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Abstract  

Finite element (FE) analysis, scanning tunneling microscopy (STM), atomic force microscopy (AFM) and transmission 
electron microcopy (TEM) observations have been used to model stress relaxation in In o.25Gao, v 5As layers grown under 
tension on InP(00 1). Ridges or holes are observed at the free surface, depending on growth conditions. TEM 
observations show that the In0.25Gao.vsAs layers are coherently strained and the corresponding strain contrast is 
simulated using the dynamical electron diffraction contrast theory. The ridge (or hole) strain fields used for the TEM 
contrast simulations are deduced from FE calculations. These calculations show that elastic stress relaxation mainly 
occurs at the crest of the ridges or at the edges of the holes and that the underlying substrate is also stressed. To our 
knowledge, this is the first study describing such various sites of elastic stress relaxation in layers grown under tension. 

PACS:  68.55; 73.60.B; 62.40 
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1. I n t r o d u c t i o n  

Semiconductor structures with reduced dimen- 
sionality have attracted much interest both for their 
fundamental properties and for their potential ap- 
plications in optoelectronics [1, 2]. In an at tempt 
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to reach the highest level of confinement (quantum 
dots), a new method has been recently developed 
where self-assembling quantum dots are produced 
directly by molecular beam epitaxy of highly 
strained InGaAs [3] or InAs [4] on GaAs without 
processing. It is based on the observation that high- 
ly strained heteroepitaxial growth generally results 
in the formation of islands in the Stranski-  
Krastanov growth mode. Most of the correspond- 
ing studies have been carried out in the case of 
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compressive layers (III V alloys on GaAs or InP 
substrates or SiGe on Si). Very little is known of the 
2D-3D growth mode transition in the case of layers 
grown under tension. To our knowledge, only the 
systems InxGal_~As/InP (with x < 0.53) [5] and 
GaAs/InAs [-6] are currently being studied. The 
aim of this paper is to study the surface morpho- 
logy of Ino.zsGao.75As grown under tension on 
InP(0 0 1). This morphology is first shown to be 
characterized by holes and ridges through atomic 
force microscopy (AFM) or scanning tunneling 
microscopy (STM). The strain fields associated 
with these features are then determined by finite 
element (FE) calculations and used to simulate the 
transmission electron microscopy (TEM) images of 
holes and ridges. The comparison between the ob- 
served TEM contrasts and computed TEM images 
provides experimental information on the strain 
fields associated with holes or ridges and makes it 
possible to identify the sites of surface elastic strain 
relaxation. 

2. Experimental procedure 

Epitaxial layers were grown in a RIBER 2300 
molecular beam epitaxy system equipped with in 
situ reflection high-energy electron diffraction 
(RHEED) and connected under ultra-high vacuum 
to a STM analysis chamber [7]. After thermal 
desorption of the native oxide from an exactly 
(0 0 1) orientated InP substrate, a 500 nm lattice- 
matched Ino,53Gao.47As buffer layer was first 
grown at a substrate temperature of 525C  under 
As-stabilized conditions. Then, highly mismatched 
tensilely strained Ino.25Gao.75As layers were grown 
at 525'~C under the following conditions: As-stabi- 
lized growth for sample A (V/III beam-equivalent 
pressure, 85; growth rate, 0.225 gm/h: thickness, 
17monolayers) and As-stabilized growth (V/III 
beam-equivalent pressure, 23; growth rate, 1.75 ~tm/ 
h; thickness, 11.5 monolayers) followed by a 10 mn 
annealing at 525~C under As-reduced conditions 
after the growth, for sample B. The 2D/3D 
transition was detected by RHEED at 11 mono- 
layers for sample A, and during the annealing at 
525"C for sample B. Ex situ atomic force micro- 
scopy images were acquired with various scanning 

directions on a Digital Instrument microscope op- 
erated in tapping mode and using Si tips. In both 
the cases, characteristic images were acquired at 
various places on the sample to get a representative 
picture of the layers. In situ STM images were also 
taken for sample A because the surface features 
were not readily analysed by AFM (average dimen- 
sions less than 50 nm). They were typically acquired 
at a tunneling current of 0.2 nA, a sample tunneling 
voltage in the range - 2 . 5 / +  2.5 V and using elec- 
trochemically etched Pto.sIr0.2 tips. 

