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In recent years, a significant progress has been made in the
research on semiconductor heterostructures with ensembles
of self-assembled quantum dots (QD) not only yielding more
knowledge of their fundamental physical properties but also
making it possible to employ them in practice formanufactur-
ing semiconductor sources of light. One interesting applica-

tion involves using QD arrays as active layers in microcavity
light-emitting diodes (MCLED) and vertical-cavity surface-
emitting lasers (VCSEL). The essential advantages of these
devices are determined by the low beam divergence, the high
temperature stability of the wavelength, and the planar
technology and on-wafer testing [1].

Even though the MCLED and VCSEL devices have
been successfully developed for the spectral ranges at 850
and 980 nm, a number of fundamental problems have to be
resolved before developing similar devices for the wave-
length ranges at 1.3 and 1.55 mm which are of practical
significance [1]. The distributed Bragg reflectors (DBR)
formed of alternating layers of two materials with different
indices of refraction (the thickness of each layer is a quarter
of the resonance wavelength adjusted for the index of
refraction) serve as mirrors in vertical-cavity devices. High-
performance DBRs for the MCLEDs and VCSELs operat-
ing in the 850/980 nm range are formed by alternating
AlGaAs and GaAs layers. Significantly, the device struc-
ture can be grown within a single epitaxy process. Light-
emitting devices for the 1.3/1.55 mm range are traditionally
manufactured of InAlGaAsP/InP materials which do not
make it possible to fabricate high-quality vertical cavities
within a single epitaxy process because of the small
difference between the indices of refraction (significantly
smaller than for AlGaAs/GaAs materials) of the layers of
InGaAsP, InAlGaAs, and InP and the low thermal con-
ductivity of the quaternary compounds. Therefore, there is an
ongoing demand for new semiconductor materials suitable
for fabricating long-wavelength VCSELs on GaAs sub-
strates. Currently the greatest interest is drawn to InGaAsN
and GaAsSb quantum-well structures and QD-array
In(Ga)As structures [2].

Recently the authors were involved in a demonstration of
lasing at a wavelength of 1.3 mm for a VCSEL on a GaAs
substrate with a QD InAs/InGaAs-based active region [3].
The present paper briefly describes the main results of our
research and development work on long-wavelength (in the
range of 1300 nm) vertical-cavity surface-emitting devices
with QD array active regions.

It has been demonstrated that the optimal conditions of
molecular-beam epitaxy (MBE) make it possible to fabricate
structures with several InAs/InGaAs QD layers which have a
high surface QD array density and exhibit bright photolumi-
nescence in the 1.3-mm wavelength range without an increase
in the line half-width in comparison with the structures which
include only one QD layer [4, 5]. Stripe lasers with such active
regions exhibit low-threshold lasing (<80A cmÿ2) and a high
output power in the continuous-wave mode (> 2.5 W) [6].

The first step in the development of the long-wavelength
vertical-cavity surface-emitting devices on GaAs substrates
was the development and analysis of vertical-microcavity
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structures containing InAs/InGaAs QDs and MCLEDs
fabricated with them which had exhibited a narrow electro-
luminescence line in the 1265 ± 1325 nm wavelength range [7].
These devices employed hybrid optical microcavities formed
using a lower AlGaAs/GaAs DBR (which was an n type
conductor or undoped) and upper dielectric DBR. The
attempts to achieve lasing in this structural design proved to
be unsuccessful, however.

Let us consider the essential factors that must be taken
into consideration when a design is selected for fabricating
long-wavelength VCSELs with InAs/InGaAs QD active
regions. Lasing starts when a balance is reached between
optical gain and the total optical losses including the output
losses and internal losses in the laser structure [1]. One should
take into account the fact that in the VCSELs the optical wave
penetrates to a certain depth into the DBR, that is, the
effective cavity length differs from the geometric distance
between the reflectors. In addition, for small-thickness active
layers one should take into account the arrangement of the
active region with reference to the spatial distribution of the
amplitude of the standing wave of the optical field in the
vertical microcavity.

