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Considerate la vostra semenza:
Fatti non foste a viver come bruti,
Ma per seguir virtude e conoscen:za.

Dante
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Abstract

A kinematical model for general Bragg case x-ray diffrac-
tion in nonuniform films is presented. The model incorporates
depth~dependent strain and structure factor.' For ion-
implanted crystals the change in structure factor attributed
to damage is calculated using a spherically symmetric Gaussian
distribution of incoherent atomic displacements. Profiles
of strain and structure factor are obtained by fitting
experimental rocking curves. The method is applicable to
ion-implanted, diffused and multilayer crystalline structures

such as heterojunctions and superlattices.

A comparison is made between profiles of strain and
incoherent atomic displacements obtained from rocking curves
and from Rutherford backscattering spectrometry in a Gd3Ga5012
crystal implanted with 100 keV Net. The ranges of sensitivity
of the two techniques: overlap for about one decade in implanta-
tion dose up to the amorphous threshold. X-ray diffraction
was found to be most sensitive to low damage levels while
backscattering was found to be most sensitive to high damage
levels. The two techniques are in excellent agreement on
the near-surface strain, but differ significantly at depths
below =500A. The discrepancy is attributed to errors caused
by steering of channelled particles in backscattering spec-
trometry. The profiles of number of displaced atoms. agree

within a factor of two.
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The rocking curve method is combined with analysis of
ferromagnetic resonance (FMR) spectra for characterization
of crystalline and magnetic properties of [lll]-oriented
G4d,Tm,Ga:YIG films implanted with Ne+, He+, and H2+. For
each implanted species the range of doses begins with easily-
analyzed effects énd ends with paramagnetism or amorphous-
ness. Profiles of normal strain, lateral strain and damage
were obtained. For maximum strains up to 1.3% the behavior
of the strain with annealing is nearly independent of implanted
species or dose. Magnetic profiles obtained before and
after annealing were compared with the strain profiles. The
local change in uniaxial anisotropy field AH, with increasing
strain shows an initially linear rise for both He+ and Ne+,
in quantitative agreement with the magnetostriction effect
estimated from the composition. For strain values between
1% and 1.5%, AHy saturates and for increasing strain, AHk
decreases to nearly zero when the material becomes paramagnetic.
For peak strains greater than 1.3% for He' and 1.1% for Ne*
the relation between uniaxial anisotropy and strain is not
unique. Behavior of the saturation magnetization 47M, the
exchange constant A and the cubic anisotropy Hl was elucidated.
For H2+ implantation the total AHk consists of a magneto-
strictive contribution due to strain and of a comparable
excess contribution associated with the local concentration
of hydrogen. The profile of excess AHk agrees with calculated
LSS range. The presence of hydrogen results in a reduction

of 47TM not attributable to strain or damage. With increasing
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annealing temperature the excess AHk diminishes and above

400°C the only component of AHk is magnetostrictive.

Crystalline properties of Si~implanted [100] GaAs, Si,
and Ge were studied by the rocking curve method. Sharp
gualitative and quantitative differences were found between
the damage in GaAs on one hand and Si and Ge on the<other.

At a moderate damage level the GaAs crystal undergoes a
transition from elastic to plastic behavior. The plastically
deformed region presents a barrier to epitaxial regrowth and
is consistent with the well-known high defect density in

regrown GaAs,
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Chapter I

Introduction




The contents of this thesis are addressed to specialists
in x-ray diffraction and ferromagnetic resonance, especially
as the latter may be applied to the study of ion-implanted
crystals. Some of the results are of immediate interest to
manufacturers of devices using magnetic garnet as host
material. There is no need to include an introductory
description of garnets, semiconductors, magnetism, ion
implantation, x-ray diffraction or ferromagnctic resonance
since these are well treated in textbooks and the references
cited in the following chapters. Instead this will present
my own modest contributions to these areas. As will be
evident in the following chapters, I am the sole author of
only one of the papers. I have the pleasure to acknowledge
again the active participation of my advisor, Professor C.H.
Wilts, and of other collaborators whose efforts made this

thesis possible.

The most important development presented here is in the
area of x-ray diffraction in monocrystals with properties
that may vary with depth. The double-crystal, Bragg case,
rocking curve method is well suited for measuring the structural
properties of such crystals. 1In this method a beam of X-rays
is collimated, partially polarized and rendered nearly mono-

chromatic by diffraction in a stationary first crystal. The
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beam then impinges on the crystal to be studied and following
diffraction emerges at the same surface. This distinguishes
the Bragg case from the Laue case where the diffracted beam
exits through a different surface. The sample crystal is
rotated finely about the Bragg condition while the diffracted
intensity is measured. The‘diffracted ;ntensity normalized

to that of the incident beam is the reflecting power; the
reflecting power vs. angle is the rocking curve. For thick,
nearly perfect crystals one must consider the multiplicity

of scattering of x-rays before they emerge from the crystal.
This has been successfully treafed by the dynamical theory.

In nearly perfect crystals whose properties nevertheless

vary with depth, the dynamical calculation is rather complicated.
My contribution consists of the realization that for most
monocrystals of technological impcrtancevthe diffraction of
x-rays is described with sufficient accuracy by the kinematical
(single-scattering) theory. The mathematical simplicity of
this theory (see Chapter II) has enabled me to use the
rocking curve method more extensively than anyone else for

the study of ion-implanted crystals. The displacements of
target atoms due to interactions with the ion beam are
separable into coherent and incoherent components. The
coherent component is a deformation of the unit cell (strain),
while the incoherent component (damage) changes the value of
the structure factor. 1In ion-implanted crystals the strain
and damage vary with depth, producing an oscillatory rocking

curve whose angular extent is typically about one degree.



For thick perfect crystals the range of nonzero reflecting

power is measured in arcseconds. By using a computer to fit
experimental rocking curves I have obtained strain and

damage profiles for various crystals implanted with a range

of species, energies, and doses. Chapter II gives the derivation
of the equations used in the calculation and several examples

of the method applied to ion-implanted garnets. The chapter

is unchanged from its published form and suffers from inadequate
treatment of the relation between damage and strain. For

the helium implantations studied in this chapter the damage

is too low for an accurate determination of its profile, and
hence the linearity between damage and strain is overstated.
This matter was treated more carefully in subsequent work
reported in Chapter IV, where the linearity between damage

and strain was established more strongly through use of more

highly damaged crystals.

In addition to ion-implanted ménocrystals, the rocking
curve method and the kinematical interpretation of the
rocking curve are applicable to the characterization of
crystals modified by diffusion and to epitaxial multilayer
structures such as heterojunctions and superlattices.
Although such applications are not described in detail an
example is included in which the strain profile was determined
in order to match the published experimental rocking curve
of such a structure. The authors of that paper, being

unaware of the power of this method, did not attempt a
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detailed interpretation of their data.

Until now Rutherford backscattering spectrometry has .
been the most frequéntly used tool for measuring damage in
ion-implanted crystals. In perfect crystals for certain
directions of incidence (channels) a well-collimated beam of
high-energy o particles or protons can penetrate to several
microns with very little deflection or backscattering. In a
damaged crystal a fraction of the beam is backscattered.

The backscattering yield is a measure of crystalline quality.
’.fhis method has several advantages: it is nearly non-
destructive, is experimentally easy and interpretation of
experimental data is relatively straightforward. These
advantages of Rutherford backscattering are shared by the x-
ray rocking curve method, which is even more nearly non-
destructive. 1In addition, the apparatus needed for x-ray
measurements is much simpler than Van der Graaf or other
accelerators and it is not necessary to do diffraction in
vacuum. However, backscattering has gained wide acceptance
while the rocking curve method is relatively unknown as a
tool for measuring damage in implanted crystals. A comparison
of the two methods in terms of sensitivity and richness of

information might remedy this situation.

Such a comparison is made in Chapter III for a Gd3GagOq 5
crystal implanted with neon ions with a dose range of one

decade, the highest dose being sufficient to render the



6

crystal amorphous. The choice of this crystal was made
because of the initial uncertainty concerning the overlap of
the ranges of sensitivity for the two methods. It is now
clear (Chapter V) that other crystals (Si, Ge, GaAs, InP,
YIG, etc.) would have served as well, if not ﬁétter. The
comparison is made of the strain and damage profiles deter-
mined by the two techniques. For strain the x-ray method is
superior in accuracy and detail; in fact the strain méasured
by backscattering is accurate only at the surface. For
damage they are not easily compared because they measure
different things: backscattering probes direct space while
x-ray diffraction probes reciprocal space. Uncertainties in
the radial distribution of the channelled beam and in the
scatteriﬁg potential infroduce uncertainties in the number
of displaced atoms deduced from backscattering yield. In x-
ray diffraction a particular distribution of atomic displace-
nents must at first be assumed in order to calculate the
structure factor. Comparison of calculated and measured
magnitudes of the structure factor tﬁen provides moments of
the distribution of displacements. Thus the comparison of
the numbers of displaced atoms obtained from backscattering
yield and rocking curve requires that a number of reasonable
assumptions be made. With such assumptions the two measures
of damage agree within a factor of two, which suggests that
both measures are in fact related to the real damage of the

crystal.



A major portion of my thesis (Chapter IV) is concerned
with magnetic properties of implanted garnet. These properties
are the saturation magnetization 4mM, the exchange stiffness
A, the uniaxial and cubic anisotropies Hy and Hj, the gyro-
magnetic ratio y, and the damping parameter o. All of these
parameters are phenomenological, with meanings derived
either directly from measurement or from their use in the
Landau-Lifshitz equation. Despite their phenomenological
nature, these parameters are essential for predicting the
behavior of implanted systems such as bubble memories,
filters or delay lines, and a comparison or correlation with
strain and damage is significant. This provides information
about the relative importance of dopant chemistry compared

to strain and damage in the implanted lattice.

Magnetic properties of implanted garnets have been
studied by several techniques, of which ferromagnetic
resonance (FMR) is the most promising. The FMR spectra of
such crystals can be very rich, withvabsorption peaks of
varying amplitudes and occuring in a range of several thousand
oersteds of applied magnetic field. For a given implanted
" element with increasing dose the number of detectable absorption
peaks at first increases from one (virgin material) to a
maximum of 10 or 15, and finally decreases to 5 or less.

The amplitudes and locations of these peaks vary in a complex
fashion with dose. The FMR spectrum is interpreted in terms

of magnetic excitations called spinwaves whose local wave



equation is the linearized Landau-Lifshitz equation expanded
to include the exchange interaction. The solutions of this
eigenvalue eéuation provide mode amplitudes and values of
applied field for resonance. If magnetic properties vary
with depth in an arbitrary way, the equation becomes complicated
and its solutions cannot be written in terms of the known
closed-form functions. C.H. Wilts has recently developed a
numerical method for calculating the spinwave spectrum of a
material with depth-dependent properties. By matching
calculated and experimental spectra, profiles of magnetic
parameters can be obtained. Wilts has done this for low

dose cases where the profiles are unimodal and the corres-
ponding spectra are relatively easily interpreted. I have
used this method tu obtain magnetic properties at high

damage lefels, where the interpretation of the spectra is
difficult. The solution of this problem was greatly facilitated
by comparing the magnetic structure with the strain profiles
obtained from x-ray diffraction. The detailed behavior of
magnetic and crystalline properties with dose and annealing
for neon, helium and hydrogen implantation is presented in
Chapter IV. Without repeating this information, I can state
here that many of the basic features of implanted garnet, as
determined by combining x-ray and FMR techniques, are substan-

tially different from the picture obtained with the less

accurate methods used earlier.
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It is well known that impiantation and annealing conditions
for optimum recrystallization and electrical characteristics
of highly damaged ("amorphous") GaAs must be different from
those used for Si and'Ge. The prevailing explanation for
the difference has been the loss of stoichiometry in GaAs
due to differences in ion energy transfer to Ga versus As.
According to this view the deep portion of the layer is Ga-
enriched while the outer portion is As—enriched. However
the difference seems too small to be the plausible source of
poor regrowth. Other features, such as the insensitivity of
the regrowth to implanted species and the initial high-
quality regrowth at the interface with unimplanted material,
have not been explained. Rutherford backscattering measure-
ments have not shown any qualitative difference between the
damage in GaAs on one hand and Si or Ge on the other. In
Chapter V the rocking curve method is applied to Si-implanted
GaAs, Si and Ge. Although the study is very brief, it is
sufficient to show that with increasing dose the evolution
of strain and damage in GaAs is qualitatively different from
that in Si or Ge. The difference implies a different structure
of the implanted layer in GaAs vs. Si or Ge. In GaAs the
highly damaged outer region and the little damaged inner
region are separated by a layer containing extended defects.
The éxistence of this layer depends on the local strain
regardless of the implanted species. The layer presents a

barrier to epitaxial regrowth and is consistent with the

observation of high defect density in regrown GaAs films.
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Chapter II

Kinematical x-ray diffraction in nonuniform crystalline films

An expression for the reflecting power of nonuniform crystals
is derived from the perfect crystal dynamical theory. Profiles
of strain and damage in ion-implanted garnets and in an
epitaxial multilayer structure are obtained by fitting

experimental rocking curves.
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Kmematucal ‘x-ray diffraction in nonuniform crystalline fi f‘lms. Strain and
damage distributions in lon-lmplanted garnets

V.S. Speriosu® -

Calj forma Institute of Technology, Pasadena, Cahfomia 91125
- (Received 23 March 1981; accepted for publication 22 June 1981)

A kinematical model for general Bragg case x-ray diffraction in nonuniform films is presented.
The model incorporates depth-dependent strain and spherically symmetric Gaussian distribution
of randomly displaced atoms. The model is applicable to ion-implanted, diffused, and other single
crystals. Layer thickness is arbitrary, provided maximum reflecting power is less than ~6%.
Strain and random displacement (damage) distributions in He *-implanted Gd, Tm, Ga:YIG, and
Ne*-implanted Gd,Ga,0,, are obtained by fitting the model to experimental rocking curves. In
the former crystal the layer thickness was 0.89 um with strain varying between 0.09 and 0.91%. In
the latter crystal a wide range of strain and damage was obtained using successively higher doses.
In each case layer thickness was 1900 A, with 2.49% strain corresponding to 0.40-A standard
deviation of random displacements. The strain distributions were strictly linear with dose. The
_same, closely linear relationship between damage and implantation-induced strain was

determined for both crystals.
PACS numbers: 61.10. — i, 61.70. —r, 61.70.Tm

1. INTRODUCTION

Bragg case x-ray diffraction is a well-established meth-
od for characterizing crystalline properties of films obtained
by various growth techniques. The diffracted intensity pro-
files (rocking curves) are highly sensitive to depth-dependent
strain and damage distributions as well as lateral variations,
but much of the information available in the rocking curves
is generally not extracted. Part of the difficulty is due to lack
of phase detection, which precludes direct inversion of the
rocking curve. The remaining difficulty is the complexity of
the dynamical theory of diffraction in nonuniform crys-
tals.'~? At the cost of long computation time, strain profiles
in diffused*™ and ion-implanted” layers were obtained by
fitting dynamical theory calculations to cxpcn'mcntal rock-
ing curves.

