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Wafer curvature in molecular beam epitaxy grown heterostructures
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Wafer curvature in strained molecular beam epitaxy grown heterostructures has been studied. Theories on
semiconductor wafer curvature have been re-examined and errors that have persisted in the literature have been
corrected. This paper presents an approach to calculating the wafer curvature for an arbitrary multilayer system
using basic physical equations. X-ray diffraction measurements have been performed to measure the radius of
curvature of several samples and the results are in good agreement with the theory presented here.

DOI: 10.1103/PhysRevB.67.054108 PACS number~s!: 81.05.Ea, 68.65.2k, 81.15.Hi
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I. INTRODUCTION

X-ray diffraction represents one of the most common
used methods for the structural characterization of single
multiple heterostructures. Bending of these wafers can ca
a smearing of the x-ray spectrum and fine thickness frin
may not be seen anymore. This effect has recently been
served during 90° Bragg reflection measurements perfor
at the European Synchrotron Radiation Facility~ESRF! and
the Advanced Photon Source synchrotron facility~APS!.1 A
significant degradation of the data collected was related
the bending of the structures used. The molecular beam
taxy ~MBE! grown structures were soldered onto a hea
block using indium, which most likely was responsible f
this strong curvature.

In situ measurements of wafer curvature during MBE2

and metalorganic chemical vapor deposition~MOCVD!3,4

growth as well asex situmeasurements5,6 demonstrate tha
by measuring the radius of curvature valuable structural
formation on strained layers can be obtained. However, m
studies directly or indirectly used an equation obtained
Stoney7 in 1909, which was applied to the case of elect
lytically deposited metallic films and does not hold for sem
conductor heterostructures with coherent interfaces.

This demonstrates the necessity for a clear descriptio
these bending effects. Therefore a new theoretical desc
tion has been developed, based on a two-dimensional m
of a heterostructure. The first part of this paper introdu
this model before it is shown how the radius of curvature
a single-layer system can be calculated. The descriptio
then generalized to develop an expression, which descr
an arbitrary multilayered heterostructure. X-ray diffracti
measurements using a double crystal x-ray setup have
performed on several samples to detect the radius of cu
ture and the results are in agreement with the theory in
duced.

II. THEORY

A. Grid structure and strain in epitaxial layers

Growing epitaxial layers that are not lattice matched t
substrate causes the bonds in the layers to be strained
bonds in the substrate are, although to a lesser deg
strained as well and so the unit cells throughout the wafer
distorted. For the present case it is assumed that the la
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natural lattice constant is larger than the substrate’s as
for the case of a GaAs substrate and an InxGa12xAs layer;
however, the results are readily generalized. It is assum
that the bending can be approximated as a cylindrical be
ing and therefore a two-dimensional treatment is perform
rather than a complete three-dimensional treatment wh
would be required to describe spherical bending. Howe
by taking into account the biaxial strain, the thre
dimensional case is largely included and the treatment h
will be sufficient. The benefit of the cylindrical treatment
that the parallel lattice constantdi will change linearly with
position as can be seen in Fig. 1. The atoms within the wa
line up and the extensions of these lines converge to a p
as shown in Fig. 1.

In the case of an epitaxial structure consisting of
InxGa12xAs layer grown on a GaAs substrate, the bonds
the interfacial plane are compressed and the strain will
negative. At the neutral plane the substrate’s lattice cons
is unchanged whereas it is stretched above and compre
below the neutral plane showing negative and posit

FIG. 1. The thickness of the substrate in this curved compo
is h0 and the thickness of the layer ish1 . R is the radius of curva-
ture of the structure;w is the distance from the neutral plane to th
bottom of the substrate,dl0 is the natural lattice constant of th
substrate, which is at the position of the neutral plane, andd(z) is
the parallel lattice constant for any value ofz. The z axis has its
origin at the interface.
©2003 The American Physical Society08-1
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strains, respectively. The lattice constants can be expre
in terms of the radius of curvatureR anda, the angle sub-
tending the unit cell as

dl05R•a, ~1!

d~z!5~R1D!•a ~2!

wheredl0 represents the natural lattice constant of the s
strate at the neutral plane andd(z) is the lattice constant at
positive distanceD above the neutral plane. Here a positi
radius of curvature represents convex bending as show
Fig. 1 and a negative radius of curvature represents con
bending. Introducing thez axis with its origin (z50) at the
interfaceD can be replaced byz1(h02w) since the neutra
plane is at the positionz52(h02w) and thus thez position
of D can be expressed asz5D2(h02w). Using this rela-
tionship d(z) can be expressed asd(z)5(R1z1h02w)
•a. Solving Eq.~1! for a and substituting it in the expres
sion for d(z) leads to

d~z!5dl0•S 11
z1h02w

R D , ~3!

