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SUMMARY  To meet the demand for light sources for on-chip opti-
cal interconnections, we demonstrate the continuous-wave (CW) operation
of photonic-crystal (PhC) nanocavity lasers at up to 89.8°C by using InP
buried heterostructures (BH). The wavelength of a PhC laser can be pre-
cisely designed over a wide range exceeding 100 nm by controlling the lat-
tice constant of the PhC. The dynamic responses of the PhC laser are also
demonstrated with a 3-dB bandwidth of over 7.0 GHz at 66.2°C. These re-
sults reveal the laser’s availability for application to wavelength division
multiplexed (WDM) optical interconnection on CMOS chips. We discuss
the total bandwidths of future on-chip optical interconnections, and report
the capabilities of PhC lasers.

key words: photonic-crystal lasers, buried heterostructures, optical inter-
connections

1. Introduction

The size of Si CMOS devices is continually being reduced
to increase their speed, and so interconnections in CMOS
chips now account for more than half of the total power con-
sumption [1]. On-chip optical interconnections have been
widely studied and developed to overcome the trade-off be-
tween operating speed and power consumption [2]; attempts
have been made to reduce the power consumption of inter-
connections and simultaneously improve their bandwidth.
There are certain requirements for optical devices designed
for use in practical on-chip optical interconnections: (1) a
total bandwidth of 1Tb/s [3], (2) high-temperature opera-
tion up to 80°C [3], and (3) an energy consumption of less
than 10£J/bit [4]. The first requirement makes wavelength-
division multiplexing (WDM) essential, since no optical
communication has been demonstrated at over 1Tb/s per
channel. Wavelength controllability is an important param-
eter as regards using optical devices for WDM. The sec-
ond feature relates to the surface temperatures of typical
CMOS LSIs. The third requirement originates with the lim-
ited power dissipation of each CMOS chip. It is important
to reduce the active-region volumes of lasers if we are to
reduce their energy costs.

Therefore, nanocavity lasers are required as light
sources for on-chip optical interconnections [5]. Of the sev-
eral types of nanocavity lasers, photonic-crystal (PhC) lasers
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are being actively studied [6]-[9], since their mode volumes
are one order smaller than those of vertical-cavity surface-
emitting lasers (VCSELs) [10],[11], and their output pow-
ers are larger than those of metallic nanocavity lasers [12],
[13]. However, it is difficult for PhC lasers to achieve both a
small volume and high temperature operation, because they
have a large thermal resistance resulting from the strong
light confinement between semiconductors and air that is
achieved by using a high-index contrast. There have been
few reports on the high-temperature operation of PhC lasers
[14], and no reports have yet reported operation under a
continuous-wave (CW) condition.

We have also developed a PhC laser with an ultra-small
active region buried in an InP line-defect waveguide, and
demonstrated a low energy cost of 8.8 fJ/bit at a data rate of
20 Gb/s. Although the device has met the energy consump-
tion requirement, high-temperature or wavelength designs
have not yet been studied.

In this paper, we demonstrate the CW, 89.8°C oper-
ation of PhC lasers as well as their availability for on-chip
WDM networks. Wavelengths can be controlled with +1 nm
accuracy over a 100-nm range. The dynamic responses of
the PhC laser are also demonstrated at room temperature
(RT) and 66.2°C, and 3-dB bandwidths of 11.6 and 7.0 GHz
are realized. We discuss the total bandwidth of future on-
chip optical interconnections, and describe the possibility of
a total bandwidth of 1 Tb/s.

2. Device Structure

Figure 1(a) shows a cross-sectional SEM image of a PhC
laser.  Ultra-small 3-quantum-well (QW) active layers,
which have a photoluminescence peak at 1.55 um, are em-
bedded in a line-defect PhC waveguide consisting of a 200-
nm-thick InP membrane using butt-joint technologies. The
active region is 5 x 0.3 x 0.15um?. The barrier layers of
the QW are InGaAsP with a photoluminescence peak of
1.35 um (1.35Q).

