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Nippon Telegraph and Telephone Corporation

NTT develops current-injection photonic-crystal laser
- Towards ultralow power consumption microprocessors -

Nippon Telegraph and Telephone Corporation (NTT, CEO: Satoshi Miura, Tokyo) has developed an current-injection photonic-
crystal laser-! with ultralow power consumption that can be applied to off-chip and on-chip optical data transmission for
microprocessors-2.

Microprocessors in servers, routers and other ICT equipment consume a large amount of power. This laser is expected to reduce
microprocessor power consumption by approximately 40%.

In addition, the lower power consumption in the ICT equipment will result in reduced heat generation, and can also be expected to
reduce the power required for cooling, which currently amounts to about 30% of the power consumed by a data center.

This result will be announced in detail in the February 13 issue of Optics Express, which is published by the Optical Society of
America.

* Part of this research is supported by a project of the New Energy and Industrial Technology Development Organization (NEDO),
called “Research and development of photonic-network chip for the CMOS processor.”

I 1.Background

The explosive diffusion of broadband services such as FTTH and smartphones will lead to network traffic becoming 200 times greater
by 2025. Therefore, the number and capacity of ICT devices such as servers and routers will increase, and it is estimated that the total
power consumed by ICT-related devices will have increased fivefold by 2025 (Fig. 1) .

NTT Laboratories have focused on finding a radical solution to the problem of high power consumption and heat generation in ICT
equipment by reducing the power consumption of microprocessors (MPU). This is because MPUs consume most of the power in this
equipment. In this context, NTT Laboratories have developed optical data transmission technologies for off-chip and on-chip optical
interconnection in MPUs (Fig. 2)i& .

l 2. Results

NTT Laboratories have developed an ultra-compact semiconductor laser-3 consisting of a wavelength-scale active region"4 embedded
in a photonic-crystal cavity-2. This laser achieved the world’s first continuous-wave operation of a current-injection’8 photonic-crystal
laser at room temperature (25-30°C). An ultra-low effective operating current of about 10 pA was realized. The output power was 1.8
UW, which is one hundred times the previously reported output power under the pulsed operation of a photonic-crystal laser without an
embedded active-region structure (Fig. 3)iZ1 . Since the operating characteristics of the current-injection laser are severely degraded at
high temperature, continuous-wave operation at room temperature is an indispensable breakthrough technology. These results will
make it possible to apply the semiconductor laser to computercom-Z devices (Fig. 4)iC .

I 3. Technical point

I (1) Lambda-scale Embedded Active-region Photonic-crystal (LEAP) structure (Fig. 5):=7

The energy consumption of a semiconductor laser is lowered by reducing the active volume when the operating carrier density is

constant. In addition, high optical confinement is required to achieve laser operation. Conventional nano-cavity lasers cannot control

the heat generation in the active region. Therefore, continuous-wave operation at room temperature has not been achieved although

many research institutes have attempted to realize a current-injection photonic-crystal laser.

To overcome the problem, NTT Laboratories have developed the LEAP laser-8. The LEAP laser has achieved continuous-wave

operation at room temperature because it incorporates the following features to improve its operating characteristics.

<1> An active region with the smallest reported volume (wavelength(lambda)-scale) is embedded in the photonic-crystal cavity by
using nanometer-scale fine selective crystal regrowth and etching technology.

<2> Light and carriers are effectively confined within the ultra-small active region because of the buried heterostructure.
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<3> The heat generated in the active region is effectively radiated since the burying InP layer has more than ten times the heat
conductivity than the InGaAsP active layer.

(2) Lateral pin structure™® fabricated by ion implantation™12 and impurity diffusion”!1 (Fig. 6).

The LEAP laser has a pin structure parallel to the substrate, which differs from conventional semiconductor lasers. Therefore, a pin-
junction can be formed after crystal growth. The pin structure was formed in the intrinsic InP layer by using the Si ion implantation and
Zn diffusion techniques. These techniques will enable the uniform fabrication of large-scale devices as demonstrated with the
conventional silicon CMOS process. Therefore, these techniques are suitable for the fabrication of the future large-scale integrated
photonic network circuits.

I 4. Future Developments (Fig. 7) &

NTT Laboratories is aiming to market ICT equipment in about 2016 in which this laser will be used as an off-chip optical interconnect in
an MPU.

Next, NTT Laboratories will attempt to fabricate a large-scale photonic network circuit integrated with silicon CMOS™12 by around 2022
to commercialize on-chip data transmission in MPUs. These results will lead to a 40% reduction in the power consumption of such ICT
equipment as servers and routers.

I Glossary

*1  Photonic-crystal laser

This laser consists of an active regionH and a photonic-crystal cavityﬁ. To reduce the volume of the active region, high optical
confinement is necessary for laser operation. A photonic crystal cavity enables us to obtain high optical confinement.

*2 Microprocessor

A semiconductor chip consists of integrated circuits with a function for arithmetic processing in computers. The microprocessors
are used in the CPU of a computer and the GPU of a video card.

*3 Semiconductor laser

T. H. Maiman achieved the world’s first laser about 50 years ago by using a ruby. The semiconductor laser uses the radiative
recombination of a semiconductor instead of a ruby. The output power of the laser changes when the injection current is changed,
and so electrical signals can be converted into optical signals.

*4  Active region

The active region is a semiconductor layer where the electron and hole generate laser lights by stimulated emission. Indium,
gallium, arsenic, and phosphorus (InGaAsP) materials are used for the laser for optical communication.

*5 Photonic-crystal cavity

A photonic crystal is a structure where the refractive index changes periodically with the same scale of wavelength. Nano-
fabrication techniques are employed to fabricate the structure from dielectric materials such as silicon. A photonic crystal works as
an optical insulator, therefore strong optical confinement is achieved that cannot be obtained using conventional materials. A cavity
is a device that spatially confines light and it is typically constructed of mirrors. Making a small cavity is difficult because a normal
reflective mirror cannot be employed.

*6 Current injection

A bias voltage applied to the pin structure™2 generates an electric current, which in turn generates electrons and holes in the active
layer for laser emission.

*7 Computercom

Computercom describes information communication in the computers used for inter-microprocessors, between microprocessors
and memories, and for intra-microprocessors.

*8 LEAP laser

Lambda-scale Embedded Active-region Photonic crystal (LEAP) laser
This laser has a wavelength(lambda)-scale active layer embedded in a photonic crystal cavity.

*9  Pin structure

A structure where the intrinsic semiconductor layer is sandwiched with p-type and n-type semiconductors. This structure is used as
a diode structure for forward bias stimulated emission. The major carrier of the p-type semiconductor is a hole with a positive
electric charge, and the major carrier of the n-type semiconductor is an electron. The p-type and n-type semiconductors are
fabricated by doping the intrinsic semiconductors with impurities.

*10 lon implantation

This describes the implantation of ion impurities in semiconductors by electrical accretion.

*11 Impurity diffusion

This describes the diffusion of the impurities in the semiconductors from the surface to the inside by the heating.

*12 Silicon CMOS (Complementary Metal Oxide Semiconductor)
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This is an elementary transistor structure with low power consumption that constitutes most large-scale integrated circuits.

Microprocessors consist of silicon CMOSs and electrical interconnections.

Attachment-Reference

Fig. 1: Power consumption of ICT-related devices (=

Fig. 2: Power consumption of CMOS and background (&

Fig. 3: Laser characteristics i

Fig. 4: Trend of operating_current in long-wavelength semiconductor lasers ™

Fig. 7: Future developments&!
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