which describes the parallel lattice constant for allz whether
in the substrate or in the layer. From this the parallel
in-plane strain can be calculated from the definition

« i5
d2d0

d0
, ~4!

whered0 is the natural lattice constant andd the lattice con-
stant of the strained lattice in the parallel direction. Usi
d(z) for d and the substrate’s natural lattice constantdl0 for
d0 leads to an expression for the parallel strain in the s
strate as a function ofz, which is

«0
i ~z!5

z1h02w

R
, ~5!

wherew again is the distance between the neutral plane
the bottom of the substrate.8 Following the steps above fo
the layer using the lattice constantd(z) for d and the layer’s
natural lattice constantdl1 for d0 results in

«1
i ~z!5

dl0

dl1
•S 11

z1h02w

R D215
dl0

dl1
•@11«0~z!#21,

~6!

wheredl1 can be calculated using Vegard’s Law. If, howev
the layer contains misfit dislocations we recommend the
of a so-called effective lattice constant as proposed by Chet
al.,9 and given by

dl18 5dl11
N12N0

N0
•bI ~7!

where dl18 represents the effective lattice constant,dl1 the
lattice constant as calculated using Vegard’s Law,N1 andN0
are the number of atoms along each side of the interf
between the layer and the substrate, respectively, andbI is
the component of the Burgers vector along the interface. T
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effective lattice constant should then be used instead ofdl1
for all the following calculations.

If there are significant differences in the thermal expa
sion coefficients of the layer and the substrate, all the lat
constants should be recalculated according todli ,th5dli •(1
1a i•T) wheredli represents the lattice constant of the su
strate (dl0) or of one of the layers.a i is the thermal expan-
sion coefficient of the substrate or layer andT is the tempera-
ture in Kelvin.

For a typical dislocation free InxGa12xAs / GaAs struc-
ture with x50.5% and a layer thickness of 0.5mm grown on
a 400-mm-thick substrate, the strain at the interface jum
from slightly positive values ('10.0002%) in the substrate
just below the interface, to much higher, but negative val
('20.036%) in the layer just above the interface.

B. Neutral plane

The neutral plane, as we define it here, describes the
sition of the horizontal plane where the lattice consta
@d(z); see Eq.~3!# equals the natural lattice constant of th
substrate (dl0). The radius of curvature is measured relati
to this plane. For most of the structures commonly grown
MBE this neutral plane will be situated within the substra
describing the horizontal position where the substrate is
strained. An unbent substrate without any layer grown ont
will, however, have its natural lattice constant at every ho
zontal position within the substrate, and therefore the neu
plane cannot be assigned to a specific position. Since we
looking at a static model, the sum of the forces in the str
ture pulling to the right and to the left of, for example, thez
axis must equal 0. From this sum it is possible to determ
the position of the neutral plane. The forces can be calcula
using the stressess at each point according to

F5E dF5E s•dA, ~8!

wheredA represents a small area, which can be replaced
the depth of the waferl w multiplied bydz. The strain can be
expressed ass5E•« using Hooke’s law. It is assumed tha
the stresses are biaxial, i.e., that the in-plane forcesdF per-
pendicular to the depth of the wafer (l w ; see Fig. 2!, are the
same as those parallel tol w .

FIG. 2. Part of the curved wafer showing the areadA, the wa-
fer’s depthl w , and the fragmentdz.
8-2
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WAFER CURVATURE IN MOLECULAR BEAM EPITAXY . . . PHYSICAL REVIEW B67, 054108 ~2003!
Furthermore the layer in thez direction is considered to b
unconstrained, and therefore the stress in the direction o
z axis is zero. Therefore, Poisson’s ratio (n) must be used.
Young’s Modulus in Hooke’s law may then be replaced
the elastic constantE* , where E* 5E/(12n). Therefore
Eq. ~8! becomes

F5E* • l w•E «dz. ~9!

The integration of Eq.~9! can now be performed for th
substrate fromz52h0 to z50, using the elastic constant o
the substrateE0* and the strain in the substrate@Eq. ~5!# and
also for the layer between the boundariesz50 andz5h1,
using the elastic constantE1* of the layer and the strain in th
layer @Eq. ~6!#. This results in

F05E0* • l w•
h0

R
•S h0

2
2wD , ~10!

