Characterisation by TEM and X-ray diffraction of linearly
graded composition InGaAs buffer layers on (001) GaAs

F.J. Pacheco, D. Aradjo, S. I. Molina, R. Garcia, A. Saceddn, F. Gonzalez-Sanz, E. Calleja,

P. Kidd, and M. A. Lourenco

The dislocation distribution in linearly graded composition layers of InGaAs on GaAs is studied by transmission electron
microscopy ( TEM). Dislocations are shown to penetrate into the substrate and to invade the first part of the graded layer.

A simple balance of forces model predicts the presence of dislocations in the substrate. The observed dislocation distribution

in the first region of the graded layer is compared to that predicted by several models. The differences between the models’
predictions and observations reported here are discussed. The description of the strain relaxation mechanism given by Dunstan’s

model is shown to give the best fit to the results reported in the present paper.
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Introduction

At present, one of the most important goals of modern
semiconductor technology is the fabrication of efficient
optoelectronic devices working at waveguide minimum
absorption conditions (~1-5um). Such devices can be
provided by TIT V semiconductor technology through the
use of ternary and quaternary alloys. However, owing
to the lattice mismatch with commercial substrates, dislo-
cations are generated which can thread up to the epilayer
surface. These threading dislocations degrade considerably
the microelectronic and optoelectronic properties of such
materials.

The usual approach to avoid the cxistence of threading
dislocations close to the cpilayer surfaces in IT1-V semi-
conductor heterostructures is to grow a thick relaxed buffer
layer between the epilayer and the substrate. To date, most
efforts have been oriented to the growth of single con-
stant composition buffer layers and/or superlattice filters.
Unfortunately, threading dislocations often propagate
through the buffer reaching the active layers. More recently,
the possibility of growing relaxed graded composition
layers to reduce the threading dislocation densities has
been considered. A drastic reduction of such dislocation
densities and an almost complete strain relaxation have
already been reported for large lattice mismatched systems
such as SiGe/Si (Ref. 1), InGaAs/GaAs (Refs. 1-5), or
InGaAs/InP (Ref. 6). These results represent an important
improvement that confirms this option as a very promis-
ing one.

In the present work, the dislocation distribution in
linearly-graded composition InGaAs buffer layers grown
on GaAs (001) substrates is characterised by transmission
electron microscopy (TEM). The TEM observations are
compared with the dislocation distribution predicted by
several theoretical models.”®

Experimental technique

The specimens under study were grown by molecular beam
epitaxy (MBE) at a growth temperature of 500°C and their
layer structures consist of a I um thick linearly graded
InGaAs (0-28 at.-%In) buffer layer followed by a 250 nm
thick InGaAs cap layer (with different In compositions) on
a GaAs (001) substrate (Fig. 1).

Conventional TEM studies were performed with a
Jeol 1200-EX transmission electron microscope operating
at 120kV. The plan-view TEM (PVTEM) specimen
preparation was carried out by chemical etching methods
(Br,+ CH,OH or H,SO,+ H,0, + H,0), and the cross-
sectional TEM (XTEM) specimens were prepared by Ar™
ion milling after mechanical thinning.

The dislocation Burgers vectors analysis was performed
using the two conventional invisibility criteria, g+h=0
and g-(b Au)=0, where b is the Burgers vector of the
dislocation, g is the diffraction vector and u is the unit
vector along the dislocation line direction, for the {220},
{004}, and {111} reflections.

To determine the alloy composition and the strain
relaxation of the cap layers, double crystal X-ray diflraction
(DCXRD) measurements were carricd out. Rocking curves
from DCXRD were obtained for each of the spccimens
from the surface symmetrical (004) and asymmetrical low
and high angle (115) reflections using a Bede Scientific
Instrument 150 diffractometer. For each specimen, four
(004) rocking curves were recorded, where the projection
in the (001) planc of the incident and diffracted beams lie
along the four (110} directions. From these four readings
any macroscopic tilt between the layer and the substrate
was calculated, and was subsequently used to correct peak
splitting on the corresponding (115) rocking curves. The
standard assumptions have been used to calculate compo-
sitions and lattice mismatches.”*?

