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Abstract  

The relaxation of low-strained InGaAs linear-graded buffer layers up to 30 and 60% In content grown on GaAs 
substrates is studied. Strain-limited designs allow to preserve bidimensional (2D) growth mode with a relaxation driven 
by dislocation multiplication for large thickness, as in the case of single layers. However, it is shown that low-strained 
linear buffer layers are not able to inhibit tridimensional (3D) growth mode. Under standard growth conditions (500°C), 
the surface morphology evolves from a near-flat one for samples up to x = 0.3, to a rough one at higher In content, 
characterised by saw-tooth morphology with well-defined facets. The development of the surface roughness changes the 
strain relaxation mechanism from dislocation multiplication inside the layer to surface elastic strain relaxation plus 
surface nucleation and a high density of threading dislocations. A constant surface strain in linear grades during all the 
dislocation-driven relaxation is proposed to allow the observed 2D to 3D transition. The influence of the grading rate, 
composition steps, and growth temperature on the surface morphology and the relaxation are analysed. Appropriate 
growth conditions and buffer design up to high Indium content allow to produce structures with improved structural and 
optical quality. 
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1. I n t r o d u c t i o n  

InxGa l  xAs g raded  buffer layers  with an adjust-  
able lat t ice p a r a m e t e r  have a grea t  interest  for the 

*Corresponding author. Fax: +34 1 3367323; e-mail: 
valtu@die.upm.es. 

in tegra t ion  of opt ica l ly  active devices opera t ing  at 
different wavelengths  on commerc ia l  G a A s  sub- 
strates.  The design of o p t i m u m  m e t a m o r p h i c  struc- 
tures involves the con t ro l  of s t ra in  re laxa t ion  
processes as well as surface morpho logy .  

In  the last few years  m a n y  efforts have been made  
in the s tudy of  the in terac t ion  between the surface 
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morphology of strained layers, the growth mode, 
and the mechanisms of strain relaxation [1 10]. 
These works were focused mainly on the layers of 
constant composition for different mismatch with 
the substrate; it was found, however, that for high 
mismatches single layers do not behave in a pre- 
dictable way. Complex structures like composi- 
tion-graded or step-graded buffers are needed to 
control the lattice parameter  at the surface without 
degrading the quality for further growth of active 
layers and devices [3, 11]. It is therefore important 
to extend the studies of the relaxation and growth 
mode evolution to those complex buffer structures. 
In this paper, we study the relaxation mechanisms 
acting on InGaAs linear-graded buffer structures 
grown on GaAs substrates. 

The relaxation mechanism in strained systems 
consists of a competition between two main pro- 
cesses: dislocation multiplication (by spiral or 
Frank Read sources) and surface roughening 
(grooves or islands). Although both processes could 
work simultaneously, in most of the cases only one 
of them drives the relaxation and the growth mode. 
This has been explained by Tersoff and LeGoues 
[6, 7] in terms of a strain (e,) dependence of the 
barrier energy (AG) for both processes, being pro- 
portional to ~ i and e, -~ for multiplication and 
island development, respectively. For single layers, 
they show that when dislocation multiplication op- 
erates before roughening (low-strained layers) it is 
able to completely stop the island nucleation by 
decreasing the strain of the layer, and they predict 
that linear buffer layers should behave in the same 
way. 

The transition from 2D to 3D growth mode 
appears in lnxGal -xAs  single layers grown at 
5 0 0 C  on GaAs(00 1) for x > 0.25 (equivalent 
to a strain of 0.018) [12]. It is noticeable that 
the transition of the surface morphology depends 
on the growth conditions [8, 13, 14]. This con- 
straint will also affect the linear-graded structures 
(grades), limiting design parameters like the initial 
In composition or the grading rate for certain 
growth conditions. Flat surfaces are expected to 
be obtained if the surface strain in grades does 
not surpass the critical value for 3D growth in 
single layers under standard growth conditions. 
In this case, a controllable strain relaxation should 

take place and the lattice parameter could be 
predicted [11]. 

