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Effects of interface-layers composition and strain distribution on the optical transitions
of InAs quantum dots on InP
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In the present work we have investigated the optical properties of the self-assembled quantum dots
~SAQD’s! on an InP substrate. The dots are grown by gas source molecular-beam epitaxy~GSMBE! and
characterized by photoluminescence~PL! and atomic force microscopy. The energy of the fundamental optical
transitions measured by PL present a redshift compared to calculated values. Two hypotheses have been tested
to explain this apparent difference: the existence of an intermediate InAsyP12y layer, with a composition
depending on the experimental conditions, changes the value of the transition energy, and the strain induced in
the InP confinement barrier by the dot as pointed out by Tersoff, has the same effect. The present study
concludes with a discussion of the presence of a thin InAsyP12y interface layer originating from As/P exchange
kinetic energy at the second interface on top of the dots.
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I. INTRODUCTION

The self-assembled quantum dots~SAQD’s! have
emerged as an attractive subject from both an experime
and theoretical point of view. The dot properties are prom
ing for optoelectronic applications. For example, their use
place of quantum wells may theoretically help to redu
threshold current and thermal sensitivity and to incre
quantum efficiency of laser structures. Controlling and u
derstanding physical properties of SAQD’s is a key to n
optoelectronic applications. Photoluminescence~PL! mea-
surements are widely used to investigate both qualitative
quantitative physical parameters,1,2 and are particularly well
suited to studying fundamental transitions.

As we are interested in controlling dot size and compo
tion down to a monolayer scale, we need to theoretica
predict or explain energies observed by photoluminesce
We present here a simple but detailed model based on
envelope function approximation~EFA! and thekp approxi-
mation to investigate composition and strain distribution
fects on the optical properties of InAs SAQD’s grown on In
by the analysis of their photoluminescence spectra.

Many experimental and theoretical studies3–8 have
pointed out the existence of strain around dots. These s
situated in the barrier layer in the region where the d
barrier transition is not a high-symmetry crystallograph
plane may induce some modifications on energetic prope
of the dots. However, another problem that may influence
energy level values of dots is the existence of an interf
layer with variable composition and size,9–14 depending on
the growth conditions and composition difference betwe
the dots and the surrounding barrier. This situation is
countered especially when we are interested in the InAs
interfaces where the interface change occurs via the elem
V ~As to P! transition. In the present work we have analyz
PRB 580163-1829/98/58~16!/10700~5!/$15.00
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luminescence experimental results using these two hyp
esis.

II. SAMPLE GROWTH AND PL MEASUREMENTS

InAs island morphology is very sensitive to growth tec
niques, temperature and substrate orientation.15–22 Our
samples are grown by gas source molecular-beam epi
~GSMBE! on a ~100! semi-insulating InP:Fe substrate atT
5490 °C. They are made of six layers of InAs SAQD, t
nominal thickness of which is 2.5 ML. The SAQD layers a
separated by a 20-nm-thick InP barrier. At each InAs/I
interface, a 15-sec growth interruption is performed. T
two-dimensional–three-dimensional~2D-3D! morphology
during this interruption is observed on the reflection hig
energy electron diffraction~RHEED! pattern. SAQD mor-
phology is very sensitive to interruption time.14 Transmission
electron microscopy studies on similar structures reveal
dislocation density.16

Atomic force microscopy~AFM! measurements23 show
that dot diameters vary from 30 to 50 nm and their density
about 50mm22, which is in good agreement with other pub
lished values.20,22 The reason leading to the selection of th
particular sample for the interpretation of photoluminesce
measurements is related to the quality of the PL results.
PL peaks on this sample are well defined with a relativ
good energy width. A sample with only one plane of InA
dots has been grown first, but the PL peak, situated at
same energy position as the present sample, is too large
the different peaks related to different dot thicknesses can
be well resolved. Samples with many dot planes are kno
to give better results because of the improvement of the s
organization leading to less dispersion in dot dimensions~or-
dering effect!. This ordering effect is probably the cause
the better PL peaks in the present sample.

The photoluminescence experiments have been perfor
10 700 © 1998 The American Physical Society



s
b
id
ch
th
am
in
s
io

in
P
te

1
ti
al
ive

n
nc
n
op

io

is

d
u

r
is

u-

iv
.

yti

ur
-

6

ec-
ned
o-
ve

V
ults
her

ll
se,

the
si-
ral
D

that
L

ent
tion
.
the

our
V.
cts

the
he
d

ing
re

iza-
or
on-
d

.3

-
this
ost

y
on
ion
r-

ta-
the

is

ea
la
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using an Ar ion laser~514 nm! for the sample excitation. The
optical density is about 1 W/cm2. The sample sits into a ga
flow cryostat operating in a controlled temperature range
tween 2 and 300 K. The PL emission is detected by liqu
nitrogen cooled Ge detector using conventional lock-in te
nique. These results are shown in Fig. 1 where
experimental temperature is 77 K. The PL excitation be
diameter is 50mm, leading the number of dots taking part
PL spectra to be about 43105. Since the power excitation i
low, only the ground-electron to ground-hole states transit
(Ee1→Ehh1) contributes to PL spectra.22,24,25