Experimental results and discussion

A detailed analysis of the plan-view TEM images of the
~250 nm thick InGaAs cap layers, as shown in Fig. 2,
does not reveal the presence of any threading dislocations.
Therefore, the dislocation density at the top of the grading
and in the cap layers is below the detection limit of this
technique, i.e. <10°cm™2

Table 1 Results from TEM and XRD obtained for top

layers of set of specimens

Specimen  In content, %  Relaxation, %  Top layer thickness, nm
A 15 ~250
B 205 94 +5 ~250
C 225 88+5 ~235
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In,Ga, As 250 nm
x=28%
In,Ga, As 1000 nm
x=0%
GaAs 180 nm
GaAs (001)
1 Schematic description of specimen structures:

thicknesses correspond to nominal ones

Plan-view TEM and cross-sectional TEM micro-
graphs (Fig. 2a and b, respectively) reveal the presence
of misfit dislocations mainly running along the [110]
and [110] directions in the InGaAs buffer layers up to
a critical thickness z,. The measured z, values are shown
in Table 2. The mean cross-scctional density of such de-
fects in the dislocation rich area is 87+ 1 x 10° em ™2,
with a rather uniform distribution. Stereoscopic exam-
ination reveals dislocations arranged as a three-dimensional
network.

Threading segments between two misfit segments are
visible in the graded layer in XTEM and PVTEM
micrographs. In PVTEM images, such segments are easily
identified by a characteristic ‘zig-zag’ contrast (see dislo-
cations marked as ‘T’ in Fig. 2b and 4b) while in XTEM
images, these segments are not parallel to the growth
interface (001) (‘I in Fig. 2b).

Table 1 shows the In content and the strain relaxation
of each cap layer, determined from DCXRD measurements,
as well as the thicknesses of the cap layers measured
by XTEM.

The arrays of misfit dislocations are asymmetrically
distributed for the two mentioned (110 directions and
this is probably owing to the basic asymmetry of the
orthogonal edge and 60° dislocations in the zinc blende
structure (2 or fi character).'® Peierls barricrs between
two types of dislocations lead to unequal mobilities for
the arrays of dislocations along the (110> directions.
Dislocation density data in Fig. 3 for the specimen A
graded layer support this assumption. This fact is clearly
observed in Fig 2b where dislocations labelled as A,
running parallel to the electron beam, reach higher than

Table2 Experimental TEM and theoretical resuits
obtained for graded layers in nanometres; h is
graded layer total thickness, z! and Z2 are two
critical thicknesses measured in both (110>
directions as shown in Fig.3; z! and Zz¢

correspond to predicted critical thicknesses

using Tersoff and Dunstan models, respectively

Specimen h 2! 72 2 Z4
A 710 810 817 +4 684
B 950 660 650

C 740 790

cap layme_r]
o]

2 a Plan-view TEM micrograph (bright field (BF) g=
{220)) showing dislocation network, b cross-sectional
TEM micrograph (BF g=(220)) showing dislocation
distribution

those lying perpendicular (B). Thus, the critical thickness
z. is different for the two (110} directions.

A representative example of the observed misfit dislo-
cations is shown in the micrographs of Fig.4 for the
diffraction vectors 81220} & a00; and g,o40;- A characteristic
contrast is seen near ‘a’ in Fig. 4c where a dislocation
parallel to [110] becomes invisible for g,,, reflection.
Applying the conventional invisibility criterion g+b =0,
thls dislocation appears to be of pure edge type with

=1[110]. Followmg a similar procedure, the dislocations
ldbelled as ‘b” and ‘¢’ are also of pure edge type with

b =1[110]. These edge dislocations with b parallel to the

x=30%

_" . Dislocation free
' M High density |
7 @ Low density

Cross-sections

0 200 400 600 800 1000
Buffer layer thickness, nm

3 Schematic representation of dislocation density
distribution in InGaAs buffer layer of specimen A;
dislocation density is below 5x10%cm~2 for low
dislocation density region and 87+1x10 °c¢m 2
for dislocation rich area
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a G205 b 92207 € Gaoo: d Goso reflections

4 Plan-view TEM micrographs showing dislocation network in grading layer

(001) growth plane are expected since they provide the
most efficient strain relief. Many of the dislocations in the
figure are 60° dislocations. These dislocations were the most
frequent in this system. From the invisibility criteria and
statistical observations, a 30 + 8% of edge dislocations is
estimated. These are mainly concentrated near the graded
layer/substrate interface.

In these micrographs (Fig. 4) several dislocation inter-
actions are observed. The most frequent interactions are
typical reactions between 60° dislocations, as can be seen
at the lower right corners of the micrographs of Fig. 4. On
the other hand, numerous dislocations crossing without
any interaction appear in the PVTEM images shown in
Fig. 4. This can be attributed to one of the following
configurations: {a) two 60° dislocations with perpendicular
Burgers vectors, {b) two pure edge dislocations (point 1 in
Fig. 3¢), and (c) dislocations contained in different planes
(001), that is the most probable configuration in this system
(point 2 in Fig. 3¢).