Relaxation by dislocation multiplication on 
gradual buffer layers operates when the product of 
the average strain in the graded layer and its thick- 
ness (~ × t) reaches the value of the relaxation con- 
stant (K = 0.8 nm) [15 17], at which point misfit 
dislocations appear at the strained unstrained 
interface. The relaxation proceeds maintaining a 
strained (dislocation-free) region on the top of the 
structure. This layer accumulates the strain energy 
to keep the multiplication process operating and 
a constant strain value is maintained just at the 
surface [18, 19]. The XTEM images, especially of 
this top region, and the surface AFM images will 
allow us to directly determine any change in the 
relaxation mechanism. 

This paper focuses on the influence of the design 
parameters and the growth temperature on the 
surface morphology, as well as the relaxation mech- 
anisms in low-strained linear grades. We have de- 
signed a series of linear buffer structures with 
different strain levels under f: = 0.018 (by changing 
the In profile as a function of the grading rate and 
the introduction of composition steps) for two final 
In compositions. The expected relaxation of this 
graded buffer driven by the relaxation process 
should allow to obtain high In content layers keep- 
ing a low surface strain, since the large strain re- 
quired in single layers of the same composition is 
avoided. However, we have found evidence of 
a growth mode evolution from layer by layer to 
a particular layer + islands when the In content is 
increased up to 60%. This change in the growth 
mode determines the relaxation mechanism, the 
modification of the dislocation distribution and the 
crystal quality of the structures. Low-temperature 
growth allows us to control the surface roughness 
and to verify the dislocation multiplication models 
for samples up to x - 0.6 In content. 

The paper is organised as follows: the sample 
details and experimental techniques are sum- 
marised in Section 2. The experimental results for 
samples up to x = 0.3 and x = 0.6 are described in 
Section 3, and discussed in Section 4. Section 5 is 
devoted to an optimised low-temperature structure. 
The main conclusions of this work are summarised 
in Section 6. 
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2. Experimental procedure 

Six InGaAs structures were grown on (0 0 1) on- 
axis GaAs substrates, by molecular beam epitaxy 
(MBE) using solid sources and tetrameric As4, with 
a V/III  flux ratio of 3, and a constant GaAs growth 
rate of 0.7 ~tm/h (i.e. giving an increasing growth 
rate for higher In content). In all the samples the 
GaAs substrate was desoxidated at 6 0 0 C  and 
a GaAs buffer layer of 300 nm was grown at 500~C 
to obtain a clean and flat surface before the InGaAs 
graded-layer deposition. The growth temperature 
of the InGaAs buffer layer was 500~'C except for 
sample F 450°C. 

The sample structure is described in Table 1, 
samples A and B were grown up to x = 0.3 with 
two different gradients of the In composition: 
grate -- 30% In g m -  1 and gr,t~ = 60% in ~Jm x. 
Four samples (C, D, E and F) were grown up to 
x = 0.6. Samples C and D are linear grades with the 
same gradient as samples A and B, respectively. In 
samples E and F, both with the same structure, 
a composition step (from 30% In to 35% In) was 
introduced in a grading of ,q~te = 60% In Iam-~, 
and the growth temperature was changed from 
500:C (sample E) to 450~C (sample F). The pre- 
dicted maximum strain in the layer is 0.0065 and 
0.008 for the grading rates (g~t~) 30% In Bm 1 and 
60% In ~tm- ~, respectively, and 0.011 for the step- 
graded samples (E and F). 

The surface morphology was analysed by atomic 
force microscopy (AFM) in air at room temper- 
ature with a "Digital Instrument Nanoscope lII"  in 

contact mode, scanning at 4 Hz with a constant 
force of 0.06 Nm 1. The defect characterisation 
was performed by cross-sectional and plan-view 
transmission electron microscopy (XTEM and 
PVTEM, respectively) with a JEOL 1200-EX 
operating at 120 KV. The XTEM specimens were 
mechanically thinned (by grinding, dimpling and 
polishing), and subsequently, subjected to an Ar + 
ion milling. The PVTEM specimens were prepared 
by chemical etching after the mechanical thinning. 
The optical quality was studied by photolumines- 
cence spectroscopy (PL), with the samples cooled 
down to 14 K in a closed cycle helium cryostat. The 
488 nm line of an Ar + laser was used for excitation, 
and the emission was analysed by a Jovin-Yvon 
25 cm monochromator  and detected by a liquid 
Nz-cooled Ge photodetector using synchronous 
lock-in techniques. 

