1503410

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 6, NOVEMBER/DECEMBER 2015

Energy Cost Analysis of Membrane
Distributed-Reflector Lasers for
On-Chip Optical Interconnects
Takuo Hiratani, Student Member, IEEE, Takahiko Shindo, Member, IEEE, Kyohei Doi, Yuki Atsuji, Daisuke Inoue,
Tomohiro Amemiya, Member, IEEE, Nobuhiko Nishiyama, Senior Member, IEEE, and Shigehisa Arai, Fellow, IEEE

Abstract—The power consumption of lateral-current-injection
semiconductor membrane distributed-reflector lasers with a λ/4
shift region has been theoretically evaluated, in terms of their
ultralow-power-consumption and high-speed modulation operations. This paper contains an investigation into the optimal structure of the membrane laser in terms of its energy cost, for use in
on-chip optical interconnections. The total power consumption was
evaluated, taking Joule heating into account by assuming the device
resistance. It was found that the large Joule heating effect present
in shorter cavities limits a reduction of their power consumption.
As a result, an energy cost of 63 fJ/bit can be obtained for 10 Gb/s
data transmission, while maintaining the necessary power output
required for a cavity length of 12 μm. We have provided a guide for
designing microcavity lasers in terms of their Joule heating power.
Index Terms—DFB laser, DR laser, lateral current injection,
membrane laser, optical interconnection, semiconductor laser.