F15E1* • l w•E
z50

z5h1Fdl0

dl1
•S 11

z1h02w

R D21Gdz ~11!

for the substrate and layer, respectively. Summing th
forces to zero and solving forw, the position of the neutra
plane, leads to

w5
h0

2
1

E1* •h1•
1

dl1
•Fh01h112•R•S 12

dl1

dl0
D G

2•S E0* •h0•
1

dl0
1E1* •h1•

1

dl1
D .

~12!

An almost equivalent description of the position of the ne
tral plane was given by Davidenkov,10 except that his treat
ment was for electrolytically deposited materials. In that c
the different strains in the layer and in the substrate due
the different natural lattice constants were not conside
This is the same as ifdl1 equaleddl0 in Eq. ~12!. Chuet al.9

as well as Noyanet al.11 used Davidenkov’s expression
which is incorrect for epitaxial layers, to describe the rad
of curvature of layered semiconductor structures. Towns
et al.12 presented another approach for the description
curvature as well as the position of the neutral plane,
again the fact that for epitaxial layers with a coherent int
face the atoms will line up vertically as shown in Fig. 1
neglected.
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For very thin layers, the second term in Eq.~12!, which
contains the product of a large radius and a small layer th
ness, can be approximated by2h0/6. Thus, if the layer is
very thin and the layer’s lattice constant is similar to that
the substrate,w then approachesh0/3 ~see Appendix A!. This
can be explained by the fact that, before growing any la
the substrate is, in the ideal case, not bent at all. This me
that the radiusR is infinite and the thickness of the layerh1
is 0. The product ofh1 andR can then take any value. On
may say that either the neutral plane does not exist in
case, or that it is everywhere. Though neglecting the differ
lattice constants of the substrate and the layer in the equa
describing the position of the neutral plane, Townsendet al.
found the position of the neutral plane as well at one-third
the substrate height if their equation is approximated for
thin layer case. Stoney concluded, as well, that the neu
plane is situated at this position, although in his solution
neutral plane would not move with increasing layer thic
ness.

If the layer’s lattice constant and the elastic constants
however, the same as that of the substrate and there ar
ternal forces bending the structure (RÞ`), the position of
the neutral plane will be equal to (h01h1)/2 which is half
the overall height of the structure. This result for unifor
materials is widely described in the literature.13,14

C. Radius of curvature

To determine the radius of curvature of an epitaxial str
ture, the total mechanical strain energy of the structure,
cluding the effects of bending, is calculated. The radiusR is
the radius for which this energy is a minimum. The mecha
cal strain energy of a structure can be defined as

dW5dV•E s~«!d«. ~13!

The volumedV equals@dx(z)•dy(z)#dz(z), and since

dx~z!5dy~z!5d~z!5dl0•@11«0
uu~z!#,

dz~z!5dz•F12
2•n

12n
•«0

uu~z!G ,
the volume can be expressed in terms of the strain«0

uu(z) as
dV5dl0
2
•@112•«0

uu~z!1«0
uu2~z!#•F12

2•n

12n
•«0

uu~z!Gdz

5dl0
2
•F11

224•n

12n
•«0

uu~z!1
125•n

12n
•«0

uu2~z!2
2•n

12n
•«0

uu3~z!Gdz. ~14!
8-3
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Calculating the total energy of coherent structures using
~14! in Eq. ~13! and determining the radius of curvature v
the minimization of this energy, shows that the underlin
terms of Eq.~14! only have a minor effect on the radius o
curvature. The relative difference of the radii of curvatu
when including and omitting these terms is,0.4%. For in-
coherent structures with layer thicknesses up to 20 times
thicknesses of coherent structures this difference incre
but will still not exceed 1.3%. The fact that the strain«0

uu(z)
for these structures always stays below'0.002% and there-
fore the underlined terms do not exceed 231025 shows that
the volume dV can be reasonably approximated asdV
5dl0

2 dz for mathematical convenience. Using Hooke’s la
the integral in Eq.~13! can then be performed between t
boundaries 0 and«(z) to obtain an equation showing th
dependence of the energy onz and the strain«(z) at this
position. Furthermore, the Young’s moduli are replaced
the elastic constants (E0* and E1* ) as seen above. As th
strain itself depends onz, the energy can be renameddW(z),
so that

dW~z!5 1
2 •dl0

2
•E* •@«~z!#2dz. ~15!

