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ABSTRACT

In some materials, Van der Merwe's equilibrium theory of strain relief is believed to
explain the sudden transition from pseudomorphic growth of a thin film to a progressively relaxed
state. We show, for the first time for GaN, how an accurate estimate of the critical thickness of a
thin film can be extrapolated from suitable measurements of lattice constants as a function of film
thickness using synchrotron X-ray. We do this both for an elementary elastic energy function, in
which the interactions between the dislocations are ignored, and for a more realistic energy
estimate due to Kasper. The method is found to work quantitatively for thin films of GaN on AIN.
The critical thickness is determined to be 29 ± 4 A.

INTRODUCTION

Ever since molecular beam epitaxy has been used to grow materials, many attempts have
been made to grow pseudomorphic epitaxial films on substrates with different lattice constants for
many different combinations. However, due to the lattice mismatch it is not possible to grow
pseudomorphic films with arbitrary thickness. In the initial stage of growth, the misfit can be
accommodated by the strained film alone, but above a certain thickness, the so-called critical
thickness, a spontaneous emergence of misfit dislocations cannot be avoided. Equilibrium theory
generally predicts extremely small values for the critical thickness, which are sometimes almost
impossible to measure directly. So we demonstrate here a method which allows us to extrapolate
the critical thickness from a series of lattice constant measurements.

In thermodynamic equilibrium, misfit dislocations appear at the interface of strained layer
heterostructures when the strained layer is thick enough that it is energetically favorable for the
mismatch to be accommodated by a combination of elastic strain and interfacial misfit
dislocations, rather than by elastic strain alone.' The equilibrium assumption does not always
apply: in some well-studied systems, such as GeSil-,, kinetic effects are more important . In this
work we show that the equilibrium theory is appropriate for thin GaN films on AIN buffer layer
on sapphire (0001). Therefore, in the initial stage of growth, when the film is below the critical
thickness, GaN is expected to grow pseudomorphically on AIN. Above the critical thickness, the
strain begins to relax by spontaneous creation of dislocations at the GaN/AIN interface.
Subsequently the lattice constant begins to approach the bulk value as the thickness of GaN
increases further.
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Fig. I Unit cells of sapphire (0001) and AIN on top of it. Solid line is for sapphire and dashed
line for AIN. Open circles and hatched ones represent 0 in sapphire and Al in AIN, respectively.

EXPERIMENT

To test those ideas which will be explained in the next section we examined
measurements of lattice constants of GaN thin film grown on AIN buffer layers on sapphire
(0001).3 The AIN buffer layer between the sapphire and the GaN was used because its in-plane
lattice constant is intermediate, as used previously 4, which redistributes the substantial mismatch
between two interfaces. GaN samples with thicknesses in the range from 50 A to 1 gm were
grown by MBE (Molecular Beam Epitaxy) on sapphire (0001) using a 32 A AIN buffer layer. In
order to have a workable signal from the thinnest films, X-ray beamline X16C at the National
Synchrotron Light Source (NSLS) was employed to determine the lattice constant a of the GaN
films using a least-squares fit method.3 Fig. I shows the known epitaxial arrangement of AIN on
sapphire (0001)5.6 and table 17 lists the known bulk hexagonal lattice constants of the relevant
materials. If there were no lattice mismatch, the in-plane lattice constant of AIN would be
expected to be 4.758/N,3 = 2.747 A, considerably less than the bulk value of 3.112 A. Instead, we
found a = 3.084 A indicating a partial compression of the buffer layer.

THEORY

First we consider the relationship between the film thickness and the lattice constant a
using Van der Merwe's energy minimization theory.8 From elementary elasticity theory the strain
energy per unit area is proportional to h(ao- a) 2, where h is a film thickness, a, is the lattice
constant of the (completely relaxed) material of the film and a is the actual lattice constant of the
film. Assuming that the effective range of the dislocation field is constant, the energy due to

Table I Physical parameters of GaN, AIN and Sapphire
a (A) c (A)

GaN 3.189 5.185
AIN 3.112 4.982

Sapphire 4.758 12.991
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dislocations depend on their density alone, which is proportional to (a - as). Then, the total
energy of the strained film is given by

E = cih(a - a, )2 + 3(a-a) (1 )

where u. and P are constants. For the system to be in equilibrium, this energy should be a
minimum: aE/aa=O. Then, to obtain the value of h,, the critical thickness, we simply need to
consider a = a,. Setting aEi/a=0 also gives a relation between h and a so long as a > as At a =
as, h is equal to hc below which the film is pseudomorphic and a will have the same lattice
constant as the substrate, a,. The derived relation between a and h from Eq.(I) is

ha = a. +--h(as - a) (2)

The method we have used to determine h, experimentally is to fit lattice constant data for thicker
films, and use Eq.(2) as an extrapolation formula.