I. INTRODUCTION
HE performance of large-scale integrated circuits (LSIs)
have been improved following the scaling law [1]. However, as the scaling advances, various problems including
resistor-capacitor (RC) delay or Joule heating due to the skin
effect in the electrical interconnections are limitting the improvement [2], [3]. Optical interconnection is expected as one
of the candidates to solve these problems in future LSIs [4]–[6].
In the optical devices for such on-chip optical interconnection,
ultralow-power-consumption operation and a small footprint,
compared with the optical devices generally used for conventional optical fiber communications, are strongly required. The
available power consumption (energy cost for data transport)
for a light source in an on-chip optical interconnection except
driving electronics is estimated to be 100 fJ/bit or less [7]. This
simply implies that the bias current of the light source is limited
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to be less than 1 mA with assumptions of 10 Gb/s direct modulation and bias voltage of 1 V. As the light sources satisfying
these requirements, microcavity lasers including vertical cavity
surface-emitting lasers (VCSELs) [8]–[11] or microdisk lasers
[12], [13] have been reported. These are promising devices for
ultralow power consumption operation because of their strong
optical confinement structures. Photonic crystal (PhC) lasers
also have been studied as ultralow power consumption lasers
[14], [15]. The electrically pumped PhC lasers have already
been demonstrated [16]–[18], and the operating energy cost of
4.4 fJ/bit was achieved recently [19]. However, in the measurement, an avalanche photodiode, which needs much higher bias
voltage as well as higher cosumption power than a pin photodiode, was used, and the measured bit error rate (BER) was 10−3
which was far from an error free opration required for an optical
interconnect (BER = 10−9 or the less). Moreover, too strong
optical confinement into the PhC cavity will limit the design of
adequate cavity length for low power consumption and highspeed modulation capability. The Joule heating is also expected
to be a serious problem for these extremely small cavity lasers.
We have proposed and demonstrated semiconductor membrane lasers consisting of a thin semiconductor membrane core
layer sandwiched by low-refractive-index cladding layers such
as air or SiO2 . This large refractive index difference between
them enhances the optical confinement in the active layer by
a factor of approximately 3, and it contributes to drastic reduction of the threshold current in the membrane laser. Actually, such ultralow threshold operation was demonstrated under
an optical pump with room-temperature continuous-wave (RTCW) condition [20]–[22]. Since this enhancement of the optical confinement into the membrane structure also enhances an
index-coupling coefficient of a grating structure and it becomes
between that of PhC structure and conventional semiconductor DFB lasers, a possiblity of membrane DFB lasers with low
power consumption operation as well as high-speed modulation
capability was proposed. In order to realize electrical pumping
of the membrane laser, we have introduced a lateral-currentinjection (LCI) structure [23] formed by a two-step regrowth
process because it is difficult to inject the current along the vertical direction owing to the upper and lower insulating cladding
layers. Consequently, electrically pumped DFB lasers with a
surface grating structure have been demonstrated [24], and a
low threshold current of 3.8 mA was obtained by the benzocyclobutene (BCB) bonding process [25]. After that, a membrane
laser with a 220 nm thick core layer was fabricated, and RT-CW
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operation with a threshold current of 3.5 mA was performed
by reducing the thickness of the BCB to achieve lower thermal
resistance [26]. A membrane DFB laser comprised of a buttjointed built-in (BJB) structure was recently fabricated [27], and
a sub-mA threshold current operation was obtained for the first
time. Further, a lateral current injection DFB laser on SiO2 /Si
substrate by O2 -plasma-assisted direct bonding with threshold
current of 0.9 mA and 25.8 Gb/s modulation operation also was
demonstrated [28]. However, the energy cost of 171 fJ/bit is not
enough for on-chip light sources. In a theoretical analysis of
the LCI-membrane DFB laser, a design of low threshold current
and high-speed (>10 Gb/s) direct modulation was reported for
on-chip optical interconnections [29]. However, detail studies
in the view point of energy cost have not been done yet.
In this paper, the optimal structure of the membrane laser
is investigated in terms of its energy cost, for use in on-chip
optical interconnections. Section II describes the method used
for calculating the power consumption of DFB lasers with various index coupling coefficients, κi . In Section III, a membrane
laser with a distributed-reflector (DR) structure, which exhibits
a high output efficiency from one side, is investigated in terms of
required current for on-chip optical interconnection. In Section
IV, the total power consumption of the LCI-membrane DR laser,
for both low-power-consumption and high-speed operation, is
estimated by assuming a series resistance. The results indicate
that the total power consumption is limited by the Joule heating,
with a reduction in cavity length. In Section V, the energy cost
of a membrane DR laser is estimated.
II. CALCULATION PROCEDURE FOR POWER CONSUMPTION
IN LCI-MEMBRANE DR LASER
For a light source in an on-chip optical interconnection, a
certain light output power level depending on the transmission
speed and receiver sensitivity is required. In this section, before
estimating the total power consumption of the LCI- membrane
DR laser, the calculation procedure of the total power consumption, which meets the requirements of the light output power
and modulation speed for various index-coupling coefficients
κi , is provided. The index-coupling coefficient is expressd by
κi = (A/2) · (2π/λ0 ) · Δn [30]. The constant coefficient A is
determined by the grating structure, λ0 is the lasing wavelngth and Δn is the difference of refractive index. Fig. 1 shows
the flow chart of the procedure used in the calculation of the
total power consumption in a DFB laser for a desired indexcoupling coefficient. The total power consumption for various
index-coupling coefficients can be obtained by repeating this
procedure. First, for the given index-coupling coefficient κi of
a DFB laser, the cavity length L dependences of the threshold
current Ith and an external differential quantum efficiency for
the front side ηdf are calculated by using the coupled-wavetheory (CWT) [31] or transfer-matrix-method (TMM) [32].
The threshold current Ith and the external differential quantum efficiency ηdf are expressed as in Eqs. (1)–(3) in refs.
[33] and [34],
 


g t h 2
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Fig. 1. Calculation procedure for total power consumption of LCI-membrane
DFB laser for a desired index coupling coefficient.