3. Results 

First, we will study the structural behaviour of 
the samples grown at 500~C, separately for samples 
with x = 0.3 and 0.6 final In composition. The PL 
measurements will be presented afterwards for the 
sake of clarity. 

3.1. S a m p l e s  up to x = 0.3 

XTEM images of samples A ( g r a t e = 3 0 %  

In gm 1) and B (g ra te  = 60% In gm -1) show a 
densely packaged dislocation region at the bot tom 

Table 1 
Summary of sample structure. AFM mean roughness results, PL amplitude, and TD correlation 

Sample Final In Internal Grading Substrate Wavelength Height 
composition step ,qra~, temperature grooves grooves 

(% In ~m I) (C)  (nm) (nm) 

Threading 
dislocations 
(cm - 2) 

PL 
intensity 
(a.u.) 

A 0.3 30% 500 50500 a 8 
B 0.3 60% 500 600 I 0 
C 0.6 30% 500 1000 80 
D 0.6 60% 500 650 100 
E 0.6 0.30 0.35 60% 500 400 40 
F 0.6 0.30 0.35 60"/0 450 450 5 

< 106 

< 10 ° 
108 b 
l08b 
l0 s b 

< 106 

1 

0.25 
l x l 0  4 
5x10  5 
0.001 
0.09 

~For sample A grooves wavelength is not well defined. 
bThreading dislocations only appear under the surface troughs. 
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of the graded structure, followed by a well-defined 
dislocation-free top region, as shown for sample 
A in Fig. la. PVTEM reveals that the misfit dis- 
locations in the relaxed region are isotropically 
distributed. The dislocation network is mainly 

(a) 

50nm 

0 

(b) 0 10gm 

3 0 n m  

constituted ( ~ 80%) by 60 ° misfit dislocations (with 
Burgers vectors a /2 (O  1 1)) the remaining ~ 2 0 %  
being edge dislocations (a/2(1 1 0)), probably orig- 
inated as a result of the reactions between 60 ° 
dislocations [11,19]. The threading dislocation 
density is below the detection limit of the system 
(<  106 cm 2). 

The predictions for the thickness of the disloca- 
tion-free regions are 298 and 195 nm, and the ob- 
served values are 300 and 150nm for samples 
A and B, respectively. The small deviations are 
related to an incomplete relaxation of the bottom 
region due to dislocation interactions. The ob- 
served dislocation arrangement and strain distribu- 
tion are in good agreement with theoretical models 
and experimental results of a relaxation driven 
by dislocation multiplication in a layer-by-layer 
growth mode [11, 18, 19]. 

The AFM images for samples A and B (Fig. lb 
and Fig. lc) show a smooth surface roughness for- 
med by striations extended along the ( i  1 0) direc- 
tions (cross-hatched pattern). The striations show 
a preferential orientation: when aligned along 
[1 - 1  0] direction, they are deeper and better 
defined, with a mean height of 8 and 10 nm for 
samples A and B, respectively [20]. For  sample 
B where the striations are homogeneously distrib- 
uted, a mean striation wavelength of 600 _+ 50 nm 
is estimated. The striations can be considered, as 
discussed below, as the initial stages of the tran- 
sition to 3D growth mode. 

3.2. Samp le s  up to x = 0.6 

0 

(c) 0 101.tm 
Fig. 1. (a) Cross-sectional [1 - 1 0 1  TEM (bright field) of 
sample A showing a distributed dislocation arrangement and 
the dislocation free top region. AFM images of samples up to 
30% In content with different grading rates. (b) 30% In lam 1 
(sample A), (c) 60% In btm ~ (sample B). Striations appear elon- 
gated in the [1 1 0] direction. 

When the final In content of the described struc- 
tures is increased up to x = 0.6, the structural and 
optical properties of the gradual buffer layers 
change radically. 

