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quantum dot layer as an active region

Richard P. Mirin!,",*, Arthur C. Gossard", John E. Bowers"
! Optoelectronic Manufacturing Group, National Institute of Standards and Technology, 325 Broadway, Boulder, CO 80303, USA
" Department of Electrical and Computer Engineering, University of California, Santa Barbara, Santa Barbara, CA 93106, USA

Abstract

Quantum dot lasers with an active region consisting of just a single quantum dot layer have been grown using
molecular beam epitaxy and characterized from 80 to 300 K. The quantum dot lasers lase from excited states over the
entire temperature range. The characteristic temperature is 185$10 K over the temperature range 80—141 K and
decreases to 111$2 K from 141—304 K. The effects of scattering by the quantum dots has also been analyzed and shown
to be unimportant in these quantum dot lasers. ( 1998 Elsevier Science B.V. All rights reserved.

Keywords: Quantum dot lasers; Rayleigh scattering

1. Introduction

Quantum dot lasers have been proposed as im-
proved structures as compared to quantum well or
bulk lasers [1,2]. Improvements such as insensitiv-
ity of threshold current to temperature [1] and
decreased threshold current and increased differen-
tial gain [2] have been predicted for quantum dot
lasers, based on the assumption of a delta function
density of states. Until recently, however, fabrica-
tion of quantum dot lasers has not been possible
due to the difficulty of forming dense arrays of uni-
form quantum dots with high radiative efficiency.

Quantum dots formed by the Stranski—Kras-
tanow transition of highly strained In

x
Ga

1~x
As
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grown on GaAs by molecular beam epitaxy (MBE)
or organometallic vapor phase epitaxy (OMVPE)
have recently been demonstrated by several groups
[3—8]. These quantum dots are coherently strained
to the GaAs substrate, and they emit bright room-
temperature photoluminescence (PL). Despite the
broad line widths seen in PL (&40—50 meV), room
temperature operation of quantum dot lasers has
been demonstrated by several groups, including
both lasers with only one layer of quantum dots
[9—11] and lasers with multiple layers of quantum
dots [12—14]. The main difference between the use
of multiple layers as compared to single layers has
been the ability to obtain ground-state lasing at
room temperature with the use of multiple layers.
Single layer quantum dot lasers do not have
enough gain at the ground-state transition energy
to lase at that energy. Instead, lasing occurs from
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Fig. 1. Pulsed ¸—I curves taken at room temperature on quan-
tum well and quantum dot lasers with dimensions of 50 lm
]800 lm.

Fig. 2. Temperature-dependent ¸—I curves measured on a
quantum dot laser. Each curve is taken with a temperature
increase of 21% from the previous curve.

excited states in these lasers. In this paper, we will
discuss the experimental characteristics of some
quantum dot lasers that have only a single layer of
quantum dots as the active region, as well as dis-
cuss a possible loss mechanism due to scattering by
the quantum dots.

2. Experimental results

The growth (using molecular beam epitaxy) and
processing of the quantum dot lasers has already
been described [11,15] and will only be sum-
marized here. Two wafers have been grown with
identical epilayer structures except for the active
region. A quantum well laser is grown that has an
active layer that corresponds to the thickness of the
Stranski—Krastanow wetting layer. A quantum dot
laser is grown that contains a single layer of quan-
tum dots with an areal density of about 5]
1010 cm~2. The lasers are processed into 50 lm
wide stripes with a wet-etched mesa geometry.

Fig. 1 shows output power versus current (¸—I)
curves for 50 lm]800 lm quantum dot and quan-
tum well lasers taken at 293 K under pulsed opera-
tion. Several devices of different lengths have been
measured, and the reciprocal of external differential
efficiency has been plotted versus length in order to
extract the internal differential quantum efficiency,
g
$
, and the internal loss, a

*
. The quantum dot laser

has an g
$

of 81% and an a
*
of 35 cm~1. The quan-

tum well laser has an g
$
, of 70% and an a

*
, of

7 cm~1.
Fig. 2 shows ¸—I curves at various temperatures

for the quantum dot laser. The threshold current
density decreases as the laser is cooled. Despite this
decrease in threshold current density, the quantum
dot laser lases from excited states over the entire
temperature range. However, the decrease in thre-
shold current density corresponds to a reduction in
state filling that compensates the increase in band
gap with decreasing temperature. This leads to a
laser whose lasing wavelength depends very weakly
on temperature [11].

