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Abstract—For application to on-chip optical interconnections,
lateral-current-injection (LCI) membrane distributed-feedback
(DFB) lasers, which are expected to be potential components for
such an application, were investigated from the aspects of low
threshold current operation and high-speed direct modulation ca-
pability. First, the stripe width dependence of the carrier injection
delay time was evaluated from small-signal response measurements
of LCI Fabry–Perot lasers prepared on a semi-insulating InP sub-
strate, and it was found that a narrower stripe width was advanta-
geous for shorter carrier injection delay time as well as higher in-
ternal quantum efficiency. Second, semiconductor core layer thick-
ness dependences of the lasing properties of LCI-membrane-DFB
lasers, such as the threshold current, output power, relaxation os-
cillation frequency, and a 3-dB bandwidth, were investigated theo-
retically. A strong optical confinement effect in the semiconductor
membrane structure enabled the design of an LCI-membrane-DFB
laser with a low threshold current of 0.16 mA, an output power of
more than 0.16 mW, and a high relaxation oscillation frequency
of 8.9 GHz at a bias current of only 1 mA. From these values,
the LCI-membrane-DFB laser can be a good candidate for a low-
pulse-energy (<100 fJ/bit) light source, for high-speed (>10 Gb/s)
transmission, and for on-chip optical interconnections.

Index Terms—Distributed-feedback (DFB) laser, lateral current
injection, membrane laser, optical interconnection, semiconductor
laser.

I. INTRODUCTION

O PTICAL fiber communication systems are being used not
only in telecommunication links but also in short-distance

high-speed networks such as local area networks (LANs) or data
center networks. Furthermore, as a replacement for electrical
wiring, optical interconnections are being studied extensively
for board-to-board, chip-to-chip, and on-chip interconnections.

So far, progress in the processing speed and integration den-
sity of large-scale integrated (LSI) circuits has followed Moore’s

Manuscript received November 15, 2012; revised December 31, 2012; ac-
cepted January 21, 2013. Date of publication February 6, 2013; date of current
version May 13, 2013.

T. Shindo, M. Futami, K. Doi, and N. Nishiyama are with the Depart-
ment of Electrical and Electronic Engineering, Tokyo Institute of Technol-
ogy, Tokyo 152-8552, Japan (e-mail: shindou.t.aa@m.titech.ac.jp; futami.
m.aa@m.titech.ac.jp; doi.k.ac@m.titech.ac.jp; n-nishi@pe.titech.ac.jp).

T. Amemiya and S. Arai are with the Quantum Nanoelectronics Re-
search Center, Tokyo Institute of Technology, Tokyo 152-8552, Japan (e-mail:
amemiya.t.ab@m.titech.ac.jp; arai@pe.titech.ac.jp).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTQE.2013.2244573

law. However, as scaling advances, this progress will soon con-
front limitations associated with resistor–capacitor (RC) delay
or ohmic heating in the electrical interconnections [1], [2]. Op-
tical interconnection is expected to be an alternative to solve
this problem in future LSIs [3]–[5]. In optical devices for on-
chip optical interconnection, low power dissipation and com-
pactness carry significant weight compared with conventional
optical devices. The available power consumption (energy cost
for data transport) for signal sources such as a semiconductor
laser in an on-chip optical interconnection is estimated to be
100 fJ/bit or less [6]. It simply means that the driving current of
the light source is limited to less than 1 mA (with assumption
of 10 Gb/s direct modulation and driving current of 1 V). Mi-
crocavity lasers such as vertical cavity surface-emitting lasers
(VCSELs) [7]–[9] or microdisk lasers [10], [11] have been re-
ported to be promising devices for ultralow threshold operation
because of their strong optical confinement structures. Photonic
crystal (PhC) lasers have also been extensively studied as low
power consumption lasers [12], [13]. In particular, in recent
years, electrically pumped PhC lasers have been demonstrated
and have drawn considerable attention [14]–[16]. However, they
have disadvantages such as low output or difficulty in control-
ling the output efficiency because optical confinement in an
extremely small cavity is too strong.