The essential feasibility of fabricating VCSELs with
various optical resonators can be assessed in the first
approximation from the experimentally observed para-
meters of stripe lasers with the same active region [8]. InAs/
InGaAs QD structures are known to exhibit gain saturation
with an increase in the pumping current, which is due to the
finite surface density of QDs [2]. The highestmeasured optical
modal gain for long-wavelength edge-emitting lasers based on
three InAs/InGaAs QD layers was not higher than 10 ± 12
cmÿ1 for an internal optical loss of 1:5� 0:3 cmÿ1 [6]. It has
been demonstrated [8] that VCSELs with an active region
consisting of three InAs/InGaAs QD layers start lasing at
R > 0:9994 if zero internal loss is assumed, and atR > 0:9997
if an internal loss is 2 cmÿ1 (R � �����������

R1R2

p
, whereR1 andR2 are

the reflection coefficients for the upper (output) and lower
mirrors). It can be seen that lasing is achieved when very high
mirror reflection coefficients are combined with low internal
optical losses.

The significant optical losses in doped semiconductor
mirrors [9] make it practically unfeasible to use the tradi-
tional design with upper and lower contacts at n- and p-type
doped mirrors for fabricating long-wavelength QD VCSELs.
The optimal design seems to be the one with the upper and
lower undoped AlxOy/GaAs DBRs, which can be manufac-
tured by selective oxidizing of the AlGaAs layers in an
atmosphere saturated with water vapor [10]. The large
difference between the refraction indices of the layers for the
oxidized mirrors makes it possible to achieve a wide spectral
range with high optical reflection levels.

The VCSELs with InAs/InGaAs QD active layers were
grown by theMBE technique in aRiber-32P apparatus with a
solid-state As4 source. Figure 1 presents a schematic and the
main parameters of a typical VCSEL. Two AlxOy apertures
produced by partial oxidizing of the AlGaAs layers not only
limit the current but also provide a redistribution of the
optical field in the cavity. In comparison with a cavity using
semiconductorDBRs, the optical field amplitude in the active
region increases significantly and its penetration into the
mirrors decreases [8]. For devices with an 8� 8-micron
oxidized aperture, the threshold current is 1.8 mA for the
highest external incremental efficiency of 43% (for radiation
output through the upper mirror) [3]. This is the best

published result for VCSELs on GaAs substrates operating
in the range of 1.3 mm. The highest continuous-wave output
power at the room temperature is greater than 0.6 mW for the
best devices [11]. The internal optical loss of 0.04 . . . 0.05%
per photon pass corresponds to the best published results for
the VCSELs of all types [12].

In conclusion, the research results presented in this paper
demonstrate the feasibility of fabricating a new generation of
efficient long-wavelength (the 1.3 mm range) vertical-cavity
surface-emitting lasers with arrays of self-assembled quantum
dots.

This work was supported by the Russian Foundation for
Basic Research (project No. 00-02-17039), the program
``Physics of Solid-State Nanostructures'' (project No. 99-
1204), NanOp, and INTAS (grant 99-928).
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Figure 1. Schematic of (a) the cross section and (b) the main parameters of

the VCSELwith an active region of three layers of InAs/InGaAs quantum

dots.
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Heterostructures based on nitrides
of group III elements: technical processes,
properties, and light-emitting devices
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N M Shmidt, A F Tsatsul'nikov, A S Usikov,
N N Ledentsov, Zh I Alferov

Optical and magnetooptical data-recording and data-reading
systems account for approximately 20% of the rapidly
growing market for semiconductor lasers (6 billion dollars
and 108% growth in the year 2000). Light-emitting devices
with the smallest possible radiation wavelengths are required
for fabricating these systems. Indeed, whenCD-ROMdevices
using 780-nm radiation were replaced with 650-nm devices
(DVD-ROM systems), the data-recording density was
increased 20 times. A further decrease in the wavelength of
the semiconductor lasers will make it possible to record up to
150 Gbytes of data on a single compact disk.