Fig. 3 shows a plot of threshold current density
versus temperature for the quantum dot and quan-
tum well lasers. The characteristic temperature,
¹

0
(I"I

0
exp(¹/¹

0
)), is extracted from this plot.

For the quantum dot laser, ¹
0

is 185$10 K over
the temperature range 80—141 K and 111$2 K
over the range 155—304 K. For the quantum well
laser, ¹

0
is 173$6 K over the temperature range

80—171 K and 95$2 K from 208—304 K. The small
improvement in ¹

0
seen in the quantum dot lasers

as compared to the quantum well lasers is not as
dramatic as has been predicted by Arakawa and
Sakaki [1]. However, their calculations assume
that the lasing occurs from the ground states of the
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Fig. 3. Threshold current density versus temperature for the
quantum well and quantum dot lasers. The characteristic tem-
perature is extracted from a curve fit to the data over some
temperature range.

quantum dots and the excited states are negligibly
populated. This does not represent the quantum
dot lasers studied here, in which lasing occurs from
excited states. Therefore, we do not expect to ob-
serve extremely high characteristic temperatures in
these single layer quantum dot lasers.

3. Scattering by quantum dots

In a typical edge-emitting laser with a quantum
well active region, the optical mode sees a constant
effective modal refractive index as it propagates
along the waveguide. However, in a quantum dot
laser the refractive index varies because the layer of
quantum dots is not continuous. Any refractive
index discontinuity can cause optical scattering and
therefore optical loss. Because the quantum dots
are much smaller than the wavelength of the light,
we must consider Rayleigh scattering as a possible
scattering mechanism. Particles are of the proper
size to be Rayleigh scatterers if they meet the cri-
terion that the radius of the particle, a, is less than
about 1

10
of the wavelength of light. For the quan-

tum dots that are studied here, the wavelength of
light in the semiconductor waveguide is about
325 nm. Thus, in order to be of the proper size for
Rayleigh scattering, the quantum dot radius should

be less than about 32 nm. The quantum dots inves-
tigated here are pyramid-shaped with a maximum
dimension of about 15 nm and thus satisfy the size
limits for Rayleigh scatterers. Limitations imposed
on quantum dot lasers due to Rayleigh scattering
losses will be discussed.

The derivation of single-particle Rayleigh scat-
tering from spherical particles is well-known, and
only the important results are summarized here.
For a more detailed description of Rayleigh scatter-
ing see Ref. [16]. The scattering cross section per
particle is given by

C
4#!5

"

128p5a6

3j4 A
n2!1

n2#2B
2
, (1)

where a is the radius of the Rayleigh scatterer, j is
the wavelength of light in the surrounding medium,
and n is the ratio of the refractive indices, n

1
/n

2
,

where n
2
(n

1
) is the refractive index of the surround-

ing medium (scatterer). Note that scattering
strength depends on the size of the particle to the
6th power.

The total scattering loss due to some density of
particles per unit volume, o

7
, is usually given by

C
4#!5

o
7
. However, for the special case of a wave-

guide configuration where the particles are not
uniformly dispersed throughout the entire wave-
guide, some slight modification is needed. Only the
fraction of the photons in the waveguide that inter-
act with the quantum dots can be scattered. This
fraction is given by the so-called modal confine-
ment factor, C, which is given by Ref. [17]

C"
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~w@2
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Dº(x, y)D2 dx dy
, (2)

where º(x, y) is the normalized transverse electric
field profile and w(d) is the lateral (transverse) di-
mension of the semiconductor active region. Thus,

a
RS
"CC

4#!5
o
7
, (3)

gives the net attenuation due to Rayleigh scatter-
ing.