The kinematical theory for symmetric reﬂectxons,
which involves much simpler mathematics, has offered a
considerable reduction in computation time. The applica-
tion® of the Patterson series'® to this theory yielded param-
eters such as mean strain, damage, and layer thickness. In
another approach, detailed strain and damage distributions
were obtained by fitting a kinematical theory model to rock-
ing curves of successively etched samples.'!'> However,
both approaches were limited to symmetric reflections
which provide a limited amount of information.

In this paper a general Bragg case kinematical expres-
sion for the reflecting power of nonuniform films is obtained
from the uniform single-crystal dynamical theory.'? Depth-
dependent strain distributions are represented by a set of
independently but coherently diffracting laminae oriented
parallel to the surface. Each lamina incorporates many unit
cells and has uniform strain. In addition to coherent atomic
displacements, random displacements (damage) are treated
through their effect on the mean structure factor in each

“IBM predoctoral fellow.
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lamina. The range of validity of the kincmatical approxima-
tion is shown to include most cases of technological impor-
tance. The relative sensitivity to strain, damage, and layer
thickness is demonstrated. Using this model, strain and
damage distributions are obtained by fitting rocking curves
of He*-implanted Gd, Tm, Ga:YIG, and Ne*-implanted
gadolinium gallium garnet (GGG). In the former crystal
three different strain and damage distributions were created
by single and multiple implantations. Rocking curves of
symmetric and asymmetric reflections were fitted. The latter
crystal was implanted with single doses resulting in a wide
range of strain and damage. Symmetric reflection rockmg
curves corresponding to each dose were fitted.

Il. THE KINEMATICAL MODEL

The plane-wave dynamical theory'? predicts that for
unit electric-field amplitude incident on the surface of an
isolated, uniform, nonabsorbing, single-crystal plate, the dif-

fracted amplitude at the same surface is

E, =e""’""5+""*'p,,, (1)

Dy =i —Vlb]
° T |Fyl

sin [4(Y? -

% 1)!/2]
(Y2—1)"2cos [4(Y? - ’

1)72] + i¥ sin [4 (Y — 1)"7]
{2)

where the following definitions apply: K = incident exter-
nal wavevector, |[K§| =1/4,B, = reciprocal lattice vector,
r = vector from origin (chosen on the surface), F; = struc-
ture factor, b = ¥o/¥ ;Y0 ¥y are direction cosines of inci-
dent and diffracted wavevectors, respectively, from the in-
ward normal to the surface;

e A |F H] t
m Vo (lvorn)’*
where ¢2/mc? = classical electron radius, ¥ = volume of

A= (3)

© 1981 American Institute of Physics 6094
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' unit cell, ¢ = plate thickness,
(1 —=b)/2]¢o + (b/2)x

= (V16 ]) [¥al
e A2 Foy
¢on= _W —ﬂ_— v’
a= —240sin 26,
A0=06—0,,

6, = Bragg angle.

Equations (2)-{4) are valid only for o polanzatxon Form
polarization Fy, is replaced by Fy cos 26,.

If the plate thickness and/or the structure factor are
sufficiently small, corresponding toA < 1,Eq. (2) reduces to
the kinematical limit:

= ‘ b —iAY sin (A Y) 5
ﬁ(\/ b1l — | (5)
Equations (3) and (4) apply to unstrained and unda-
maged lattice. If the lattice is strained in a direction perpen-
dicular to the sample surface, the corrmpondmg change in
Eq. (4)is
4646 + €' [lyul(l —v)'* + v wndp]. (6

Here €' is the strain and the correction includes changes in

the direction and magnitude of the reciprocal lattice vector.
Equation (6) can be easily extended to include lateral strain.
However, the requirement of lattice match between film and
substrate generally does not allow lateral strain.

In ion-implanted crystals, a significant fraction of

atoms may be displaced from lattice positions. The statistical
distribution of displacements Ar; away from lattice j is de-
scribed by a function p(4r;). Such a distribution will result in
a mean structure factor

() = 3, [d e o= arowess o, o

where f; is the atomic scattering factor for site j, located at r;
in undamaged crystal. If the same spherically symmetric
Gaussian form is assumed for all sites, the mean structure
factor becomes

(Fy) = exp(— %n;sinzo,,Uz)Fg,= ~YF%, (8)

where F% corresponds to undamaged crystal and U is the
standard deviation of displacements. This correction to F §
is the well-known Debye-Waller factor.!® Its form can be
readily modified for other p(4r;) distributions, but, for sim-
plicity, in this paper a spherically symmetric Gaussian p(4r;)
is assumed.

Strain and damage distributions are represented by a set
of discrete laminae oriented parallel to the surface. Each la-
mina contains a large number of unit cells, but is sufficiently
thin so that extinction'® and normal absorption within the
lamina are negligible. Each lamina has its own uniform
strain €' and random displacement standard deviation U.
Dynamical interactions among different laminae are ne-
glected, as is the effect of extinction on the incident wave.
The total diffracted amplitude is then the sum of coherently

6095 J. Appl. Phys., Vol. 52, No. 10, October 1981

) 4 .

interfering functions of the type shown in Eq. (5), adjusted
for phase lags and normal absorption during traversal
through the crystal. Although usually extinction is stronger
than normal absorption,'* for depth-dependent strain distri-
butions the latter can be more important. With these consid-
erations, the total amplitude from N laminae is

_ sin (4,Y;)
E “EWb)Sae W I (9
Ev= |F,,| 1|)z 7 o)

where ‘
N
a; = exp[_#wﬁl. ti]; aN=l’
) 2yorul =Tt
24

& I
— ——Im (F),
V mcz ( ; 0)
t; = thickness of lamina i,

j=t
¢j=2‘2AiYi; # =0,
=1

and the previously defined variables ¥ and 4 are now sub-
scripted to indicate dependence on strain and damage. In
addition, since Eq. (9) will be used to determine strain rela-
tive to virgin crystal, the refraction correction [(1 — b)/2]¢,
in the definition of ¥ [Eq. (4)] is neglected.

In principle the total amplitude due to laminar struc-
ture and substrate is

Er=Ey +ae”*"E, (10)

where E, is the dynamical result for a thick, aborbing, per-
fect crystal. However, the observed rocking curves of thick,
supposedly uniform crystals are frequently broader than
predicted for perfect crystals. The discrepancy is due to lat-
tice parameter variations and, to a lesser extent, Compton
and thermal diffuse scattering. For the purpose of fitting
rocking curves of thin surface layers, the discrepancy in the
substrate intensity can be removed by using a function which
matches it in the angular range of interest. In addition, the
relatively wide substrate peak implies that its amplitude does
not have a well-defined phase. Therefore, the total calculat-
ed intensity should be only the sum of layer and substrate
intensities. The total reflecting power is

”=

4
R, = 1+ ::os2 20, ly"IENE;‘, LR,
14 cos*260; 7,
where the first factor represents the relative abundance of o~
and m-polarization in double-crystal diffractometry,
|5 |/7, relates intensity to power, and R, is the substrate
reflecting power.

Because of the approximations made in arriving at
Eq.(11), it cannot be indiscriminatcly applicd to films of arbi-
trarily large thickness. As thickness increases, particularly if
the strain distribution is constant, dynamical effects become
dominant. It is therefore important to consider the range of
validity of the kinematical theory. For constant strain and
A S 0.25, the kinematical [Eq. (5)] and dynamical [Eq. (2)]
amplitudes are in extremely close agreement. The upper lim-
it corresponds to about 6% reflecting power. For
0.25 £ 4 £ 1, the kinematical expression yields a sharper

(11)

"and more peaked curve, but the discrepancy is not more than

V. 8. Speriosu 6095
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~15%. Choosing 6% reflecting power as the upper limit of
validity and considering only the strongest reflections, the
corresponding layer thickness is 2000 — 4000 A for crystals
such as Si, Ge, GaAs, and magnetic garnet. This range is for
constant strain. If the strain is depth-dependent, as is true of
ion-implanted, diffused, and other films, the range of valid-
ity for the kinematical theory can be several times larger.
Dynamical effects depend strongly on the Bragg condition,
Y =0, being satisfied throughout the layer; this does not
happen in nonuniform films. Since the thickness for which
the kinematical model is valid varies with the strain distribu-
tion, a definite upper limit cannot be given. However, the
agreement with dynamical theory for R; & 6% suggests
that rocking curves with maxima up to this value can be
safely interpreted kinematically. For typical distributions
this value of R, corresponds to ~ 1-um total thickness.

itil. ROCKING CURVE SENSITIVITY TO STRAIN, LAYER
THICKNESS, AND DAMAGE . .

Expression (9) for the diffracted amplitude, taken to the
integral limit, is proportional to the Fourier transform of the
strain and damage distributions. However, the lack of phase
detection precludes direct inversion of the rocking curve.
The distributions can be obtained by fitting the rocking
curve with Eq. (11) evaluated for assumed distributions. A
good fit of the data is then taken to mean that the actual
distributions were found. Since the validity of this assump-
- tion cannot be mathematically proved, it is useful to examine
the rocking curve sensitivity to strain and damage. Figure
1(a) shows two strain distributions obtainable by He*-im-
plantation in garnet. The distributions are plotted versus dis-

tance from the interface with the unstrained substrate. The

number of laminae is such that further subdivision does not
affect the calculated rocking curve. The distributions have
the samc thickncss but differ by 4 5% in thceir dctailed
shapes, i.e., distribution 1 (dashed) is slightly sharper. It is
assumed that there is no damage, i.e., U;=0 for all laminae.
The corresponding calculated rocking curves for Cu XK,
(444) are shoown in Fig. 1(b). The structure in the range
—0.24deg S 40 S — 0.04 degis entirely due to the strain
distributions of Fig. 1(a). For |46 | S 0.03 deg, the substrate
reflecting power, obtained from dynamical theory, is.
dominant. .

Although rocking curves 1 and 2 are qualitatively very
similar, there are large differences in the positions of their
maxima and minima. The differences indicate a high sensi-
tivity to strain distribution and furnish the confidence that a
distribution yielding a good fit of the data is not only unique,
but also highly accurate. The accuracy depends on the par-

ticular strain distribution, and ranges from + 5% to + 2%

strain for layer thicknesses between ~ 2000 A and ~ 6000 A
Similar accuracy exists for the total strained layer
thickness. For uniform strain, Eq. (5) relates the thickness to

the period of oscillation. For depth-dependent strain, the
period is no longer constant [see Fig. 1 (b)]. For positive
strain, at a given 48 it roughly measures the thickness for
which the strain is greater than the value obtained by setting
the right side of Eq. (6) equal to zero. For example, the period

6096 J. Appl. Phys., Vol. 52, No. 10, October 1981
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FIG. 1. (a) Strain distribution (dashed) obtainable by He *-implantation in
garnet. The solid lineisa + 5% variation. The distributions are plotted vs
distance from the interface with unstrained substrate. (b) Calculated Cu X,
(444) rocking curves cor ding to the strain distributions of Fig. 1(a).

The angle 46 is referred to the location of the substrate peak.

between — 0.06 deg and — 0.03 deg yields the total layer
thickness in Fig. 1(a).

The theoretical sensitivity to the damage parameter Uis
considerably less than to strain and thickness. For uniform
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strain and damage, the reflecting power goes as e ~ 2%, where
W is proportional to U? [Eq. (8)-and (11)]. From this

R
AU,.._!.AT
U Ry

so that for low U the relative uncertainty is quite large. At
moderate to high damage levels the sensitivity improves, ap-
proaching that for strain.

(12)

IV. EXPERIMENT

A series of (111) Gd, Tm, Ga: YIG samples subjected
" to three He™* -implantation conditions was supplied by an
external source.'* The films were grown by LPE on 0.5-mm-
thick Czochralski-grown (111) Gd;Ga;0,, (GGG), were
about 0.9 um thick, and had a quoted composition
{Gdo.ss Tmy 1, Yo.00 } [Fe21(Gag 39 Fey 61 /Oy 2 Implantation
was done at room temperature, several degrees off (111)
axis and with current densities of ~0.1 zA/cm? The im-
plantation conditions were 140 keV, 3X 10'S He */cm? (de-
noted here as FI); FI 4 70 keV, 1.4 X 10" He* /cm?
(=FII);FII + 30 keV, 9X 10" He*/cm?*=FIII). Accord-
ing to a model'* relating certain magnetic properties to nu-
clear energy loss, the three conditions should yield increas-
ingly uniform properties with depth. For each implanation
condition a series of samples was made by ion milling to
successively greater depths. In addition, several duplicates
of as-implanted samples were provided. The size of these
samples was ~4 X4 mm?.

Ag will be chown, the He™ doces resulted in relatively
low levels of damage. In order to explore the validity of the
kinematical diffraction model over a wider range of damage,
a series of GGG samples, provided by another source,'® was
implanted at room temperature with 100-keV Ne* at0,0.5,
1.0, 2.0, and 6.0 X 10'* atoms/cm?. These samples will be
denoted as PI through PV. The orientation, thickness, and
growth-method of the virgin GGG were the same as for the
magnetic film subtrates.

Double-crystal rocking curves were obtained using the
appartus shown in Fig. 2. X-rays from a Cu target operated

st Detector

Crystal

Source

FIG. 2. Double-crystal x-ray diffraction apparatus.
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at 40 keV, 20 mA are collimated by a ~0.5 X 1-mm? slit and
undergo Bragg diffraction by the stationary first crystal. The
diffracted beam is partially polarized, has a lateral diver-
gence of not more than ~ 25 arc sec, and consists of the K,
line. The beam is then diffracted by the sample which is
continuously rotated at 0.2 arc sec/sec in the neighborhood
of the Bragg condition. In addition to the A& variation, the
sample can be rotated in azimuth prior to measurement. In
symmetric reflections this rotation provides information
about sample curvature and lateral uniformity. The radi-
ation is measured by a stationary “wide-open” Na I (T1) de-
tector with pulse-height analysis electronics. Typical count-
ing rate for the beam incident on the sample was ~ 10° cps.
The measured reflections were (444), (888), and (880), the
latter with both asymmetries. The sample and the first crys-
tal (a piece of {111) GGG) were set for the same reflection
and asymmetry.

V. RESULTS

A. He*-implanted Gd, Tm, Ga:YIG

Figure 3(a) shows the experimental (dashed) and calcu-
lated (solid) rocking curves of sample FI, implanted with 140
keV, 3 10" He*/cm?. Curves labeled 0 correspond to as-

. implanted material, while curves 1 and 2 are of samples

which were ion milled to mechanically determined'# depths
of ~2500and ~ 6800 A, respectively. It should be noted
that the curves belong to different samples cut from the same
wafer. The reported uniformity of implanation across the
wafer was about + 5%. Differences in experimental rocking
curves of as-implanted samples also indicate lateral vari-
ations of up to 4 5%. Unless data are taken of the same
sample before and after milling, lateral variations will limit
the agreement of experimental and calculated curves corre-
sponding to different depths. Consequently the primary ob-
jective was to obtain strain and damage distributions which
produce the best fit to the unmilled rocking curve. The distri-
butions were built from the bottom up, using curves 2 and 1,
together with the quoted milled depth, only as guides. Even
5o, the final distributions, shown in Fig. 3(b), yield rocking
curves which match all three experimental curves quite well.
The discrepancy in curves 1 can be removed by lowering the
strain by about 5%.