Line-defect PhC waveguides are defined on the InP
membranes as shown in Fig. 1(b). The center waveguide is
used for a pump light. The lasing light is coupled to the out-
put waveguide, which is located in the I'-M direction from
the active region. We confine the light in the active region
by a photonic bandgap effect and an energy shift of the even
mode along the photonic crystal waveguide [15]. The pho-
tonic band diagram is shown in Fig.2. A gap between the
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Fig.1  Scanning electron microscope (SEM) images of (a) a cross sec-
tion and (b) a top view of a buried-heterostructure (BH) PhC laser. A 3-QW
active region is embedded in the InP membrane using butt-joint technolo-
gies. The center waveguide is used as a pumping waveguide. A line-defect
waveguide for the output light is located in the I'-M direction from the ac-
tive region.
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Fig.2  Photonic band diagram of the photonic crystal waveguide. Blue
and red solid lines correspond to the dispersion curves with and without the
active region. A gap between red and blue curve within the green hatched
region, which shows a photonic bandgap, creates the cavity mode.

blue (without the active region) and the red (with the active
region) solid line creates the cavity mode. The lattice con-
stant of the PhC is varied from 410 to 440nm. The hole
diameter is designed to be 200 nm.
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Fig.3  Schematic of measurement setup.
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Fig.4 Lasing wavelength versus lattice constant of the PhC. A wave-
length range of 100 nm was obtained with the PhC lasers by changing the
lattice constant from 410 to 440 nm. The wavelength variation was +1 nm.

The proportionality constant was approximately 3.2, which corresponded
to the effective index of the mode.

3. Experimental Results and Discussion

Figure 3 shows the measurement setup we used with the
PhC laser. We measured the device characteristics by em-
ploying a 1.31-um pump light. The pump light was injected
into the pumping waveguide from the fiber by using a col-
limator lens, a 3-um-wide waveguide, and a tapered wave-
guide. The total coupling loss from the fiber to the line-
defect pumping waveguide was 10 dB. The facet of the out-
put waveguide was coated with an anti-reflection (AR) film
whereas that of the pumping waveguide was as cleaved. The
laser output light from the output line-defect waveguide was
collected into a fiber with an 8.5-dB coupling loss. The sam-
ple was clamped on a stage with a Peltier temperature con-
troller at a temperature that was calibrated with a standard
Pt100 thermometer. All the powers reported in this paper are
optical powers at the pumping or output waveguides, which
we calculated by subtracting the coupling losses from the
optical powers at the fibers.

3.1 Wide-Wavelength Range

First, we measured the lasing wavelengths of the PhC lasers
at RT to determine the available wavelength range with var-
ious lattice constants. The result is shown in Fig. 4. The las-
ing wavelengths could be controlled from 1476 to 1574 nm
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Fig.5 Calculated wavelength detuning as a function of (a) the diameter
of PhC holes and (b) the width of the butt-jointed active region. Linear fits
show proportionality constants of —1.17 and 0.08 for the hole diameter and
the active-region width, respectively. The wavelength variation of the fabri-

cated lasers showed that the fabrication errors as regards the hole diameter
and active-region width were less than +0.85 and 13 nm, respectively.

corresponding to lattice constants of 410 to 440nm. The
wavelength variations induced by the fabrication errors were
+1 nm even when we employed ultra-small butt-joint struc-
tures in the PhC waveguides, which might cause size fluctu-
ations.

We calculated the resonant wavelengths of the PhC
laser using the finite-difference time-domain (FDTD)
method with various PhC hole diameters as shown in
Fig. 5(a). The wavelength detuning was proportional to the
diameter with a proportional constant of —1.17. We sup-
pressed the hole fabrication errors to less than +0.85nm
when we assumed the error was only caused by the hole
size fluctuation.

In a similar manner, we calculated the resonant wave-
lengths with the FDTD as a function of active-region width
as shown in Fig. 5(b). Around the target width of 300 nm,
the resonant wavelength detuning could be approximated as
a linear function with a proportional constant of 0.08. Ac-
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cording to this calculation, the size of the embedded ac-
tive region was controlled with an accuracy of better than
+13nm.