Integrating this equation for the substrate and for the la
using appropriate boundary conditions, elastic constants
strains, the mechanical strain energy in the layer and in
substrate can be found. Replacing w, the position of the n
tral plane from Eq.~12! and adding these energies leads
the total mechanical strain energy in the structure as

W5
dl0

3

2•R2
•H P0•F 1

12
h0

21
1

4 S P1•~h01h112•d1•R!

P11P0
D 2G

1P1•
dl0

dl1
•F 1

12
h1

21
1

4 S P0•~h01h112•d1•R!

P11P0
D 2G J .

~16!

where the following substitutions have been made:
th
t
n

hi
ce
w
ni
ith
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P05
E0* •h0

dl0
, P15

E1* •h1

dl1
and d1512

dl1

dl0
. ~17!

Figure 3 shows the dependence of the total mechan
energyW on the radiusR. For this calculation the Young’s
modulus of GaAs (8.5331010 N/m2) ~Ref. 15! was used and
it was assumed that the Young’s moduli of the layer and
substrate were identical. This is reasonable because You
moduli for GaAs and InAs are quite similar and sin
Young’s modulus of the layer is expected to be appro
mately linear with the Indium fraction in the layer, it is clea
that the Young’s moduli will be almost identical. The litera
ture value for Poisson’s ratio of GaAs~0.312! ~Ref. 16! was
used for both the layer and the substrate. While the plot oW
versusR does not at first appear to exhibit a minimum, t
pointsX in Fig. 3 indicate the energy does have a minimu
Here the radius of curvature is 149.5 m for a structure c
sisting of a 0.5-mm In0.005Ga0.995As layer on a 400-mm-thick
GaAs substrate. The radius where the energy takes its m
mal value can be calculated by setting the derivative of
~16! with respect toR equal to zero and solving the equatio
for R. Then

FIG. 3. Energy as a function of the radius of curvature for
400 mm thick GaAs substrate with a 0.5-mm In0.005Ga0.995As layer.
R52
h01h1

2•d1
•F11

1

3
•

~P0•h0
2
•dl11P1•h1

2
•dl0!•~P01P1!2

P0•P1
2
•dl1•~h01h1!21P1•P0

2
•dl0•~h01h1!2G . ~18!
s of

the
This result differs from the result obtained by Chuet al., in
which the natural lattice constant of the substrate and
layer are assumed to be the same for the calculation of
position of the neutral plane. For thin layers with lattice co
stants that do not differ significantly from their substrate, t
difference can be neglected, but with increasing differen
in the lattice constants of the layer and the substrate and
increasing layer thickness, this difference becomes sig
cant. However, an approximation for very thin layers w
lattice constants similar to the substrates is
e
he
-
s
s

ith
fi-

R'2
h0

2

6•d1•h1
•S 116•

h1

h0
D ~19!

in agreement with Chuet al. ~see Appendix B!. A further
approximation, which would neglect the (6•h1 /h0) term, re-
sults in a similar result as presented by Flinnet al.,17 follow-
ing a similar energy minimization analysis. Olsenet al. pre-
sented another approach to the description of the radiu
curvature of multilayered heteroepitaxial structures18,19 but
their assumption that the neutral plane always lies in
8-4



ou
m
d
.

th
va
th

rs
q

ria

b

an

be

nd

ra-
ow
the
by
ch

ous
of
in.

ate

ture
en-

e

e

te
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middle of the composite is wrong. Figure 4 shows a cont
plot of the radius of curvature as a function of the Indiu
fraction and the layer thickness, and it can be seen that
ferent structures may have the same radius of curvature

D. Generalization to multilayer systems

For compound structures with more than one layer,
position of the neutral plane and the wafer radius of cur
ture can be calculated in a similar way as described for
single-layer system. The strain« i in the i th layer which is
used for the calculation can be found by using Eq.~3! which
represents the lattice constantd at the positionz. Using dli
and« i in Eq. ~4! this results in

« i5
dl0

dli
•S 11

z1h02w

R D21. ~20!

For the substratei 50 is used and for successive laye
above,i 51,2,3 . . . . The forces can be calculated as in E
~9! using the appropriate elastic constant and the approp
strain for each layer and the substrate as

Fi5Ei* • l w•E
z5S (

j 51

j 5 i

hj D 2hi

z5(
j 51

j 5 i

hj

« idz. ~21!