Since strain is defined relative to the GGG substrate,
the strain distribution [solid line in Fig. 3(b)] includes a re-
gion, 2800 A thick, of constant strain. Its source is the lattice
parameter difference between the LPE film and substrate.
At greater distances from the interface, the total strain is the
sum of the constant value and the implantation-induced
strain. At any depth, the uncertainty in strain is not more
than + 2% of the maximum strain. The distribution
[dashed in Fig. 3(b)] for the damage parameter U is linear
with implantation-induced strain. That is, U; = 0.18 ¢;,
with € in percent and U, in A. Because of the relatively large
uncertainity ( 4+ 15%) in U at this damage level, some devi-
ation from linearity cannot be ruled out. However, the aver-
age U is determined by closely matching the integrated ex-
perimental reflecting power fRd (46 ). In addition, the
details of the rocking curves are best simulated by similar '
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FIG. 3(a) Experimental (dashed) and calculated (solid) (444) rocking curves

of sample FI(140keV, 3 X 10'* He* /cm?). Curve Ois from unmilled materi-
al; curves 1 and 2 correspond to progressively deeper milling. The curves are
vertically displaced for clarity. (b) Strain (solid) and damage parameter U
(dashed) distributions in sample FI. The vertical dotted lines indicate mill-
ing steps and are labeled to show correspondence with the data of (a).
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and U distributions. In particular, the maximum €' and the
maximum U occur at the same depth. '
Rocking curves of sample FI (unmilled), obtained with
(888) and (880) reflections, are shown in Fig. 4 and 5(a). Both
curves are qualitatively similar to the (444) curve, but there
are important differences. In (888) the A6 range is about
three times greater, the maximum reflecting power is an or-
der of magnitude less, and the number of oscillations is al-
most twice as large as in (444). In (880), with 75 > |7x/, the
A0 range is reduced eight:fold with respect to (888), while
the reflecting power is almost the same as for (444). Yet as
shown by the agreement with calculation, both curves corre-
spond to the strain and damage distributions of Fig. 3(b). '
The more rapid oscillations of the calculated (888) and
(880) curves have larger amplitude than in the experimental
curves. The discrepancy is due to the assumption of planar
uniformity in the sample and the neglect of incident beam
divergence. In (444) the incident beam divergence is much
less than the period of oscillation, but in (880), with
Yo > |7u|, they are comparable. The convolution of the
plane-wave solution with the incident beam, approximated
here as a Gaussian with 6-arc sec standard deviation, pro-
duces the calculated curve in Fig. 5(b). The agreement with
data is very good. For the (880) reflection with opposite
asymmetry, ¥, < |V |, the incident beam divergence is
again negligible compared to the period of oscillation. Al-
though not shown in these figures, the plane-wave calcula-
tion, based on the strain and damage of Fig. 3(b), agrees
equally well with the data.

The (444) rocking curveé of samples FII (double im-

RYA o R
' Sample F1 .
(888)
-=== Exp.
— Calc
)
19 0.25 °~\;_
T_0.0G = ©
(2
f
4 1 !
0.00/5 o5 0.00
A8 (deq)

FIG. 4. Experimental (dashed) and calculated (solid) (888) rocking curve of
sample FI.
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FIG. 5(a) Experimental {dashed) and calculated (solid) (880), 7o > |¥xl,
rocking curve of sample FI. (b) Same as (a) after the plane-wave solution was
convolved with a Gaussian of 6-arc sec standard deviation.
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FIG. 6. Experimental {dashed) and calcuiated (solid) {444) rocking curves of
sample FII, implanted with 140 keV, 3 10'* He*/cm? + 70 keV,
1.4 10" He* /cm?

planation) and FIII (triple implanation) are shown in Fig. 6
and 7, respectively. The two curves exhibit a continuous
change from the FI data [curve 0 in Fig. 3(a)]. The peak at
Af=~ — 0.24 deg is becoming sharper and more intense,
while the reflecting power in the range — 0.22 deg = 46

S —0.05 deg is diminishing. The strain distributions cor-
responding to this behavior are shown in Fig. 8. For clarity,
the damage distributions have been omitted. In each case,
the relationship between damage and implanation-induced
strain is the same as in Fig. 3(b). It is evident that a given
depth strain and damage are unaffected by shallower im-
plantation. The rocking curve of another unmilled FIII sam-
ple was significantly different from the data in Fig. 7. For
that sample the strain distribution was much more uniform,
with surface value of ~0.8%, instead of the 0.57% shown in
Fig. 8.

B. Ne*-implanted GGG

Experimental and calculated rocking curves of 100-keV
Ne*-implanted GGG are shown in Figs. 9(a)-{¢). The doses
were 0, 0.5, 1.0, 2.0, and 6.0 X 10'* atoms/cm?, respectively.
The angle axis is the same for all cases, but the reflecting
power varies by an order of magnitude. The experimental
rocking curve of the virgin sample [Fig. 9(a)] is well enough
represented by the dynamical result for nonabsorbing crys-
tals, but no special significance should be attached to this. If
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FIG. 7. Experimental {dashed) and calculated {solid) (444) rocking curves of
sample FIII, impianted with 140 keV, 3 X 10°° He ' /cm® + 70 keV,
1.4X 10'S He*/cm? + 30 keV, 9 10" He* /cm?.

absorption is taken into account, the dynamical curve is con-
siderably narrowerfor4d6 2 — 0.01degandR, S 2%. As
described in Sec. I, the increased width of the experimental
curve is attributed mainly to lattice paramecter variations.
The dynamical solution for nonabsorbing thick crystals is
used throughout this paper to represent the substrate
contribution. '

The range of nonzero reflecting power in Figs. 9(b), 9(c),
and 9(d) increases linearly with dose. At the same time the
peak farthest from the origin decreases in relation to other
peaks, as does the overall reflecting power. At 6 10"
Ne*/cm?, Fig. 9(e), the oscillations are much reduced and
the reflecting power is close to that of virgin GGG. The
calculated curves match the data quite well over the entire
range of doses. )

The strain and damage distributions corresponding to
the calculated curve in Fig. 9(d) are shown in Fig. 10. The
layer thickness, maximum strain, and maximum damage are
1900 A, 2.49% and 0.40 A, respectively. Damage is linear
with strain, with UJ-(A) = 0.16 /(%). As for the He*-im-
planted films, some deviation from linearity is possible. The
relatively heavy damage level presents the opportunity to
demonstrate the importance of including damage in the cal-
culation. Figure 11 shows the same experimental data as Fig.
9(d). The theoretical curve in Fig. 11 was obtained using the
strain of Fig. 10 but assuming no damage, i.e., UJEO at all
depths. The positions of the calculated maxima and minima
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FIG. 8. Strain distributions of samples F1, FII, and FIIL

are unchanged from those in Fig. 9(d), but the integrated

- reflecting power is now several times greater. In addition,

the relative height of the maxima no longer agrees with the
data.

The strain and damage distributions obtained for the
lower doses, 0.5 and 1.0X 10'“/cm?, when multipled by 3.4
and 2.0, respectively, are practically identical to those of Fig.
10. The invariance of the shape with dose strongly suggests
that strain is linear with dose. This further implies that the
ratio 3.4 instead of 4.0 between the 2.0 and 0.5 X 10'*/cm?
distributions is either due to an error in the dose or to anneal-
ing effects. The former is considered more likely. The calcu-
lated curve in Fig. 9(e) was obtained assuming linearity of
strain and damage with dose. The peak strain and damage
are then 7.5% and 1.2 A, respectively. The latter number is

 close to the interatomic spacing and represents amorphous-

ness. Experimentally and theoretically, most of the implant-
ed layer no longer diffracts. The undulating part of the calcu-
lated curve indicates the presence of a thin crystalline region
near the interface. The undulation is much reduced in the
experimental data, possibly because of sample curvature
which increases with strain.

VI. DISCUSSION OF THE RESULTS

The kinematical theory is able to account for the rock-
ing curves of ion-implanted garnets with a wide range of
layer thickness, strain, and damage level. Symmetric reflec-
tions are sensitive only to strains perpendicular to the sur-
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face, while asymmetric reflections measure both perpen-

dicular and lateral strain. The agreement between calculated

and experimental curves obtained with asymmetric reflec-
tions indicates that the lattice is indeed strained only in a

direction perpendicular to the surface. Lateral strain is zero,
as expected from the lattice match requirement.
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FIG. 9. Experimental (dashed) and calculated (solid) (444) rocking curves of
GGG implanted with 100-keV Ne™ at ()0, (b} $X 10'3, (c} 1 X 10", (d)
2X 10", (¢) 6X 10'* atoms/cm?.

The theoretical reduction in reflecting power due to
random atomic displacement is very different for (444),
(888), and (880). The good fit to these curves indicates that
the assumed spherically symmetric Gaussian p(dr;) is con-
sistent with the data. However, the validity of this assump-
tion remains unproved. Since garnets are polyatomic, the
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FIG. 10. Strain (solid) and U (dashed) distributions for sample PIV (2 X 10*
Ne*/cm?). The same distributions, when scaled by approximately the dose
ratios, correspond to all other doses.

contributions of various atoms to the structure factor de-
pend on the particular reflection. It is conceivable that im-
plantation results in a rearrangement of atoms such that the
effect on the magnitude of the structure factor is the same as
for random displacement. This ambiguity can be reduced by
studying several other reflections. For (444}, (888), and (880),
the relative contribution of ¢ sites, occupied by Gd, Tm, and
Y, is ~ 80, 60, and 60%, respectively. The remaining contri-
bution is almost entirely due to a combination of a sites (Fe)
and d sites (Fe and Ga). The most abundant element, O,
contributes very little in these reflections. Assuming random
displacement, the obtained damage distributions apply
mostly to the heavier elements in garnet. In a recent com-
parison'” of the kinematical technique and backscattering
spectrometry, the damage distributions obtained by the two
methods were in satisfactory agreement.

The remarkably large strain and the linearity of the de-
tailed distribution with dose are consistent with earlier re-
sults for the maximum strain. '®!° Because of the lower theo-
retical sensitivity to damage, strict linearity between damage
and strain has not been established. However, the results
suggest that both the maximum and the average damage are
linear with strain and dose. For both crystals, the propor-
tionality constant between U and €' is 0.17 + 0.01 A. This
relationship shows that strain and damage are initimately
connected. 4 priori it might be expected that strain is due to
the incorporation of implanted atoms into the unit cell. Such
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FIG. 11. Experimental (dashed) and calculated (solid) (444) rocking curves
of sample PIV. The calculated curve was obtained from strain distribution
of Fig. 10, but with zero damage.

an affect was observed in doped Si, where the strain was
negative and the damage negligible.*”” However, in garnets
the range distribution of ions is significantly different from
the strain distribution.2? It was shown in Ref. 20 that the
detailed strain distribution can be explained entirely in terms
of nuclear energy loss. In that study the same strain was
obtained with Ne* and He* doses which differed by almost
two orders of magnitude. This was shown to be due to the
difference in nuclear energy loss rates for Ne* and He*.
The presence of pronounced oscillations even in the
moderately damaged sample PI¥V indicates that coherence
and uniformity are maintained over macroscopic dimen-
sions. In these garnets implantation appears to create only
point defects. If extended defects, which cause strain and
orientation variations, were present, the oscillatory struc-
ture would be smoothed out. Evidence of extended defects
accompanied by severe broadening of the rocking curve was
presented'? for garnets subjected to relatively high
( R 10'%/cm? He* doses. In those samples annealing result-
ed in large defect clusters probably caused by He bubble

formation.

VII. SUMMARY

A kinematical model for general Bragg case x-ray dif-
fraction in nonuniform crystals was presented. The kinema-
tical approach has the advantage of computation speed over
the more rigorous dynamical theory. The model is valid for
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films of arbitrary thickness, provided the maximum reflect-
ing power is less than ~6%. This requircment translates to
maximum thickness of ~ 1 um for typical crystals such as
jon-implanted or doped Si, Ge, GaAs, and garnet. The mod-
el incorporates depth-dependent strain and random atomic
displacements. Distributions in crystals are obtained by fit-
ting the model to experimental rocking curves. The theoreti-
cal rocking curve is shown to be highly sensitive to strain

- distributions, layer thickness, lateral uniformity, and to a
lesser extent, damage distributions. Accuracy of up to ~2%
for these parameters is achievable. .

The model was applied to He™ -implanted Gd, Tm,
Ga:YIG and Ne*-implanted Gd,Gas0,,. In the former
crystal the total strained layer thickness was 0.89 um, with
the strain varying between 0.09 and 0.91%. The maximum
standard deviation U of random atomic displacements was
0.15 A. Using symmetric and asymmetric reflections, the
absence of lateral strain was demonstrated. In addition, the
assumption of spherically symmetric random displacements
was consistent with the data. The Gd,Gas0,, crystal was
implanted with several doses corresponding to a wide range
of damage. In all cases the layer thickness was 1900 A; strain
values of 2.49% corresponded to 0.40-A U values. The de-
tailed strain distribution was strictly proportional to ion
dose. The damage distribution was closcly linear with im-
plantation-induced strain, although some deviation from
strict linearity has not been ruled out. Both crystals showed
the same relationship between damage and strain. The GGG
crystal maintained single crystallinity up to the amorphous
threshold.
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Application to a Four Layer Gallium Aluminum Arsenide Laser

Structure

The kinematical interpretation is valid for nonuniform
layers with thicknesses much greater than that in the garnet
films discussed earlier. An example is a GaAlAs laser
structure considered in Ref. (21). 1In this study a four
layer epitaxial film gave the rocking curve shown in Fig.

12(a), which at that time the authors considered too compli-
cated for detailed interpretation. According to this reference,
the curve was takeﬁ using a [100]-oriented GalAs substrate

covered with four epitaxial layers:

1. 1.7 um Ga0‘59A10.41As
2. 0.5 um Gag_o9Alg 1As
3. 1.1 um Ga0.65A10.35As
4, 0.6 um Gao,gAlo.lAs

Since the latﬁice parameter of AlAs is greater than that of
GaAs, each of the four layers has a lattice parameter
different from the substrate. According to Vegard's law,
the difference is just proportional to the amount of Al
substitution. Thus the strain profile is equivalent to the
substitution profile. The rocking curve of Figure 12(b) was
calculated using the distribution quoted in Ref. (21). This
distribution is shown in Figure 12(c). The regions with

higher strain correspond to higher Al substitution, the
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degree of strain being adjusted to match the rocking curve.
For a satisfactory fit it was necessary to include transi-
tion regions between the four layeré, thus showing the high
sensitivity to the strain profile stated earlier. Note that
the maximum strain is an order of magnitude smaller than in
the implanted samples considered earlier. In addition, the
4 ym thickness of the structure demonstrates the validity of

the calculation for thick but nonuniform films.