AFM images for samples C ( g r a t e = 3 0 %  

In lain t) and D (grate = 60% In I, tm 1) are shown 
in Fig. 2. A sharp development of the surface 
roughness as compared to samples up to x = 0.3 is 
observed. The surface is formed by deep grooves 
perfectly aligned along the [1 - 1  0] direction, 
some of them are visible across the whole sample. 
In contrast, very slight features are aligned in the 
[1 1 0] direction, appearing as an amplitude modu- 
lation of those along the [1 - 1 0]. The grooves 
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(a) 0 

0 

10gm (b) 

200nm 

|0 

0 15gm (d) 

Fig. 2. AFM and cross-sectional [1 1 0] T E M  images for grades up to 60% In content. (a) and (b) AFM for a grading of 30% 
In p.m 1 (sample C). (c) and (d) for a grading of 60% In lain i (sample D). Clear striations along the [-1 - 1 0] direction and their 
correlation with the dislocation arrangement showing pile-ups and dislocation interactions under the surface valleys are shown. 

show a periodic pattern, with a mean striation 
height of 80 + 10 and 100 _+ 10 nm, and a wave- 
length of 1000 _+ 50 and 650 _+ 50 nm, for samples 
C and D, respectively. 

The XTEM images of samples C and D, taken 
orthogonal to the grooves ([1 - 1 0] projection), 
are also shown in Fig. 2. In addition to the surface 
grooves a change in the dislocation arrangement is 
observed, and the dislocation-free character of the 
top region disappears. Dislocation pile-ups appear 
close to the surface and they are spatially correlated 
with the valleys of the deepest grooves, as shown in 
the images by arrows pointing to dark vertical 
bands. These dislocation pile-ups are densely 

packaged along the [00  1] direction, forming 
a "grain boundary". The nature of these disloca- 
tions is different from the one previously observed: 
they are 90 ° misfit dislocations with a/2(1 1 O) 
Burgers vectors. A very strong interaction with 
those 60 ° misfit dislocations lying along the [-1 1 0] 
direction is observed. The pile-up acts as a barrier 
for orthogonal gliding dislocations as can be infer- 
red from Fig. 2b and Fig. 2d, in which threading 
dislocations are seen near the grain boundary. The 
nature of the Burgers vector and their arrangement 
in pile-ups located at the bottom of the grooves 
suggest that these dislocations are nucleated at the 
surface, they are no longer isotropically distributed 
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along the [1 1 0] and [1 - 1  0] directions, and 
show the same anisotropy observed in the rippled 
surface. The XTEM images reveal a faceted surface 
with a constant faceting angle of 16 _+ 0.5"~on each 
side of the groove, similar to the islands observed in 
highly strained growth [13, 21]. 

The previously observed increment of roughness 
with thickness, common to all buffer structures and 
growth techniques, suggests that the layer should 
be as thin as possible in order to reduce the ampli- 
tude of surface striations [11, 14]. The use of com- 
position steps which increase the strain in limited 
regions allows to minimise the total thickness with- 

out high grading rates. A step of 5% In content was 
introduced in sample E between x = 0.3 and 
x = 0.35, and the grading was continued to the final 
composition of x = 0.6. The composition step was 
adjusted to keep surface strain under the 3D limit; 
when it is introduced, the strain sharply increases in 
the surface from 0.008 to 0.011. The step position in 
the buffer was chosen before the surface starts to 
develop deep striations (sample B). However, AFM 
and TEM images (Fig. 3) reveal a behaviour similar 
to that observed in samples C and D. The only 
relevant difference is the reduction of the groove 
amplitude (40 nm) and wavelength (400 _+ 50 nm). 

200nm 
E 

0 

(=) 0 15!am (b) 

i 

| 
20nm 

0 

(c) 0 15 m (d) 

Fig. 3. AFM and cross-sectional I1 1 0] T E M  images for samples E and F with the same structure (internal composit ion step, 60% 
In ~tm ~, up to 60% In) grown at 500 and 450~C, respectively. For sample F, the surface is smoother  and the interactions between 
dislocations and striations are not observed, giving rise to a dislocation-free top region. 
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3.3. P L  assessment  

The dislocation density in the top region plays 
a major role in order to determine whether the 
buffer layer is suitable for subsequent device fabri- 
cation. However, the threading dislocation density 
obtained by TEM is limited by their resolution. 
The behaviour of dislocations as nonradiative re- 
combination centres and their strong influence on 
the PL spectra is well known [22, 23]. In all the 
samples, the PL signal is expected to arise from the 
dislocation-free top region, where the density of 
nonradiative recombination centres is lower, and 
the emission at higher energies from the bottom 
region (lower indium content) is absorbed. That is 
why the PL intensity has been used as an indepen- 
dent indicator in order to assess the quality of the 
dislocation-free top layer. 