Alternatively, we have proposed and demonstrated a semi-
conductor membrane laser that utilizes a high-index-contrast
waveguide structure in the vertical direction. This membrane
structure consists of a thin (several hundred nanometers) semi-
conductor core layer sandwiched between low-refractive-index
cladding layers, such as air or SiO2 instead of a semiconductor.
Hence, the refractive-index difference between them reaches to
approximately 40%, which is three to four times larger than that
in conventional double-heterostructures (DHs), and the optical
confinement factor into the active region (nowadays, quantum-
well (QW) structures are often used) becomes about three times
higher than that of the conventional DHs. Consequently, it also
enhances a modal gain at the same injection carrier density, and
leads to the realization of a low-threshold, short-cavity laser
without sacrificing differential quantum efficiency. In our early
works on membrane DFB lasers, very low-threshold continuous-
wave (CW) operation with a stable single-mode property was
confirmed under optical pumping [17]–[20]. So far, various
structures for membrane lasers have been reported, such as a
membrane laser bonded on a silicon-on-insulator (SOI) sub-
strate [21] or a membrane laser with an airbridge structure
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Fig. 1. Schematic diagram of an LCI-FP laser fabricated on the SI–InP
substrate.

[22]. Furthermore, in order to realize electrical pumping of a
membrane laser, we have investigated a lateral-current-injection
(LCI) structure [23] formed by a two-step regrowth process. As
a step to realize a current-injection-type membrane laser, up to
now, high-performance LCI-type Fabry–Perot (FP) lasers [24],
[25] and distributed-feedback (DFB) lasers [26], [27] on semi-
insulating (SI) InP substrates have been demonstrated. Recently,
electrically pumped DFB lasers with a surface grating struc-
ture have been also demonstrated by introducing an LCI struc-
ture [28], and a low threshold current of 3.8 mA was realized by
using a benzocyclobutene (BCB) bonding process [29]. How-
ever, an ultralow threshold current operation was not achieved,
because these devices had a relatively thick core layer of more
than 450 nm and a certain error in the fabrication of the grating.

In this paper, the feasibility of the LCI-membrane-DFB laser
as a light source for on-chip optical interconnection is theoret-
ically examined from the aspects of low threshold current op-
eration and high-speed direct modulation. In Section II, stripe
width dependences on threshold current and carrier injection
delay time of LCI lasers are described. Section III provides
an explanation of the optical confinement factor of the active
region in a membrane DFB laser, where enhancement of opti-
cal confinement in a high-index-contrast waveguide, equivalent
refractive index, and index-coupling coefficient of the grating
are described. Finally, Section IV discusses the dependences
of threshold current and relaxation oscillation frequency on
core layer thickness as well as the 3-dB bandwidth of an LCI-
membrane-DFB laser.

II. STRIPE WIDTH DEPENDENCE OF LCI-TYPE LASERS

The structure of an LCI laser is quite different from that of
conventional laser diodes (LDs). In an LCI laser, electrons and
holes are injected into the active region from n-InP and p-InP
cladding layers placed on the sides of the active region stripe, as
shown in Fig. 1. In this structure, carrier recombination tends to
occur in eccentrically located regions near the p-InP side since
the mobility of electrons is much higher than that of holes. Fig. 2
shows the calculated distribution of carrier recombination and
the optical mode profile defined by the equivalent index of the
waveguide for different stripe widths at current levels slightly
below the threshold. In the LCI structure, carrier nonuniformity
in the stripe arises which becomes apparent in wide stripe struc-
tures. However, the calculated optical mode profile of the funda-
mental mode, which is determined by the waveguide structure

Fig. 2. Calculated distributions of carrier recombinations and optical mode
profile determined from the equivalent index of the waveguide for different
stripe widths.

Fig. 3. Lasing characteristics of LCI-FP lasers with different stripe widths.

of the device, has a peak at the center of a stripe. This displace-
ment of the carrier recombination profile from the optical mode
profile suppresses carrier consumption coupled to the oscillation
mode. However, in the case of a narrow stripe, this nonunifor-
mity of the carrier recombination becomes less pronounced, and
the modal gain at a fixed injected carrier density becomes larger,
which leads to a lower threshold current density.

