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Transmission electron microscopy studies of low indium composition InxGa12xAs insertions
~x,0.4! in a GaAs matrix deposited by molecular beam epitaxy or by metal-organic chemical vapor
deposition reveal nanoscale quasiperiodic compositional and morphological modulations. The
luminescence peak wavelength is found to be a strong function of deposition parameters and can be
tuned from 1.1 to 1.3mm for the samex and average thickness of the deposit. Strained~In, Ga,
Al !As lasers with such a laterally modulated InxGa12xAs active region demonstrate significant
depolarization of the electroluminescence. For short cavity length, lasing occurs at energies
corresponding to transitions between InxGa12xAs conduction band and light holelike valence band
states. Devices lase at low threshold current densities and demonstrate continuous wave operation
up to 3 W atroom temperature. ©1997 American Institute of Physics.@S0003-6951~97!02015-9#
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Strong improvements in device characteristics are
pected for heterostructure lasers with quantum wi
~QWWs! and quantum dots~QDs! in the active region.1 In
situ fabrication of QWWs and QDs is possible by usin
spontaneous ordering effects in epitaxial films2 and on crys-
tal surfaces.3–5 It was shown, for example, that heteroepita
in lattice mismatched systems can result in the formation
coherentthree-dimensional~3D! islands arranged in som
cases in laterally ordered arrays.6 QD lasers7 have been fab-
ricated using this approach and lasing via the QD grou
state up to room temperature has been demonstrated.8,9 In
most cases, materials having high lattice mismatch with
substrate were used for QD fabrication.3–9

In this letter, we study structural and luminescence pr
erties of low indium composition~x,0.4! InxGa12xAs inser-
tions in a GaAs matrix. We show that, under particu
growth conditions, pronounced quasiperiodic lateral modu
tions~LM ! in composition and thickness occur. The resulti
structures can be considered as arrays of QDs in view of
characteristic sizes involved.

The molecular beam epitaxy~MBE! samples are grown
using a Riber 32 MBE machine. Details on the growth
buffer and cap layers are given in Ref. 9. InxGa12xAs re-
gions are grown at 490 °C. These regions in samples A
B are grown using InAs and GaAs submonolayer grow
cycles.10 Fifteen cycles of alternate 1 Å InAs and 1.7 Å
GaAs depositions or 28 cycles of 0.75 Å InAs and 1.7
GaAs depositions are carried out, resulting nominally in
41-Å-thick In0.37Ga0.63As layer for sample A and a 69-Å
thick In0.31Ga0.69As layer for sample B, respectively. Fo
sample B* , the deposition sequence is similar to that of t
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sample B, but the deposition of In and As and of Ga and
was performed in an alternate mode11,12 and the number of
deposition cycles was 25.

The sample C was grown by metal-organic chemical
por deposition~MOCVD! at 76 Torr total reactor pressur
with TMGa, TMAl, EDMIn and pure AsH3 as precursors.
Hydrogen was used as a carrier gas and the V/III flux ra
was 75. After deposition of a 0.5-mm-thick buffer layer at
600 °C the substrate temperature was reduced to 490 °C

,

FIG. 1. ~022! bright field TEM images of quantum dots formed by 15 cycl
of alternate 1 Å InAs and 1.7 Å GaAs depositions~a! and by 28 cycles of
0.75 Å InAs and 1.7 Å GaAs depositions~b! TEM images of nominal 70 Å
of In0.2Ga0.8As insertion formed by MOCVD~c! and quantum dots formed
by the deposition sequence similar to that of Fig.~b! but using alternate In
and As and Ga and As deposition cycles~d! taken under@001# illumination
/70(21)/2888/3/$10.00 © 1997 American Institute of Physics
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70 Å of In0.2Ga0.8As was deposited. After this 100 Å o
GaAs was grown before the substrate temperature was
creased to 600 °C to grow cap layers.

Transmission electron microscopy~TEM! investigations
were performed in a JEM1000 microscope at 1 MV. Pho
luminescence~PL! is excited by using the 514.5 nm line of
Ar1 laser and detected by using a cooled germaniumpin
photodetector.