The position of the neutral plane can then again be found
solving the equation(Fi50 for w which results in

w5

(
i 50

i 5n F Pi•S 2•R•di2hi12•(
j 50

j 5 i

hj D G
2•P

, ~22!

wheren is the total number of layers above the substrate
the following abbreviations were used:

Pi5
Ei* •hi

dli
, P5(

i 50

i 5n

Pi and di512
dli

dl0
. ~23!

FIG. 4. Contour plot of the radius as a function of the lay
thickness and the Indium fraction in the InxGa12xAs layer on top of
a 400-mm GaAs substrate. The labels represent the radius in me
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The radius of curvature for multi-layered systems can
calculated by solving a generalized equation@Eq. ~15!# for
each of the layers and the substrate according to

Wi5
1
2 •dl0

2
•Ei* •E

z5S (
j 51

j 5 i

hj D 2hi

z5(
j 51

j 5 i

hj

@« i~z!#2dz. ~24!

Using Eq. ~22! as an expression for the neutral plane a
solving the equation](Wi /]R50 for R leads to the follow-
ing expression for the radius of curvature:

R52
N

D
. ~25!

The numerator~N! and denominator~D! can be expressed
as

N5(
i 50

i 5n
Pi

dli
•
H 1

12
•hi

21F S (
j 50

j 5 i

hj D 2
hi

2

2

(
k50

k5n

Pk•S S (
l 50

l 5k

hl D 2
hk

2 D
P

G 2J
and

D5(
i 50

i 5n
Pi

dli
•
H F S (

j 50

j 5 i

hj D 2
hi

2 G•S di2

(
k50

k5n

Pk•dk

P
D

1di•
F h02

(
l 50

l 5n

Pl•F S (
m50

m5 l

hmD 2
hl

2 G
P

G
1(

s50

s5n

Ps•ds•
F (

p50

p5n

Pp•F S (
r 50

r 5p

hr D 2
hp

2 G2P•h0

P2
G J .

Using these equations it is possible to determine the
dius of curvature for any layered structure. They also all
the calculation of structures designed to compensate for
radius of curvature, which for example can be achieved
growing a layer with a thickness and lattice constant su
that it compensates for the curvature. There are two obvi
ways to do this. One is to grow a layer on the same side
the substrate as the initial layer but with the opposite stra
An example would be to grow a GaAsN layer to compens
for the curvature due to an InxGa12xAs layer grown on a
GaAs substrate.

Figure 5 shows the dependence of the radius of curva
on the thickness and on the amount of nitrogen in a comp
sating GaNxAs12x layer grown on top of an
In0.005Ga0.995As/GaAs structure. The contour line with th

r

rs.
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label ‘‘1/R50’’ indicates the structures for which the curv
ture has been eliminated. The radius has been calculate
ing Eq. ~25! for a two-layer system and the literature val
for the GaN lattice constant,20 4.50 Å, has been used. A
second way to compensate is to grow an equivalent laye
the back of the substrate. This, however, would requir
re-growth procedure, which could well be inconvenient.

III. EXPERIMENTAL RESULTS

The radius of curvature has been determined from dif
ent GaAs/ AlAs/ GaAs/ InxGa12xAs samples. The sample
~identification numbers S1020999 and S1070999! were
grown at the MBE facility at La Trobe University. Al
samples were grown under As stabilized conditions a
growth rate of approximately 1 ML per second. The Ga
and AlAs layers were grown at a substrate temperature
600 °C and the InxGa12xAs layer was grown at a tempera
ture of 520 °C. It has been found that the Indium solder
technique commonly used in MBE has a strong impact
the radius of curvature. Therefore the Indium on the back
the samples has been removed using hydrochloric acid.
area where the Indium has diffused into the back of the wa
was successfully removed using a H2SO4: H2O2: H2O pol-
ishing etchant. The radius of curvature of the structures
been determined using a double crystal x-ray setup,
CuKa1 line and the~004! reflection from the GaAs substrate
Assuming no~or a uniform! diffusion of the material epitaxi-
ally grown on the samples, the Bragg angle of the subst
peak remains constant across the surface. However, in
case of a bent sample the angle between the incident x
beam and the~004! plane will depend on the translation po
sition of the sample relative to the beam. Using this dep
dence the radius of curvature can be determined. The sa
was mounted onto a translation stage using double-sided
on the top edge of the sample to avoid additional strain
to the mounting. After a settling time of about 3 h the sample
was found to be stable following relaxation processes in
tape. The sample was then translated to the outermost p
tion where the rocking curve still showed significant inte

FIG. 5. Contour plots of the radius of curvatureR for a 400-mm
GaAs substrate, a 0.5-mm In0.005Ga0.995As layer, and a GaNxAs12x

layer on top of the structure. The labels represent the radiu
meters.
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sity from the~004! reflection. The sample was then translat
in steps of 2 mm where at every point a rocking curve w
collected using the same angular scanning range. The p
tion of the GaAs peaks in each of these rocking curves w
then determined by fitting a Gaussian function. From
shift in the peak position with translation the radius of cu
vature could be determined using the relationship

R5
]s

]g
or

1

R
5

]g

]s
, ~26!

wheres is the translation in meters andg the peak shift in
radians.