We have observed that on the thickest dots, increas
temperature from 2 to 300 K has little effect on integrated
intensity. For the same experiment, the value of the in
grated PL intensity of a lattice matched InxGa12xAs/InP
quantum well has decreased by more than a factor of
above 120 K. This is a clear evidence of the lateral spa
localization effect25,26 of the dots which prevents the later
diffusion and the trapping of the carriers on nonradiat
centers.

III. MODEL, ASSUMPTIONS AND LIMITATIONS

Due to its relative simplicity, the most popular calculatio
method is the envelope function approximation in conju
tion with the k.p. Hamiltonian model of Kohn-Luttinger. I
the present work, the eight-band k.p. theory and envel
function approximation (k.p.1EFA) is used.27,28 This model
is well suited to our problem since a fundamental transit
occurs near the Brillouin-zone center (k50). The strain ef-
fect is treated using a Pikus-Bir Hamiltonian.29 All the pa-
rameters used for our calculations come from Ref. 28.

The present SAQD’s are treated as isolated quantum d
presenting a revolution symmetry along thez growth axis.
For this reason the 0D Schro¨dinger equation can be solve
using a cylindrical geometry that helps to separate the eq
tion into two different parts~lateral and perpendicular!. The
energy and wave-function calculations are treated as a fi
order perturbation to the quantum well problem. As the d
diameter~;40 nm! is greater than its height~;2 nm!, we
first performed az axis quantum confinement energy calc
lation for electrons and heavy holes.

We then calculated in plane confinement using effect
mass resulting from a k.p.1EFA band structure calculation
The wave-function solutions in the lateral plane are anal

FIG. 1. Photoluminescence spectra of InAs/InP SAQD’s m
sured atT577 K. The different peaks are referenced by their re
tive thicknesses in~ML !.
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Bessel functions. Due to the relatively large diameter of o
dots~;40 nm!,23 the lateral contribution to the confined en
ergy levels is quite small~14.8 meV for electrons and 1.
meV for the heavy holes! compared to thez confinement
energy~.100 meV!.

We then include the Coulomb interaction between el
trons in a first-order perturbation approach, as mentio
above. We took a simple 2D exciton variational model intr
ducing in plane confinement via electron and hole wa
functions as in Ref. 30.

This Coulomb interaction energy varies from 35 to 5 me
for, respectively, 20 to 70 nm disk diameters. These res
are comparable with Refs. 30–33 which are given for ot
materials and geometries. For our particular dimension~40
nm disk diameter!, the Coulomb interaction energy for a
disk heights approaches 16 meV. Finally, for our purpo
the lateral confinement effect~16.4 meV! is almost cancelled
by Coulomb interaction~16 meV!.

We have also examined the experimental dispersion of
diameter, ranging from 30 to 50 nm, on the PL peak po
tions. The energy correction of the addition of the late
confinement and Coulomb interaction on a 6-ML-wide 2
quantum well calculation varies from15 to 23 meV for,
respectively, 30 and 50-nm diameters. This result shows
the lateral size distribution of our dots has little effect on P
peak positions. Thus, in our particular case, the pertin
variable is the disk height and assigning a PL peak posi
to a finite number of monolayers height is rather rigorous

The precision of the calculated energies is affected by
dispersion of the published data values~Luttinger g param-
eters, band offsets, deformation potentials . . .28! incorpo-
rated in the model. The estimation of this dispersion on
calculated energy level values is in the range of 10 me
This dispersion is small enough compared to the main effe
shown in this work.

IV. EFFECT OF INTERFACE COMPOSITION

The first examined assumption is the existence and
influence of the interfacial layer on optical transitions. T
composition and size of this thin layer is not well controlle
in growth techniques using gases for group-V elements9,10

GSMBE, and chemical beam epitaxy~CBE!. To obtain high-
est crystalline quality and better physical properties, dur
the growth of III-V compounds layers, special conditions a
used. The growth occurs under element V surface stabil
tion with V/III partial pressure ratio usually approaching
higher than 10. The growth rate, chosen to keep a good c
trol on interface quality for thin wells and to avoid unwante
impurity incorporation is about 1 ML/sec for InP and 0
ML/sec for InAs. In our case for the first interface~InAs on
InP!, a growth interruption under As flux of a sufficient du
ration to saturate the surface by As atoms is used. For
reason the first interface is considered to be P free, alm
perfect and planar.9 The growth of the InAs dot is started b
the deposition of the required number of InAs monolayers
a planar surface. The growth is completed by an interrupt
time under As flux to let the physical process of island fo
mation occur. Then the As flux is interrupted and simul
neously the P flux is switched on. During the time where
dot is under P flux stabilization the exposed dot surface

