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Critical-Thickness and Growth-Mode Transitions in Highly Strained In,Ga; — x As Films
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Singular phenomena in highly strained In.Ga,-xAs are used to test current theories of dislocation dy-
namics in thin films. Strong support is found for a temperature-dependent frictional force which has an
activation energy of magnitude of the Peierls energy. With this force, an abrupt temperature-dependent
transition in the critical thickness of pseudomorphic growth is explained for the first time; the island-to-
layer growth-mode transition which occurs at this temperature is shown to be equivalent to a similar x-
dependent transition; and island growth is attributed to nucleation by misfit dislocations.

PACS numbers: 68.35.Rh, 68.55.Bd, 68.65.+g

Strained-layer semiconductors are complex materials
and are not presently well understood. For the growth of
InGaAs on GaAs at substrate temperatures near 530°C,
there is some agreement between experiment and a sim-
ple temperature-independent theory of critical thickness
(the thickness beyond which the InGaAs ceases to grow
pseudomorphically) over a range of indium concentra-
tions. !> At lower growth temperature the experimental
observations are not adequately explained and in particu-
lar, the role of time-dependent plasticity is unclear.™>
Matthews and co-workers extended the simple theory
with a velocity- and temperature-dependent glide activa-
tion force®’—referred to as a frictional force. Dodson
and Tsao®® introduced the concept of “excess stress” in
analogy with plasticity theory for bulk semiconductors. '°
More recently Fox and Jesser'' have presented a unified
theory which involves frictional forces, which contains
the excess stress theory, and which gives good agreement
with experiments on very-low-strained ( < 0.002) GaAsP
films. .

In this paper a frictional force is shown to account for
the known properties of highly strained InGaAs on
GaAs. These include a rapid transition from a small to
an extremely large critical thickness over a small temper-
ature range; an accompanying island-to-layer growth-
mode transition; an equivalent growth-mode transition
which occurs at constant temperature but with changing
indium concentration; and strong evidence that island
growth is nucleated by misfit dislocations.

In general there are serious difficulties in comparing
critical-thickness and plasticity theories with experiment.
The theories include processes described by exponential
terms which may vary from insignificant to dominant
over the experimental conditions of interest. The stra-
tegy here is to investigate regions of the available data
which are so extreme in their behavior that they isolate
only one factor; in this case a frictional force. Highly
strained films (¢ > 0.02) have small critical thicknesses
(~ 10 monolayers) and so dislocation velocity and multi-
plication effects are expected to be less significant than in
thicker films with lower stresses. The data'? are shown

in Fig. 1, where the critical thicknesses of highly strained
(6=0.023) 1Ing33Gage7As films are plotted against
growth temperature. As the temperature is lowered
there is a slow increase in critical thickness which then
increases abruptly beyond the experimental resolution at
470°C: No change in the surface lattice constant was
detected. Also shown are data'3 for x =0.25 with much
thicker and lower-strained (¢ =0.018) films. The data of
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FIG. 1. Comparison of the A, derived from Eq. (2) with ex-
periment. The region of no island growth refers to the x =0.33
data of Ref. 12 only. The x =0.25 data (Ref. 13) were aug-
mented by a point from an x =0.26 experiment (Ref. 12)
marked by the open square. The solid curves are given by Eq.
(2) with U=1.0 and 2.3 eV for x =0.25 and 0.33, respectively.
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Ref. 13 were augmented with one point from Ref. 12.
Both sets were taken by reflection high-energy electron
diffraction (RHEED). The x =0.25 data were found
from measurements of the occurrence of island growth as
shown by three-dimensional contributions to the
diffraction pattern. Previous work>'* has shown that
this growth-mode transition coincides with lattice expan-
sion of the InGaAs as measured by RHEED. The
x=0.33 data'? were obtained by measurement of the
surface lattice constant with a resolution of 0.003 A.
This equals a misfit resolution of 5% 10 % which is so
small that for the present purposes it can be ignored.