The low-temperature PL spectra of the different 
buffer layers is shown in Fig. 4, and intensity is 
summarised in Table 1. For samples grown at 
500°C up to x = 0.6, the PL intensity is negligible 
(3-4 orders of magnitude lower) as compared to 
that obtained for samples up to x = 0.3. This result 
is not surprising due to the presence of higher 
density of threading dislocation segments in sam- 
ples C, D and E. It indicates that the path for 
nonradiative recombination is directly related to 
threading dislocations or to grain boundaries 

800 

600- 

c~-, 400- 

._c 
~. 200- 

0- 

i 

A~ 

10'00 12'00 

/ / -  i i 

T=15K 

;~exc=488nm 

/ /~'~X400 

/ /  16'00 18'00 
Wavelength (nm) 

Fig. 4. Photoluminescence spectra of the different samples: A. 
B, E and F. 

located in the top layer, and not to misfit disloca- 
tions parallel to the interface (relaxed region). This 
observation supports previous cathodolumines- 
cence studies which show that dark defects are 
correlated with high-density dislocation packages 
[-10,24]. However, the improved intensity of 
sample E as compared with samples C and D (1 
order of magnitude) is not yet understood. 

4. Discussion 

All the observed results show that the growth 
mode has changed from 2D (grades up to x = 0.3) 
to 3D for samples up to x = 0.6 which have been 
grown under the specified designs and conditions. 
Then it is possible to differentiate between two 
stages: in the first stage (2D growth mode) the 
multiplication of dislocations drives the relaxation 
process, and roughening is shown in their starting 
level. The second stage (3D growth mode) is char- 
acterised by the development of striations, the pres- 
ence of threading dislocations and the faceted 
surface morphology, despite the low strain level 
which has been maintained during the growth. 

In order to understand the relaxation process 
and its consequences in the structural and optical 
properties of the grades, the interaction between 
the different relaxation mechanisms has to be con- 
sidered. For single layers (constant composition) 
both roughening and dislocation nucleation act as 
competitive relaxation processes: each one inhibits 
the occurrence of the other by increasing its activa- 
tion barriers [6]. For moderate x, the dominant 
relaxation process is driven by the generation of 
misfit dislocations. 

The main difference between linear grades and 
single layers is that, in the former, the surface strain 
is not reduced during relaxation, but keeps a con- 
stant value (as previously shown for the samples up 
to x = 0.3 [11, 19]). Thus, the competition between 
both relaxation mechanisms (dislocation and 
roughening) is removed: when dislocation nuclea- 
tion drives the relaxation in the first stage, the 
roughening is not inhibited, and operates indepen- 
dently on the surface. Nevertheless, the low surface 
strain decreases the roughness growth rate (high 
activation energy AG oc c, ¢). Then roughening 
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evolves very slowly when compared with the sharp 
transition observed at island formation during S-K 
growth mode: samples up to x = 0.3 show the in- 
itial stages of roughness formation, even when they 
have been grown up to 1/am (sample A). The low 
amplitude-to-wavelength ratio of the observed 
strained morphology (A/2 < 0.02) allows to neglect 
any relaxation contribution in samples A and B due 
to the surface roughness [25-27]. This fact could 
explain why the results closely follow the theoret- 
ical models for relaxation by dislocation multipli- 
cation. 

However, in the second stage, the striations de- 
velop acting as an independent relaxation mecha- 
nism, the strain gradient on the surface increases 
and produces an enhanced surface diffusion. This 
contributes to a further increment of the striations 
amplitude, and justifies the observed dependence of 
striations amplitude on the sample thickness in 
a feedback process (from 8-10 nm for x = 0.3 to 
80-100 nm for x = 0.6). 