Ref. 21. W.J. Bartels and W. Nijman, J.Cryst. Growth 44,

518(1978).
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Chapter III

Comparison of kinematical x-ray diffraction and backscattering

spectrometry

Strain and damage profiles obtained by the rocking curve

method are compared to those obtained by Rutherford backscattering.
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COMPARISON OF KINEMATIC X-RAY DIFFRACTION AND BACKSCATTERING SPECTROMETRY —
STRAIN AND DAMAGE PROFILES IN GARNET *
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We compare the results of measurements of crystal distortions made by means of two techniques: a new Kinematic X-ray
diffraction technique and backscattering spectrometry of channeled MeV ions. Samples were (111) single-crystal gadolinium
gallium garnet (GGG) that had been implanted at room temperature with 100 keV Ne" ions to various doses. For these implanta-
tion conditions, the ranges of sensitivity of the two techniques overlap for about one decade in implantation dose up to the amor-
phous threshold. X-ray diffraction was found to be most sensitive to low damage levels while backscattering was found to be mast
sensitive to high damage levels. Neither method as applied hete is sensitive to light atoms in a heavy matrix. In the former tech-
nique, strain and damage profiles were obtained by fitting a model to the X-ray rocking curve. In the latter technique, the damage
profile was obtained directly from the energy spectrum of backscattered particles while strain was obtained from the implanta-
tion-induced changes in the relative orientations of channeling axes. The two techniques are in excellent agreement on the near-

surface strain, but differ significantly at depths below ~500 A. The damage distributions agree to within a tactor ot 2.

1. Introduction

Backscattering spectrometry (BSS) of MeV ions
has long been used to obtain damage profiles in ion-
implanted singlecrystals [1]. By contrast, X-ray
diffraction has generally been used only to determine
average lattice parameters in crystalline materials [2]
or lattice parameter differences between distinct
layers in composite single-crystal samples (e.g. epi-
taxial films) [3]. For single crystals with lattice param-
eters which vary with depth, dynamical X-ray diffrac-
tion theory [4] has been used successfully [5~7] to
obtain profiles of the variations in the lattice param-
eter, but at the cost of considerable computing time.
Kinematical X-ray diffraction (KXD) theory [4],
. which is mathematically much simpler, has recently
been adapted [8,9] for characterizing thin (<1 um)
singlecrystal films. The technique is believed to be
highly sensitive to variations of lattice parameters
with depth, lateral non-uniformities, and, to a lesser
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** Permanent address: Institute of Nuclear Research,
Warszawa, Hoza 69, Poland.
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extent, damage distributions. Where resuits are availa-
ble, it is in close agreement with the dynamical
theory. Both KXD and BSS can sense changes in
atomic positions that are well below the 1 A range.
To help evaluate the techniques of KXD and BSS and
to gain insight into their capabilities and limitations,
we have conducted a comparison of the results of the.
two methods applied to implanted samples of single-
crystal garnet. We have compared their sensitivities
for a range of implantation doses and compared strain
and damage profiles obtained with a single dose.

2. Experimental procedure

Measurement were conducted on (111) single-
crystal gadolinium gallium garnet (GGG). This mate-
rial, which is cubic and has the stoichiometry
Gd3GasO,, was chosen because implantation with
moderate doses causes crystal distortions that are
within the ranges of sensitivity of both KXD and
BSS. Implantations were performed at room tempera-
ture with 100 keV Ne® jons to doses ranging from 5 X
10'3 to 6 X 10'* jons cm™2. These doses gave damage
concentrations ranging from low levels up to full
amorphicity as determined by both techniques. Two
sets of samples were prepared under closely similar
conditions and analyzed by the respective techniques.

The X-ray diffraction system is shown schemati-
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Fig. 1. Schematic diagram of the X-ray diffraction system.

cally in fig. 1. X-rays from a Cu target pass through a
slit and impinge on the first crystal. The latter is
adjusted for the same Bragg angle as that required for
the sample and serves to reduce the beam divergence
and select the characteristic K, line. It also has the
effect of partially polarizing the beam. Radiation
diffracted from the sample is sensed by a Nal(Tl)
detector. In these measurements, the sample and
detector were rotated about an axis at the sample sur-
face to the desired Bragg condition. The sample was

then rotated finely- about the same axis and the -

reflecting power recorded as a function of angle, to
give the so-alled “rocking curve”. The illuminated
area on the sample was ~2 mm*. A piece of (111)
GGG was used for the first crystal.

The experimental arrangement for the backscat-
tering measurements is shown in fig. 2. To prevent
electrical charging during BSS analysis, a 100 A layer
of Al was deposited on the sample surfaces and con-
tact made by means of a steel clip. The samples were
aligned for channeling by varying 6 and ¢.

X-ray diffraction is only sensitive to displacements
of atoms in a direction perpendicular to the diffracting
plane while backscattering of channeled ions is sensi-
tive only to displacements in a direction perpendic-

ular to the channel axis. Therefore the optimum

8 Variation

2-0 MeV He* | Slits

¢ Variation
Detector

Fig. 2. Schematic diagram of the backscattering system.

arrangement for comparing the two techniques would
involve channeling along axes that are parallel to the
planes employed for X-ray diffraction. However,
because of poor definition of the channels for high
index axes a compromise was made such that only a
component of the channeling directions lay in the
diffraction planes. Symmetric Bragg X-ray reflections
from (444) planes were employed and the backscat-
tering measurements were made with the beam
channeled in the (110) and (100) directions.

3. Analysis and results
3.1. Sensitivity—dose dependence

The raw data obtained from KXD and BSS analyses
are shown for a range of implantation doses in fig. 3.
It is clear that the two systems are roughly comple-
mentary in terms of their régimes of maximum
sensitivity: KXD is most sensitive for doses <10!*
Ne* ions cm™? while BSS is most sensitive above that
value. At a dose of 5 X 10! Ne* ions cm™2, for exam-
ple, the KXD curve shows very prominent structure
(part a) while the BSS spectrum is little changed from
that for an unimplanted sample (parte). This is
because X-ray rocking curves are highly sensitive to
strain, even at low magnitudes, while channeling BSS
spectra mostly reveal only crystal damage. On the
other hand, for an implantation dose of 6 X 10!4 Ne*
jons cm™ the KXD signal is very small (part d) while
the BSS channeling spectrum has a lot of structure
(part h). This is because at high danage concentra-
tions the probability of backscattering a channeled
ion is high while the intensity of coherently
diffracted X-rays is low.

Observation of the high energy part of -a
BSS channeling spectrum reaching the same heights as
the random spectrum is typically taken to indicate
that the corresponding layer of the sample is “amor-
phous™. Similarly, in X-ray studies a thin layer is said
to be “amorphous” when it gives rise to a rocking
curve with no oscillations and a reflecting power close
to that from unimplanted material. It has not previ-
ously been clear whether these two definitions coin-
cide. From the results in partsd and h of fig. 3, it
appears that when a sample is amorphous by one of
these definitions, it does indeed satisfy the criteria for
amorphicity that are usually adopted with the other
technique.

While the respective sensitivities of the two tech-

II. SEMICONDUCTOR STUDIES
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Fig. 3. X-ray rocking curves and He* backscattering spectra
from GGG samples implanted with a range of doses of
100 keV Ne* ions. The angle ¢ is referred to the orientation
of the Bragg peak from undamaged crystal (at 25.5%). The
hackscattering spectra were obtained with the incident beam
channeled in the (110} direction.

niques vary with damage levels, neither technique as
applied in fig. 3 was sensitive to light atoms (e.g. O)
in the heavy Gd-—-Ga matrix. However, it should be
noted that if the light atoms had been of particular
interest, both techniques could readily have been

modified to enhance their sensitivities to such atoms:
X-ray reflections can be found for which most of the
diffracted intensity is due to the light ions, and elastic
(@, @) resonances with cross-sections far exceeding the
Rutherford level can be employed for detecting '°0
[10].

3.2. Strain profile

Strain and damage in a crystal lattice are repre-
sented schematically in fig. 4. Strain is the fractional
change Aafa in lattice parameter resulting from a uni-
form displacement of atoms. According to KXD mea-
surements [11] ion implantation typically only
causes strain that is perpendicular to the sample sur-
face. In addition to strain, ion implantation also
induccs damage, i.c. random displacements §r of
atoms from their lattice positions.

In the KXD model, the implanted crystal acts as a
set of independently. but coherently diffracting
laminae, each incorporating many unit cells and
oriented parallel to the surface. The strain distribu-
tion is incorporated by allowing each lamina to have
its own constant strain value. The distribution of
incoherently displaced atoms (damage) is described
by a probability function p(8r) which changes the
mean structure factor in each lamina. In this paper,
for simplicity, p(6r) was assumed to be a spherically
symmetric Gaussian function.

Experimental raocking curves can be analyzed
directly in terms of this model to yield parameters
such as strained layer thickness, mean and maximum
strain, and thickness-averaged r.m.s. values of (7). In
addition, detailed strain and r.m.s. (6r) distributions

Damage

egeeiassecssncissres
I

ael b o ka+no

Fig. 4. Schematic representations of strain and damage in a
crystal lattice.
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Fig. 5. Continuous curve: KXD rocking curve for the GGG
sample after implantation with 100 keV Ne* ionis to dose of
2 X 10'4 ions cm™2. Dashed curve: fit to the data obtained
by means of the method of Speriosu et al. [8,9].

can be obtained by fitting the entire experimental
rocking curve with a curve generated by the model
described above (see refs. 8 and 9 for details). The
fitting procedure was applied to the curves shown in
fig. 3a—d, and very good fits were obtained in all
cases. An example of data and fit is shown in fig. 5.
The presence of pronounced oscillations in the data
indicates very good lateral uniformity of the sample.

The strain profile corresponding to this fit is plotted
as a heavy line in fig. 7.

The approach adopted for BSS measurement of
strain is illustrated schematically in fig. 4. If a region
of the lattice is strained in a direction perpendicular
to the surface, then the orientations relative to the
surface of axes other than the (111) axis will be
changed relative to those in an unimplanted sample.
While absolute measurements of their orientations
would be difficult, measurements of angular separa-
tions between axes are straightforward. Thus, energy
windows were set in the backscattering spectra on the
Gd signal at positions corresponding to a depth of
700 A, and a measurement was made of the angular
separation of the (100) and (110) axes on opposite
sides of the (111) axis for both unimplanted GGG
and the sample that had been implanted with 2 X
10'* Ne* ions cm™. At each axis the goniometer
angle ¢ was adjusted so that the incident beam was
channeled in the (110) plane and then @ was varied in
steps of 0.1° across the axial channeling dip. The
results are shown in fig. 6. Since the (111) axes in the
mounted samples lay within 0.2° of the normal to the
goniometer, it was not necessary to change ¢ in order
to stay in the (110) plane during a scan over an axis.
Also, for this reason the ¢ coordinates of the (100}
and (110) axes differed by only 0.4°. Nevertheless,
both the 8 and ¢ coordinates of these axes were taken
into account in calculating their angular separation.
The precise 6 courdinates of the axes were obtained
by fitting inverted Gaussian curves to the data of
fig. 6 by the method of least squares. The difference
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Fig. 6. Angular scans in 8 of the yield of backscattered alpha particles from a window on the Gd signal at an energy corresponding

to a depth of 700 A.
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Fig. 7. Profiles of strain in the sample implanted with 2 X
1014 Ne* jons cm™2 at an energy of 100 keV.

in the angular separations in the implanted and unim-
planted samples was —0.9° £ 0.1°, implying a strain
of 1.7 £0.2%.

In addition to the window at 700 A, three other
windows were applied to the spectra at energies corre-
sponding (v various depths and the channeling angles
in these were measured relative to those in the 700 A
window. The resulting profile of strain to a depth of
~1700 A is shown as the dotted curve in fig. 7.

It is evident from fig. 7 that the two techniques
are in good agreement for the strain near the surface,
but while the KXD curve rises to a peak strain of
25% at ~700 A and falls off to essentially zero at
1800 A, the BSS curve remains roughly horizontal.
We suggest that this discrepancy is the result of
steering of the channeled alpha particles in the
strained lattice. If the variations of crystal strain with
depth are not abrupt, then it is possible that ions that
are channeled in the surface layers of the sample are
steered into the channels with different orientations
that exist deeper in the sample. If this occurs, then
angular scans obtained with energy windows corre-
sponding to any depth will all measure mostly the
strain at the surface. It would be of interest to test
this hypothesis by recording BSS spectra from sam-
ples that have been etched to successively greater
depths.

3.3. Damage profiles

Damage profiles were also deduced by means of
both techniques for the sample that had been im-
planted with 2 X 10'* Ne" ions cm™2. The BSS profile
was derived from a spectrum obtained with the
incident beam channeled in a (110) direction, part of
which is shown in fig.8. A dechanneling curve
beneath the direct scattering peak was calculated
iteratively [12] assuming (1) a critical angle at all
depths equal to that measured at the surface (2¢,,, =
1.1°); (2) a uniform flux of channeled particles
within the channels; (3) that all displaced atoms inter-
act with the channeled particles; and (4) that
dechanneled particles are not scattered back into
channels. The result is the heavy stepped curve in
fig. 8. This curve appears to be an underestimate since
it should reach the data level at a point beyond the
implanted region. This difference is possibly the
result of a decrcase in the critical channeling angle
with higher damage densities below the sample sur-
face, and extra dechanneling caused by depth-depen-
dent lattice strain. Therefore. for the purpose of ob-
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Fig. 8. Portion of the backscattering spectrum from a GGG
sample implanted with 2 X 1014 Ne* ions cm™ at an energy
of 100 keV. The sample was oriented so the incident beam
was channeled in the (110) direction. Solid curve: dechan-
neling calculated from a simple model (see text). Dashed
curve: finally adopted dechanneling curve.
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Fig. 9. R.m.s. value of 6r obtained from the fit to the KXD
data shown in fig. 5.

taining a realistic damage profile this calculated curve
was simply scaled up to the level indicated by the
dashed curve in fig. 8. The resulting profile of Ng/N,
the relative number of displaced atoms, is shown in
fig. 10 as a dotted curve.