In order to confirm the aforementioned tendency, we fabri-
cated LCI-type FP cavity lasers with various stripe widths (1.5,
2.5, and 3.5 μm) prepared on SI InP substrates, as shown in
Fig. 1 and measured their threshold currents and differential
quantum efficiencies. The total thickness grown on the SI–InP
substrate was approximately 400 nm, and the active region con-
sisted of compressively strained 5 quantum wells (5QWs) with
6-nm-thick wells and 9-nm-thick barriers sandwiched between
160-nm-thick GaInAsP optical confinement layers (OCLs), and
a 10-nm undoped InP top layer. As a result, the narrower stripe
devices showed not only lower threshold current but also higher
differential quantum efficiency for a cavity length of 500 μm,
as shown in Fig. 3.

We plotted the reciprocal of the differential quantum effi-
ciency ηd as a function of the cavity length L for these three
different stripe widths and estimated the internal quantum effi-
ciency ηi and the internal loss αWG by linear extrapolation, as
shown in Fig. 4. As can be seen, ηi is larger when the stripe
width is narrower, whereas the waveguide loss αWG , which can
be obtained from the slope and ηi , was almost the same for
the three stripe widths. This strong dependence of ηi on stripe
width is because of the increase of number of carriers which did
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Fig. 4. Inverse of differential quantum efficiency of LCI-FP lasers fabricated
on the SI–InP substrate as a function of cavity length.

not contribute to the lasing operation due to nonuniform carrier
profile. Even in the devices with the narrow width of 1.5 μm, ηi

was suppressed up to 40%. We believe that this is due to non-
radiative surface recombinations, probably between the top thin
InP cover layer and air, and a larger fraction of injected carriers
is captured in these nonradiative centers when the stripe width is
wider. In fact, in order to suppress such nonradiative recombina-
tions from the top thin InP cover layer, we separated the 5QWs
by inserting GaInAsP layers so as to capture carriers into QWs
efficiently and obtained ηi of approximately 70% [30], [31].

Unlike in the case of the internal quantum efficiency ηi , the
waveguide loss αWG had little dependence on the stripe width.
However, there is a concern about the increase of αWG of nar-
rower stripe width due to an absorption loss increase in the
p-InP clad region. Since the optical confinement factors in the
p-InP clad region for the stripe widths of 3.5, 1.5, and 1.0 μm
are calculated to be 0.2%, 1.5%, and 2.5%, respectively, αWG
of 1.0 μm stripe width is expected to be 4.9 cm−1 ; therefore,
we think it will not degrade the differential quantum efficiency
even for the stripe width of 1.0 μm.

Next, the carrier injection delay time of LCI-type lasers was
estimated by fitting to the small-signal response after bond-
ing the devices onto an AlN coplanar submount for high-speed
measurement by using the following formula:

M(f) =
1

1 + (2πfτ)2 · f 4
r

(f 2 − f 2
r ) + f 2Γ2

/
(2π)2

(1)

where M(f) is the modulation response for the frequency f ,
τ is the electrical delay time, fr is the relaxation oscillation
frequency, and Γ is the damping factor. Since the RC delay
time is expected to be small compared with the carrier injection
delay time in LCI-type lasers, the stripe width dependence of
the small-signal response was observed for LCI-FP lasers with
different stripe widths. The prepared devices were fabricated on
the same wafer and had the same structure as that of a typical
LCI-FP laser as reported in [25]. The cavity length of all these
lasers was 590 μm, and their threshold currents were 10, 13,
and 24 mA for stripe widths of 2, 3, and 4 μm, respectively.

Fig. 5 shows the relaxation oscillation frequency fr of mea-
sured devices as a function of the square root of the bias current

Fig. 5. Relaxation oscillation frequency of an LCI-FP laser as a function of
(I−I th)1/2 for various stripe widths.