-
-
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10 702 PRB 58H. FOLLIOT et al.
nonplanar and presents a high degree of strain.34 The ther-
modynamic law governing the dot formation remains act
and induces a certain P/As atomic exchange on the sh
dot surface. This hypothesis is confirmed by the differen
observed experimentally between the shape of uncov
and covered InAs dots by an InP capping layer.23 Because of
this 3D growth process, the final quantum dot top layer m
be InAsyP12y with uncontrolled composition instead of pu
InAs. This is this picture of the dot formation that has be
used to explain and to evaluate the optical transitions.

In our experimental work, the number of layers of InA
InP SAQD’s does not exceed the value of 10. The calcu
tion of optical transition energy between the first heavy-h
level and first electron levelEe1hh1 has been obtained usin
a simple picture of the SAQD. The dot is represented b
disk with a thickness equal to an integer number of In
monolayers followed by one InAsyP12y interface layer with
variable composition fromy50 to y51. For this simulation
we assume that the total strain localized inside the do
used.

In Fig. 2 our PL experimental results for thick wells a
reported as well as published experimental results35 mea-
sured at the same temperature of 77 K. On the same fi
are also reported the calculated optical transition energ
The result of the simulation shows that the optical transit
energy of the well becomes less and less sensitive to
interfacial layer when its height increases as observed exp
mentally.

When no InAsyP12y transition layer is taken into accoun
(y50), the calculated optical transition energies alwa
overestimates the experimental ones especially for the t
ner dots. A good agreement between PL experimental
calculated energies is reached when the simple picture
quantum disk InAsyP12y interfacial monolayer is used fo
the simulation. The average As composition of th
InAsyP12y monolayer is found to be around 40%. A slig
difference can be observed between our experimental re
and the measurements of Ref. 35 for the same dot thickn
The different growth techniques~GSMBE, in our case, ver
sus CBE! used to grow the dots can be invoked to expla
this discrepancy. This can be also related to the differe
between the As, P interchange kinetic energies on the sh

FIG. 2. Plot of calculated~solid lines! and measured PL energ
levels vs InAs dot thickness atT577 K. Our experimental results
~solid dots! are presented with published results~stars! of Ref. 20.
In the inset is presented the band diagram of the dot structure
the InAsyP12y interface layer. For clarity, only two calculate
curves with two interface layer compositions (y50,y50.4) are pre-
sented.
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dot surface during the growth in the two chambers. To
plain the difference observed between experimental PL
calculated optical transition energies the authors35 suggest
the existence of an excessive surface roughness during
growth of the dots. For this reason they consider mean va
of dot thicknesses which are not an integer multiple o
monolayer to evaluate their transition energies. However,
merous experimental results~x-ray diffraction,14 x-ray pho-
toelectron diffraction,36 Raman spectroscopy37!, have been
interpreted using the existence of this interface in the gro
of quantum well arsenide compounds on InP. In our parti
lar case, transmission electron microscopy~TEM! as well as
AFM experiments performed on similar samples~,10 ML!
with one InAs dot plane on InP does not help us to obse
the interfacial layer. On these samples, TEM experiments
difficult to analyze because of the lack of precision due
strain effect and composition variation around the dot. Ho
ever, for an InAs islands with greater heights~;23 ML!,
AFM, and TEM size measurements16,23 in addition to photo-
luminescence experiments are in very good agreement
the present model.

V. EFFECT OF STRAIN REPARTITION

The second assumption we have used to treat the prob
of discrepancy between the measured and the calculated
tical transition energies is the presence of less strain in
InAs dot compared to the value estimated from the latt
parameter difference between InAs and InP. This hypoth
is based on a recent work on SiGe dots on an Si substrate3 In
this work the effect of strain in the barrier is found to he
the dots to organize themselves and to reduce the dispe
of their dimensions. After the growth of several dot plan
the experimental results show that the organization tend
be enhanced and the dispersion to be reduced.3,5

Raman spectroscopy experimental results have also b
interpreted by the presence of strain in the barrier and
well.4 Another work by Cusack, Briddon, and Jaros8 shows
theoretically that the strain effect is also present in the bar
within a limited distance from the dot interface and has
consequence of the reduction of the strain in the well. Th
results tend to show that the global strain is reduced in
dot by the interaction with the surrounding barrier and t
effect may explain the reduction of the optical transition e
ergy. We have then incorporated this assumption in
evaluation of the transition energy using the model descri
previously.