The KXD fitting technique described earlier yields
the profile of r.m.s. (6r) in addition to the strain
profile. For this calculation, the relative sensitivities
of the Cu K, (444) reflections to Gd, Ga and O were
taken to be the same as those for undamaged GGG,
i.e. ~80%, ~20% and 0%, respectively. This assump-
tion is valid if (67} = 0, i.e. the mean random displace-
ment is zero. The resulting r.m.s. (6r) profile is shown
in fig. 9. For comparison with the BSS results, this
curve was converted to the profile of fractional num-
ber of atoms with planar projections of §r that are
greater than the Thomas—Fermi radius, ay, in unim-
planted material (estimated to be 0.15 A). The result
is plotted as a continuous curve in fig. 10. The
damage depths are in good agreement, but the KXD
curve is about a factor 2 higher than the BSS result.
However, in the light of the very different approaches
cmployed by the two techniques, we regard this as
satisfactory agreement. .

Several factors may be responsible for the differ-
ences in the magnitudes of the two curves in fig. 10.
The use of the Thomas—Fermi radius for calculating

DEPTH {102 A)

Fig. 10. Profiles of damage in the sample implanted with 2 X
10!% Ne* jons cm™2 at an energy of 100 keV. The BSS curve
was obtained directly from fig. 8 while the KXD curve is the
fractional number of atoms displaced by more than arr =
0.15 A in a direction parallel to the lattice plane, deduced
from the r.m.s. (5r) profile of fig. 9, assuming spherical sym-
metry.

Ny/N from the KXD results is somewhat arbitrary.
Since damage is heavy for a dose of 2 X 10*4 Ne" ions
cm™2, the effective radius is probably larger than its
value for a perfect crystal, and in fact we find good
agreement with the BSS curve if a value of arp=
0.35 A is assumed. Also, if peaking of the flux den-
sity of channeled ions near the centers of the channel
were taken into account, the number of displaced
atoms deduced from the BSS results would increase —
again bringing the results of the two techniques into
closer agreement. Finally, the assumptions of a
spherically symmetric Gaussian form for p(r) and that
(6r) = 0, while being reasonable, may not be entirely
correct.

4. Summary

We have conducted a comparison of the results of
kinematic X-ray diffraction and backscattering spec-
trometry analyses of strain and disorder in 100 keV
Ne'-implanted gadolinium gallium garnet. Our results
can be summarized as follows:

11. SEMICONDUCTOR STUDIES
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1) For our implantation conditions, the two tech-
niques have a common range-of sensitivity for doses
varying over about one decade up to the threshold for
amorphicity.

2) KXD is most sensitive to low lattice distortion
(dose <1 X10'* Ne' ions cm™2) while BSS is most
sensitive to high lattice distortion (dose =1 X
10'* Ne® ions cm™2). Neither technique, as usually
applied, can readily sense light atoms in a heavy
matrix.

3) Both techniques yield the same value for the
thickness of a damaged layer.

4) Strain profiles from the two techniques are in
good agreement at the sample surface. However, the
KXD curve has a peak at ~700 A and drops off to
zero at greater depths while the BSS results are
roughly constant with depth.

5) The KXD and BSS magnitudes of the profiles
of the relative number of displaced atoms agree to
within a factor 2.

We acknowledge technical assistance from L.A.
Moudy at Rockwell International.
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Chapter IV

X-ray rocking curve and ferromagnetic resonance investigations

of ion-implanted magnetic garnet

Elucidation of the behavior of crystalline and magnetic

properties versus species, dose and annealing.
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Abstract

Detailed analyses of X-ray rocking curves and ferromagnetic resonance
spectra were used to characterize properties of <111>-oriented Gd,Tm.Ga:YIG
films implanted with Ne+, He+, and H2+. For each implanted species the
range of doses begins with easily-analyzed effects and ends with paramagnetism
or amorphousnesﬁ. Ion energies were chosen to produce implanted Tayer thick-
nesses of 30002 to 60003. Profiles of normal strain, lateral strain, and
damage were obtained. The normal strain increases with dose and near amor-
phousness is 2.5%, 3.4%, and 3.9% for Ne+, He+, and H2+, respectively. Lateral
strain is zero for all values of normal strain, implying absence of plastic
flow. Comparison of thése results with the reported decrease in lateral
stress implies either a large reduction in Young's modulus or a transition
to rhombohedral equilibrium unit cell. Damage is modelled by a spherically-
symmetric gaussian distribution of fncoherent atomic displacements. Due to
the use of (444), (888), and (880) reflections the sensitivity is greatest
for the c-sites occupied by Gd, Tm, and Y. The standard deviation of dis-
placements increases linearly with strain with proportionality constant 0.25,
0.18, and 0.13 R/% for Ne+, He+, and H2+, respectively. For maximum strains
up to 1.3% annealing in air reduces the strain without changing the shabe of
the profile. The behavior of the strain with annealing is nearly independent

of implanted species or dose. After annealing at 600°C the strain is 40% of
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the original value. Magnetic profiles obtained before and after annealing
were compared with the strain profiles. The local change in anisotropy field
AHk with increasing strain shows an initially linear rise for both He+ and Ne+.
The slope is -4.1 kOe/%, in agreement with the magnetostriction effect estimated
from the composition. For strain values between 1% and 1.5%, AHk saturates
reaching peak values of -3.6 kOe for He" and -2.8 kOe for Ne'. At strain
values near 2.3% for He+ and 1.8% for Ne+,‘AHk drops to nearly zero and the
material is paramagnetic. For peak strains greater than 1.3% for He+ and

1.1% for Ne+ the relation between uniaxial anisotropy and strain is not unique.
The saturation magnetization 4nM, the fatio of exchange stiffness to magneti-
zation (A/M) and the cubic anisotropy H1 decrease with strain reaching zero

at 2.3% and 1.8% for He+ and Ne+, respectively. At these strain values the
dampfng coefficient a is 50% and 80% greater than bulk value for He+ and Ne+,
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respectively. For higher
Upon annealing of samples implanted with low doses of Ne and He the aniso-
tropy field follows uniquely the behavior with strain for unannealed material.
At 600°C the magnetization returns to bulk value but the ratio A/M remains
20% low. For H2+,imp1antation the total AHk consists of a magnetostrictive
contribution due to strain and of a comparable excess contribution asso-
ciated with the local concentration of hydrogen. The profile of excess AHk
agrees with calculated LSS range. The presence of hydrogen results in a
reduction of 47M not attributable to strain or damage. For a peak strain

of 0.60% and a peak total AHk of -4.5 kOe, the magnetization is only 40%

of bulk value., After annealing up to 350°C the excess AHk diminishes and
redistributes itself to the regions neighboring the peak damage. At 400°¢C
the excess is nearly zero. For higher annealing temperatures the only

component of AHk is magnetostrictive. At 600°C, the magnetization, the ratio

A/M, and a return to bulk values.
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I. Introduction

Since the discovery(]) that jon-implantation in magnetic garnets is useful
in the manufacture of devices, there has been an interest in the properties of
implanted garnets. These properties may be subdivided into three broad categories:
(1) the damage viewed primarily from a crystallographic point of view, (2) the
possible effects due to the presence of the dopant, and (3) the magnetic properties
arising from (1) and (2).

(1-13)

Damage has been studied by X-ray diffraction , indirectly through stress

measurements(]4']6)
(20-22)

, enhanced etch rate measurements(]7']9), Rutherford back-

, and electron diffraction(23). Magnetic properties have been
(24,2,4)

scattering

studied through the capping-layer effect
(FMR)(25-33)

, ferromagnetic resonance

(35,36)

, A.C. susceptibi]ity(Bg); Mossbauer spectroscopy , vibrating

(37)

sample magnetometry(g), and Kerr rotation Although no direct measurements

of dopant distribution have been published, studies have been made of their anneal-

(8)

induced desorption.*”’

One conclusion drawn from this work is that the strain and damage are uniquely

(1,38,39)‘

related to the energy deposited through nuclear collisions Generally,

no crystallographic effects are attributed to the presence of the dopant. Another
conclusion drawn is that the major connection between changes in magnetic and

crystalline properties is magnetostriction,(4o) promoting efforts to measure the

(41-43)

magnetostriction constant of virgin and implanted crystals. An apparent

lack of correlation between strain and uniaxial anisotropy Hk at high doses has

led to the hypothesis that implantation destroys the growth-induced anisotrOpy.(44)

Other effects include changes in the saturation magnetization M, in the exchange

stiffness A, in the Curie temperature T , in the cubic anisotropy H;, and in

(9,11,13,31,32,44)

the damping parameter a. In the case of H+-imp1anted garnet

the unusually large variation of uniaxial anisotropy with dose(45) and

(8,33)

annealing has been attributed to either (1) qualitatively different

(46)

damage caused by H+ implantation, or (2) chemical effects due to
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the presence of H in the 1attice.(8’33’47) Despite the relatively large number

of papers devoted to implanted garnets, many of their basic features are unresolved.
Part of this is due to difficulties of interpretation of experimental results and
frequent failure to extract the maximum of quantitative information available in
the experimental data.

In this paper we have combined X-ray diffraction and ferromagnetic resonance
measurements of Ne+, He+, and H2+ implanted <111>-oriented Gd, Tm, Ga:YIG. This
choice of implanted species and host material was made because of their (previously)
widespread use in the manufacture of devices. More important, this material has
the beneficent properties of reasonably narrow linewidth and high magnetostriction

(70 Oe and M v -3x107°

). The narrow linewidth permits a clear identification
of mode location and amplitude in FMR, while the large A]]] ensures that a rela-
tively large number of modes are supported in the implanted layer, thereby providing
data with high information content. For each implanted species, doses were chosen
to cover a range starting with easily-analyzed effects up to amorphousness. The
incident ion energy produced implanted layer thicknesses of 3000 R to 6000 R.
Selected samples were annealed up to 600°C.

We have attempted to ansﬁer the following questions: (1) Can FMR and X-ray
diffraction yield detailed and unequivocal information about magnetic and
crystalline properties for all levels of damage? (2) If so, what is the extent
of correlation between magnetic and crystalline properties? The answer to the
first question is a qualified yes. Concerning the second question, there is a

strong although not total correlation between measured magnetic and measured

crystalline properties.

II1. Experiment

The garnet used was LPE-grown, <111>-oriented Gd,Tm,Ga:YIG. The substrate

material was the usual single-crystal Gd;Gag0,, (GGG) wafer with a 5cm diameter
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and 0.5mm thickness. Two wafers with films of identical nominal composition and
very similar bulk magnetic properties were used, one (M721) for the neon and helium
implantations, and the other (M722) for the hydrogen implantations.. Two nominally
identical, 4mmx4mm samples were made for each implanted species and dose. Implan-
tation was done at room temperature. (See Table 1 for details). These three
series of implanted samples were provided to us by an external source.(48)
In the determination of magnetic profiles for high doses, it was found useful
to chemically etch some of the neon and helium implanted samples. A 30 min pre-
anneal in air at 150°C produced no detectable changes in either FMR or X-ray

diffraction. Following this, the sample was etched in hot (110%) H,P0,. After

cleaning with organic solvents, the sample was plunged in the acid and stirred

for 5 to 10 seconds, followed by immérsion in room temperature water, The sample
was etched and measured with FMR or FMR and X-ray techniques in successive steps,
up to the disappearénce or near disappearance of the signal attributed to the
implanted layer. The longest total etch time was 1 minute. The amount of

material removed was determined with an accuracy of about +50 R from the X-ray
rocking curve by inverting the process discussed in Ref. (7). Lateral nonuni-
formities attributed-to uneven etching were detected by the broadening of both

the FMR absorption spectrum and the rocking curve, The broadening increased

with successive etch steps, but did not impair the X-ray determination of layer
thickness. In the case of FMR, the broadening at the last two etch steps vitiated
a meaningful measurement of some surface mode amplitudes, reduced the sensitivity
for detection of weak modes, and increased the uncertainty invsurface mode location
from the usual +5 Oe (unetched) up to #150 Oe (last etch step). Other than non-
uniform etching of the surface, we found no evidence of etch-induced changes in
either crystalline or magnetic profiles. Selected unetched samples were annealed

in air at temperatures ranging from 150°C to 600°C. in stens of 50°C. Due to the

Timited supply of samples, the same sample was annealed at progressively higher
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Table 1

Some bulk properties of garnet and implantation schedule

Nominal composition {Gd0.84Tm].17Y0.99 } [Fez] (Gaobngez.m)O12

Nominal thickness (um) 0.95
*
IF444| 1074
‘F888l 974
|F880| ; 1124
Uape (um ) 0.117
4t (gauss )** 510
Wafer Ion Nominal Energy Nominal Dose
. ) 213, 2,
+ (keV) (10 "/cm™)
M721 Ne 190 5
10
20
30
50
M721 He' 140 300
' 600
1200
2000
M722 Hy" 120 200
300
500
2000
4000
Implantation current density 0.25uA/cm2

*Structure factors and normal absorption coefficient calculated from
the composition.

**Calculated from magnetic bubble properties.
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temperature in successive steps lasting .30 min each. FMR measurements were made
every 50°C, while rocking curves were taken every 100°c.

Double crystal, Bragg case, X-ray rocking curves were taken under the
conditions described in Ref. (7). The X-ray source line was Cu Ka with an incident
beam counting rate of 105cps. The spot size at the sample was limited to ~ lmm x
Imm by a set of slits. AlIl as-implanted samples were measured using the (444)
reflection. In certain cases described below, the (880) v >|v,|, and the (880)
y0<|yHl, reflections were also used. For the annealed samples, especially for
annealing temperatures greater than 350°C, the (888) reflection was used because
of its sensitivity to low strain. Measurements repeated up to several months
apart produced practically identical rocking curves.

Ferromagnetic resonance measurements were made at a fixed frequency of
9.5 GHz with the usual combination of rectangular cavity, microwave bridge, and
modulated external applied fieid. ATl measurements were made at room temperature
without a temperature controller. Both perpendicular and parallel FMR configu-
rations were used for each sample. For some samples FMR spectra as a function
of polar angle were also taken. The reproducibility of mode location and amplitude
determination was *5 Oe and +2%, respectively, for measurements repeated within a
few hours. However, spectra taken several days apart at times showed systematic
differences up to 50 Oe in mode location, without appreciable changes in mode
amplitude. We attribute these variations to differences in room temperature,
since one can observe shifts of several hundred Oe by blowing warm (T50%C) air
into the cavity. We do not consider the observed variations to be significant,
since the range of applied field in which the modes are excited spans several

thousand Oe.

III. Theoretical Considerations

It is perhaps inappropriate to include here a qualitative description of
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the basic processes of ion implantation. The major purpose of this paper is to
present experimental results. However, the impression formed by reading the
Titerature on ifon-implanted garnets is that different authors assign different
meanings to the same words. At the risk of belaboring the point, we wish to give
a precise description of what we think we are measuring.