ξgth = αm + αWG ,
ηdf

αm
Pf
= ηi
,
αm + αWG Po

(2)
(3)

where e is the unit of electron charge, Va is the active region
volume, ηi is the internal quantum efficiency, B is the bimolecular recombination coefficient, C is the Auger coefficient, Ntr
is the transparent carrier density, g0 is the gain coefficient, ξ
is the optical confinement factor, gth is threshold gain, αm is
the mirror loss, αWG is the waveguide loss, and Pf /Po is the
ratio of the output power to that on front side. Further, the bias
currents Ib for the required light output and modulation speed
are calculated by substituting the threshold current Ith and the
external differential quantum efficiency ηdf into the following
equations, respectively,
hν
ηdf (Ib − Ith ),
e

1.55 ξG ηi 
≈
Ib − Ith ,
2π
eVa

Pf =
f3dB

(4)
(5)

where h is the Planck’s constant, ν is the optical frequency, Ib
is the bias current, ξ is the optical confinement factor and G is
the differential gain per unit time. In this study, we ignored the
self heating effect and dumping effect. Although the membrane
structure has large thermal resistance, the operation current is
relatively low due to ultra-low threshold current and the selfheating is smaller than 10 K at such bias condition [35]. For
10 Gb/s operation, the dumping effect is also small with an assumption of delay time of 15 ps [29]. This delay time includes
carrier transport in optical confinement layer (∼1 ps), carrier
capture time from the barrier layer to the quantum well layers,
and RC product of LCI structure (< 1 ps). Furthermore, the
required total power consumption for the required light output
and modulation speed is calculated by substituting the required
bias current Ib obtained above into

hν
hν
+ RIb Ib =
Ib + RIb2 ,
(6)
Pin =
e
e
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Fig. 3. Schematic diagram of the LCI-membrane DR laser with a surface
grating structure.

Fig. 2.

Schematic diagram of a membrane-based photonic integrated circuit.

where hν/e is the turn-on voltage of the laser diode decided by
energy gap and R is the device resistance. On the right-hand side
of Eq. (6), the first term includes the input power for the light
output, and the second term represents the power consumed in
the resistance, namely, Joule heating power. Finally, the minimum total power consumption for the given index coupling
coefficient κi is obtained from the cavity length dependence
of the total power consumption, and the optimal cavity length
for low-power-consumption operation with a given κi is determined. By applying the above procedure to the various index
coupling coefficients, the index coupling coefficient κi (or cavity
length L) dependence of the power consumption and the energy
cost are obtained for the required light output or modulation
speed. In order to obtain the total power consumption, which
meets the both the required light output and modulation speed, it
is required to plot the total power consumption under these two
conditions and to select the one with the higher value. In this
paper, we use this procedure to estimate the power consumption
of membrane lasers.
III. REQUIRED BIAS CURRENT OF LCI-MEMBRANE LASERS
FOR ULTRALOW-POWER-CONSUMPTION OPERATION
We have proposed membrane photonic-integrated-circuits
(PICs) including LCI-membrane lasers, III–V waveguides, and
membrane photodetectors as shown in Fig. 2 as candidates for
an in-plane photonic platform with ultralow power consumption
[36]. The on-chip light sources has large advantages in terms of
energy efficiency and energy proportionality [37]. As previously
mentioned, the available consumption energy (energy cost for
data transport) for a light source in an optical interconnect is estimated to be approximately 100 fJ/bit or less [7]. This implies
that the available bias current of the light source is limited to
less than 1 mA when a modulation speed of 10 Gb/s and driving
voltage of 1 V are assumed. The output power of the light source
is also important and is determined by the minimum receivable
power of the photodetector and other losses. Here, we assume a
minimum receivable power of –13 dBm (0.05 mW), which is
usually used for a GaInAs p-i-n photodiode (PIN-PD) without
any expensive limiting amplifier at 10 Gb/s transmission rate
with a bit error rate (BER) of 10−9 . The link loss is assumed

Fig. 4. Schematic structure of an LCI-membrane DR laser (DFB region) used
for the calculation of the lasing characteristics.