For the preparation of plan-view TEM thin foils, 
the samples were mechanically thinned approxi- 
mately to 30 ~tm from the substrate side and then 
ion-milled. TEM studies were performed either 
with a Philips CM 30 microscope operated at 
300 kV or with a Jeol 200 CX microscope operated 
at 200 kV. The [0 0 1] direction was chosen to be 
perpendicular to the interface plane and directed 
towards the epilayer side (epilayer on the top sur- 
face of the thin foil, Fig. 1). Two-beam bright-field 
and dark-field images were taken with g -- 220 and 
either digitalized from films with an Agfa Arcus lI 
scanner or directly captured with a slow-scan CCD 
Gatan camera. The foil thickness and the deviation 
parameter were locally determined by convergent 
beam electron diffraction measurements [8]. The 
simulated TEM images were calculated with a pro- 
gram based on the resolution of the Howie Whelan 
equations [9] using the column approximation and 
the fourth-order Runge-Kutta method, originally 
employed by Head [10]. Bright and dark field 
intensities were calculated on two-beams condi- 
tions for 200 kV (or 300 kV) and constant foil thick- 
ness. The normal and anomalous absorption 
coefficients were, respectively, taken to be ~g/~ o = 
~g/~'g = 0.066 for 200kV (or 0.054 for 300 kV) 
[11, 12]. 

The displacement field used to carry out the 
contrast simulations was deduced from finite-ele- 
ment (FE) calculations. These calculations made it 
possible to vary the shape of the surface defects 
readily. They were performed using the package 
ANSYS. These calculations provide nodal displace- 
ments that enable the entire stress and strain ten- 
sors to be calculated. The sample is modelized as 
a periodic structure including 3D defects (holes 
or ridges) quadratically distributed on a 2D flat 
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Fig. 1. Schematic view of the Ino.EsGao.TsAs/InP thinned 
sample showing the conditions of observation in the electron 
microscope (the samples were thinned from the substrate side). 

of thermoelasticity: the strain is introduced by set- 
ting the thermal expansion coefficient of the epi- 
layer and the substrate to - 2 . 0  x 10 -2 K -1 and 
0 K -  1, respectively and raising the temperature by 
1 K. Young moduli were assumed to be 61.0 GPa  
(InP) and 76.9 GPa  (Ino.25Gao.75As) and Poisson 
ratios were taken equal to 0.360 (InP) and 0.325 
(Ino.zsGao.vsAs). Isotropy of the elastic constants 
was assumed because previous calculations taking 
into account anisotropic behaviour showed no sig- 
nificant effect [13]. 

P× 

Fig. 2. Illustration of the FE unit cell used in the calculations 
for a ridge. For holes, h is reversed with regard to [O=]. A trunca- 
ture can also be introduced at the top of the ridge or at the 
bottom of the hole, 

surface. We can, thus, define a rectangular unit cell 
built on two perpendicular axes (Ox]l[-1 1 0]) and 
(OyH [1 1 0]) centred on the defect. The calculations 
are carried out by applying the boundary condi- 
tions associated with the periodicity along (Oxt and 
(Or): all the nodes of the cell sides are fixed against 
displacement in the Ox and O r directions, respec- 
tively. The cell dimensions are p~, Pr, e and the 
defect dimensions in the cell are l~, ly, h (e is the 
thickness of a whole system including the substrate, 
the buffer layer and the InGaAs 2D epilayer; h is 
either the height of the ridge or the depth of the 
hole; see Fig. 2 in the case of a ridge). The geometry 
is meshed with 8-node cuboid elements. For  
the calculations, the lattice mismatch f =  (a~np- 
alno.25GaO.75As)/alnO.25GaO.VSAs ) : 0.020 between epi- 
layer and substrate is simulated in the framework 

3. Resul t s  

Fig. 3a is a STM image of sample A. Well-de- 
fined holes elongated in the E1 T 0] direction and 
surrounded by misorientated ridges are observed. 
The average dimensions of these holes are: height, 
h = 3.5 nm; width, lx = 30 nm; length, ly = 100 nm. 
The angle ~ between the side facets of the holes and 
the (0 0 1) plane is about 14 °, which corresponds to 
the (1 0 4) facets, as usually observed on this kind of 
material [14]. A careful study of the profiles (along 
x) of holes and ridges has been carried out. The 
profile displayed in Fig. 3b is characteristic of all 
these profiles, so that the topography of the surface 
can be schematized as indicated in Fig. 3c (the 
lateral average spacing Px between holes is about 
two times their average width Ix). 