Now we consider the total energy more rigorously. The elastic strain £ depends on the
mismatch between a film and its substrate, m, as well as the average number of dislocations
present at the interface. 9 The relationship is given by

m = IeI + -- (3)
p

where m=(ao-a,)/ a, , jej = (ao-a)/ a,, as is the lattice constant of the substrate, b' is the active
component of the Burgers vector and p is the average distance between dislocations. Assuming
ideal misfit dislocations we obtain the following expression.

b (a- a) 4-- m - Id;- - 4

p ao

Using the expressions from Kasper 2
,
9, a better estimate of the energy of the dislocations per unit

length is given by

E 471(1 - v)p (

where q is the inner cut-off radius, given by2 q= 7tb/( 2f%[2 (I- v)), gi is the shear modulus, v is the
Poisson's ratio, b is a Burgers vector. Q is the effective range of the misfit dislocation field, and
has two limiting values that depend on the density of dislocations, p

Q=p/2 when h >> p/2 (6)

p(4hp) - 2h when h << p/ 2  (7)

2(p 2 +4h 2)
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We will use another approximation, Q = hp/(2h + p/2), to interpolate smoothly between the two
limits of Kasper. This then applies over the entire domain of h. With this approximation, the
total energy of a film with thickness h is given by

E = c(a-ao)
2 h + 3(a- a,) I + In(q2h) (8)

Following the same calculation we used to obtain Eq.(2), we find,

a (q(p+ 4h)) -+ p(p + 4h) I+ln(2hc /q) (9)

where p=ba,/(a-a,) as before. Since Eq.(9) is an implicit function, we must solve it numerically to
obtain a as a function of h.

RESULTS

Our results for the lattice constant a of the GaN films are plotted in Fig. 2 as a function of
their thickness. They show a progressive trend away from the bulk GaN lattice constant for
thinner films. The in-plane lattice constants are found to lie between those of bulk GaN and the
AIN buffer layer. It is clear that if the trend towards thinner films were extrapolated slightly, the
GaN lattice constant would cross that of the AIN buffer layer. This is the situation that occurs at
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Fig. 2 Fit of lattice constant a as a function of GaN layer thickness
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the critical thickness, hc of GaN; thinner films would simply have a pseudomorphic epitaxial
relationship with the AIN substrate. In order to establish a quantitative estimate of he, it is
necessary to make a theoretical fit to the data for the trend of lattice constant with thickness,
which we explained above. We fitted our data to our extrapolation formula, Eq.(2) and obtained
the best fit over the entire region of film thickness with h, = 28 + 4 A.

With this initial knowledge of the relevant parameters we find that the thickness
crossover between the two limits of Kasper (Eqs.(6) and (7)), h=p/2, falls at h= 72A, right in the
middle of the range of our data. We are therefore justified in using the more accurate treatment
of Eq. (9). We therefore fit the data again using Eq.(9) with q = 5.525 A, obtained from v = 0.38.
This gave the second curve in Fig.2 and h, = 29 + 4 A

SUMMARY AND CONCLUSIONS

We extrapolated the lattice constants of GaN film and obtained the critical thickness of
GaN on AIN buffer layer with a sapphire substrate. The lattice constant a was observed in the
region between 3.133 A and 3.196 A. The critical thickness of GaN was determined to be 29 ± 4
A. This value agrees extremely well with the value of hc predicted by the theory of Fischer et
al, 3""' 31.5 A Since this theory is also based on energetic equilibrium arguments, it appears to
support the conclusion that the behavior of GaN thin films, unlike GexSiilx films for example,
can indeed be described by equilibrium models.

Our second conclusion is a practical one. The logarithmic correction for the interaction
between dislocations, which was used to obtain the more accurate interpolation formula, Eq.(9),
is apparently not very important for the determination of h,. This can be seen by comparing the
two fit curves in Fig.2, which are almost identical. The simple analytic form of Eq.(2) is
apparently sufficient to describe the thickness trend of the lattice constant and thereby allow the
accurate determination of the critical thickness from its fit.
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