to be 5 dB, including coupling loss between the waveguide
and the detector (1.5 dB), transmission loss in the membrane
waveguide of the length of 2 cm (2 dB), and coupling loss between the waveguide and the laser (1.5 dB). We can reduce the
coupling loss by introducing taper structure.Therefore, the required light output is estimated to be −8 dBm (0.16 mW) for
10 Gb/s transmission.
As a light source of the on-chip optical interconnection, we
have proposed and demonstrated LCI-membrane DFB lasers
with a surface grating structure. However, with only a simple
DFB structure with uniform grating [29], the same amount of
light output power is emitted from both sides. This implies
that half of the light output power is unused. Therefore, we
propose to use the distributed-reflector (DR) structure [38]–[40]
into the LCI-membrane laser with a surface grating structure as
shown in Fig. 3 in order to improve the power at one side.
The LCI-membrane DR laser consists of a III–V waveguide, a
DFB section, and a DBR section. The III–V waveguide with
a GaInAsP core layer is assumed to be formed by the BJB
waveguide [27].
The DFB section consists of an LCI-membrane structure with
GaInAsP multiple quantum wells [29] as shown in Fig. 4. We
additionally introduce a surface grating with a λ/4 phase-shift
for the reduction of the threshold current by strong optical confinement along the longitudinal direction. The position of the
λ/4 phase-shift region is set to 0.7L (L is the length of the DFB
section.) from the boundary at the output side because the lower
threshold current is obtained with higher external differential
quantum efficiency under this condition. The DBR section with
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TABLE I
PARAMETERS FOR CALCULATION OF THRESHOLD CURRENT
AND EXTERNAL QUANTUM EFFICIENCY [34], [43]
Parameters
Bimoleculor recombination coefficient B
Auger coefficient C
Transparent carrier density N t r
Gain coefficient g 0

Value
1.6 × 10−10 cm3 /s
5 × 10−29 cm6 /s
1.5 × 1018 cm−3
1500 cm−1

Fig. 5. Core thickness dependence of index coupling coefficient κ i and optical
confinement factor ξ.

Fig. 7. Cavity length dependences of the bias current required for the light
output (P fro nt = 0.16 mW) and 3 dB bandwidth of the LCI-membrane DR
laser.
Fig. 6. Threshold current and external differential quantum efficiency as
functions of the cavity length of the LCI-membrane DR laser with dc o re =
250 nm.

high reflectivity can realize high output efficiency from one side.
In the calculation, the reflectivities of the DBR and the output
end are assumed to be 99% and 0%, respectively.
First, we calculated the bias current satisfying the requirements for on-chip optical interconnection at a given indexcoupling coefficient κi for a LCI-membrane DR laser with a
surface grating structure. We adjusted κi by varying the thickness of the core layer dcore at a constant grating depth of
dg = 50 nm, as shown in Fig. 5, assuming a stripe width of
1 μm. It was found that a thinner core layer leads to an increase in both the index-coupling coefficient and the optical
confinement factor [41]. This implies that a thinner core structure of between 150–250 nm may be advantageous in terms
of low-threshold current operation. In this paper, we used the
TMM in order to calculate the threshold current and the external
differential quantum efficiency, as the membrane structure has
large refractive-index difference. The index-coupling coefficient
was calculated by assuming the presence of rectangular shaped
grooves with a width of half the period of the grating, and was
determined by the core layer thickness, as shown in Fig. 5.
The threshold current and external differential quantum efficiency, as a function of the cavity length of a LCI-membrane
DR laser with a core thickness of 250 nm, is shown in Fig. 6.
In this study, we called active DFB section length to the cavity length. The threshold current is calculated by substituting
into Eq. (1) and (2) the internal quantum efficiency ηi of 75%
and the waveguide loss αWG of 42 cm−1 , which were obtained in our previous work [42]. The other parameters used