These results indicate that we precisely controlled the
hole size and active-region width. Thus, our laser enables us
to employ a WDM on-chip network since we can accurately
control the PhC laser wavelength.

3.2 High-Temperature Operation

We measured the light-in/light-out (LL) characteristics of
the PhC laser as shown in Fig. 6 at various stage temper-
atures ranging from RT to 89.8°C. The lasing wavelength
was 1539.5 nm at RT. We successfully achieved a high out-
put power at an output line-defect waveguide of 100 uW at
RT owing to the effective coupling between the cavity and
the output waveguide. The 100 uW output is sufficient in-
cluding a waveguide loss according to a typical p-i-n photo
detector sensitivity of —18.7dBm [16]. The CW lasing of
the PhC laser was confirmed up to a stage temperature of
89.8°C. We believe this to be the first demonstration of a
PhC nanocavity laser operating above RT in a CW condi-
tion.

Next, we measured the lasing wavelength as a func-
tion of the stage temperature under pulse and CW pumping
conditions. The result is shown in Fig.7. The sample tem-
perature was well controlled by the stage temperature since
the lasing wavelengths were proportional to the stage tem-
peratures. The proportional constant was 0.079 nm/K. We
found that CW pumping raised the active region tempera-
ture by 7.4°C. The value agreed with the calculated results
we reported in [5], which were numerical calculations of
the temperature distribution in the PhC laser. The PhC laser
temperature increase was calculated to be 6.7°C with a 100-
UW heat source in the simulation.

Since the output power of the PhC laser is not large
enough to be used for practical optical interconnections, we
carried out simulations to discuss further improvement of
the temperature characteristics. The gain was calculated as
a function of carrier density using a combination of the 6-
band k - p method and Fermi’s golden rule [17]. The results
are shown in Fig. 8. When the temperature increases, the
gain decreases and it is difficult to have threshold gain for
a multiple quantum well (MQW) with 1.35Q barriers above
90°C. In contrast, when we use 1.20Q barriers, the gain is
larger than with 1.35Q barriers, and it will be possible to ob-
tain lasing above 150°C owing to the larger conduction band
offset. The temperature characteristics we have presented
will be greatly improved by employing an MQW with 1.20Q
barrier layers.

3.3 Frequency Response

Finally we measured the small-signal response of the PhC
laser at RT and 66.2°C. The measurement setup is shown in
Fig.9. To measure the responses, we modulated the 1.31-
pm pump light with a lithium-niobate (LN) modulator using
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Fig.6  LL characteristic of the PhC laser for various stage temperatures
on (a) linear and (b) logarithmic scales. The device could be operated at
89.8°C with CW pumping. The lattice constant of this device was 436 nm.

a network analyzer. The pump light was filtered from the
output light using a 1.3/1.55-um WDM filter. The lasing
light was amplified through an erbium doped fiber ampli-
fier (EDFA) and detected with a network analyzer. We sub-
tracted the frequency response of the LN modulator from
the measured data, which contained the responses both from
the modulator and the device, to extract the responses of the
PhC laser.

The results at RT and 66.2°C are shown in Figs. 10(a)
and (b), respectively. The pump-light power was changed
from —19.7 to —7.8dBm in Fig.10(a), and —15.9 to
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Fig.7 Lasing wavelengths as a function of stage temperatures. Blue-
square and red-circle plots correspond to the pulse and CW pumping con-
ditions, respectively. We found that the lasing wavelengths were propor-
tional to the stage temperature with a proportional constant of 0.079 nm/K.
The pump power was 117 uW at the waveguide. The stage temperature
was correctly transferred to the sample. The CW pumping raised the sam-
ple temperature by 7.4°C, which could be determined from the difference
between the two curves.