Fig. 6. Carrier injection delay time dependence on stripe width of LCI-FP
lasers.

above the threshold (I−Ith)1/2 . In fact, these measured de-
vices were different from the devices shown in Figs. 3 and 4,
but they were fabricated from the same initial multiple quan-
tum well (MQW) wafer using the same fabrication process. As
can be seen, the modulation current efficiency factor (MCEF)
was higher in narrower stripe devices, and the MCEF of a 2-
μm-stripe device was 0.84 GHz/mA1/2 , which was almost four
times higher than that (0.19 GHz/mA1/2) of a 4-μm-stripe de-
vice. This large difference in the MCEF can be attributed to
the low internal quantum efficiency of LCI-FP lasers with wide
stripe widths as mentioned before.

Fig. 6 shows the estimated total delay time from small-signal
modulation as a function of stripe width with a bias voltage of
1.5 V. As the stripe width became wider, the delay time mono-
tonically increased. The estimated delay time can be considered
to consist of three components, i.e., delay time due to carrier
transit time in the OCL, carrier capture time from barrier lay-
ers to the QWs, and delay time due to the RC product of the
LCI structure. Since carrier capture time is typically less than
1 ps [32], it does not affect the dynamics of our LCI lasers.
Next, the delay time due to the RC product was also estimated
to be less than 1 ps from an InP coplanar microstrip waveguide
without a p–i–n junction, which has the same electrode struc-
ture as an LCI laser. Since the RC delay time is expected to be
small compared with the carrier injection delay time in LCI-
type lasers, the measured total delay time dependence on stripe
width as shown in Fig. 6 can be governed mainly by carrier
transit time in the OCLs. In the LCI structure, carrier transport
distance corresponds to stripe width, which is much longer than
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Fig. 7. Schematic diagram of an LCI-membrane-DFB laser with a surface
grating structure.

Fig. 8. Cross-sectional structure and optical mode field of an LCI-membrane
laser. (a) Cross sectional structure. (b) Optical mode field.

that of a conventional semiconductor laser with a vertical cur-
rent injection structure. The estimated delay time of a device
with a stripe width of 2 μm is around 50 ps. In addition, the
delay time with a stripe width of 1 μm is estimated to be around
15 ps. This is an adequate value for direct modulation at over
10 Gb/s.

III. OPTICAL CONFINEMENT IN MEMBRANE STRUCTURE

As previously described, our ultimate target is the ultralow
threshold current operation of an LCI membrane laser for on-
chip optical interconnection. The optical confinement factor is
one of the most important parameters for high-performance op-
eration of a membrane laser. Therefore, the strong optical con-
finement effect of the membrane laser was theoretically investi-
gated. Fig. 7 shows a schematic diagram of the LCI-membrane-
DFB laser with a surface grating structure. The cross section of
the device structure and a calculated optical mode field of the
LCI-membrane laser are shown in Fig. 8. In this calculation,
the upper and lower cladding materials are assumed to be air
(n = 1) and SiO2 (n = 1.45), respectively. In addition, p-InP
and n-InP cladding layers are formed on both sides of the laser
stripe. The number of the QWs is 5. This structure is the same as
that of the LCI-membrane laser actually fabricated [28], [29].

Fig. 9 shows the core layer thickness dependence of the op-
tical confinement factor in a single QW averaged over 5QWs,
and that of the equivalent refractive index for the fundamen-
tal transverse mode, where the stripe width was assumed to be
1 μm. The cross-sectional layer structure used for this calcula-
tion is also indicated on the right-hand side of Fig. 9. In this
calculation, the thicknesses of the active region (5QW) and InP
cap layers were fixed at 90 and 10 nm, respectively, and only
the OCL thickness was varied as a parameter. Therefore, the

Fig. 9. Calculated optical confinement factor and equivalent refractive-index
dependence on core layer thickness of an LCI-membrane laser.