Theory must account for a sharp transition in critical
thickness over 20°C. A simple force theory is known to
approximate the critical thickness at 530°C for a range
of x. It has the form’

F.—F *F;=0, n

where F.=21.0he, F;=5.2[In(h/b)+1], and F,=Tb
X sin60° are the forces in newtons on a misfit dislocation
due to the elastic stress, the dislocation line tension, and
the creation or loss of surface. The thickness of the over-
layer is # and b=4 A is the magnitude of the Burgers
vector of a 60° misfit dislocation. The force F; (Ref. 15)
is included to obtain the correct value of the critical
thickness at high temperature (~530°C) and high
strain with T', the surface energy, treated as an adjust-
able parameter. It is found? that T~1 Jm ~2, in agree-
ment with experiment.'® The constants are for x =0.33
but are only weakly x dependent. This equation is solved
for the critical thickness h. by putting e =f, where f is
the misfit. At higher temperatures (> 560°C) there is
indium evaporation. At lower temperatures, the critical
thickness is not given by (1), as it has no temperature
dependence. It has previously been pointed out®’ that
other forces should be included where appropriate, such
as forces between gliding dislocations, dislocations and
obstacles, and the force to move dislocations by glide.
Fox and Jesser!' have used terms for glide and atmo-
sphere pinning. Here we will use a simplified version of
the originally proposed® force for dislocation activation
Fr=Ahexp(U/kT), where U is expected to be close to
the Peierls energy and A is a constant. Thus Eq. (1) be-
comes

F.—F+F,—Fr=0. (2)

By choosing parameters 4 and U to fit the data at high
temperatures and misfit we can investigate the lower-
temperature transition region. Strain-versus-thickness
curves derived from Eq. (2) are shown in Fig. 2. The
curves have identical form shifted vertically with temper-
ature. At high temperatures there is little variation in
the critical thickness A., which is given by the intersec-
tion of the misfit f with the curves. As the temperature
is lowered below 490°C, the A, rapidly increases until a
temperature is reached where there is no intersection
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FIG. 2. Plots of strain against thickness for different tem-
peratures predicted by Eq. (2) for an Ing33Gaoe7As overlayer
with U of 2.3 eV. The misfit on GaAs is marked by f.

with f: The temperature is too low to activate disloca-
tion movement. This is a major result of this theory: It
predicts the rapid rise to an infinite critical thickness.

The h. derived from Eq. (2) are compared with exper-
iment in Fig. 1. The x =0.33 curve was fitted to the data
and a cutoff of 465°C. A range of U=2.0£0.5 eV was
found with the curve shown corresponding to U =2.3 eV.
The data range is too small to obtain a precise value of
A: InA=—30=%10. The x =0.25 curve is the best fit to
the points shown with U=1.0 eV: There are no experi-
mental data on the cutoff temperature. Both energies
are in the range of Peierls energies for semiconductors'’
and show that Eq. (2) gives a first-order description of
the rise in critical thickness with temperature. The
x =0.33 curve would be better fitted with a 5°C higher
cutoff temperature. More data are required before a
choice of a more elaborate F,y needs be made: Fig. 2
shows that the cutoff region is highly sensitive to the ex-
act position of f and the shape of the strain curve and so
only a small change in the theory would be required. On
the other hand the x =0.25 data set does not follow the
functional form of the theory. These films are an order
of magnitude thicker with lower strain and are out of the
region where F; can be isolated. The x =0.25 data do
not provide support for the theory, but they are con-
sistent with it.
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Equation (2) predicts the rapid rise in critical thick-
ness through a combination of a hyperbolic and exponen-
tial dependence on temperature. A temperature depen-
dence which depends on exponential terms alone gives
too high an activation energy. An example is the theory
of Dodson and Tsao® in which the critical thickness de-
pends on the time taken for an overlayer to relax. This
time can be written'8 as

t(5,T)=CeU/"Tf6 ds , (3)
% (equ—8")2(8"+80)

where 6§ =f — € is a measure of the overlayer relaxation,
8=238¢qu when Eq. (1) is satisfied, C is a constant, U is a
glide activation energy, and &y is the initial relaxation of
the overlayer due to grown-in dislocations. A lower
bound on U can be estimated by comparing the times to
relax on either side of the transition. Considering that
the film growth rate is ~1 monolayersec ~', the mea-
surement time is ~ 102 sec, and the total experiment
time is > 103 sec, a conservative lower bound for U can
be found from ¢ (Sequ,743) > 10%( 5 Sequ, 763), where the
use of '76equ avoids possible lengthy asymptotic ap-
proaches to 8cqu. This inequality gives U > 10 eV if the
ratios of the integrals (~5) are ignored and U > 15 eV
if they are included. These energies are too high for
dislocation activation. The transition can be sharpened
if Sequ is derived from Eq. (2) rather than from Eq. (1)
for as f becomes tangential to e(h), the term (Sequ — )2
rapidly decreases. However, calculation shows that the
activation energy still remains too high.