During ion-implantation the incident ions undergo collisions with target
atoms. Since the ion beam is aimed in a non-channeling direction, the crystal-
lographic structure of the target plays only a minor role in determining the
scattering process. The parameters which enter the expression for this process
are the masses and nuclear charges of the ion and target atoms, the density
(number of each kind of atom per unit volume) of the target, its electronic

density, and the kinetic energy of the ion beam.(49) Since the ions continuously

lose energy as they penetrate the crystal, the energy dependence becomes at least

ctron
(49)

4242023211y Ao denth demendence Nig 4o +ka 1
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a

ow el
electrons remove energy but do not contribute to damage. For typical implan-
tation in garnet at a few hundred keV, the number of nuclear collisions per ion

is several hundred.(46)

At each collision the transferred energy ranges from
zero up to a value determined by the kinetic energy of the ion and the ion-
target mass ratio. If the transferred energy is sufficiently large, the target
atom will be ejected from its original site and may in turn eject other atoms.
Thus for each incoming ion there is a cascade of recoil atoms (a thermal spike).

(46)

The mean free path of the ion is sufficiently short , so that even for the

2 for Ne+ and ~ 10]5/cm2 for He+ and

lowest doses we are considering (& 10]3/cm
H2+), at lTeast one atom from almost every unit cell has been displaced by more
than one interatomic spacing. Atoms surrounding either the vacancy or the
interstitial atom are no longer located in perfect-crystal sites. Since an
interstitial and a vacancy are not equivalent, it is plausible that in the

implantation region the atoms are no longer packed as closely as in virgin crystal.

This is the positive strain uniformly observed in ion-implanted crystals with
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widely different properties, such as Si, GaAs, and GGG.(7’50)

If the displacement .of a particular atom j is A?j, then there is a probability
distribution p(A?j) which describes the frequency of these incoherent displacements.
For a polyatomic crystal, such as garnet, one expects that each set of equivalent
sites, occupied by a particular atomic species, has its own p(A?j), each contri-
buting in a different way to the total (coherent) strain. For ion doses below
that required to render the crystal amorphous, the unit cell is still recognizable.
The registry between the implanted layer and the underlying undamaged crystal is
maintained. It constrains the average unit cell to expand only in a direction

(7)

perpendicular to the film surface. The implanted layer is therefore in lateral
compression and the total normal strain includes a Poisson (elastic) contribution.
The compressive stress may act as a source of energy for the creation of extended
defects. If the stress is sufficiently large, stress-reducing dislocations may
form.(51) Such an occurrence is accompanied by the loss of strict registry between
highly stressed and less stressed regions of the crystal. '

Up to now we have not considered any crystallographic effects due to the
presence of the implanted dopant. Although a priori it 1s not possible to exclude
the dopant as a contributor tﬁ the total strain, experimental results strongly
suggest that only the damage is effective. For the same strain, the doses for

(1,39) conforming

neon vs. helium differ by one and a half orders of magnitude,
to the difference in nuclear stopping power. The hypothesis that damage is the
source of the strain is further confirmed in Ref. (39), where the detailed strain
distribution was found to agree closely with the calculated distribution of energy
deposited in nuclear collisions, but not with the ion range. Our present results,
discussed below, suggest that in the case of hydrogen implantation there is a
detectable strain associated with the ion range.

X-ray diffraction can detect and separate the implantation-induced damage

components: point defects, strains, and extended defects. Point defects change
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the value of the structure factor. If they are incoherent, the magnitude of the
structure factor is diminished. This decrease is determined by the displacement
functions p(A?j) belonging to each site j. We make the simplifying and physically
plausible assumption that these functions are spherically symmetric. gaussians
described by their standard deviations Uj. A further simplification is that, at
a given depth, UjEU is the same for all sites. For the reflections used in this
work, the c-sites, occupied by Gd, Tm, and Y, are the dominant contributors to
the structure factor. Thus the experimental value of U refers mostly to these
atoms. The sensitivity to a- and d-sites, occupied by Fe and Ga, is much less
(20% to 40%, depending on the reflection), and the sensitivity to h-sites, occupied
by 0, is practically zero.(7)

The definition of strain used in this work is the fractional change in
Tattice parameter with respect to that of virgin GGG crystal. The strain may
have a component e’ in a direction perpendicular to the film surface and a

lateral component e, In general, both e’ and &' change the magnitude and the

direction of a particular reciprocal lattice vector. These changes are related

(7)

to the measurable change in the angular location of the Bragy peak. X-ray
diffraction alone gives no 1hf0rmation on stress.

Detailed information about exfended defects is much more difficult to extract
from the rocking curve. If they occupy a sufficiently small volume, they are
indistinguishable from point defects. If the extended defects involve gentle,
long-range (v lum radius) distortion of the lattice, then they result in a

(52) ma

broadening of the rocking curve. In this case, the mosaic-crystal theory y

be used to obtain estimates of their size, misorientation, and lateral variation
in strain.(s’so)

The relationship between point defects, strain, extended defects, and dopant
chemistry on one hand, and magnetic properties on the other, is poorly understood.

We are not aware of any "first-principles" theoretical framework which would
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attempt to relate magnetism to the chemistry and geometry of implanted crystals.

At low doses there is an approximately linear relationship between the shift in
location of the FMR principal surface mode and dose, strain or stress. The propor-
tionality constant roughly corresponds to the magnetostriction constant determined
by external elastic deformation of the virgin crystal. At higher doses the mode
shift is no longer simply related to any of these. In some of the references

a correlation is attempted in which the mode shift is equated to a change in Hk
which is then related to the dose or maximum strain. This is erroneous for

several reésons. The most important of these is that Hk saturates and decreases

in regions of high damage so that the mode is localized and measures the change.

in Hk at a point far from the point of maximum strain. It is not clear whether
the changes in other magnetic properties, such as M, A, H], v, and o are due to
strain or damage or chemistry, or a combination of all. Even worse, the magnitudes
of these changes versus ion species, dose or depth are also poorly known. Ferro-
magnetic resonance spectra, when interpreted according to the model presented in

Ref. (31), provide information about profiles of these magnetic properties.

IV. The Fitting Procedure

Crystalline profiles and magnetic profiles are obtained from the rocking
curve and the FMR spectrum, respectively. Unfortunately, neither technique as
presently .used can directly yield the desired profiles from the respective
measurement. Both techniques rely on choosing a trial distribution, calculating
the corresponding spectrum, and comparing it to the experimental data. Since
the spectra characteristic of various classes of profiles (unimodal vs. polymodal,
constant or increasing or decreasing with depth, etc.) have already been calcu-
lated, these serve as a guide in choosing the initial distributions. A trial and
error procedure is then used until a satisfactory fit is obtained. A more

sophisticated approach is the use of Jacobians to determine the changes in profile
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for a better fit. However, combination of this with least-squares fitting proce-

dures has been singularly unsuccessful in converging to a satisfactory fit.

In the rocking curve, the angular range of nonzero reflecting power establishes
the maximum strain, the most rapid oscillation establishes the total layer thickness,
the area under the curve establishes the thickness-averaged structure factor; and the
degree_of smoothing is related to extended defects.(7) In the kinematical regime,
the rocking curve and the strain and damage distributions are related through a
Fourier transformation. However, the lack of phase detection precludes a direct

inversion of the rocking curve.

In perpendicular FMR, the location of the highest mode yields an estimate
of the maximum field for local uniform resonance Hun; the total number of surface
modes yields an estimate of the ratio A/(MTZ), where T is the layer thickness;
the linewidth is linearly related to the damping parameter a; the relative
~ ampiitudes of the principal surface and body modes yieid a vaiue for surface tu

(

bulk magnetization ratio. 31,53) Some of this information is repeated in a
different form for parallel FMR.

For both X-ray and FMR analyses the accuracy and uniqueness of a resulting
distribution depend on several factors: the information content (i.e. structure)
of the experimental data, the sensitivity of the experimental data to variations
of the quantity in question, the extent to which other parameters produce similar
effects and of course the accuracy or quality of the fit that is demanded. The
interpretation of the rocking curve is less ambiguous than the FMR spectrum
since the rocking curve depends very strongly on only one parameter, the strain
distribution. The damage distribution though required for a fit at high doses
and strain has a much smaller effect. As a consequence the strain profile can be
quickly obtained with an apparent high accuracy, while thé damage profile is less
certain, Without a formal proof, it remains our opinion that the strain distri-

bution corresponding to a given rocking curve is unique, except for mirror refiec-

tions. Typically the strain distribution is determined everywhere to a
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precision of a few percent of the maximum strain, and +2% at the peak. The

Q

depth resolution is 50 to 200 A depending on the particular distribution.
We describe the damage distribution by U the standard deviation of an assumed
gaussian distribution of random atomic displacements. The local structure factor

2
kU , and so the parameter U becomes a

has an exponential dependence |F| ~ e~
dominant factor in regions of high damage and has no effect in regions of low
damage.(7) In a later section it will be shown that a linear relation between U
and strain gives the best fit but that the proportionality constant varies with
implant element. Thus the value of this constant is determined by the fitting
process for medium to high doses.

For the samples studied here, the number of surface modes excited by per-
pendicular FMR ranges from 1 to 11. 1If their locations and amplitudes are used
as inputs, there are from 2 to 22 data points. The major parameters which deter-
mine mode locations and amplitudes are the field for uniform resonance Hun and
the ratio %. When several modes are present, the FMR spectrum appears to be
uniquely related to the distribution of Hun provided this distribution is unimodal.
In such cases the precision of the determination 1s within a few percent of the
maximum everywhere, and 3% af the peak. For unimodal distributions, the depth-
averaged A/M is also determined to +10%, but the sensitivity to the shape of this
distribution is relatively poor. The same remarks apply to the distribution of M.
Parallel FMR is used to separate the various components of Hun' However the
resolution of parallel FMR is less than half that of perpendicular FMR, and the
overlap of modes_vitiates accurate amplitude measurement.(31)

If the magnetic profiles are polymodal, we are unable to determine a unique
profile from a single set of spectra. One must then resort to etching (or
preferably ion-milling, since it removes the material more uniformly) and re-

construct the profiles as described in Ref. (31). The etch - or milling-steps

must be small (100 to 200 R) since larger etch-steps leave room for multiple
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interpretations of the spectra. The above diécussion suggests the fitting pro-
cedure we followed.

For all samples the strain and damage profiles were first obtained. Magnetic
profiles were estimated by assuming a unique relationship to exist between AHun
and Ae® for each implanted species. For neon and helium, this relationship was
immediately shown to be linear at low doses with a clear saturation of AHun for
what we term medium doses. In this range the saturation can be represented
empirically or by some convenient mathematical form. He found it convenient and

satisfactory to assume a form
M, = KDae® - b(act)’] (1)

The magnitudes of the linear and cubic terms were adjusted to give a best fit to

- .
low to medium doses.

LRV H

ha ¢
e

.
the gpectra for all

The assumption that AH _ and Aet are uniquely related was not arbitrarily

un
made. In previous publications, the authors have separately studied the same
Tow-dose He-implanted garnet with properties similar to those of some of the
present samples. The magnetic profiles were determined by one of the authors(31)
independently of any X-ray results, and the crystalline profiles were obtained
by the other author(7) without FMR inputs. Upon comparison, the AHun and At
profiles agreed with each other to +2% of the peak values.

Various features of the FMR sbectra imply differences in surface and bulk
values of other magnetic parameters. Differences in the linewidth require a
change in a; relative mode amplitudes may dictate a change in M; comparison of L
and 1| modes may require a change in H] or y; FMR as a function of polar angle
about <1TO> axes places limits on the allowed changes in Hy - However there
is relatively poor sensitivity to the actual pfofiTe shape of these magnetic

properties. A convenient assumption that is consistent with experimental data

is that these changes are also linearly related to Aet. The peak value for each
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distribution is then independently adjusted to fit the appropriate spectrum.

In the case of low to medium doses of neon and helium, this approach pro-
duced excellent fits to the FMR spectra. For all arbitrary deviations from this
relationship that were tested, the quality of fit rapidly deteriorated. At very
high doses the structure of the FMR spectra changed so radically, that we were
unable to use the strain data to obtain magnetic profiles. In this dose range
the bimodal profile of Hun was determined independently of strain, and with
reduced precision by etching and using the methods of Ref. (31).

For the samples implanted with hydrogen, the assumption of a unique relation-
ship between AH = and Act was immediately shown to be false. Nevertheless, since
the magnetic profiles are unimodal, they could be obtained directly from the FMR

spectra, without the need to resort to etching.

V. Results and Discussion

A. Experimental and calculated spectra

Since neither rocking curves nor FMR spectra corresponding to a wide range
of doses of ion-implanted garnets have been published, we include hefe some of
our experimental data. In addition to showing their structural peculiarities,
the figures include calculated spectra showing the quality of fit that is
obtainable. For this quality of fit the distributions of Aet and AHun

have the accuracy quoted earlier except for high doses where portions of
the film become: amorphous or paramagnetic.

Figures la, b, and c, respectively, show the experimental (dashed) and
calculated (solid) rocking curves for several doses of Ne+, He+, and H2+
implanted garnet. Al1 three sets have several features in common: the single
sharp peak near the origin corresponding to diffraction by the deep, unimplanted,
bulk portion of the film; the oscillatory structure which extends to lower

angles and becomes less intense with increasing dose; and the envelope shape
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Figure 1(a). Measured (dashed line) and calculated (solid Tine) Cu K, (444)
rbcking curves for 190 keV Ne+ implantation. Doses are 0.5, 1.0,

2.0, 3.0 and 5.0x10m/cm2 for curves 1 through 5, respectively.
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characteristic of dnimodal distributions. For all cases shown, the calculated
plane-wave solution was convolved with the incident beam, whose angular diver-
gence distribution is approximated by a gaussian with a standard deviation of
8 arcsec.

Figures 2a, b, and c, respectively, show the perpendicular FMR spectra for
the same samples. The spectra are presented in stick-diagram form, the solid
and open rectangles corresponding to measured and calculated modes, respectively.
For clarity, the modes (experimental and calculated) are shown adjacent to each
other, without overlap. The actual field is located at their boundary. The
discrepancy between calculated and measured mode Tocation is as a rule less
than 10 Oe, rarely becoming as large as 50 Oe for some of the high dose cases.
Mode amplitudes are indicated by the relative height of the rectangles. Experi-
mental modes with amplitudes less than 10% of the principal (or first) surface
mode, and nearly zero amplitude theoretical modes where no experimental mode is
seen, are also indicated by vertical arrows. The 50 Oe width of the rectangles
does not reflect the actual mode linewidth, which increases with dose from 70 Oe
(bulk modes) up to 150 Oe (surface modes for highest doses).

Only spectra for the three lowest doses of hydrogen implantation are shown
in Fig. 2c. The higher-dose spectra were excluded because the lineshape of some
of the modes indicated that the static magnetization was not completely aligned
with the applied field. For sufficiently large surface anisotropy field, this
occurs for applied fields above but near the bulk mode. Although éurface modes
exist in this situation, their characteristics cannot be calculated accurately
by the methods used in this study.

The depth-dependence of the r.f. magnetization in FMR provides a convenient
classification of modes. In the present figures, the largest mode, occurring
“at v3750 Oe, is the main bulk mode, while modes at lower fields are predominantly

sinusoidal bulk spinwave modes. The modes found at fields above the main mode
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are largely confined to the implanted layer and are called surface modes.(31)

For Tow doses, the amplitudes of the surface modes generally follow an alternating
large-small sequence which is characteristic of certain unimodal distributions of
Hun'(53) This is seen for the lowest three neon doses, the lowest two helium
doses and all three hydrogen doses.