Fig. 10. Calculated optical confinement factor and equivalent refractive-index
dependence on stripe width of an LCI-membrane laser.

minimum core layer thickness was 110 nm. As can be seen,
the optical confinement factor can be enhanced by reducing the
core layer thickness dcore , and it reaches to 3.7%/well, which
is almost three times higher than that of conventional semicon-
ductor lasers, at dcore = 150 nm. The optical confinement factor
becomes nearly saturated when the core layer thickness is less
than 150 nm. However, the equivalent refractive index decreases
with the increase in the core layer thickness. The equivalent re-
fractive index is estimated to be 2.60 at dcore = 150 nm. In fact,
the total thickness of GaInAsP OCLs is only 20 nm when the
total core layer thickness is 150 nm; it is difficult to reduce the
total core layer thickness to less than 150 nm without reducing
the number of QWs.

Fig. 10 shows the dependences of the optical confinement
factor and the equivalent refractive index on the stripe width of
the LCI-membrane laser with dcore = 150 nm. For low threshold
current operation, a small active region volume, i.e., a narrow
stripe, is preferable. Furthermore, high internal quantum effi-
ciency and wide modulation bandwidth are also expected when
a narrow stripe width is adopted as described in Section II. How-
ever, the optical confinement factor is reduced drastically when
the stripe width is reduced to less than 1 μm. In the lateral direc-
tion of the LCI-membrane laser, the refractive-index difference
between the core layer and the InP cladding layer is relatively
small compared to that in the vertical direction. Therefore, it is
difficult to realize a stripe width of less than 1 μm. As a solution,
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Fig. 11. Schematic diagram of a membrane-based PIC.

the PhC structure is a candidate for a narrow stripe width of less
than 1 μm.

IV. DESIGN CONSIDERATIONS OF LCI-MEMBRANE-DFB
LASERS FOR ON-CHIP OPTICAL INTERCONNECTS

As discussed in the previous sections, the LCI membrane
structure is very attractive for low threshold current operation
with high-speed direct modulation capability. Moreover, by in-
troducing a high-index-coupling grating structure such as a sur-
face grating into the LCI membrane structure with a thin core
layer, a DFB laser with an extremely low threshold current oper-
ation can be expected. In this section, the threshold current and
light output power of the LCI-membrane-DFB laser at a fixed
bias current are discussed in terms of a high-speed light source
for on-chip optical interconnects.

We proposed membrane photonic integrated circuits (PICs)
consisting of an LCI-membrane-DFB, an InP-based wire wave-
guide, and other semiconductor components as shown in Fig. 11
as a candidate for an in-plane photonic platform with extremely
low-power consumption [33]. As previously mentioned, the
available consumption energy (energy cost for data transport)
for a semiconductor laser in an on-chip optical interconnect is
estimated to be about 100 fJ/bit or less [6]. This means that the
available injection current of the semiconductor light source is
limited to less than 1 mA when a data rate of 10 Gb/s and a
driving voltage of 1 V are assumed. Therefore, ultralow thresh-
old current and high-speed operations are strongly required. The
required output power of the light source is determined from the
minimum receivable power of the detector and other losses. We
assumed the minimum receivable power of –13 dBm (0.05 mW)
which is usually used for a GaInAs p–i–n photodiode (PIN-PD)
at a 10-Gb/s transmission rate with a level bit-error rate (BER)
of 10−9 . Other losses are assumed to be 5 dB in total, as listed
in Table I, and hence, the required output power of the light
source is estimated to be −8 dBm (0.16 mW) for a 10-Gb/s
transmission.

First, we calculated the minimum threshold current for a given
index-coupling coefficient κ of an LCI-membrane-DFB laser
with a surface grating structure by varying the cavity length,
and plotted it as a function of the volume of the active region
in Fig. 12, where a stripe width is of 1 μm and a core layer

TABLE I
DEVICE PARAMETERS OF A MEMBRANE BASED PIC

Fig. 12. Calculated threshold current dependence on active region volume of
an LCI-membrane-DFB laser.

thickness is of 150 nm. The threshold current was calculated
from [34]

Ith =
eVaBeff

ηi
·
(

Ng +
1

ξ(dg/dN)
(αm + αWG)