These are the reasons for an enhanced interest in wide-
band compounds, in particular group III element nitrides,
because gallium nitride, which is the main compound of this
group, has an energy-gap width of 3.42 eV corresponding to
the ultraviolet spectral range. The use of the AlGaN and
InGaN solid solutionsmakes it possible to control the energy-
gap width by respectively increasing or decreasing it. There-
fore, the group III nitrides allow us to emit radiation in a wide
spectrum from the ultraviolet to the red ranges. Thus, GaN-
based light-emitting devices can be employed not only in
data-recording and storage systems but also for designing
white-light sources, high-resolution projection TV systems,
traffic lights, beacons, signal lights, medical apparatus, and so
on.

Light-emitting diodes (LEDs) and stripe lasers fabricated
on the basis of GaN are at present commercially available.
Therefore, we believe that a research subject of interest is the
development of vertical-cavity surface-emitting lasers
(VCSELs) using the materials of this group [1] while the
development of the LEDs and stripe lasers was just the first
step toward the goal. VCSELs have a number of advantages,
for instance, a high degree of integration, temperature
stability, low threshold currents, and a good-quality radia-
tion pattern; that is why there is considerable interest in them.
The mirrors in the VCSELs fabricated with group III nitrides
are the AlGaN/GaN distributed Bragg reflectors (DBRs),
between which there is a GaN microcavity with an InGaN/
GaN active region. The problems of fabricating such

structures and studying their properties are discussed in the
present report.

As no lattice-matched substrate is available for growing
gallium nitride, we make use of a complicated two-stage
technique of metalorganic chemical vapor deposition on
sapphire substrates (MO CVD). The first stage conducted at
a low temperature (about 550 �C) consists in nitridization of
the substrate and deposition and annealing of an AlGaN
nucleation layer. The second stage conducted at a high
temperature (about 1050 �C) consists in the growth of a
Ga(Al)N buffer layer, which provides for planar growth and
blocking of the faults growing from the sapphire/Ga(Al)N
interface, and in the growth of the epitaxial structure [2].

As the difference between the refraction indices of AlGaN
and GaN is very small, when we fabricate AlGaN/GaN
DBRs we must employ a large number of quarter-wave-
length AlGaN/GaN pairs to obtain even low reflection
coefficients (about 80 ± 90%). In contrast to the AlAs/GaAs
system, the AlN/GaN system is not lattice-matched, and the
large number of layers in the structure gives rise to very high
mechanical stresses, which cause cracking and, accordingly,
degradation of the electrical and optical properties of the
structure.

To prevent cracking, the DBRs can be grown directly on
the sapphire substrate. The problem of lattice matching does
not arise under these conditions because each layer is thin
enough towithstand the stress and the lattice parameter of the
entire structure is the arithmetical mean of the lattice
parameters of GaN and AlGaN. However, the DBR bulk
contains faults which grow from the interface with the
substrate because of the absence of a buffer layer. Therefore,
in our opinion, the best fabrication technique involves using
an AlGaN buffer layer whose lattice parameter is equal to the
averaged lattice parameter of the DBR lattice. This technique
produces a structure with compensated stresses in which a
defect-free DBR is obtained. The structures grown using this
technique exhibit a reflection coefficient of more than 90% in
the ultraviolet spectral range. Apart from having good optical
properties, these structures have a high conductivity provid-
ing an ohmic-type current ± voltage characteristic with a
resistance of 50 O and exhibit no degradation on passing
high-density currents. Therefore, an AlGaN/GaN DBR can
be used both as a mirror and as an emitter of charge carriers
into the active region [3].