An important feature is observed on comparing the spectra for the Towest and
highest doses in the neon and helium series. Although the nominal doses vary by
an order of magnitude, the separation between the principal surface and bulk modes
changes by less than 30% in both cases. However the high dose spectra have
a drastically different character. In these cases the magnetic profiles become
bimodal. The details of the bimodal profiles could only be elucidated by analysis
after progressive etching.

The bimodal character was first established for the third helium implant
with dose 1.2x10]6/cm2. This case showed at least ten surface modes in a complex
spectrum unlike anything seen in earlier work. The development of this spectrum
with etching was even more bizarre as seen in ng. 3a. Mode locations are
indicated by circular symbols (or elliptical symbols for Tess certain locations);
mode amplitudes are given at selected depths. Question marks indicate amplitudes
uncertain by more than a factor of two. Also shown are the cumulative etch-time
intervals, and vertical arrows which indicate depths obtained by analysis of
X-ray rocking curves. The unetched spectrum is identical to one of the spectra
in Fig. 2b. The evolution of this spectrum with etch depth is quantitatively and
qualitatively different from that of a lower dose, but identical energy, He'
implantation in a similar garnet (see Figure 5 of Ref. (31) for a comparison).

| Figure 3b shows the calculated spectrum for the etched sample. To obtain
this structure it was necessary to use a bimodal profile for Hun with extreme
variations in magnetic profiles to be discussed below. Although there are small

discrepancies of detail between Figures 3a and 3b, the sensitivity of the
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calculated spectrum to the extreme variations in magnetic profiles is so large
that we accept this result as sufficiently accurate.

In addition to this case, the etching and fitting procedure was repeated for
the neon implantation with dose 3x1014/cm2. A similar profile was required and

the quality of fit is similar to that shown in Figures 3a and 3b.

B. Profiles of Perpendicular Strain

The strain profiles obtained from the rocking curves of Figure 1 are shown
in Figures 4a, b, and c for Ne+, He+, and H2+ implantations, respectively. In
each figure the distributions are labeled to show correspondence with the appro-
priate rocking curves. Since the (444) reflection used is symmetric about the
film normal, only the perpendicular strain is measured. The unimplanted region
shows an as-grown component of strain. Assuming that for any single wafer this
strain is constant and independent of location on the wafer, the small spread
observed in the measured value verifies the reproducibility of experimental
rocking curves stated earlier. The implanted regions shown on the left in these
figures have thicknesses which depend on implanted species and energy. For
computational convenience the distributions are represented in laminar form, the
number of laminae being approximately the minimum required for a good fit.(7)
This number increases with increasing strain, as seen in the figures.

For each species the general features of the profiles conform to expectations
based on LSS theory. Going from Ne+ to He+ to H2+ the distributions become
sharper and increasingly asymmetric about the maximum strain. The magnitude of
the maximum strain below amorphousness is about 2.5% for Ne+, 3.4% for He+ and
3.9% for H2+. For each species the surface strain is less than half of the
maximum strain. The thicknesses of the strained layer are 3300 R, 5800 R and 4900 R,
respectively. The total thickness, including the bulk region, is 9200 R for
the Ne+ and He+ implanted wafer, and 8400 R for the H2+ implanted wafer. Both
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values are in reasonable agreement with the approximate values determined optically
by the supplier.

For the two highest doses of H2+ implantation (Figure 4c, distributions 4
and 5), our resolution is sufficient to show that the presumed bulk region is not
really uniform. A two-layer representation of the strain profile in the bulk is
shown since the resolution does not permit greater détail. The variation shown
is required to fit the low-angle features of the rocking curve. The difference
in strain between the two layers increases in proportion to the
maximum strain . This behavior as well as the thickness and location of the
region of higher strain leads us to conclude that the increased strain is due to
the presence of implanted hydrogen. For 120 keV H2+, according to theory most of
the stopped hydrogen atoms are located in a region about 2000 R wide at a distance

of 4500 R from the surface.(54)

The region of increased strain in the bulk

region is consistent with this calculation. For these doses, the relative atomic
concentration of hydrogen is 2% to 4%, and the presumed dopant-induced strain is

4% of the maximum strain induced by damage. This relation may hold for other
implanted species but cannot be determined by the rocking curve method. Fdr other
dopants the imp]anted layer is rendered amorphous for doses corresponding to dopant
concentrations well below 1%.

For each implanted species there are two curious features involving the
relation between maximum strain and dose, and the ratio of surface strain to
maximum strain. First, the maximum implantation-induced strain Ae;ax does not
behave smoothly as a function of nominal dose. For examp]e,.the values of As;ax in
Figure 4a are in the ratios 1 :1.8 :2.1 :3.2 :5.4. The normalized nominal doses
form a different sequence 1,2,4,6 and 10. For hydrogen (Figure 4c), the values
of Ae$ax are in the ratios 1 :2.3 :3.9 :9.8 :18.8 while the normalized nominal

dose sequence is 1, 1.5, 2.5, 10 and 20. Data for helium are also inconsistent

but in a third way. If the nominal doses are taken at face value, there is no
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discernible unique relationship between maximum strain and dose. Since implanta-
tion was done in another Taboratory, we are unable to assess the accuracy of the
doses. The second feature is that the detailed shape of the strain distribution
(in particular the ratio of surface strain to peak strain) does not show a
systematic trend with increasing dose. Fortunately the existence of pairs of
nominally identical samples for each species and dose has enabled a partial
resolution of this puzzle. The rocking curves obtained from each pair of samples
are in most cases decidedly different giving rise to an inconsistency in the ratio
of surface to peak strain. While the maximum strain values for each pair do not .
differ by more than 15%, a discrepancy develops between this region and the
surface, becoming as large as 250% at the surface. It was gratifying that this
same inconsistency was found in the FMR spectra and their corresponding Hun profiles.
The lack of systematic trend mentioned above is simply a continuation of this
inconsistency. The actual reason for these variations in strain and magnetic
profiles for nominally identical samples remains unknown. This inability to
manufacture reproducible samples has hampered our attempt to determine the dose
dependence of strain and magnetic profiles. Serious inconsistencies in the pro-
perties of implanted garnets versus dose have been reported by at least two

other laboratories.(ss’Bs)

C. Lateral Strain and Stress

An important characteristic of ion-implanted single crystal layers is the
compressive stress in the implanted region. Its existence implies that at least
up to a certain dose, implantation causes a tendency toward an isotropic or nearly
isotropic expansion of the unit cell. But at least initially the registry with
undamaged crystal constrains the implanted layer to expand only in a direction
perpendicular to the surface.(7) Therefore the implanted layer and the much thicker

substrate are in lateral compression and lateral tension, respectively. The
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depth-averaged compressive stress has been measured by a beam cantilever method.(]4)

For 100 keV Ne+ implantation with increasing doses ranging from 10]3/cm2 to 10]5/cm2,
in Ref. (14) the average stress initially increases linearly with dose, then satu-
rates, and finally decreases to the 1imit of detection. Over this range we find
that the perpendicular strain continues to increase with dose up to amorphousness.
Three possible reasons for the decrease of stress come to mind: (1) with increasing
dose the modulus of elasticity E of»the implanted layer diminishes by more than an
order of magnitude; (2) dislocations are formed to accommodate the lattice mismatch
and allow the unit cell to relax back to a cubic shape; and (3) a phase transition
occurs such that the new equilibrium shape of the unit cell is rhombohedral.

By measuring lateral strain we have attempted to determine the role played by
the second possibility in the mechanism of stress relaxation. For the Cu Ka (880)
YO>IYH| reflection in <111> garnet the glancing angles of incidence and diffraction
are 80° and 9.5°, respectively. In the YO<!YHQ reflection the directions of
incidence and diffraction are reversed. For both cases the rocking curve measures
lateral in addition to perpendicular strain. In the y0<|yH| reflection the
sensitivity to lateral strain is even greater than to perpendicular strain. In
a helium 1mp1anted sample with a maximum perpendicular strain of 0.82%, previous
measurement showed(7) that lateral strain was below the limit of detection (10.03%).

In the present study we selected the neon distribution #4 (A€$ax=]'57%) and
the helium distribution #3 (A€$ax = 2.00%) because the strain is high but the
damage is below the level of amorphousness (see the next section for results on
damage). The nominal dose for neon case #4 is greater than the dose for which the
stress rapidly diminishes, as reported in Ref (14). Our present result is that
for both Ne' and He' distributions the measured lateral strain at any depth is
not greater than 0.03%. Thus, even though the stress may have relaxed, the

implanted unit cell has not returned to cubic shape. This rules out possibility

#2 as the mechanism of stress relaxation. We do not believe that the modulus of
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elasticity goes to zero as the implanted layer approaches amorphousness. Crystal-
line and amorphous materials of the same composition usually have similar elastic
properties. We are thus left with the hypothesis that the equilibrium shape of
the unit cell in the implanted garnet layer becomes, at a certain dose, rhombohedral.
A possible mechanism for this transition has been suggested by W.L. Johnson.(57)
Due to the interaction of the local stress field of a Frenkel pair with the macro-
scopic (average) stress, the energy of the Frenkel pair is not invariant under
rotation. During implantation at a certain dose this energy is minimized by an
uniaxial orientation of Frenkel pairs which reduces the macroscopic stress. When
this occurs the perpendicular strain no longer has a Poisson contribution. For
this and higher doses Ael should show a different behavior from that at lower -
doses. We are unable to verify this since the actual doses are uncertain and for
nominally identical implantation the strain distribution is not reproducible.

The assumption that in implanted <111> garnet the equilibrium unit cell

becomes rhombohedral is supported by a measurement of the stress distribution(16)

2. According

in a magnetic garnet implanted with 200 keV Ne+ at a dose of 2x10]4/cm
to this reference, in the implanted layer the stress distribution is bimodal.

The 1000 R thick regions near the surface and near the interface with unimplanted
material are under substantial and comparable lateral stress. In the intermediate
region, also 1000 R thick, where the perpendicular strain and the damage are
greatest, the stress is barely measurable. The existence of compressive stress

in the outer region fs une*p]ained if relaxation occurs by a crystallographic
decoupling of highly implanted from less implanted region. But if the relaxation
is accomplished by a local transition to an equilibrium rhombohedral unit cell,
then at a given depth the stress depends on the degree of this transition. In
this case two regions with the same sign of the stress may be separated by a

region with zero stress. Since even at high doses we have measured the lateral

strain to be zero, henceforth we shall drop the term "perpendicular” when we

speak of strain.
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D. Damage Profiles

For the present range of doses, for each species the area under the rocking
curve changes by roughly one order of magnitude. Since the layer thickness does
not decrease with increasing dose, the only possible interpretation is that the
magnitude of the structure factor F decreases. Amorphousness corresponds to
|F|~0. Small strains (0.1 to 0.5%) are easily measured with good accuracy.

In this region the structure factor is essentially unchanged and no information
can be obtained about thevdamage prdfi]e. When the maximum strain reaches about
2.5% for neon, 3.4% for helium or 3.9% for hydrogen, the structure factor in the
region of maximum strain has decreased to nearly zero and above this strain no
measurable diffraction occurs. As the peak strain falls below this critical
value, the local structure factor rises sharply, the best fit being a negative
exponential in (Ae)z. Since the structure factor is known to depend in this
same way on U (the standard deviation of the assumed gaussian random atomic
displacements) it follows that the peak value of U is linear in Ae. Elsewhere
in the profile, the sensitivity is such that U cannot be determined with equal
precision and we can only state that when the strain is high enough to give é
determination of U, the peak value occurs in the region of maximum strain.

Since it varies linearly in this region, it is a reasonable hypothesis that

this relation holds at all depths and strains,in agreement with Ref. (7). This
is consistent with the idea that the damage is the source of the strain.

With this assumption, excellent fits have been obtained for all doses. The
proportionality constant between U and Ae has the value 0.25, 0.18 and 0.133/%
for Ne+, He* and H2+ implantation, respectively. The different effective levels
of damage for the same strain are due to thevdiscriminating sensitivity of the
(444), (888) and (880) reflections to the c-sites occupied by the heavy elements
Y, Gd, and Tm. The implication is that for the same strain,neon ions damage the

c-sublattice more severely than helium or hydrogen ions. This is in agreement
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with the ballistics of implantation in polyatomic materia]s.(49)
At high doses the broadening of (880) reflections indicates the presence of

lateral nonuniformities attributable to extended defects. The resolution is not

sufficient to provide quantitative information about their density or structure.

As we have shown, these defects do not result in any measurable lateral strain.

. + . .
E. Magnetic Properties versus Strain for He+ and Ne implantation

The local field for uniform resonance Hun in L FMR is

_w 2
Hyp =5 - H + 47 + 3 H; (2)

where w is the microwave angular frequency, y is the gyromagnetic ratio, H, is

the uniaxial anisotropy field, 4nM is the saturation magnetization, and H1 is

the cubic anisotropy field. The change in Hon is specified by AHun’ the difference
between its value and that in the bulk region. Of all magnetic properties obtain-
able by FMR, the distribution of AHun is determined with the highest precision,
However for high doses, substantial changes in other parameters are demanded by
the resonance spectrum. Even though these changes are not known with the same
precision, their general features are incontestable. A good example is shown in
Fig. 5 for the helium implantation with dose 1.2x10]6/cm2. This dose is not
sufficient to give a nonmagnetic Tayer but produces extreme variations in almost
all magnetic parameters and gives a very rich spectrum in L FMR with eleven
surface modes as shown in Figs. 2b and 3b. Fig. 5a shows the profile of AHun
(solid 1ine) and the strain profile multiplied by 4.1 kOe/% (dashed line). This
choice of multiplicative constant is made clear below. Although the strain
profile is unimodal, the distribution of AHun is bimodal and no Tonger resembles
the strain profile. The profiles of 4«M and A/M are shown in Figs} 5b and 5c.

At the location of maximum strain there is an 80% reduction in 4wM and a 98%
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reduction in exchange constant, A. These extreme variations are required to
produce the FMR spectra of Fig. 3b.

The relationship between AHun and Ae may be obtained by considering their
respective values for all doses and depths. Figure 6a shows the values of AHun

versus Ae obtained for all doses of helium implantation. A different symbol is

used to represent each set of points corresponding to a particular dose. The
nominal doses and the values of Aemax are also shown. If we 1imit attention to

the two lower doses for which Aema < 1.3%, all points 1ie on a single curve.

X
In this dose range the relationship between AHun and Ae is unique and independent
of dose or depth. As mentioned in a previous section, for pairs of samples with
nominally the same implantation, the values of Aemax are nearly the same, but
strain values towards the surface differ by a factor as large as 2.5. Even with
such differences fn profile the relationship shown in Fig. 6a is valid.