In Fig. 1~a!, we show a plan-view TEM image of samp
A. A dense array of InGaAs QDs in a GaAs matrix with
characteristic lateral size of about 150 Å is revealed in
image. The dots are ordered in chains along the@0–11# di-
rection similar to ones previously reported for dots form
by In0.5Ga0.5As deposition.13 Reduction in the average I
composition and increase in the average InxGa12xAs thick-
ness results in a similar arrangement except for some
crease in the characteristic dot size, as it is shown in Fig.~b!
for the sample B. The PL peak wavelength at 300 K in t
case is about 1.16mm.

A plan-view polar13 TEM image of the~In,Ga!As inser-
tion formed by MOCVD is shown in Fig. 1~c!. The TEM
contrast represents a superposition of two lateral arran
ments: stripes having approximately 50–70 Å width and o
ented along the@0–11# direction, and granular structure wit
a characteristic grain size of;300–400 Å and local arrange
ment of grains along@001# and @010# directions. A complex
contrast pattern results from superposition of compositio
ordering and of morphological transformation effects. T
height of the corrugation is about 20 Å as is determined
cross-section TEM studies. We note that complex late
structures have been previously revealed in TEM studie
~In,Ga,As!P epilayers.2

The TEM image of sample B* @Fig. 1~d!# illustrates the
influence of growth conditions on the resulting~In,Ga!As
arrangement. Although the average thickness of
InxGa12xAs and the average composition are similar to t
of sample B, the dots are larger and are much better s
rated in the B* case. The dots have a size of about 250–3
Å and are arranged in a lattice with main axes forming
angle of;75°. The large size of the QDs results in a lum
nescence peak wavelength of 1.31mm at 300 K. Thus, the
maximum of PL emission is shifted by;120 meV towards
lower energies with respect to the emission from sampl
having the same average indium composition~31%! and
even slightly larger average width. A strong impact of t
deposition mode on the PL peak energy for even lower co
position InxGa12xAs insertions was already demonstrated
Ref. 10. No dislocations or large clusters were revealed o
the macroscopic distances in all the four cases~samples A,
B, B* , and C!. Higher indium compositions result for th
same average thickness of the deposits in the formatio
dense networks of mesoscopic plastically relaxed cluster

The laterally modulated structures~LMS! discussed here
are used as active regions of strained~In,Ga,Al!As lasers
grown on Si-doped GaAs~100! substrates. Some lumines
cence and lasing properties of such lasers grown by MBE
discussed in Ref. 14.

In this work, we concentrate on electroluminescence
larization, lasing energies, gain saturation effects, and
high power operation of MOCVD grown~In,Ga,Al!As lasers
Appl. Phys. Lett., Vol. 70, No. 21, 26 May 1997
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with LMS in the active regions. The laser extensively stud
in this work has an InxGa12xAs active region deposited un
der the same growth conditions as used for sample C.
laser geometry represents a conventional GaAs–~Al,Ga!As
graded index separate confinement heterostructure
InxGa12xAs active region.15

In Fig. 2~a!, we show the dependence of the thresho
current density on the reverse cavity length for lasers fa
cated in a shallow mesa stripe geometry.Jth measured for
long cavity lengths is;85 A cm22. The Jth values for the
four side cleaved samples where external losses are m
macroscopic nonuniformities of the active region do not p
a significant role, and the carrier spreading out of the str
region15 is absent, show much lower threshold current de
sities (43–48 A cm22), which are comparable to the be
reported results for lasers in this wavelength range.16–18

For cavity lengths smaller than 200mm, the gain due to
electron to heavy hole transition~eu001.–hhu001.! at 0.98
mm saturates and the lasing spectrum is dominated by a t
sition at ;0.93–0.95mm. The energy difference betwee
these two transitions corresponds to;40–68 meV. Accord-
ing to the average composition and width of th
InxGa12xAs layer, this corresponds to a transition betwe

FIG. 2. ~a! Threshold current density vs reverse cavity length for the la
structure with laterally modulated InxGa12xAs active region.~b! Polarized
electroluminescence spectra of the laser.
2889Ledentsov et al.
¬to¬AIP¬license¬or¬copyright,¬see¬http://apl.aip.org/apl/copyright.jsp



le
d

on

es
tin
n

ur
ns
a
E
iz
h
te
by
th

a
ed
-
tr
as
to
s
lly

e

s

it

n
A
ha
ra

o

in

e
en
tt
o
e
er
su
tiv
tc

er-
cts

t
by

.

ux,
.

