ηd (T ) = ηd (Ts ) exp −
T1
In 1.55 μm GaInAsP/InP double-heterostructure (DH) and
quantum-well (QW) lasers, T0 and T1 are assumed to take
the typical values of 50 and 100 K, respectively. The output
power can then be expressed as [32]:
Pout = ηd (T ) E g {I − Ith (T )}.

(8)

Fig. 9 shows the lasing characteristics at various thermal
resistances as a function of the injection current. The parameters used for this calculation are: Ith (Ts ) = 0.12 mA;

Fig. 10. Calculated temperature rise in the active region as a function of
injection current for various thermal resistances.

Fig. 11. Light output from both facets as a function of injection current at
differing heat-sink temperatures of 20 °C, 60 °C, and 100 °C.

ηd (Ts ) = 31%/facet; and E g = 0.8 eV. As can be seen,
very little saturation of output power occurs from self-heating.
At Rth = 6100 K/W, the output power is 0.18 mW, which represents an adequate output power of more than −8 dBm for an
on-chip light source with a driving power and corresponding
driving current of 1 mW and 0.87 mA, respectively.
Fig. 10 shows the temperature rise in the active layer as
a function of the magnitude of injection current. As can be
seen, the temperature rise (T = Rth × Pdiss , from Eq. (5))
in the active layer is only 3.8 K at a driving power of
1 mW; this value is quite low because the value of Pdiss is
low enough to compensate for the high thermal resistance of
the membrane laser. These calculations analytically demonstrate the robustness of the lasing characteristics of the membrane laser; although its expected thermal resistance is very
high, its ultra-low-power-consumption operation diminishes
self-heating caused by current injection.
As Fig. 9 shows a DFB structure with a uniform grating lacking a phase shift region, the light output by one
side is equal to half of the total output. However, a more
unbalanced directional output is required for membrane lasers
used in photonic integrated circuits; this can be achieved by
adopting an asymmetric grating with a phase shift region or
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a distributed reflector (DR) structure [33], [34]. Calculated
total output power dependencies on injection current at heatsink temperatures of 20, 60, and 100 °C are shown in Fig. 11,
in which the solid lines indicate the light output properties
under CW conditions at a thermal resistance Rth of 6100 K/W,
while the dashed lines indicate the output properties under
pulsed conditions. At heat-sink temperatures of 20, 60, and
100 °C and an output power of −8 dBm (0.16 mW), the
required operating current under CW conditions is higher than
under pulsed conditions by 3, 6, and 18%, respectively, while
the temperature rises T are 2.0 (20°), 4.6 K (60°) and 12 K
(100 °C), respectively. From these calculations, it can be seen
that the output power does not effectively saturate from current
injection-induced self-heating at heat-sink temperatures below
100 °C, even though the thermal resistance of the membrane
laser is very high. Although the model was not able to achieve
the adequate output power of −8 dBm (0.16 mW) at a heatsink temperature and driving power of 100 °C and 1 mW,
respectively, owing to the high threshold current and low
external differential quantum efficiency at such high heat-sink
temperature, this effect was not caused by the self-heating
effect. To solve this problem, the use of Bragg wavelength
detuning [35], [36] in an AlGaInAs/InP alloy system [37], [38]
can effectively decrease the threshold current while increasing
the external differential quantum efficiency at high heat-sink
temperatures.
IV. C ONCLUSION
In this study, we conducted a thermal analysis of selfheating caused by current injection in membrane DFB lasers.
Using 2D FEM analysis, the thermal resistance was estimated
to be 6100K/W, and the light output-voltage-current (L-V -I )
properties were calculated under CW conditions at temperatures from 20 to 100 °C. Our results indicate that, in spite of
its high thermal resistance, self-heating has a very small effect
on the lasing characteristics of a membrane DFB laser owing
to its ultra-low-threshold operation.
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