in this calculation, which are typical values for GaInAsP/InP
strain-compensated MQWs [34], [43], are listed in Table I. It
can be seen that a threshold current reduces with shortening the
cavity length and takes the minimum value of 155 μA at 22 μm
and then drastically increases because of an increase of the mirror loss. At the cavity length of 22 μm, an external differential
quantum efficiency at the front side ηdf of 17% can be obtained.
Furthermore, the required bias current was calculated for the
ultralow-power-consumption operation with a high-speed direct
modulation of the LCI-membrane DR laser. As mentioned before, a light output power of 0.16 mW at a modulation speed
of 10 Gb/s is required by the light source of the on-chip optical interconnection. We assume that a 3 dB bandwidth f3dB of
7.7 GHz is required for a bit rate of 10 Gb/s, as the bit rate is
1.3 times higher than the f3dB in the non-return-to-zero (NRZ)
signals [18], [19], [44]. The bitrate of 10 Gb/s is our first target
for on-chip optical interconnection in the future LSI because the
bitrate is moving up as growth of the clock frequency. Eqs. (4)
and (5) were used in order to calculate f3dB and the light output
power Pfront .
The bias current for the required light output power (Pfront =
0.16 mW) and f3dB at the given bias current as functions of
the cavity length are shown in Fig. 7. In this calculation, the
cavity length is chosen at the point of the minimum required
current for the given κi . The required current tends to decrease
as the cavity length decreases, while f3dB also tends to increase.
Therefore, the shorter cavity length is advantageous for lower
bias current operation as well as faster direct modulation, and
f3dB of more than 7.7 GHz is obtained when the cavity length
is less than 40 μm. The reason for the increase in f3dB with
regard to the shorter cavity length is that the modulation speed
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Fig. 8. Cavity length dependences of the bias current required for 10 Gb/s
operation and light output power on the front side of the LCI-membrane DR
laser.

strongly depends on the active region volume Va rather than on
the square root of the difference between the bias current and the
threshold current (Ib − Ith )1/2 as in Eq. (5). This implies that
the requirements for both light output power and modulation
speed can be satisfied when the cavity length is less than 40 μm.
On the other hand, the required current for 10 Gb/s operation
and light output power Pfront at each bias current are calculated as functions of the cavity length as shown in Fig. 8. In
this calculation, the cavity length is also chosen at the point of
minimum bias current for a given coupling coefficient κi . Both
the bias current and the light output power tend to decrease as
the cavity length decreases. Light output power Pfront of more
than 0.16 mW can be obtained when the cavity length is more
than 40 μm. This implies that the requirements for both the light
output power and modulation speed are satisfied with a cavity
length of more than 40 μm, and the bias current is limited to the
3 dB bandwidth in this region. In the case of excluding the device resistance, these results show that it is important to realize
a shorter cavity for ultralow-power-consumption operation.
Although some data points are fluctuated, these are caused
from the rough resolution of the cavity length (apploximately
1 μm) for TMM calculation. Further, the optimum cavity length
in Fig. 7 is slightly differenct from that in Fig. 8, because the
index coupling coefficient is also different for each cavity length.
IV. POWER CONSUMPTION AND JOULE HEATING
As discussed in the previous section III, a shorter cavity length
is apparently advantageous for ultralow-power-consumption operation and high-speed modulation. However, it is expected that
the shorter cavity structure induces higher series resistance particularly in the LCI-membrane DR lasers, which have a very
thin p-InP layer and smaller cross section of the current injection path when compared with the conventional vertical injection
type lasers. We have estimated the total power consumption and
Joule heating power of the LCI-membrane DR lasers by using
the device resistance because of the concern that Joule heating
constitutes a limiting factor of the ultralow-power-consumption
operation. In general, the resistivity ρ of the semiconductors is
expressed as
ρ=

1
,
eN μ

(7)

Fig. 9. Resistivities of p-InP and n-InP as a function of doping concentration
plotted after experimental fitting [45].