The influence of the buffer parameters on the 
striation morphology can be estimated by analys- 
ing the surface strain associated with the relaxation 
controlled by dislocations in the grades. As a first 
approximation, the relation of the surface strain (es) 
with the grading rate (grate) will satisfy 

~s = flN~2Kgrate, (1) 

where K is the relaxation constant, and the relation 
strain-%In is given by /3 = 0.071%In -1 [18, 19]. 
According to energy balance calculations, the 
critical wavelength (2c) for stable roughening 
[25, 27, 28] is given by 

~ ( 1  - v) 
2 c - 2 # ( 1  +v)2~2, (2) 

where 7, P, and v are the surface energy, the shear 
modulus and the Poisson's ratio, respectively. 
From Eqs. (1) and (2) it follows that 

7r7(1 - v) 
)oc = 4p(1 + v)2fl2Kgrate" (3) 

The constant strain at the surface produced 
by the dislocation-driven relaxation establishes 

a constant critical striation wavelength during the 
roughness development. It is important to notice 
the evolution of striations during growth: For 
sample B striations are well defined and their 
wavelength (600nm) is kept constant during 
growth, almost equal to sample D up to x = 0.6 
(650 rim). Eq. (3) shows an inverse relation between 
striation wavelength and the grading rate, which is 
qualitatively verified in samples C, D and E with 
a mean groove wavelength of 1000, 650, and 
400 nm, respectively [29]. 

The amplitude of the striations for samples up to 
x = 0.6 is scaled with the groove wavelength (ex- 
cept for sample D due to island formation on the 
top of the grooves). This relation can be explained 
by the observed faceted morphology which limits 
the striation amplitude development [6, 30]. 
XTEM images show a triangular-like shape, with 
a contact angle of 16 °. The striations induced at the 
surface present a faceted morphology similar to 
that shown by the islands generated in highly 
strained growth [13]. The size of the striations in 
our samples is scaled up compared with the islands, 
consistent with the lower strain of our samples. 

The S-K growth mode produces results similar 
to those observed in our grades, but with some 
discrepancies. The surface morphology is defined 
by striations oriented along the [1 - 1 0] direc- 
tion, as opposed to islanding or random oriented 
ripples. The asymmetric island morphology, re- 
ported by several authors [13, 21], has been shown 
to be the energetically stable solution for size per- 
turbations of the optimum square island shape 
[30]. The preferential growth along the [l  - 1 0] 
direction could be due to the anisotropy of the 
energy for step-edge attachment between [1 1 0] 
and [1 - 1 0] kinks in the As-rich reconstruction 
on GaAs. However, it is not feasible to produce the 
long-order (several mm) alignment of striations ob- 
served in the first stages of growth (Fig. la and 
Fig. lb). On the other hand, dislocations nucleate 
before roughening and could well be considered as 
the source of the surface morphology [31, 32]. The 
spatial link between surface grooves and misfit dis- 
locations has not been observed for samples up to 
x = 0.3, probably due to the mobile character of 
the surface steps during growth and the generation 
of new dislocations. 
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In the second relaxation stage when striations 
have developed in amplitude (A/2 ~ 0.1), a clear 
correlation is observed between deepest grooves 
and dislocation pile-ups in the top-most region of 
the buffer layer. The rough morphology not only 
contributes to an elastic relaxation, but also the 
strain concentrates at the striation valleys introduc- 
ing preferential nucleation sites for misfit disloca- 
tions [33]. The arrangement of the pile-ups along 
the [0 0 1] direction indicates a defined position of 
the troughs during surface evolution. This behav- 
iour is equivalent to a direct 3D growth mode in 
high-strained systems: the islands reduce their inner 
strain and for low coverage no misfit dislocations 
are needed to relax the strain. At higher coverage, 
boundaries between islands provide a low-barrier 
path for dislocation nucleation where strain is 
accumulated [9, 21, 26, 34]. In both cases 90 ° dis- 
locations are mainly observed. The dislocation con- 
figuration correlated with the surface striations 
indicates a process of surface nucleation. The pres- 
ence of the observed dislocation arrangement con- 
stituted by a/2(1 1 0) dislocations is not clear at 
present, because the mechanism associated with 
half-loops nucleation is unable to nucleate directly 
sessile a/2(0 1 1) dislocations. A separate nuclea- 
tion of Frank and Shockley partials has been pro- 
posed to produce complete 90 ° dislocations [35]. 
The pile-ups act as a barrier for the gliding of 
dislocations running normal to them. We suspect 
that this mechanism of interaction with the normal 
dislocation array is responsible for the high density 
of threading dislocations observed at the troughs 
(~108 c m  -2) rather than threading segments 
coming from loops nucleation I-5, 25, 36]. 

