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Adopting nanometer‑sized semiconductor particles, called quantum dots, in 
the active regions of photonic devices provides the characteristics specific to 
3‑dimensional quantum effects.  This will greatly improve the performance of 
photonic devices in many respects.  We are developing quantum‑dot lasers and 
quantum‑dot optical amplifiers through joint research conducted with the University 
of Tokyo.  This paper introduces our development of technology for these de‑
vices, along with some recent results.  For quantum‑dot lasers, we have realized 
temperature‑insensitive direct modulation at a modulation rate of 10 Gb/s in the 
1.3‑μm wavelength range.  We have also fabricated high‑performance, quantum‑dot 
optical amplifiers with a wide bandwidth of over 100 nm, high gain of 20 dB, and 
high optical output power of over +20 dBm.  Fujitsu established a venture company 
called QD Laser, Inc., through a joint capital investment with Mitsui Venture Capital 
Corporation to commercialize these high‑performance quantum‑dot‑based photonic 
devices.

1.	 Introduction
Quantum dots are nanometer‑sized semicon‑

ductor particles.  As the diameter of one quantum 
dot is about several ten nanometers, equiva‑
lent to the total length of several tens to several 
hundreds of atoms, a quantum dot has quantum 
effects in all directions in 3‑dimensional space, 
which shows unique properties.  Therefore, 
by using the many quantum dots formed on a 
semiconductor substrate in the active regions of 
such photonic devices as semiconductor lasers 
and semiconductor optical amplifiers (SOAs) for 
optical communication, unique characteristics not 
obtained in conventional devices can be provid‑
ed.  For example, semiconductor lasers using 
quantum dots can have temperature‑insensitive 
characteristics, while optical amplifiers using 
quantum dots can have high optical output power 
and wide‑band characteristics.  The authors 
initiated research and development in this field 

during the early 1990s, and have since sustained 
the lead in this field.1)-4)  Our recently developed 
devices based on technologies accumulated over a 
relatively long time have characteristics specific 
to quantum dots.

This paper introduces our current devel‑
opment of technology for quantum‑dot lasers 
and quantum‑dot optical amplifiers, along with 
some recent results, through joint research being 
conducted with the University of Tokyo.

2.	 Quantum‑dot lasers
Adopting nanometer‑sized, 3‑dimensional 

structures such as quantum dots in the 
active regions of semiconductor lasers reduc‑
es the current required for laser oscillation 
and reduces the dependence on temperature.  
These effects come from that an electron in a 
quantum dot can only occupy a specific energy 
level due to the quantum effect.  Improving the 
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performance of semiconductor lasers in this 
way was first proposed in 1980s.5)  To make 
nanometer‑sized structures, the self‑assembling 
method of naturally assembling quantum dots 
during crystal growth under specific condi‑
tions was developed in the early 1990s.  This 
self‑assembling method has since been used as 
a mainstream method in fabricating nanostruc‑
tures for the active regions of semiconductor 
lasers.  The characteristics of quantum‑dot 
lasers have been improved in line with advanc‑
es made in such crystal growth technologies 
as the size and density control technologies 
of naturally assembled quantum dots.  In the 
21st century, then, the theoretically predicted 
unique characteristics of quantum‑dot lasers 
have been realized.  The authors have advanced 
the research on quantum‑dot lasers based on 
quantum‑dot crystal technologies that have been 
researched since the early 1990s.  The authors 
recently developed the world’s first semiconduc‑
tor lasers which provide temperature‑insensitive 

direct modulation at a modulation rate of 10 Gb/s, 
the highest modulation rate for direct‑modulation 
lasers in practical use, in the 1.3‑μm wavelength 
range.  The temperature‑insensitive characteris‑
tics, which could not be realized in conventional 
lasers, are the effects of quantum dots.