Fig. 10. Cavity length dependence of total power consumption for required
light output power (0.16 mW) and that for 10 Gb/s operation.

where N is the doping concentration and μ is the mobility.
We have used the experimental fitting as the mobility of InP
dependence on the doping concentration [45]. By using this
mobility, the resistivities of p-InP and n-InP were calculated
as shown in Fig. 9. It is shown that the resistivity of p-InP is
one order of magnitude higher than that of n-InP; therefore,
we assumed the resistance of the p-InP cladding layer as the
device resistance by ignoring the resistance of the n-InP cladding
and active region. We also ignored the contact resistance of p
side and n side by assuming the ideal contact resistance of
approximately 10−6 Ω·cm2 [46], [47]. The resistivity of the pInP cladding is assumed to be ρp -InP = 0.086 Ω · cm at a doping
concentration of NA = 1 × 1018 cm−3 from the result of Fig. 9.
The resistance of the p-InP cladding region Rp -InP is expressed
as
Rp -InP = ρp -InP

W
,
dcore L

(8)

where W is the distance between the active region and the p
side metal contact. A distance W of 3 μm was assumed for the
power consumption calculation. The total power consumption
Pin can be obtained by Eq. (6).
Fig. 10 shows the cavity length dependence of the total power
consumption for the light output of 0.16 mW and that for
10 Gb/s operation. In order to satisfy both the requirements,
we need to adopt a higher value of the total power consumption
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Fig. 12. Cross sectional mode profile of membrane laser at p-electrode distance of (a) 0.5 μm and (b) 1.5 μm.

Fig. 11. Cavity length dependence of the total power consumption and Joule
heating power required for the light output power (0.16 mW) and 10 Gb/s
operation.

required for the light output of 0.16 mW (painted circles) and
that for 10 Gb/s operation (open circles).
Fig. 11 shows the required total power consumption as well as
Joule heating power and light output power as functions of the
cavity length. As can be observed, the total power consumption
decreased with a decrease in the cavity length to L = 20 μm;
however, it tends to increase when L < 20 μm because the
Joule heating power increases with an increase in the device
resistance. In this case, the total power consumption takes the
minimum value at L = 19 μm. Moreover, the Joule heating
power accounts for 63% of the total power consumption at L =
9 μm; therefore Joule heating is a serious problem for ultralowpower-consumption and high-speed modulation operation of
extremely low threshold semiconductor lasers particularly for
on-chip interconnection.
In order to reduce the ratio of the Joule heating power to the
total power consumption, an effective technique is to reduce the
resistance of the p-InP cladding region Rp -InP . From Eq. (8), we
observed that a reduction of the resistivity ρp -InP and the electrode distance W is required, as dcore is used to determine the
index-coupling coefficient κi , and L is optimized at a given κi
in order to minimize the total power consumption. Optical loss
must be considered as part of a discussion on resistivity ρp -InP ,
and electrode distance W. First, an increase in doping concentration causes not only a decrease in the resistivity, as shown
in Fig. 9, but it also leads to an increased optical loss, as the
p-InP has a relatively large absorption coefficient of 20 cm−1 for
NA = 1 × 1018 cm−3 [48]. Second, a short electrode distance
also leads to an increased optical loss due to a large overlap
in the optical mode field, as shown in Fig. 12. The absorption
coefficients of Au and GaInAs are assumed to be 798000 and
5000 cm−1 , respectively. There also exists a trade-off between
the resistance and the optical absorption loss of the mode. In
order to estimate the effect of high doping and a short electrode distance, we evaluated the power consumption as a function of p-electrode distance. The dependence of the total power
consumption on p-electrode distance is shown in Fig. 13, for
NA = 1 × 1018 cm−3 and NA = 4 × 1018 cm−3 , for a chosen
core thickness of dcore = 150 nm. These doping concentration
was chosen as the value of small affection to quantum well by

Fig. 13. p-electrode distance dependence of the total power consumption for
N A = 1 × 10 1 8 cm −3 and N A = 4 × 10 1 8 cm −3 .