)2

(2)

where e is the electron charge, Va is the active region volume,
Beff is the effective recombination coefficient, ηi is internal
quantum efficiency, Ng is the transparency carrier density, ξ
is the optical confinement factor, dg/dN is the differential gain,
αWG is the waveguide loss, and αm is the mirror loss. Threshold
currents of the PhC lasers are also plotted in this figure for
comparison [15], [16]. The number of QW was set to be 3 for
comparison with that of these PhC lasers. The index-coupling
coefficient κ of the membrane laser with the surface grating
was calculated by assuming rectangular-shaped grooves with a
width of a half period of the grating. As can be seen, an ultralow
threshold current in the membrane laser can be achieved by
adopting a cavity with a high-index-coupling coefficient and a
small active region volume. A threshold current of around 53 μA
can be obtained for a cavity length of 25 μm with a 3QW active
region and a grating depth of 150 nm (which corresponds to an
index-coupling coefficient of 8400 cm−1) is used.

Next, the design of the membrane laser was optimized toward
the light source for on-chip optical interconnection. The lasing
characteristics of the membrane laser were calculated by us-
ing the coupled wave theory [35]. A calculated structure of the
LCI-membrane laser with surface grating structure is shown in
Fig. 13. As previously reported, the surface grating structure is
suitable for LCI-type laser because the surface grating structure
can be formed by a simple fabrication process [27], [28]. In ad-
dition, the number of QWs was set to be 5 since a larger number



1502009 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 4, JULY/AUGUST 2013

Fig. 13. Calculated structure of an LCI-membrane laser with a surface grating
structure.

of QWs has an advantage in maximum light output power and
high relaxation oscillation frequency. Therefore, the QW should
be multilayered while maintaining a high optical confinement
factor and a high coupling coefficient. However, as the number
of QWs increases, it becomes difficult to maintain the optical
confinement factor and coupling coefficient due to the increase
of the total core layer thickness. The maximum number of QWs
that could fit into the core layer with a total thickness of less
than 150 nm is 5. Furthermore, a surface grating depth and stripe
width were also fixed to be 30 nm and 1 μm, respectively. Under
this condition, the estimated coupling coefficient is 2900 cm−1

when the core layer thickness is 150 nm.
In previous work, the series resistance of the LCI laser on

SI–InP was estimated to be about 25 Ω with the core layer
thickness of 400 nm and the cavity length of 300 μm [27].
The sheet resistance of this p-InP region was experimentally
estimated to be about 2.7 kΩ/�. Because this value is more than
100 times larger than that of n-InP region, the series resistance
of the p-InP region mainly causes the high series resistance of
the device. In the LCI-type laser, the distance between the edge
of the active region and metal electrode in a p-doped region was
set to be about 3 μm. By reducing the distance to be 1 μm, the
series resistance of the membrane laser is expected to be about
170 Ω even for a short cavity length of 40 μm and a thin core
layer thickness of 150 nm, and the driving voltage can be 1 V at
a driving current of 1 mA. Actually, microcavity lasers such as
VCSELs or PhC lasers also have quite high electrical resistance
compared with that of typical semiconductor laser [7], [15], [16].
However, high-speed modulations with ultralow pulse energy of
these devices were demonstrated by the reduction of the driving
current. Therefore, it is most essential to realize strong optical
confinement and small cavity volume from the view point of
low energy cost for data transport.

The threshold current and light output power at a bias current
of 1 mA of an LCI-membrane-DFB laser as a function of core
layer thickness were calculated as shown in Fig. 14. In this cal-
culation, the cavity length of each point was set to be the length
which minimized the threshold current. The internal quantum
efficiency ηi and differential gain dg/dN were assumed to be
70% and 6.0 × 10−16 cm−3 , respectively. The threshold current
of an LCI-membrane-DFB laser with a core layer thickness of
150 nm was calculated to be 0.16 mA with a cavity length of
40 μm. As previously mentioned, the required light output power

Fig. 14. Calculated threshold current and light output power dependence of
core layer thickness of an LCI-membrane-DFB laser.