Equation (2) will now be applied to island growth. Of
interest is the transition between layer and island growth
modes for different misfits. It will be argued, on the
basis of a simple growth model which describes the gen-
eral experimental behavior of these strained overlayers,
that while § defines the state of relaxation of these films,
ds/dh is the parameter which determines the island
growth transition. The problem then reduces to deriving
this parameter as a function of x from Eq. (2). The ex-
perimental observations which must be fitted are the fol-
lowing: Three-dimensional growth is observed with
RHEED within a monolayer of 4..>!'? Experiments over
the range 0.3 <x =<0.5 show that these three-dimen-
sional features attain a maximum within a few mono-
layers and then revert to layer growth.? If a thick layer
is grown at a low temperature where islands do not form
and the temperature is then raised, three-dimensional
features appear.'? The misfit value of ~0.02 is a bound-
ary below which, even at high temperatures, three-
dimensional features do not appear.'? In what follows, a
two-parameter model which fits these observations will
be described and used to calculate the effect of strain on
the island-to-layer transition. The assumptions'® of the
model are that (1) islands are nucleated by misfit dislo-
cations, (2) each monolayer is grown in either the layer
or island growth mode, and (3) dislocations which nu-

cleate an island do not contribute to island nucleation
later in the growth. Assumption (1) is supported by the
simultaneous appearance of island growth and lattice re-
laxation. Detailed nucleation mechanisms will not be
discussed here but it should be noted that dislocated is-
lands within a strained layer can have a lower energy
than a unformly dislocated overlayer?®?' and the screw
component of the 60° dislocations can overcome kinetic
barriers to three-dimensional growth. Let A be a surface
diffusion length which characterizes the perturbation of
the layer growth by the misfit dislocations and let the
length & be dependent on the spacing between the misfit
dislocations which are introduced by each monolayer:
E=E(1/(ds/dh)). These parameters are defined so that
for layer growth £>2A and for island growth &=<A.
(This is analogous to heterogeneous thin-film growth??
with A the catchment radius of strongly trapping hetero-
geneities.) Below A, d6/dh =0 and &> A; hence there is
layer growth. At h., d5/dh is a maximum (see Fig. 2)
and then decreases approaching zero as A increases. If
& <A at A, islands will form; but as the growth proceeds
¢ will become greater than A and layer growth will
resume as observed. The distance between dislocations
(b/26 for 60° dislocations) is plotted in Fig. 3 as a func-
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FIG. 3. Left ordinate: distance between misfit dislocations
plotted against temperature after 1, 2, 4, and 10 monolayers of
Ino.33Gaoe7As have been deposited in addition to A. on GaAs.
Right ordinate: curves of misfit strain against temperature
with constant values of d8/dh equal to those at A, for x =0.33
and for the temperatures.indicated.
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tion of temperature for fixed numbers of monolayers past
h. using Eq. (2). The increase in dislocation spacing
occurs as f becomes tangential to e(h). As the tempera-
ture is lowered, d&/dh|, + decreases rapidly until
A < &ln + and layer growth occurs. This accounts for the
no-island region shown in Fig. 1. The value of A is un-
known; estimates of diffusion lengths on III-V semicon-
ductors range from a few hundred angstroms (~4
Aexpl(0.3 eV)/kT1),?? for two-dimensional nucleation
in the presence of vicinal steps, to microns?* for linear
diffusion. The former is more likely to fit the present cir-
cumstances and has the right magnitude. The assump-
tion of constant A in this model is a reasonable approxi-
mation because of the much stronger temperature depen-
dence of d&/dh I;,c+.