p-type (Zn) dopant diffusion. A minimum power consumption
of 0.68 mW was obtained at a p-electrode distance of 1.2 μm
and a cavity length of 9 μm, with a doping concentration of
NA = 4 × 1018 cm−3 . This result highlights two points of interest. One that high levels of doping are effective in cases with
a longer electrode distance, and the increase of absorption in
p-InP is small compared to the reduction in resistivity. The other
point is that there exists an optimal electrode distance. When the
electrode distance is less than 1.2 μm, the power consumption
increases, because of an increase in the threshold current caused
by the large optical loss at an electrode. On the other hand when
the distance is more than 1.2 μm, the power consumption also
increases due to an increase in resistance. This result also shows
the tolerance of electrode distance. The average misalignment
of our photolithography technique is approximately 0.5 μm.
Therefore, the power co nsumption increase of 24% can be
estimated from Fig. 13.
Fig. 14 shows the power consumption at the condition of
NA = 4 × 1018 cm−3 and electrode distance of 1.2 μm. Over
the entire cavity length, the Joule heating power is drastically
reduced when compared with the case of adopting ρp -InP =
0.086 Ω · cm. The reduction in the p-InP cladding region resistivity ρp -InP enables to suppress the Joule heating power to 24%
of the total power consumption at the cavity length of 9 μm.
Fig. 15 summarizes the power conversion efficiency
Po /Pin and the Joule heating ratio PJoule /Pin for ρp -InP =
0.086 Ω · cm and 0.035 Ω·cm. The Joule heating is totally
reduced to less than 40% by a low resistivity ρp -InP =
0.035 Ω · cm when compared with high resistivity (ρp -InP =
0.086 Ω · cm). Moreover, this reduction of the Joule heating
power improves the power conversion efficiency and suppresses
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Fig. 14. Cavity length dependence of the total power consumption and Joule
heating power required for the light output power (0.16 mW) and 10 Gb/s
operation for the case of ρp -In P = 0.035 Ω · cm and electrode distance of
1.2 μm.

Fig. 16. Energy cost for 10 Gb/s data transport and index coupling coefficient
of an LCI-membrane DR laser as functions of the cavity length.

Fig. 17. Minimum energy cost at 10 Gb/s operation and index-coupling coefficient of an LCI-membrane DR laser as functions of the link loss.
Fig. 15. Power conversion efficiency and Joule heating ratio of an LCImembrane DR laser as functions of the cavity length.

the drastic decrease in the power conversion efficiency with
regard to a shorter cavity length. In this figure, the power conversion efficiency of 25% is expected, and this value is realizable for InP material [49]. As a result, the reduction in the
p-InP cladding region resistivity ρp -InP is effective for microcavity lasers in order to reduce the Joule heating, which limits
the ultralow-power-consumption operation.
V. ENERGY COST ESTIMATION
Finally, we have considered the energy cost for data transport
(pulse energy), which is required energy for 1 bit data transport
and expressed as
Energy cost [J/bit] =

Total power consumption [W]
.
Bit rate [bit/s]

(9)

This is the definition for ultralow-power-consumption and
high-speed modulation operation. The calculated energy cost
for 10 Gb/s data transport is shown in Fig. 16. As previously
mentioned, the available power consumption for a light source
in an on-chip optical interconnection is 100 fJ/bit or less. For
a cavity length of less than 40 μm, the membrane DR laser is
expected to achieve energy cost of less than 100 fJ/bit. For the
10 Gb/s direct modulation operation, it is appropriate to choose
the cavity length of 12 μm (active region volume of 0.4 μm3

and index-coupling coefficient κi of 2700 cm−1 ), where the
minimum energy cost of 63 fJ/bit can be obtained. For the cavity
length of less than 12 μm, although the lower threshold current
is obtained with high index-coupling coefficient grating, the
total power consumption increases owing to the Joule heating.
It is expected that further reduction in the resistivity of p-InP by
higher doping concentration or reduction of electrode distance
reduces the Joule heating in the shorter cavity, and a shorter
cavity with higher index coupling coefficient κi is required for
obtaining a minimum energy cost.
The recent requirement of energy cost for the light sources of
an on-chip optical interconnection is approaching to less than
10 fJ/bit (predicted value in 2020) [7]. Therefore, as can be
observed in Fig. 16, further reduction in the energy cost is required in the LCI-membrane DR laser. As one of methods to
reduce the energy cost, we have considered the reduction in
the required output power. This implies reduction in the minimum receivable power of the photodetector and link loss. The
former is considered constant in this paper, because it is determined by the performance of the photodetector. We have mainly
considered the latter. Fig. 17 shows that the energy cost at the
10 Gb/s direct modulation operation depends on the link loss.
The minimum energy cost for each link loss is chosen. The
detector limit is 5 fJ/bit because of the assumption that the minimum receivable power of detector is 0.05 mW (−13 dBm) in
the 10 Gb/s operation. The energy cost tends to decrease as the
link loss decreases. For the realization of lower link loss, the
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Fig. 18.