. M.

, J.
U.
.

ver,

ys.
,
,

er,
i-

.
.
.

J.
.
I.

nd

n.

rs,

,
v,

-

, J.
I.

t-
sh-

L.
ppl.
the InxGa12xAs conduction band and localized light ho
states~eu001.–lhu001.!, as the lasing involving the secon
electron level~resonant to the GaAs conduction band! should
occur at significantly shorter wavelength~;915 nm!.

This conclusion is further confirmed by the polarizati
analysis of the electroluminescence. In Fig. 2~b!, we show
TE and TM polarized components of the electrolumin
cence below threshold. Two peaks can be clearly dis
guished. One at 0.98mm has a pronounced TE polarizatio
and the other at;0.94mm is more pronounced in the TM
polarization. Both peaks demonstrate significant admixt
of the opposite polarization. This can be expected for tra
tions involving light holes, where transition probabilities in
quantum well~QW! case are 2/3 and 1/3 for TM and T
components, respectively. In contrast, significant depolar
tion of the heavy-hole-related electroluminescence which
to be 100% TE polarized in a strained QW case, indica
violation of selection rules. This can be well explained
in-plane strain and by lateral confinement effect due to
LMS of the active region. Despite theeu001.–lhu001. tran-
sition is more pronounced in the TM polarization thetotal
gain is always higher for the TE mode, due to the strong g
of the TE-polarized continuum of the heavy-hole relat
states. The lasing ateu001.–lhu001. energy, thus, also oc
curs in the TE polarization, and is caused by the TE con
bution on the light-hole related transition. We note, that l
ing involving light hole state in the continuum of electron
heavy-hole transition has not been reported for GaA
AlGaAs quantum wells and is, probably, specific to latera
modulated structures.

Internal efficiency (h i) of the laser estimated from th
slope of differential efficiency (hdiff) versus inverse cavity
lengths is 95% and the internal losses (a i) are about
2.5 cm21. Maximum (hdiff) approaches 90%. Continuou
wave~cw! operation with an output power of 3 W is realized
at room temperature at a current of 5.5 A for lasers w
dielectric mirrors with reflectivities of 10% and 90%~cavity
length is 950mm!. Maximum conversion efficiency of 52%
is obtained. The lasers demonstrate cw operation lifetime
1000 h at output light power of 1 W. In pulsed mode~200
ns!, a maximum power of 15 W is realized at 20 A. Eve
better values are reported now for InGaAs/InGaP/Ga
lasers,19 however our data demonstrates for the first time t
structures with LMS are also suitable for high power ope
tion.

To conclude, our results demonstrate the formation
laterally modulated low indium composition InxGa12xAs
structures and the possibility to realize injection lasers us
them in the active region. Further progress in this area
related to the possibility to realizeefficient3D confinement
by proper optimization of growth conditions, growth mod
and postgrowth annealing. Additional lateral confinem
can lead to a strong increase in material gain and in be
temperature stability of the laser. Complete localization
nonequilibrium carriers in all three dimensions presents n
opportunities to solve many engineering problems in mod
devices. For example, overheating of laser facets due to
face recombination, spreading of carriers out of the ac
regions, nonradiative recombination of mesa sidewalls, e
can be avoided. LMS can extend the spectral range of~In-
2890 Appl. Phys. Lett., Vol. 70, No. 21, 26 May 1997
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GaAl!As lasers on GaAs substrates, and will, probably, p
mit lasing even in matrices containing high density of defe
@e.g., in~InGaAl!As lasers on silicon substrates#.
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