—8.1dBm in Fig. 10(b). We could acquire the frequency
responses of the PhC lasers using the abovementioned
method. Clear resonant frequencies were observed at both
RT and 66.2°C. We obtained maximum 3-dB bandwidths of
11.6 and 7.0 GHz at RT and 66.2°C, respectively. The dy-
namic characteristics at 66.2°C were limited due to the re-
duction in the differential gain and the increase in the thresh-
old power. A 1.20Q barrier, which increases the band offset,
in an MQW is the effective way not only to improve temper-
ature characteristics but also to increase output power.

3.4 Discussion of Interconnection Bandwidth

WDM is essential for on-chip optical interconnection if we
are to meet the demand for a 1-Tb/s total bandwidth [3].
Using the lasing wavelength accuracy (Fig. 4), temperature-
dependent lasing wavelength (Fig.7), and small-signal re-
sponse (Fig. 10) data we have presented, we can estimate
the channel spacing of the WDM signal and the total band-
width of the interconnection.

Figure 11 plots the wavelength variation and total
bandwidth of the interconnection versus the temperature
variation of the chip. We calculated the channel spacing
as the sum of the +1-nm fabrication error and the wave-
length shift caused by the temperature variation. The result
is shown as a dashed line in Fig. 11. When the chip tem-
perature is stable, it is possible to arrange 50 channels in a
100-nm bandwidth with a 2-nm channel spacing. Since 10-
Gb/s modulation will be available with the 3-dB bandwidth
we presented, a total bandwidth of 500 Gb/s can be achieved
as shown by the blue solid line in Fig. 11. When we assume
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Fig.9 The measurement setup for the frequency responses of the PhC
lasers. We modulated the pump light using an LN modulator. The fre-
quency response of the LN modulator was subtracted from the measured
data to extract the PhC characteristics.

that the modulation speed of each channel is 20 Gb/s, which
has already been demonstrated at RT [18], it is possible to
achieve a total bandwidth of 1 Tb/s. On the other hand, the
total bandwidth is limited to 314 Gb/s if there is a 15°C tem-
perature variation [3] on the CMOS chip. To enhance the
modulation bandwidth of PhC lasers, we have developed in-
jection locking and already obtained 40 Gb/s direct modu-
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Fig.10  Small signal responses of the PhC laser at (a) RT and (b) 66.2°C.
We measured the responses by modulating the pump light using an LN
modulator. The maximum 3-dB bandwidths were 11.6 and 7.0 GHz at RT
and 66.2°C, respectively.

lation and a frequency response of over 67 GHz [19], [20].
By using this technique, we can fabricate an optical inter-
connection in which each channel has a 40-Gb/s bandwidth.
The red solid line in Fig. 11 shows the total bandwidth ver-
sus the temperature variation with a 40-Gb/s bandwidth in
each channel. A total bandwidth of 1Tb/s can be obtained
as long as the temperature variation is less than 25°C. A 1-
Tb/s bandwidth at 25°C meets the requirement and makes
PhC lasers promising devices as on-chip light sources.

4. Conclusion

This paper described high-temperature CW operation of a
PhC laser up to 89.8°C as well as a wide wavelength range
of 100 nm at RT. The wavelength errors as regards hole di-
ameter and active region width were suppressed to +0.22
and 13 nm, respectively. Furthermore, we measured the dy-
namic responses of the PhC laser at RT and 66.2°C with
maximum 3-dB bandwidths of 11.6 and 7.0 GHz, respec-
tively. These wide temperature and wavelength operat-
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Fig.11  Calculated channel spacing (dashed line) and total bandwidth
of the interconnection (solid line) as a function of temperature variation.
10, 20, and 40 Gb/s operation speeds are assumed at each channel in the
blue, purple, and red solid line, respectively. We will be able to achieve a
total bandwidth of more than 1 Tb/s by means of injection locking, since
injection locking increases the modulation bandwidth to over 40 Gby/s.

ing ranges make PhC lasers promising candidates as light
sources for on-chip optical interconnections, and a total
bandwidth of 1Tb/s will be possible for future on-chip opti-
cal interconnection using PhC lasers.
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