Sample B (Fig. 3d) also exhibits a "hole and 
ridge" morphology which is much more developed 
and intricate than for sample A (holes are no longer 
isolated in this sample). The average dimensions of 
the ridges are h = 6 nm, width /x = 50nm and 
length ly = 200 nm. The profile displayed in Fig. 3e 
is characteristic of all the profiles of holes and 
ridges studied in this sample, and the topography of 
the surface can then be schematized as indicated in 
Fig. 3f (the lateral average spacing p.~ between 
ridges is once again about two times their average 
width). 

Let us now consider the results of TEM observa- 
tions. Fig. 4a and Fig. 4d show plan-view dark- 
field images (diffraction vector g = 220, deviation 
parameter s = - 0.7× 10 -2 nm 1) of samples 
A and B, respectively. Black/white contrasts are 
lying along the [1 1 0] direction on a more or less 
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Fig. 3. (a) STM image of sample A. The few arrowed lines indicate where the characteristic profile of Fig. 3b has been obtained. (b) A 
characteristic profile of the holes and ridges of sample A. (c) Schematic view of the surface topography of sample A. (d) AFM image of 
sample B. The few arrowed lines indicate where the characteristic profile of Fig. 3e has been obtained. (e) A characteristic profile of the 
holes and ridges of sample B. (c) Schematic view of the surface topography of sample B. 

extended grey background .  These cont ras t s  are 
caused by i nhomogenous  lat t ice s t ra in  associa ted  
with 3D surface defects [13, 15-17]. F o r  each 
b lack/whi te  contras t ,  we can define a vector  
L which points  from the centre of the white par t  of 
the cont ras t  to the centre of the b lack  par t  (see 
Fig. 4b and  Fig. 4e), which leads us to the con- 

clusion that,  for the diffract ion vector  g = 220, L is 
a lways  para l le l  to g for sample  A and  always anti-  
paral le l  to g for sample  B (inversion of  cont ras t  
from A to B). It should  be no ted  that  this i m p o r t a n t  
feature was observed with the condi t ions  of Fig. 1 
(epi layer  on the top  surface of the thin foil) and  tha t  
this character is t ic  is still val id with the epi layer  on 
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Fig. 4. (a) Dark-field T E M  micrograph of sample A; g = 220, s = - 0.7 x 10- 2 n m -  1. (b) Enlargement  of the area labelled X in (a). 
(c) Intensity profile along the line C D  as defined in (b). (d) Dark-field T E M  micrograph of sample B;g  = 220, s = - 0.7 x 10 2 nm 1. 
(e) Enlargement  of the area labelled Y in (d). (0 Intensity profile along the line C D  as defined in (e). 

the bot tom surface of the thin foil (this is no longer 
valid in the case of bright fields and this point will 
be further analysed in the discussion). It should also 
be noticed that a slight modulation is observed 
inside the white lobes associated with sample B, 
whereas no modulation is observed in the white/ 
black lobes associated with sample A (see the pro- 
files of Fig. 4c and Fig. 41). 

In order to explain the observed contrast inver- 
sion between A and B with g = 220, TEM intensity 

calculations have been performed using FE dis- 
placement fields associated with 3D faceted holes 
and ridges elongated in the [ 1 i 0] direction. These 
FE calculations have been carried out on 3D mod- 
els with the following parameters as deduced from 
the AFM and STM observations: h/lx =0.12,  
px/lx = 2, Ix~1 r = 0.33, Px/Pr = 0.66 and c~ = 14 °. The 
substrate thickness was chosen to be 100 nm and it 
was checked that the FE results were not affected as 
long as the thickness was not lower than 50 nm. 
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a 

b 

Fig. 5. Strain field component ~:,~ (with y = 0) as calculated by the FE method. (a) Hole in the In0.2sGa0.75As layer. (b) Ridge in the 
lnt~.25Gao.vsAs layer. 

