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Control of phase modulation in InGaAs epilayers
D. González,a) G. Aragón, D. Araújo, and R. Garcı́a
Departamento de Ciencia de los Materiales e IM y QI, Universidad de Ca´diz, Apartado 40,
11510 Puerto Real, Ca´diz, Spain

~Received 4 October 1999; accepted for publication 5 April 2000!

A theoretical description of the phase modulation state of epitaxial InGaAs layers has been recently
published@D. González et al. Appl. Phys. Lett.74, 2649 ~1999!#. To verify experimentally the
deduced phase diagram, InGaAs structures with In compositional steps were grown using different
growth conditions. Transmission electron microscopy studies have revealed the modulation state in
each layer and have allowed us to define the experimental In composition and temperature
dependence of the phase transition. The results show that InGaAs layers with and without
composition modulation can be obtained by changing the growth temperature. An excellent
agreement with the model predictions is observed. ©2000 American Institute of Physics.
@S0003-6951~00!05222-0#
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A fundamental problem for the development of opt
and microelectronic devices is the control of their epilay
crystalline quality. Several factors can affect the achievem
of perfect layers: first, the existence of a lattice misfit b
tween the substrate and the epilayer can induce the forma
of defects as misfit dislocations~MDs! and/or the appearanc
of a superficial roughness. Second, in the case of ternar
quaternary alloys, phenomena such as ordering or ph
separation can occur1,2 which also affect the optical and elec
trical properties of these structures. Therefore, control o
both MD formation and phase modulation is necessary
achieve high device quality. One of the hindrances in
development of a predictive model is that these phenom
are dependent of each other. Indeed, the appearance
superficial roughness can influence both MD formation3,4 or
phase separation.5–7 Recently, the conditions of coupling be
tween the surface morphology and the compositional mo
lation have been rigorously established theoretically.8,9 The
aim of this contribution is to confirm experimentally the pr
viously published theoretical predictions10 of the composi-
tion modulation~CM! state under different growth cond
tions.

Composition modulation in semiconductor epilayers h
always been associated to the phenomenon of spinoda
composition. From the first works of Springfellow11 and
Hénoc et al.12 until the present time,6,13 thermodynamic ap-
proaches have only been used and serious discrepancie
tween experimental and theoretical results remain@see Table
I ~Ref. 13!#. Recent studies,14 introducing the effect of the
kinetic instabilities in the epitaxial growth, have proposed
critical temperature of CM,Tc

M , able to explain to the CM
observed in epilayers grown at typical substrate temp
tures. This relative success was put in the shade by the
dictions that no homogeneous layers belowTc

M can be ob-
tained. This result implies that all the InGaAs epilayers w
a lattice parameter close to the InP would present CM
typical growth temperatures used in molecular beam epit
~MBE! or metalorganic chemical vapor depositio

a!Electronic mail: david.gonzalez@uca.es
3230003-6951/2000/76(22)/3236/3/$17.00
Downloaded 16 Oct 2006 to 150.214.231.68. Redistribution subject to AI
r
nt
-
on

or
se

r
o
e
na
f a

u-

s
e-

be-

a

a-
re-

t
y

~MOCVD!.4 The model we have recently published10 di-
verges from this assumption and proposes a phase diag
where a window of homogeneous composition exists for l
temperatures and growth rates. In the following, the eq
tions used in the model are summarized.

The time evolution of the composition profile during a
epitaxial growth can be described by:14

]vc

]t
52

kII
2D*

T
A0vc1

kII
2D*

T
@A01Bnl~dceq!#dceq,

~1!

wherevc is the deviation amplitude of the modulation pr
file in equilibrium,dceq, kII is the CM wavelength andA0 is
defined as

A05
]2f

]c2 1B0 , ~2!

wheref is the free energy density andB0 andBnl are elastic
energy functions related to the phase coherence. If the c
ficients of this equation are independent ofvc, integration
over a growth time,tg , defined as the necessary time
deposit one monolayer is

vc5S 11
Bnl~dceq!

A0
D dceq1expS 2

tg

td
D , ~3!

where,td , is the diffusion time defined as the average tim
for adatom incorporation on the surface.

The second term of Eq.~3! is bounded between 0 and 1
The boundary condition for a stable CM isvc50 and there-
fore, there are two limiting solutions:

~ i! for tg@td , A01Bnl~dceq!50, ~4!

and

~ ii ! for tg!td , @A01Bnl~dceq!#dceq52A0 . ~5!

In case~i!, the growth is so slow that the equilibrium
profile is reached and the CM is governed by the kine
instabilities. The critical temperature for the modulatio
Tc

M , which depends on the growth rate, was defined by M
ishkin et al.14 as
6 © 2000 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



r

-

o-
de
w
d:

va

er
he
s

t lo
ic

p
k
-

n,
r
-
th

er
in
th
ou
M
it
a

e

As
ition

of
ded

at
m
for

ated

he
o-

K

3237Appl. Phys. Lett., Vol. 76, No. 22, 29 May 2000 González et al.
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~6!

where R is the gas constant,V the interaction paramete
related to the mixed enthalpy,ci j the elastic constants,V the
molar volume, anda the lattice parameter of the solid solu
tion.

In case~ii !, the growth rate is so fast that only therm
dynamical instability can occur and the CM progression
pends on possible compositional fluctuation along the gro
direction,z. Now two possible cases can be distinguishe

~ ii a! dceqÞ f ~z!, A050, ~7!

which correspond to the Springfellow solution11 and

~ ii b! dceq}exp@kII~z2h!#, 2A01Bnl~dceq!50, ~8!

which coincides with the solution proposed by Ipato
et al.13 In that case, CM occurs at temperatures below13 T c

I ,
whereT c

I is given by:

T c
I 5

1

2RS 1

12c
1

1

cD
3FV2

~c1112c12!~c112c12!