Figure 1 (a) schematically shows the 
structure of the developed 1.3‑μm wavelength 
quantum‑dot laser.4)  Unlike in convention‑
al lasers for optical communication already 
used  in practical applications, GaAs is used as 
a substrate in this laser.  The active region is 
made of InAs quantum dots with an area densi‑
ty of 3 × 1010 cm-2.  The authors designed the 
structure to realize 10 Gb/s high‑speed modula‑
tion and low operating current by using an 
analysis model which took the effects specific to 
quantum‑dot lasers into account.  As a result, 
the laser was made of ten quantum‑dot layers, 
with a cavity length of 200 μm and both facets of 
the laser high‑reflection coated with the reflec‑
tivity of 81%.  The other important point is to 
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Quantum-dot laser.
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provide holes beforehand in the quantum dot 
by doping p‑type impurities near the quantum 
dot.  This reduces the temperature depen‑
dence.  Figure 1 (b) shows the light‑current 
characteristics when the temperature changes 
from 20°C to 90°C.  In conventional lasers, the 
characteristics change in response to a rise in 
temperature.  Conversely, constant light‑current 
characteristics are obtained in quantum‑dot 
lasers regardless of temperature change.  When 
the temperature exceeds 60°C, the threshold 
current gradually rises and optical output power 
decreases.  However, even at 90°C, the varia‑
tions in optical output power remain within a 
narrow range.  Figure 2 shows the temperature 
dependence of extinction ratio and modulation 
waveforms under 10 Gb/s modulation of this 
laser.  In this experiment, the driving condi‑
tions of the laser were constant regardless of 
temperature.  We confirmed that the extinc‑
tion ratio was maintained and good modulation 
waveforms were obtained under 10 Gb/s modula‑
tion in the temperature range of 20°C to 90°C 
without adjusting the driving conditions.  To 
use conventional lasers without temperature 
control, the driving conditions must always be 
adjusted according to temperature.  As shown in 

Figure 2, however, quantum‑dot lasers could be 
simply used without adjusting the driving condi‑
tions.  We then conducted a data transmission 
experiment using multiple mode fibers (MMF) 
primarily utilized in a local area network (LAN).  
In this experiment, we combined this laser with 
a receiver that contained an electric disper‑
sion compensator (EDC).  We confirmed that 
error‑free transmisson could be achieved over 
300‑meter‑long MMF at a modulation rate of 
10 Gb/s.6)

We will establish these device technologies 
for product commercialization, and also develop 
the technologies for single‑mode oscillation and 
for 1.55 μm‑wavelength lasers.

3.	 Quantum‑dot optical 
amplifiers
To correctly receive optical signals on the 

receiving side, an optical communication system 
needs optical amplifiers to amplify directly the 
optical signals that are attenuated due to trans‑
mission loss in the optical fibers.  Present optical 
communication systems, particularly trunk‑line 
optical communication systems, primarily use 
erbium‑doped fiber amplifiers (EDFA).  EDFA 
is characterized by a small coupling loss and no 
polarization dependent loss (PDL).  However, we 
must consider several problems to be resolved in 
next‑generation optical communication networks 
having an extended transmission band, higher 
optical packet routing capacity, and faster speed.  
In other words, the amplification band is restrict‑
ed to the C/L‑band, the response speed is slow 
(submilliseconds), and device downsizing difficult.  
SOAs are characterized by a wide gain band, 
flexible design of wavelength‑range, high‑speed 
response (nanoseconds), small device size, and 
easy integration.  Since EDFA lacks these superi‑
or characteristics, SOAs are expected to be used 
as optical amplifiers for next‑generation optical 
communication networks.