Single and multiple dislocation loops, without any
fixed pattern, are found by XTEM deep into the graded
layer, in some cases reaching the substrate (Fig. 5). The
deepest observed loop penetrates about 1 pm into the sub-
strate.

A Burgers vector analysis of the dislocations in these
kinds of loops is shown in Fig. 6a-d using gi11, £i11- £220-
and ggo4 two-beam conditions respectively. For the gi59
condition three loops are visible. For the gq,; reflection a
considerable reduction of contrast occurs for the dislocation
labelled as 1, which is consistent with 607 dislocations with
b=1[011] or4[101]. The smallest loop 2 becomes invisible
for the g, reflection and therefore it is a 60° dislocation

with 5 =1[011] or $[101]. Dislocation 3 is clearly of edge
type with b =3[ 110] because of the invisibility for the goo4
reflection.

Dislocation loops penetrating deep into the substrate in
graded structurcs were previously reported by Le Goues
et al'® All the loops were observed to have identical
Burgers vectors, which is a typical result of the dislocation
multiplication Frank-Read mechanism. In that paper,
the authors proposed a mechanism of loop multiplica-
tion where a single pinned dislocation segment acts as a
Frank-Read centre. However, in the present study, dislo-
cation loops with different Burgers vectors are observed to
penetrate into the substrate. Therefore, the Le Goues et al.
interpretation of their existence in the substrate can not be
applied here.

Theoretical models

In recent years, two authors have proposed models to
predict the existence of a strained region free of dislocations
at the top of a linearly graded composition layer. The first
model is based on geometrical considerations!® and the
second is an energy based model.” These models are briefly
commented upon and applied to this system in the following
paragraphs.

TERSOFF'S MODEL

Recently, Tersoff” deduced the equilibrium dislocation
distribution and the residual strain in linearly graded

Materials Science and Technology December 1998 Vol. 14



1276 Pacheco et al.

TEM and XRD of InGaAs buffer layers on (001) GaAs

In,Ga,xASs

Dislocation

GaAs (001) loop

250 nm

. . - InGay As |
Dislocation xSE =

loops

a deep inside substrate; b without penetrating into substrate

5 Cross-sectional TEM images (BF g=(220)) showing
dislocation loops

composition layers. The density of dislocations in equi-
librium (it is assumed that the energetic formation of
dislocations is balanced by the clastic energy of the
structure assuming that the dislocations adapt the lattice
parameter perfectly up to an equilibrium thickness z.) is
calculated assuming a film thickness much larger than
the dislocation spacing. No dislocation interaction is
considered.

Such considerations permit the calculation of the para-
meter z, for a linearly graded composition layer

)
Ze=h—|—— o
booe " - &

where E4 is the energy of the dislocation per unit length,
h the total thickness of the grading layer, bgp- the misfit
component of the Burgers vector of the dislocation, &' =
de(z)/dz, &(z) being the mismatch strain, and p the elastic
shear modulus (3:09 x 108 Nm™?2).

For the system considered here, assuming an isotropic
medium, Ejy is calculated as follows!”

ub? , sin? f8 2R
Eg=~—|cos* B+ n— . . . . . . (2
4n 1—v

b

where f is the angle between the Burgers vector and the
dislocation line, = the dislocation core corrector parameter,
R the cut off parameter and v the Poisson’s ratio of the
film (0-33). Parameter o has been usually taken as 3 or
4 for calculations involving semiconductor materials, al-
though the value 2 =1 is now more often used. However,
in the present work the value a = 245 is used as this is the
value measured for InGaAs.'®

a g111; b G111 € Gaz0; d Goos

6 XTEM images showing three dislocation loops for
different reflections

If 60° dislocations and R=350nm are assumed and
Vegard’s law is assumed, z, =801 nm is deduced. Taking
into account the experimental percentage of each type of
dislocation: 30+ 8% of pure edge dislocations, z. is
817 + 4 nm. In this calculation both b and u are taken as
the average values corresponding to a 15%]In content.

In this model, changes in = or R parameters slightly
affect the resulting value of z, but, on increasing the
proportion of edge type versus 60° type dislocations, while
the total dislocation density remains constant, the final
z, value varies less than 4:5%: z, (x=2.45 R=50nm,
h=1000 nm, 100% of 60°)=847nm and z, (x =245,
R =50nm, h =1000 nm, 100% of edge) = 887 nm.