This model is now applied to the variation of the
island-to-layer growth transition with x or misfit. If we
ignore the weak dependence of the constants in Eq. (2),
then only the misfit f is a function of x and the curves of
Fig. 2 are not only of identical form but are identical to
the e(h) for all x. Consequently the intersection of a
line of constant & with the curves of Fig. 2 has a constant
d6/dh|;,{+ for all T, with the coordinates of the intersec-
tion (A,f(x)). A plot of the misfit strain against tem-
perature for two dé/dh characteristic of the edge of the
x=0.33 transition of Fig. 1 is given in Fig. 3. For
misfits below these curves, there will not be island
growth, since £ > A at the critical thickness and can only
increase with h. (This can best be seen by dropping a
vertical line from the intersection of f and the 490°C
curve of Fig. 2.) Figure 3 shows that this cutoff of island
growth against strain occurs below f=0.02, in agree-
ment with experiment. Thus, in conclusion, the incor-
poration of temperature dependence through F, and the
identification of d&/dh as the characterizing parameter
for island growth have given agreement between theory
and experiment for both critical-thickness and growth-
mode transitions in highly strained InGaAs.

Detailed comments by Dr. Brian Usher are gratefully
acknowledged.

'P. L. Gourley, L. J. Fritz, and L. R. Dawson, Appl. Phys.
Lett. 52, 377 (1988); L. J. Fritz, Appl. Phys. Lett. 51, 1080

472

(1987).

2G. L. Price, Appl. Phys. Lett. 53, 1288 (1988); G. L. Price
and B. F. Usher, Appl. Phys. Lett. 55, 1894 (1989).

3G. J. Whaley and P. I. Cohen, Appl. Phys. Lett. 57, 144
(1990).

4A. V. Drigo et al., J. Appl. Phys. 66, 1975 (1989).

C. R. Wie, J. Appl. Phys. 65, 2267 (1989).

6J. W. Matthews, S. Mader, and T. B. Light, J. Appl. Phys.
41, 3800 (1970).

7J. W. Matthews, J. Vac. Sci. Technol. 12, 126 (1975); J.
W. Matthews, in Epitaxial Growth, edited by J. W. Matthews
(Academic, New York, 1975), Pt. B, Chap. 8.

8B. W. Dodson and J. Y. Tsao, Appl. Phys. Lett. 51, 1325
(1987); J. Y. Tsao, B. W. Dodson, S. T. Picraux, and D. M.
Cornelison, Phys. Rev. Lett. 59, 2455 (1987).

°B. W. Dodson and J. Y. Tsao, Phys. Rev. B 38, 12383
(1988).

10H, Alexander and P. Haasen, Solid State Phys. 22, 27
(1968).

''B. A. Fox and W. A. Jesser, J. Appl. Phys. 68, 2801 (1990).

12G. J. Whaley and P. I. Cohen, Mater. Res. Soc. Symp.
Proc. 160, 35 (1990).

13D. C. Radulescu et al., J. Vac. Sci. Technol. B 7, 111
(1989).

14G. J. Whaley and P. I. Cohen, J. Vac. Sci. Technol. B 6,
625 (1988).

SInclusion of this force assumes that dislocations preferen-
tially nucleate so as to remove or cover up the surface
—examples are loss at a surface step or at an island edge and
vacancy diffusion in climb. See, for example, Ref. 7 and J. P.
Hirth and J. Lothe, Theory of Dislocations (Wiley, New York,
1982), p. 757.

16C. Messmer and J. C. Bilello, J. Appl. Phys. 52, 4623
(1981).

17p. Astie, J. J. Couderc, P. Chomel, and D. Quelard, Phys.
Status Solidi A 96, 225 (1986); N. Burle-Durbec, B. Pichaud,
and F. Minari, Philos. Mag. 56, 173 (1987).

18R. People, Appl. Phys. Lett. 53, 1127 (1988).

19The model is designed to be as simple as possible but still
predict the gross features of the experimental data.

205, w. Matthews, D. C. Jackson, and A. Chambers, Thin
Solid Films 26, 129 (1975). '

21S. M. Pintus et al., Thin Solid Films 151, 275 (1987).

22J. A. Venables and G. L. Price, in Epitaxial Growth (Ref.
7), Pt. B, Chap. 4; M. J. Stowell and T. E. Hutchinson, Thin
Solid Films 8, 411 (1971).

23T. Shitara and T. Nishinaga, Jpn. J. Appl. Phys. 28, 1212
(1989).

248, Nilsson ef al., Appl. Phys. Lett. 55, 972 (1989).