Fig. 15. Calculated threshold current and the relaxation oscillation frequency
dependence on core layer thickness of an LCI-membrane-DFB laser.

of 0.16 mW at an injection current of 1 mA can be obtained with
a core layer thickness of less than 300 nm, and the light output
power reaches a maximum value of 0.23 mW for a core layer
thickness of 200 nm. In the case of the membrane laser with a
core layer thickness of 150 nm and a cavity length of 40 μm, the
power dissipation due to joule heat generation by an injection
current of 1 mA was estimated to be 0.17 mW with assumption
of the series resistance of 170 Ω. When the threshold current is
reduced to be less than 0.16 mA by reduction of active region
volume, the power dissipation due to joule heat generation will
increase due to an increase of series resistance. Therefore, the
total power dissipation toward enough light output power will
also increases with increase of series resistance when the differ-
ential quantum efficiency is assumed to be constant. In order to
realize the light source with low power consumption, the power
dissipation due to joule heat generation should be sufficiently
small compared with the total power dissipation.

Fig. 15 shows the threshold current (the same as in
Fig. 14) and the relaxation oscillation frequency fr of an LCI-
membrane-DFB laser as a function of core layer thickness at a
bias current of 1 mA. The relaxation oscillation frequency can
be calculated from

fr =
1

2π
√

τsτp

√
Nth

Nth − Ng

√
Ib

Ith
− 1 (3)
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Fig. 16. Calculated 3-dB bandwidth of the LCI- membrane-DFB laser with
various delay times.

where τs is the carrier lifetime, τp is the photon lifetime, Ng is
the transparent carrier density, and Nth is threshold carrier den-
sity. As the core layer becomes thinner, the relaxation oscillation
frequency is dramatically enhanced because of an increase in
the bias current level (Ib / Ith − 1) as well as that of the op-
tical confinement factor. The relaxation oscillation frequency
fr of 8.9 GHz (at Ib = 1 mA) and the modulation current ef-
ficiency MCEF of 9.7 GHz/mA1/2 were obtained with a core
layer thickness of 150 nm. The relaxation oscillation frequency
meets the requirements for a light source for 10-Gb/s on-chip
optical interconnections. In addition, this MCEF is much higher
than conventional long-wavelength LDs. The calculated 3-dB
bandwidth of the LCI-membrane-DFB laser, which includes
the effect of the delay time, is shown in Fig 16. When the stripe
width is 1 μm, the delay time due to the carrier transport in
OCLs was estimated to be 15 ps as shown in Fig. 6. The 3-dB
bandwidth could be increased to higher than 10 GHz when the
delay time is reduced to 15 ps by adopting a narrow stripe width
of 1 μm. This result indicates that an LCI-membrane-DFB laser
can achieve sufficient practical performance. It was found that
the membrane laser can totally meet the requirements for on-
chip optical interconnection by optimizing the device structure.

V. CONCLUSION

In conclusion, we investigated the lasing characteristics of the
LCI-membrane-DFB laser for on-chip optical interconnection.
First, the stripe width dependence of an LCI-type laser fabricated
on SI–InP substrate was measured. As a result, it was found that
a narrow stripe width is required for high internal quantum
efficiency and small carrier injection delay time. Furthermore,
the carrier injection delay time of an LCI laser with a stripe
width of 1 μm was estimated to be 15 ps from small-signal
analysis of the LCI-FP lasers. This was thought to be sufficient
to achieve high-speed modulation of more than 10 Gb/s. Second,
the strong optical confinement effect of the membrane laser
was theoretically investigated. By reduction of the core layer
thickness, the optical confinement factor could be enhanced to
about 3.7%/well. Finally, the design of an LCI-membrane DFB
laser for on-chip optical interconnection was investigated. It was
shown that the light output level and the modulation bandwidth
required for 10 Gb/s transmission can be achieved at a bias
current of 1 mA by adopting a core layer thickness and stripe

width of 150 nm and 1 μm, respectively. From these results,
the membrane laser is expected to meet the requirements for
on-chip optical interconnection.
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