2~c111c12!
VS 1

a

]a

]cD 2G . ~9!

The physical phenomena that occur increasing temp
ture can be summarized as follows: at low temperatures t
modynamic instabilities govern, while kinetic instabilitie
are predominant at high temperatures. This means that a
T whenT,Tc

I , CM occurs as a result of the thermodynam
equilibrium and this CM vanishes after crossing theTc

I limit.
Above Tc

I , td continues diminishing and only whentg

'td , kinetic instabilities become important and the CM a
pears again. The transition from a thermodynamic to a
netic mechanism is defined by the ‘‘critical transition tem
perature,’’Tc

t , previously defined as10

Tc
t 5

Es

k lnS ln~0.5!

kII
2D0tg

D , ~10!

whereEs is the activation energy of the superficial diffusio
k the Boltzmann constant, andD0 the preexponential facto
of the superficial diffusion coefficient.15 This temperature de
pends fundamentally on the superficial diffusion and on
growth rate.

Defined by the critical transition temperatures the diff
ent modulation regimes, the InGaAs phase diagram obta
for a growth rate of 0.1 ML/s is shown in Fig. 1. At a grow
temperature of 673 K, the model predicts homogene
InGaAs layers occur for In contents below 22% and C
occurs for higher In content. The CM should increase w
the In content, since the system moves away from the M
ishkin limit condition, Tc

M , due to the progression of th
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kinetic instabilities. On the other hand, at 473 K, the InGa
layers should be homogeneous over the whole compos
range.

To improve the precision of the model, two sets
samples were grown. The samples consist of step-gra
structures grown by the ALMBE technique16 with a growth
rate of 0.1 ML/s at two growth temperatures: 673 K~sample
A! and 473 K followed with a thermal annealing of 7 min
723 K ~sample B!. The increments of the In content are fro
10% up to 60% and the layer thicknesses are 120 nm
x50.1–0.4 and 80 nm forx50.5–0.6. At the top, an InP
layer of 500 nm has been grown to ensure a state of satur

FIG. 2. XTEM micrograph of sample A using a 220 BF reflection. T
InxGa12xAs layers abovex50.2 show a clear and dark fringe pattern ass
ciated to a CM.

FIG. 1. Phase diagram of epitaxial InGaAs alloys for a growth time,tg510
s. At 670 K the CM transition is predicted at 22% In content while at 473
the layers remain homogeneous.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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relaxation, i.e., work hardening regime17,18 in all the InGaAs
layers. Step-graded structures were grown to avoid the in
ence on the CM of the different growth conditions involv
with the misfit relaxation of single InxGa12xAs/GaAs layers.
Then each layer reaches the work-hardening regime du
the growth showing no differences in the stress state
avoiding island growth18 which does not mean avoiding su
face roughing is observed. It results in a single sample wh
layers are grown in the similar conditions with similar defe
distribution and relaxation state, but with different In co
tents.

To study the CM, cross sectional TEM~XTEM! has
been used. Figure 2 shows an XTEM micrograph of sam
A grown at a substrate temperature of 673 K. The InGa
layers with an In content lower than 20% show homog
neous composition, but for higher compositions a typi
structure of bright and dark fringes parallel to the grow
direction is distinguished. This modulation disappears w
the bright field~BF! 004 or weak beam~WB! 220 reflections
indicating a typical CM behavior along the@110# directions
in the growth plane.19 The CM begins in the In0.3Ga0.7As
layer and increases with the In composition. The modulat
wavelength,kII , stays around 15 nm and is independent
the layer composition. On the other hand, the increase of
fringe contrast with the In composition is attributed to
increase of the modulation amplitude when the syst
moves away from theTc

M that corresponds to the state
lowest modulation amplitude. The modulated InGaAs lay
show wavy interfaces as predicted by Leonardet al.20

Figure 3 shows an XTEM micrograph of sample B. T
CM behavior is totally different with respect to the previo
structure. The contrast at the top layers is similar to tha

FIG. 3. XTEM micrograph of sample B using a 220 BF reflection. All
InGaAs layers show a homogeneous contrast without any CM.
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the buried layers and no CM is observed at all. The grow
mode, based on a slow growth rate at low temperature, el
nates phase separation in the high In content alloys and
good agreement with our model predictions.

An important result that must be pointed out is the im
pact of CM on the defect distribution. The InP layer
sample A presents a high density (109 cm22) of threading
dislocations~TD!, behavior in contrast to sample B. In th
latter, the TD density is determined by planar view TEM
be lower than 107 cm22. The elimination of the CM
through the growth control improves the crystalline qual
of the materials and therefore, the CM model predictio
constitute a new tool in the device structures design.

In summary, a phase diagram applied to epitaxial
GaAs alloys is shown to describe with good accuracy,
transition temperatures between homogenous and CM st
Indeed, using step-graded structures to avoid difference
the growth conditions, the CM of the InxGa12xAs layers
(0.1,x.0.6) agrees well with the proposed phase diagr
predictions. Growth at 473 K allows us to obtain homog
neous InGaAs layers with a better quality with respect to
generation of crystalline defects. This result constitutes e
dence of the relationship between growth conditions~sub-
strate temperature and growth rate! and the CM epitaxially
grown structures.

This work was made possible through grants from
Andalucian Government~Group TEP-0120! and the CICYT
Project No. TIC98-0826. The work was carried out at t
Electron Microscopy Center of Ca´diz University. The au-
thors thank Dr. L. Gonza´lez and Dr. Y. Gonza´lez for provid-
ing the InGaAs samples.
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