In particular, quantum‑dot‑based SOAs are 
generally superior to bulk and quantum‑well 
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SOAs, in terms of band, output power, noise, 
operation speed, and power consumption charac‑
teristics.  These superior characteristics of 
quantum‑dot‑based SOAs are attributed to an 
effective increase in carrier density and wider 
carrier energy distribution.  These are due to 
the quantum‑dot quantum effect and nano‑size 
effect.  The authors proposed such charac‑
terized quantum‑dot SOA first in the world, 
and then produced and demonstrated proto‑
types.3),7)  Figure 3 (a) shows the structure of the 
quantum‑dot SOA; Figure 3 (b) shows its ampli‑
fication characteristics.  As shown in this figure, 
an InGaAsP optical waveguide is formed on the 
InP substrate with InAs quantum dots formed in 
the active region in the optical waveguide.  The 
InAs quantum dots are distributed at a density 
of 2 to 8 × 1010 cm-2.  The dimensions of the InAs 
quantum dot are 20 to 40 nm in width and 1 to 
10 nm in height.  A nonreflecting film is formed 

on the both end facets with the optical waveguide 
inclined by 8 degrees from the end facet to 
suppress laser oscillation.  A current confining 
structure is formed to efficiently supply current 
to the active region, based on the optical device 
design and manufacturing technologies devel‑
oped by Fujitsu Laboratories for many years.  
As shown in the amplification characteristics in 
Figure 3 (b), a gain of 20 dB, saturation output 
power of 20 dBm or more, and noise factor of 7 dB 
or less were demonstrated in a wide band of over 
100 nm, which is least three times as wide as the 
EDFA wavelength band.  We also demonstrated 
that 10‑Gb/s modulation signals can be ampli‑
fied up to an output power of 23.1 dBm without 
distortion.  Unlike our quantum‑dot devices, 
devices made of conventional materials cannot 
provide such characteristics.

The polarization direction of the input 
signal beam always changes depending on such 
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transmission‑path environment conditions as 
temperature and distortion.  Accordingly, the 
characteristics of an amplifier for practical use 
must be free from polarization dependency.  
The conventional quantum‑dots formed by the 
self‑assembling method have a flat structure 
and include 2‑axis compressive strain.  These 
quantum‑dots respond to transverse electric 
(TE) polarization (transversal waves), but do 
not respond at all to transverse magnetic (TM) 
polarization (longitudinal waves).  The authors 
successfully developed a unique quantum‑dot 
structure that provides amplification charac‑
teristics having no polarization dependency.  
Figure 4 (a) shows this unique structure.8)  
Here, 10 to 25 conventional quantum‑dots 
are stacked vertically with a gap of 1 nm to 
form this isotropic structure.  Moreover, strain 
opposite to the one of the quantum dot is added 
to the semiconductor material that covers the 
quantum dot to minimize the strain of the 

quantum dot.  Figure 4 (b) shows the polariza‑
tion dependence of the gain spectrum (amplified 
spontaneous emission [ASE]) of the prototype 
produced using the quantum dots with this 
unique structure.  The height of the quantum 
dot is 11 nm in the graph on the left side of this 
figure, while the height is 22 nm in the graph on 
the right side.  The quantum‑dot device on the 
left side has larger gain in TE polarization, but 
the quantum‑dot device on the right side has 
larger gain in TM polarization.  This suggests 
that a polarization‑independent structure will be 
obtained between these quantum‑dot structures.

We are  now at tempt ing  to  deve lop 
and demonstrate polarization‑independent, 
w ide ‑band, h igh‑output , and l ow‑no ise 
quantum‑dot devices by optimizing the device 
structure.

4.	 Conclusion
This paper introduced the technologies 
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being developed by the authors for quantum‑dot 
lasers and quantum‑dot optical amplifiers.  
In April 2006, Fujitsu established a venture 
company called QD Laser, Inc., through a joint 
capital investment with Mitsui Venture Capital 
Corporation in order to commercialize these 
high‑performance quantum‑dot‑based photon‑
ic devices having superior characteristics as 
described above.  We will continue this develop‑
ment through joint research being conducted with 
the University of Tokyo and Fujitsu Laboratories, 
in order to release quantum‑dot photonic devices 
in the optical communications market as soon as 
possible.

Part of the research described in this paper 
was conducted under the IT Program of the 
Ministry of Education, Culture, Sports, Science 
and Technology, and as part of “Photonic Network 
Project” which the Optoelectronic Industry and 
Technology Development Association (OITDA) 
contracted with the New Energy and Industrial 
Technology Development Organization (NEDO).
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