For strain repartition, we consider that both barrier a
dot are biaxially strained on ana0 lattice parameter sub
strate; since our dots are wide enough, shear strain ca
neglected.7,8 The in-plane lattice parameter in and around t
dot can then be represented by a very simple equation:

a05a0InP1Cx~a0InAs2a0InP!,

whereC is a coefficient varying from 0 to 1. We also con
sidered a more sophisticated strain distribution~Gaussian
shape! but this does not modify the trend of change in c
culated energies. To simplify the discussion we do n
present these results.

The calculated and experimental results are presente
Fig. 3. In the inset of the same figure the strain distribut

ith
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inside the structure is represented, as well as its repartit
between the well and the barrier for the usual case (C50)
and for the picture used in the model (CÞ0). With the help
of this simple model, it is clear that the calculated optic
transition energies can be made equal to PL measured
perimental values. However, a comment can be addresse
the simulation using the lowering of the strain in the dot an
its presence in the barrier. When the dot thickness decrea
we need to increase the strain in the barrier and to decrea
in the dot comparatively to found calculated energies eq
to PL experimental energies. This conclusion leads to a c
tradiction because it shows that as the dot becomes thin
its effect on the surrounding barrier becomes larger. For t
reason the discrepancy between experimental and theore
energies cannot be explained by the presence of the strai

FIG. 3. Plot of calculated~solid lines! and measured PL energy
levels vs InAs dot thickness atT577 K. Our experimental results
~solid dots! are presented with published results~stars! of Ref. 20.
In the inset is presented the strain component«xx in the well (C
50,CÞ0) and when it exists in the barrier (CÞ0). For clarity,
only three curves are presented with the parametersC
50.0,0.4,0.8.
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the barrier. The explanation that can be invoked for the
sence of the influence of the strain in the barrier is the late
dimensions of our dots. In the evaluation of strain distrib
tion Cusack, Briddon, and Jaros8 show that the strain is
maximum around low-symmetry crystallographic planes
the edges of the dot. The strain effect in the barrier nea
disappears at a distance of a few nm from the dot.34 In our
case, the dot diameter approaches the 50-nm range in
lateral plane perpendicular to the growth direction. For t
reason, the presence of some strain at the far edges of th
has little influence on the properties of its center. This d
scription means that our dots have the properties of isola
disks, and their properties depend little on what is occurr
on the edges.

VI. CONCLUSION

We have compared our calculations of fundamental tr
sition levels to PL spectra on InAs quantum dots grown o
~100! InP substrate. Calculations, even for thin layers, sh
quite good agreement with experiments. We investiga
theoretically the interfacial layer composition and strain e
fect on these fundamental transitions and showed their r
tive importance. We were able to predict a redshift that c
be deduced either from a strain or gradient composition
fect. Both effects must be taken into account for calculat
energies if a high accuracy is needed. The interpretation
the redshift of optical transitions in InAs/InP SAQD’s is re
lated mainly to the existence of an InAsyP12y interfacial
layer on the second growth interface. The existence of t
interface is related to the special growth mode used to ob
the SAQD’s and to the exchange kinetic between group
elements at the surface of the dot. This conclusion is va
for dots with large in-plane dimensions assimilated to is
lated quantum disks.
*FAX: 33-02 99 28 65 97. Electronic address: herve.folliot@ins
rennes.fr
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23S. Fréchengues, V. Drouot, B. Lambert, D. Lemoine, S. Loua
che, and A. Le Corre et H. L’Haridon, Appl. Phys. Lett.71,
2818 ~1997!.

24S. Raymond, S. Fafard, P. J. Poole, A. Wojs, P. Hawrylak, an
Charbonneau, Phys. Rev. B54, 11 548~1996!.

25G. Martinez-Criado, J. Martinez-Pastor, A. Cantarero, T
Utzmeier, and F. Briones, Phys. Status Solidi A164, 84 ~1997!.

26B. Lambert, A. Le Corre, V. Drouot, H. L’Haridon, and S
Loualiche, Semicond. Sci. Technol.13, 143 ~1998!.

27G. Bastard,Wave Mechanics Applied to Semiconductor Hete
structures~Les Editions de Physique, Les Ulis, 1992!.

28S. L. Chuang,Physics of Optoelectronic Devices~Wiley, New
York, 1995!.

29G. L. Bir and G. E. Pikus,Symmetry and Strain Induced Effects
S.

.

-

Semiconductors~Wiley, New York, 1974!.
30Ph. Lelong and G. Bastard, Solid State Commun.98, 819~1996!.
31A. Wojs, P. Hawrylak, S. Fafard, and Lucjan Jacak, Phys. Rev

54, 5604~1996!.
32W. Que, Phys. Rev. B45, 11 036~1992!.
33J. Song and S. E. Ulloa, Phys. Rev. B52, 9015~1995!.
34M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev. B52,

11 969~1995!.
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