The aligned saw-tooth morphology, with a de- 
sign modulated wavelength, suggests the potential 
application to obtain self-ordered pattern substra- 
tes with a geometry suitable for the fabrication of 
quantum wires. 

5. The effect of the growth temperature 

The final goal of this work is to obtain a buffer 
structure suitable for device integration. In order to 
improve buffer quality up to x -- 0.6, it is necessary 
to avoid the development of the surface roughness. 

For  a given surface chemical gradient, the growth 
rate of roughness can be reduced by decreasing 
growth temperature, as shown by flattened mor- 
phologies reported by several authors [-5, 9]. The 
main effect expected when growth temperature is 
decreased is a reduction of the diffusivity, which 
limits the motion of the adatoms to reach locations 
which are energetically favoured. This is equivalent 
to decreasing the surface diffusion length, which 
has been shown to depend exponentially on tem- 
perature [5, 8, 13]. 

The same design of sample E (with an internal 
step) has been used to grow sample F at a reduced 
substrate temperature of 450°C for the InGaAs 
buffer layer. The AFM image in Fig. 3c shows 
a cross-hatched surface for sample F with a mean 
roughness of only 5 nm. The deep striations ob- 
served in sample E (Ts = 500°C) are no longer 
present, and only shallow ones appear comparable 
in amplitude to those obtained for samples up 
to x = 0.3 In content. The striation wavelength 
450 _+ 50 nm, is similar to that observed in sample 
E (400 _+ 50 nm). The XTEM image (Fig. 3d) shows 
that the dislocations appear homogeneously dis- 
tributed along the buffer layer with a dislocation- 
free top region 170_+ 10nm thick (threading 
dislocation below 106 cm 2). It was not possible to 
observe the pile-ups present in other samples. Most 
of the observed dislocations have a Burgers vector 
of the type a/2(0 1 1) and run along both (1 1 0) 
directions parallel to the surface. The observed dis- 
location distribution in sample F is in agreement 
with the theoretical relaxation models driven by 
dislocation multiplication [18, 19]. The small devi- 
ations of the dislocation-free thickness from the 
relaxation model [19], around 10%, supposes an 
equivalent shift of 0.1% from the predicted lattice 
parameter in the strained region. It should be no- 
ticed that growth temperature modifies the rough- 
ness development (slower roughness growth rate) 
but the stability criteria for the striations 
wavelength, strain dependent, remain unaffected. 
This explains why samples E and F have almost the 
same striations wavelength, in spite of the change in 
the growth temperature and final structural charac- 
teristics. 

The PL intensity of sample F shows an improve- 
ment (100 times) compared with sample E, and it is 
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comparable to the intensity of the samples up 
to x = 0.3, in agreement with the high structural 
quality. 

These results show that the main relaxation pro- 
cess is not related to the surface shape when surface 
roughness is kept at low amplitude. However, in 
the samples grown at 500~C, where the surface 
plays an important role in the strain relaxation, the 
dislocation arrangement is not produced by multi- 
plication process, but imposed by the surface 
roughness. 

6. Conclusions 

It has been shown that the low surface strain 
during the growth of graded buffer layers is not 
able to prevent the evolution of the fiat surface to 
a striated morphology. Striations are equivalent to 
island formation in S-K growth mode for high- 
strained systems. The evolution to a S--K growth 
mode is produced by the action of a constant sur- 
face strain during dislocation-driven relaxation. In 
the first stages, low amplitude roughness is unable 
to modify the dislocation generation process and 
the relaxation. However, the surface slowly evolves 
during growth, giving rise to striations which con- 
tribute to modify the dislocation pattern. The 
roughness is characterised by long-range faceted 
striations, oriented along the [1 - 1 0] direction 
with potential application in quantum wire tech- 
nology. The striation wavelength, dependent on 
design parameters (In composition profile) and 
roughening, can be controlled at low growth tem- 
perature. The relaxation, when driven by the multi- 
plication of dislocations without any influence from 
the surface, allows to obtain high-quality struc- 
tures, according to the relaxation models. The im- 
proved quality obtained for low-temperature buffer 
layers should encourage further work on the in- 
tegration and development of devices with high 
Indium contents on GaAs substrates. 
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