Figure 6 shows the peak positions of the~004! rocking
curves collected from the GaAs substrate of sam
S1020999. The sample consists of a 290-mm GaAs substrate
~this thickness was determined after the etching!, 200-Å
AlAs, 200-Å GaAs, and 2-mm In0.002Ga0.998As. The slope of
the upper three lines, which have been offset vertically
clarity, represent the theoretical radius of curvature for
structure calculated using the theory presented here,
theory presented by Olsen and Ettenberg18,19 and the theory
presented by Chuet al.9 As can be seen, the linear fit to th
data points used to calculate the radius of curvature fits
theory presented here very well. The difference between
theory presented here, and the solution by Olsen and Et
berg is,0.1%. However, for structures with larger diffe
ences in the elastic properties of their layers the res
would differ more significantly. The result obtained fro
Chu et al.’s theory is in significant error, being out b
slightly more than a factor of two.

IV. CONCLUSIONS

The theory presented allows calculation of the radius
curvature of a wafer and of the position of the neutral pla
for any heterostructure consisting of a substrate and on
more epitaxial layers. The steps necessary to develop exp
sions for the radius of curvature and the position of the n
tral plane are shown in detail. Unlike earlier publications9,11

in
FIG. 6. Theoretical and measured curves for the peak positio

a function of the translation of sample S1020999. The measu
radius has been determined using a first-order polynomial an
least-square fit.
8-6
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this work does not use the formula for the position of t
neutral plane originally proposed by Davidenkov10 for elec-
trolytically deposited materials since that treatment does
include the different strains in the layer~s! and the substrate
Neither does it rely on the equations obtained by Ston7

which cannot be valid for single crystal heterostructures. T
present work therefore differs from earlier works and t
degree of the differences depends on the thickness and
compositions of the layers in the particular structure of int
est. Using the equations above it should now be possibl
obtain more detailed and correct information from bothin
situ andex situwafer curvature measurements.

In the case of a structure consisting of a thin layer po
tioned at the bottom of the substrate this layer must be
signed the indexi 50 in the equations above. Since the p
sition of the neutral plane will then be calculated relative
this layer, the radius of curvature, which is calculated relat
to the position of the neutral plane, should be corrected.
subtracting the position of the neutral plane~w! from the
radius~R! the radius of curvature at the bottom of the lowe
layer (R* 5R2w) can be calculated. The radius of curvatu
experimentally determined by collecting rocking curves
different, defined sample positions agrees with the theore
results very well and therefore supports the theory presen
i-
s
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APPENDIX A: APPROXIMATE EXPRESSION
FOR THE NEUTRAL PLANE

We start from expression~12! for the position of the neu-
tral plane, which can be approximated by

w'
h0

2
1

E1* •h1•
1

dl1
•Fh012•R•S 12

dl1

dl0
D G

2•S E0* •h0

1

dl0
1E1* •h1•

1

dl1
D .

Here all terms containingh1
2 that are added to terms involv

ing h0 were eliminated sinceh0@h1. Using Eqs.~17! to
simplify terms and substituting R from Eq.~B1! from Ap-
pendix B leads to:
w'
h0

2
1

P1H h022•d1•
h01h1

2•d1
•F1

3
•

~P0•h0
2
•dl1!•~P012•P0•P1!

P1•P0
2
•dl0•h0

2
11G J

2•~P01P1!
.

d

K.
Once again neglectingh1 sinceh1!h0 this can be simplified
even further and after some algebra leads to

w'
h0

2
2

h0

6
•

P012•P1

P01P1
•

dl1

dl0
.

Sinceh1!h0, thenP012•P1'P01P1 and assuming simi-
lar lattice constants leads to

w'
h0

2
2

h0

6
5

h0

3
.

APPENDIX B: APPROXIMATE EXPRESSION
FOR THE RADIUS OF CURVATURE

Equation~18! is taken as a starting point for this approx
mation. All terms containingh1

2 which are added to term
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