Only the component ux([-Ox] [[ [,1 1 0]) of the dis- 
placement u, parallel to g, is needed for TEM calcu- 
lations with the column approximation. However, 
results on the strain component exx (with y = 0) are 
displayed in Fig. 5, owing to their clearer physical 
meaning. In both cases (hole or ridge), a significant 
stress relaxation occurs in the thicker regions (top 
of the ridge and edges of the hole) and stress con- 
centration in the thinner regions (edges of the ridge 
and bottom of the hole). A significant tensile strain 
is also observed in the substrate under the thinner 
regions and a compressive strain under the thicker 
regions of the epilayer (the occurrence of such 
a strain had already been suggested or demon- 
strated in the case of epilayers strained under com- 
pression [,13, 17-20]). Nevertheless, strain in the 
underlying substrate remains weak when compared 
to that existing in the epilayer. 

Fig. 6a and Fig. 6b show the results of the TEM 
contrast calculations (intensity profiles along O0, 

respectively, on holes and ridges, with g = 220, 
s = -  0.7× 10-2 nm -1 and sample thickness t = 
270nm. As might have been expected, they 
are made up of black and white lobes with an 
inversion of contrast between Fig. 6a and Fig. 6b. 
The experimental profiles of Fig. 4c and Fig. 4f 
are characteristic of all the profiles that have 
been obtained from experimental digital images 
such as those of Fig. 4a and Fig. 4d. The com- 
parison of calculated contrasts (in Fig. 6) and 
experimental contrasts (in Fig. 4c and Fig. 4t) 
shows that the contrast obtained on sample A must 
be associated with a hole (compare profiles in 
Fig. 6a and Fig. 4c) whereas the contrast obtained 
on sample B must be associated with a ridge (com- 
pare profiles in Fig. 6b and Fig. 41). Those 
simulated contrasts also exhibit the white lobe's 
slight modulation for the ridge and no modulation 
for the hole, which is consistent with experimental 
observations. 
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a 

b 

Fig. 6. Computed TEM image contrast profiles (g = 220, 
s = - 0.7 × 10 -z nm- 1 t = 270 nm) in the case of a hole (a) or 
in the case of a ridge {b). 

4. Discussion and conclusion 

Our  previous studies of  InAs qua n t um  dots on 
a GaAs  substrate had emphasized the validity of  
the FE  approach  for calculating 3D defect strain 

fields and for simulating the T E M  contrasts  of such 
defects [13]. In the present paper, using this 
method made it possible to localize the various sites 
of stress relaxation occurr ing at the surface of 
Ino.zsGao.vsAs layers grown on InP  under tension: 
for sample A, stress relaxation occurs at the edge of 
holes whereas it occurs at the top of ridges for 
sample B. More  generally, it should be noted that 
the identification of  these various sites (ridges or  
holes) can be readily made with T E M  bright-field 
or dark-field observations by compar ing  the sense 
of vectors g and L and using the rules described in 
Figs. 7 and 8. These rules were established for epi- 
layers either under  tension or under  compression 
and situated either on the bo t tom surface of the 
thin foil, or  on the top face of the thin foil. They 
were deduced from the simulations of T E M  con- 
trasts and it was checked that they were consistent 
with the general results obtained by Ball [-2l] and 
Katerbau  [-22]. 

The T E M  contrasts of  islands are known to be 
very sensitive to the shape of these defects, as em- 
phasized in other references [-13, 16, 17]. In particu- 
lar, for islands under compression (InAs/GaAs),  the 
modula t ion  of the black and white lobes of the 
T E M  images is all the higher as the islands are 
truncated. We have checked that it was still true in 
the case of epilayers under tension, for holes as well 
as for ridges. The absence of  modula t ion  in the hole 
T E M  images and the slight modula t ion  of the ridge 
T E M  images are consistent with V-shaped holes or  
ridges, which fully confirms the results of STM and 
A F M  observations. 
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Fig. 7. Sense of vector L for epilayers lying on the top surface of the thin foil. R = ridge. H = hole. g = 220, s = 0. 
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Fig. 8. Sense of vector L for epilayers lying on the bottom surface of the thin foil. R = ridge. H = hole. g = 220, s = 0. 
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