InGaN/GaN superlattices fabricated by thermal cycling
of the substrate are used as the active regions. The indium
incorporation into the growing layers depends cardinally on
the substrate temperature and, even if all flows in the reactor
are maintained at a constant level, thermal cycling gives rise
to a structure in which the indium content varies periodically
along the growth direction [4], although the real growth
processes are much more complicated [5]. High-resolution
transmission electron microscopy demonstrates that the
structure is not uniform in the indium content in the lateral
direction. Indium-rich (up to 60% content) nanodomains
with a characteristic size of 3 ± 10 nm are found instead of
homogeneous quantum wells. The domains effectively loca-
lize carriers in all three directions and act as quantum dots in
this system [6].

Exciton absorption might prove to be very high in the
wide-band compounds. But in the bulk material or in a
quantum well the exciton states do not contribute to the
gain, first, because they are heated up and cannot undergo
radiative recombination, and, second, because they are
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shielded. Both effects do not take place under the conditions
of three-dimensional localization of excitons in a dense array
of quantum dots and a significant exciton gain can be
produced [7]. Under such conditions the refractive index in
this spectral range is intensely modulated because the
refractive index and the gain coefficient are subject to the
Kramers ±Kronig relation. Nonlinear effects can be pro-
duced under intense modulation of the refractive index in
the cavity, in particular, self-adjustment of the cavity modes
[8]. Under such circumstances there is no need for the
stringent requirement that the cavity wall thickness be such
that the cavity mode should coincide with the gain peak, since
the latter condition is automatically satisfied in a certain
spectral range. In experiments, this effect was observed as a
shift of the lasing mode with an increase in the excitation
density [9]. The gain coefficient obtained with an InGaN/
GaN active region has been assessed from the results on the
effects of lasing andmode shifting. Both estimates were about
� 105 cmÿ1, demonstrating that our understanding of the
processes in the active region was adequate.

Since the gain coefficient of the active region is so high,
DBRs with moderate reflection coefficients between 80 and
90% could be used in GaN-based VCSELs. Using this active
region and such DBRs, we were the first to produce vertical-
cavity emission of laser radiation with optical pumping at
room temperature [10]. More interesting for practical
purposes is injection pumping when the structure carries a
current. For this purpose we grew resonance InGaN/GaN/
AlGaN LEDs which have all the VCSEL components. A
narrow cavity mode is seen in the radiation spectrum of the
resonance LEDs. If the structure parameters are upgraded,
this mode can become a lasing line. Therefore, the next logical
step of our development work is to fabricate an injection
InGaN/GaN/AlGaN vertical-cavity surface-emitting laser
diode.

GaAsN solid solutions can be employed for fabricating
other similar devices. This semiconductor system exhibits a
rather atypical dependence of the energy gap width on the
composition, which is such that the energy gapwidth can even
be negative. The entire radiation spectrum from the ultravio-
let to the infrared ranges can be covered by such devices.
Infrared-emitting devices are fabricated from GaAsN with a
very high content of GaAs, while we mostly used GaN doped
with small amounts of arsenic. The structure is fabricated by
depositing aGaAs layer on theGaN buffer layer and growing
a GaN layer over the deposited layer. After the last layer is
grown, GaAs is etched off and arsenic is dissolved in the GaN
layer [11]. In optical experiments such structures exhibited a
wide radiation line varying in color from orange to violet, so
that these material can be potentially useful for fabricating
devices emitting light over a wide spectral range.

In conclusion, let us summarize the main research results:
Ð a process has been developed for fabricating efficient

AlGaN/GaN DBRs;
Ð the InGaN/GaN active region has been demonstrated

to produce a high gain;
Ð nonlinear effects of self-adjustment of the microcavity

modes have been analyzed;
Ð for the first time, vertical-cavity lasing at room

temperatures has been achieved for InGaN/GaN/AlGaN
structures;

Ð preliminary studies of the GaAsN structures have been
performed.

This research was done in cooperation with the Tech-
nische UniversitaÈ t Berlin and the Karlsrue UniversitaÈ t
(Germany).
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