This model allows us to calculate the dislocation density
in the graded layer from the expression

'

(3)

S| ™

‘{):

and considering 100% of 607 dislocations, the theoretical
e is 1122 x 10° cm ™2 If we consider 22 or 38% of pure-
edge dislocations p is 94 or 85 x 10° cm ™2, respectively.
Notice that the experimental density mcasured by TEM
falls between thesc two values.

DUNSTAN’'S MODEL

Dunstan et al® proposed a model based solely on
geometrical considerations. The obtained expression does
not explicitly consider either strain energies or dislocation
energies. It is based on simple arguments that can be
summarised as follows: (a) at small thicknesses, the layer
does not relax because the relaxation energy As=b/md
exceeds the strain ¢ in the laver. (b) the layer may begin to
relax when the condition b md = ¢ is reached (where m is a
factor between 1 and 2). Thus. this model predicts that the
strain—thickness product of a single layer must be a constant

he=k ... @

where k is 0-8 nm for the InGaAs/GaAs system, ¢ is the
strain and h the total thickness of the epilayer. As recently

Materials Science and Technology December 1998 Vol. 14



Pacheco et al. TEM and XRD of InGaAs buffer layers on (001) GaAs 1277

{a)
€
. >
Ae
............................... 'S (b)
2/
, :
I'd
€ L7
7’
4 h
. _[)S(Z)dl—k
s
0 z h z

A 4

Substrate Linearly graded layer

a before reaching condition [{,‘ s(z) dz= k no dislocations relax the
layer; b when this condition is attained, dislocations located between
0 and z relax totally this region; ¢ following growth, more
dislocations relax the first region {i.e. {5r¢(2) dz=0) so that a defect
free region following jﬁcg(z) dz = k always stays at top of grading

7 Schematic description of strain relaxation Dunstan
mechanism during growth of linearly graded layers

published,' this expression also describes the strain
relaxation in more complex structures (stacks of layers,
graded layers, ctc.) considering the average strain and the
total thickness.

For a linearly graded layer, the average strain is

Ty (5)

J dz

0
where ¢ is the misfit strain rate de/dz.

This induces a strain relaxation behaviour schematically
described in Fig. 7. When [e(z)dz is less than k the
relaxation does not start (Fig. 7a), but when this value is
reached, dislocations relax the layer between 0 and z, so
that no strain remains in this region. When growing graded
structures, a strained and defect free region always remains
at the top of the grading with the thickness h-z. that
depends only on the grading rate ¢ (Fig. 70 and ¢). As
shown in Fig. 7, the thickness of this strained top region is
determined by the condition

h
Js(z)dz=k:0~8nm O ()

Substrate Linearly graded layer

8 Schematic description of real relaxation occurring
in linearly graded layers: as no total relaxation is
possible, area below curve between 0 and z; is no
longer 0 and therefore z, becomes higher to reduce
area between z, and h

as from equation (4)

Ze h h
= J s(z)dz + J e(z)dz = J e(z)dz=k (7)
C . Zc
The predicted z, is 684 nm. In this model, the z, value only
depends on the graded layer total thickness and on the
grading rate.

COMPARISON BETWEEN THE THEORETICAL
MODELS AND THE EXPERIMENTAL RESULTS

The model that more closely follows the experimental
results is the Dunstan model. Surprisingly, a lower z. value
than the experimental one is predicted. To understand this
difference, it is necessary to note that in all the existing
models, a step by step total relaxation is assumed to occur
during the growth. Obviously, this can never happen. A
convincing argument is that a single layer can not relax
more than 70%.2° Because of this, the dislocation-rich
region needs to be larger to reach the same lattice parameter
and the first term of the Dunstan condition becomes
J%C g(z)dz#0

z i
sh:f s(z)dz+J ez)dz . . . L . o0 (8

0

EN
<

and, as is shown in Fig. 8, z, needs to be higher, as the
area below the curve remains constant.

Conclusion

A detailed study of the dislocation behaviour in compos-
itionally graded InGaAs buffer layers on GaAs substrate is
presented. Dislocations adapting the lattice parameter up
to a thickness z, are observed. A top dislocation free region
(<10% ecm™?) is evident. In addition to this very promising
result it must be noted that dislocation loops penetrating
deep into the substrate are also evident. A simple force
balance model is presented to interpret this dislocation
behaviour. Comparison of the experimental data with
several existing models shows that the geometrical Dunstan
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model agrees more closely with the experimental results.
Moreover, some explanations for the differences observed
between the experimental observations and the model
predictions are given. The most important and practical
outcome is that once the relaxation process is understood,
the strain relaxation control in such linearly graded
structures will allow the growth of very eflicient buffer
layers for InGaAs based devices on GaAs substrates.
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