Energy cost at 10, 20 Gb/s operation.

waveguide loss and coupling losses between the waveguide and
the laser or detector should be reduced. In order to reduce the
coupling loss, the introduction of taper structure is effective. It
is also shown that a shorter cavity length with higher index coupling coefficient κi is suitable for the lower link loss structure.
This implies that the low required bias current owing to the reduction in the required output power reduces the Joule heating.
In the case of a link loss of 0 dB, an energy cost of 28 fJ/bit
is obtained; this is the minimum energy cost of this structure
for the 10 Gb/s operation. In order to obtain an energy cost of
less than 10 fJ/bit, a smaller minimum receivable power of the
photodetector with low power consumption of the detector itself
should be assumed.
We also calculated the energy cost when using a bit rate of
20 Gb/s. The energy costs obtained using both 10 and 20 Gb/s
operations are shown in Fig. 18. In these calculations, the required light output power is set to 21/2 × 0.16 = 0.22 mW. This
relation comes from the signal-to-noise ratio (SNR) for the p-i-n
photodiode required in order to obtain the same BER as the 10
Gb/s operation [50]. The lowest energy cost obtained using the
20 Gb/s data transmission was of 43 fJ/bit, corresponding to
a cavity length of 16 μm. This result indicates that a 20 Gb/s
operation is more suitable for use in shorter cavity lasers (less
than 30 μm in length), compared to a 10 Gb/s operation. The
10 Gb/s operation exhibited a large margin in its bias current
because its power consumption was limited by the required light
output power.
VI. CONCLUSION
We conducted theoretical investigations on the low-power
consumption and high-speed direct modulation capabilities of
an LCI-membrane DR laser for use in on-chip optical interconnections. A comparison was made with conventional LCImembrane DFB lasers, in order to improve on their power
conversion efficiency and these results indicate that the Joule
heating power in the p-InP cladding region limits the ultralowpower-consumption operation in a shorter cavity. This is the
common problem of ultra-small cavity laser to be solved.
First, the required bias current, obtained using both a 10 Gb/s
direct modulation operation and a light output of 0.16 mW, was
estimated. It was found that the bias current was limited by the
light output required by a shorter cavity (L < 50 μm), and the
modulation speed in a longer cavity (L > 50 μm). It was also
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shown that a short cavity with a high index coupling coefficient,
κi , is advantageous in a low bias current operation.
Second, the total power consumption was calculated using
the resistance of the p-InP cladding region. The Joule heating
becomes a dominant effect in the shorter cavity region; although
it can be reduced using a heavily doped p-InP cladding region
and shorter electrode distance, which results in an improved
power conversion efficiency.
Finally, we estimated the energy cost for 10 Gb/s data transport. It was found that an energy cost of less than 100 fJ/bit can
be obtained using a cavity length of less than 40 μm, and the
minimum value for the energy cost of a 10 Gb/s direct modulation operation was 63 fJ/bit using a cavity length of 12 μm.
This indicates that the increased Joule heating in the shorter
cavity limits the ultralow-power-consumption operation of the
LCI-membrane DR lasers. It is also effective in reducing the
link loss, an important factor in realizing low energy cost.
These results are significant for future membrane laser design,
and they indicated that the membrane DR laser can realize not
only low energy operation for on-chip optical interconnection
but also various advantages including in-plane integration and
controllability of light output compared with the alternatives,
such as VCSELs, micro-disk lasers, PhC lasers, or off-chip
lasers.
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