We now examine the limits that Rayleigh scatter-
ing imposes on our lasers. For these calculations we
will assume that the index of the scatterer, n

1
, is 3.7

(which is approximately the refractive index of bulk
InAs at 1000 nm), the index of the surrounding
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Fig. 4. Rayleigh scattering loss from the quantum dots. Each
curve indicates the Rayleigh scattering loss for a given quantum
dot radius over a range of areal quantum dot densities. Each
curve terminates on the horizontal solid line that represents the
maximum packing density of spherical quantum dots for a given
radius, i.e., the dots are just in contact with one another.

medium, n
2
, is 3.2 (which is approximately the

effective modal refractive index of the wave guide at
1000 nm), and j is 325 nm. Fig. 4 shows a plot of
Rayleigh scattering loss versus areal dot density for
several different dot sizes. Each curve represents the
Rayleigh scattering loss for a given quantum dot
radius. The curves all terminate at the line that
represents the maximum areal dot density for
a given radius. For a particle of radius a, the max-
imum areal density, o

A
, is (4a2)~1. As the radius of

the quantum dot increases, the scattering loss also
increases because of the strong dependence of
C

4#!5
on particle radius.

Atomic force microscopy images show that the
areal density of quantum dots is 4—5]1010 cm~2,
and the maximum dot radius is 14.7$2.5 nm. We
choose the largest quantum dot dimension as the
quantum dot radius because of the 6th power de-
pendence of the scattering cross section, thus giving
a worst case value for the scattering loss. From
Fig. 4, these dimensions correspond to a scattering
loss of 1.5—2.5 cm~1. This is not enough to account
for the high internal loss measured on the quantum
dot laser. Current quantum dot lasers usually have
a dot density of between 1010 and 1011 cm~2. At
these densities, the loss due to Rayleigh scattering is

of the same order as the other loss mechanisms in
semiconductor lasers if the dot size is larger than
about 24 nm (for a density of 1010 cm~2) to 12 nm
(for a density of 1011 cm~2). If the dots are smaller
than these values, then the Rayleigh scattering loss
is insignificant compared to the other internal loss
mechanisms. If quantum dots with a radius of less
than about 8 nm are used, then Rayleigh scattering
will not be an important loss mechanism for quan-
tum dot lasers with infrared wavelengths.

The above model for Rayleigh scattering as-
sumes single-particle scattering, which implies that
the dot density is such that there is only one or
fewer dots per wavelength of light. The dots in the
laser described earlier clearly do not satisfy this
criterion. If the particle density corresponds to
more than one dot per wavelength of light, then the
photon may see a lower refractive index difference
and thus be scattered less. Therefore, the curves
shown in Fig. 4 can be regarded as the worst case
scenario for Rayleigh scattering.

Although Rayleigh scattering is not important
for the quantum dot lasers described in this paper,
it might be an important scattering mechanism in
other materials systems. For example, if instead of
an infrared laser (emission +1000 nm) the calcu-
lations were repeated with a blue or ultraviolet
laser that has a quantum dot active layer [18] the
loss would increase by about two orders of magni-
tude due to the strong wavelength dependence of
the scattering cross section (see Eq. (1)). A larger
refractive index ratio between scatterer and sur-
rounding medium would also increase the loss due
to Rayleigh scattering. More accurate calculations
would require using the exact shape of the quantum
dot, including the imaginary component of the re-
fractive index, and including multiple scatterers
within one optical wavelength.

4. Conclusions

Quantum dot lasers using only a single layer of
quantum dots have been measured from 80—300 K.
The characteristic temperature of these lasers is
slightly improved as compared to a similar quan-
tum well laser. The quantum dot laser lases from
excited states over the entire temperature range,
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and this limits the characteristic temperature. The
high internal loss in these quantum dot lasers can-
not be explained by Rayleigh scattering, but it is
possible that Rayleigh scattering may limit the per-
formance of quantum dot lasers, especially blue
and ultraviolet quantum dot lasers.
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