The initial slope of the curve is 4.1 kOe/%. As we shall show, in the linear
region approximately 98% of AHun is due to the change in uniaxial anisotropy Hk'
If the change in Hk is éttributed to magnetostriction using bulk values of Young's

12 dynes/cmz), Poisson's ratio (v = 0.29) and magnetization

6

modulus (E = 2.0x10
(47M = 510G), one obtains a value of -3.6x10 " for the magnetostriction constant
A]]1. fhis number is higher than but in reasonable agreement with the value
-3.4x10'6 estimated from the nominal composition and the tables given in Ref. (40).

Thus we conclude that, at least for He+, at low doses the principal source of

AHk is Ae and that the relationship is the same as for external elastic deformation
(magnetostriction). |
For Aemang 1.3% the dependence of AHun on Ae is much more complicated.

First, AHun saturates at a value 3.6 kOe at strain Ac = 1.5% and then decreases
to a value near zZero at Ae = 2.3% where the material becomes paramagnetic. The
material remains nonferrimagnetic up to the highest observed strain Ae = 3.30%

where the material is nearly amorphous. Second, in the region where AHun is
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saturating and decreasing with strain, the relationship is no longer unique. The
solid and dashed Tines, respectively, connect the points obtained for two different

doses where Aemax is equal to 2.00% and 3.30%. In each case there are two

relations between AHun and Ae. If the implanted layer is subdivided into two
regions, one (the outer) includes all points from the surface up to the location
of the peak strain, and the other (inner) region includes points from the peak
strain down to the interface with unimplanted material. These regions have a
different relation between AHun and Ae. Another intriguing feature is the lower

saturation for Aema < 1.5% compared to the peak value for higher strains. For

X
now we defer discussion of the possible reasons for this behavior.

A plot of AHun vs. Ae for all neon doses is shown in Fig. 6b. The general
features seen with neon are the same as with helium. The initial slope of the
curve is 4.1 kOe/%, again supporting the conclusion that at low doses the phenomenon
giving rise to AHk is magnetostriction. The important differences between Ne®
and He' implantation are the lower peak value of AHun (2.8 kOe versus 3.6 kOe) and
the lower strain (1.8% versus 2.3%) for which the material becomes paramagnetic.

We return to He+imp1antation for a discussion of magnetic properties other
thén Hun', Figure 7 shows the'values of 4mM, A/M, H], and o versus maximum Ac.
Due to poorer sensitivity, the profile shapes of 4mM, A/M, H1 and o cannot be
independently determined. In the dose range below saturation of AHun, a good fit
is obtained if the implantation-induced changes are assumed proportional to Ae.
The extreme variation then occurs at the point where the strain is a maximum.
For higher doses the variations are less certain,particularly when a part of the
surface layer becomes paramagnetic. A good fit is still obtained if the changes
are proportional to Ae. except that 4nM and A/M go to zero at Ae < 2.3% and remain
zero for higher strain. |

The variation of H] is less certain but it clearly decreases as the strain

increases. The bulk value, -165+5 Qe, was determined with good accuracy by
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measuring the bulk resdnance mode as a function of angle. This procedure when
applied to the surface modes can only be used to estimate the minimum value of

H] since the large uniaxial anisotropy masks the effect of H] and since accurate
analysis is ﬁot feasible for spin-wave resonance at angles other than parallel

and perpendicular. The asymmetry of the resonance field for the principal surface
mode vs. angle suggests that H1 decreases about 70% for the dose where aAe = 1.3%.
Comparison of perpendicular and parallel spectra requires a change nearly twice as
large or else requires a small increase (v 4%) in the surface value of y (perpen-
dicular and parallel FMR cannot distinguish between these parameters). The bulk
value of y is 1.503 x 10’ (0e sec)™'. This is 15% lower than that of pure
YIG, a feature attributed to the presence of rare earth ions. It is quite
plausible that implantation damage would reduce this effect. The damping
coefficient o is another parameter which increases with strain. At Ae = 2.3%,

where most magnetic parameters go to zero, a reaches a value 50% larger than

in the bulk. For ae > 2.3% the material is paramagnetic and o is not defined.
As shown in Figure 8, the magnetic properties of the Ne® implanted samples

behave in a way that is similar to He+ implantion. The major differences are

the higher rate of decrease with strain and consequently the lower value of Ae

for which 4nM, A/M, and H, go to zero (1.8% versus 2.3%), and the large increase

1
of o with Ae. As for helium implantation, the transition to paramagnetism is

accompanied by a rapid drop in AHun (Fig. 6(b)).

. . . . + + . .
F. Discussion of magnetic properties for Ne and He 1implantation

We have seen that for both Ne™ and He® implantation the parameters M and A
which define garnet as ferrimagnetic decrease ﬁith increasing strain (and damage)
and that for a certain strain they go to zero. The local transition to para-
magnetism occurs for damage levels roughly 30% below that required for amorphous-

ness. The information obtained so far is, of course, still insufficient to
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permit an identification of the source of the changes in magnetic properties.

One is tempted to attribute the destruction of ferrimagnetism to.incoherent:
atomic displacements. There is even a correspondence between the more rapid
decrease in 4vM and A/M with strain on one hand and on the other hand the larger
increase of damage with strain for neon vs. helium implantation. However amor-
phous ferromagnetic materials do exist. It is conceivable that the large albeit
coherent strains caused by implantation also contribute to the transition to
paramagnetism. We can say very little about the increase in the damping parameter
o with strain and damage. The increase implies larger losses from magnetic
excitations to lattice vibration. In unimplanted doped YIG the losses are

(40) Their role in implanted doped

attributed to the presence of rare earth ions.
YIG is poorly understood, since in Ref. (5) a large (400 Oe) virgin linewidth
decreases while in the present case a low (70 Oe) virgin linewidth increases
with damage.
Figs. 6, 7 and 8 show that -AHk is the dominant component of AHun' The first
important feature of thé relation between AHk and Ae is the initial linearity
and value of the slope which matches the estimated magnetostrictive effect. The
| component of bulk Hk attributable to growth-induced anisotropy is about 500 Qe
whereas AHk can be as large as 3000 Oe. There is therefore no evidence that at
low doses the change in Hk is due to the suppression of growth-induced anisotropy.(44)
The second important feature is the saturation and decrease in AHk with
increasing Ae. This is similar to the reported saturation and decrease in

(14,16) A detailed correlation of these separate

stress in another garnet.
experiments is not possible, but the source of the decrease in both cases might
well be the same and is likely to be the damage. The ratio of AHk to stress could
in principle be used to define a parameter 3A1]1/M, but it is unlikely that this
would be the same parameter obtained by application of external stress and

deformation to this same implanted material.
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We do not have an explanation for the departure from a unique relation
between AHun and Ae at high doses, but the sensitivity of the fitting procedure
and the accuracy of the spectrum give us confidence that the difference is real.

It has been observed in Figs. 2a and 2b that from medium to high doses
the separation in resonance field between principal surface and body mode is
relatively insensitive to maximum strain and dose. This is a natural consequence
of the saturation and decrease in AHk with increasing strain. In . FMR the
principal surface mode is localized in the region neighboring the maximum Hun’ At
increasing doses this maximum does noﬁ change, but shifts location from the point
of maximum strain towards the interface with unimplanted material, even after
large portions of the implanted layer have become paramagnetic. This also indicates
that the shift’of this mode with external elastic deformation cannot be used to

measure A]]]/M in the saturation region.

G. Magnetic Profiles for H2+ Implantation

The effects of H implantation on‘AHun are known to be markedly different

from those of other ions. In.a given material, for He+, B+, C+, O+, and Ne+

implantation the separation AHl between principal surface and body modes in .

(45) In the

FMR saturates with increasing dose at a value not exceeding 3 kOe.
same material, implantation with hydrogen causes AHL to increase with dose

beyond measurement capability at 10 GHz (AHL 2z 10 kOe). Conversely, for hydrogen
implantation AHl decreases rapidly with annealing temperature around 350°C, while
(

45) The rapid decrease in AH_L

correlates with annealing-induced desorption of hydrogen.(a) Upon annealing up
(33)

AHl for other ions changes relatively 1ittle.

to 700°C AHl shows a nonlinear dependence on the strain. Comparison of strain,

magnetostriction constant and AH_L for deuterium implantation shows an excess

(56)

contribution to AHk which is not attributable to simple magnetostriction.
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Even in garnets with very low x]]l large values of AHl are observed.(47) These
results strongly suggest chemical effects associated with the presence of
implanted hydrogen. Our results support this view.

Figure 9(a) shows the distribution of AHun as a function of depth obtained
for 120 keV, 5x10' /e H,". This distribution corresponds to the third FMR

spectrum of Figure 2(c). The maximum AHun is 4.5 kOe, a value greater than any

obtained with Ne+ or He+ imp1antati9n. If the total AHun profile is assumed to
consist of a magnetostrictive contribution due to strain and a contribution due
to a different mechanism, then a comparison with the strain profile may yield
information about fhé unknown mechanism. Figure 9(b) shows the strain distribution
multiplied by 4.1 kOe/%. Since the maximum Ae for this case is only 0.60%, it is
reasonable to assume that the initial linear relation between A”un and Ae found
for Ne* and He™ is also valid here. Figure 9(c) shows the difference between
total and magnetostrictive AHun. The excess AHun is in remarkable agreement with
the calculated LSS range (the local density of hydrogen atoms). This agreement
strongly suggests a connection between AHun and the presence of hydrogen. The
connection is further confirmed by comparing the profiles of AHun and Ae before
and after annealing at successively higher temperatures. Figures 10(a) and (b)
show such a sequence for nominal doses 5x'|0]5/cm2 and 2x1015/cm2, respectively.
Before annealing the ratio of maximum AHun to maximum Ac is greater for the
sample with higher dose, indicating that the excess AHun increases more rapidly
with dose than does Ae. With annealing up to 300°C the excess AHQn decreases
and shifts toward the location of maximum strain and damage. Gettering of
implanted dopants from regions with Tow damage to regions with higher damage

has been reported for other materials.(sg)

The diminishing amount of excess AHun
is consistent with the desorption of hydrogen at these temperatures. After
annealing at 400°C, little or no hydrogen remains in the crystal(g) and the total

AHun coincides with the contribution due to strain. Ahnea]ing at 500°C and 600°¢C
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decreases AHun and Ac but maintains the magnetostrictive relation.

In addition to the unusual effect on AHun which is primarily a change in
uniaxial anisotropy, hydrogen implantation also causes unusual changes in 4mM,
A/M and a. For the case shown in Figure 9, where the maximum Ae is only 0.60%,
there is a 60% reduction in 4n7M. If the sémé maximum strain is obtained with
Ne+ or He+, the reduction is less than 30%. For hydrogen implantation the
region with significantly lowered 4nM extends beyond the strained layer up to
the depth of excess AHun. However at strain Ae = 0.60% the exchange constant
A is nearly the same for all three species: 64%, 68% and 56% of bulk value
for neon, helium and hydrogen, respectively. Since for hydrogen A decreases
more slowly than M, for the distribution of Figure 9 the average A/M is 43%
greater than bulk value. This is accompanied by an increase of a factor of
two in a.

As in the éase of Ne+ and He+, we have limited understanding of what causes
the changes in magnetic properties for hydrogen implantation. The reduction in
magnetization accompanied by a smaller reduction in A suggests that incoherent
atomic displacements play a smaller role than for Ne+ and He+, and the profilés
support the view that the presence of hydrogen atoms is a significant factor.
The same appears to be true of H,, but the uniaxial character is intriguing.

It would be informative to do detailed X-ray and FMR analyses of deuterium
implanted garnet. Since for deuterium nuclear stopping is greater than for
hydrogen, the relative contribution of the strain compared to the contribution
attributable to chémistry would be greater. Published results already show that
for deuterium AHun is greater than expected from simple magnetostriction.(56)

The discovery of large chemical effects for hydrogen implies that other ions
may also produce effects not associated with strain or damage. But if detectable
chemical effects require dopant concentrations of at least 1%, such measurements
are difficult. For all other ions the implanted garnet is rendered paramagnetic

with doses yielding concentrations well below 1%.
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H. Results of Annealing

In this paper the study of annealing behavior was limited to the two lower
doses of Ne+ and He+ imp]ahtation and to the three lower doses of H2+ implantation.
For Net and He' at these doses the relationships between AHun and Ae are indepen-
dent of depéh and consequently FMR spectra are easily interpreted. The maximum
strain and AHun for the lowest dose hydrogen implantation were too low after
annealing to provide significant quantitative information. The reasons for
excluding the high-dose hydrogen implantations were discussed earlier.

For all three species the strain decreases with increasing annealing tempera-
ture. However the changes in profile shape are negligible. For each species it is
thus posSib]e to normalize the profiles to the profile obtained prior to annealing.
Figure 11 shows the results. It is worth noting that before annealing and normali-
zing the maximum values of Ae were 0.49% and 0.87% for Ne*; 0.82% and 1.30% for
He+; and 0.35% and 0.60% for H2+. For Ne+ and H2+ the annealing behavior is
nearly independent of the magnitude of the original strain. For He+ implantation
at 6x1015/cm2 annealing at ~400°C results in severe broadening of both X-ray and
FMR spectra. At this and higher doses there is a formation of He bubb]es(24’5)
which results in a déterioration of crystalline and magnetic properties. The
present measurements on the lower'doses of He+ implantation did not show any
broadening up to 600°c.

Although the strain for hydrogen decreases more rapidly with annealing
temperature than the strain for neon and helium, the general trend is the same
for all three species. This reinforces the idea that despite the large differences
in dose, the major source of the strain is independent of ion species. The more
rapid decrease of strain for temperatures between 300°C and 400°C and again between
(12) The

500°C and 600°C has been previously reported for Ne+ implantation.

present measurements and all other measurements known to us do not provide infor-
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mation permitting speculation concerning the reasons for this behavior. For all
six cases and especially after annealing the damage is too low for meaningful
measurement. ‘

The behavior of magnetic properties for Ne+ and He+ implantation is reasonably
consistent with the strain. As the strain decreases, the profiles of AHun follow
the curves of Figures 6(a) and (b). Sl1ight inconsistencies are observed for 4mM
and A/M. The magnetization increases with annealing, reaching its bulk value at
600°C, where the strain hég relaxed only half way. For both species the ratio of
A/M also increases with annealing but at 600°C remains éome 20% below bulk value.
The damping parameter o decreases with annealing, reaching the bulk value around
400°C, and for higher temperature it drops 10% below this value. The cubic
anisotropy remains 20% to 50% low after annealing up to 400°C. We have already
shown the annealing behavior of AHun for hydrogen implantation. In this case
the values of 4nM. A/M and a also move toward and reach the respective bulk values

at 600°c.

VI. Concluding Remarks

It has been shown that a considerable amount of information can be obtained
by combining detailed analyses of X-ray and FMR spectra of ion-implanted garnet.
Several conclusions afforded by detailed analysis are substantially different
from conclusions based only on considerations of AHL, the separation of principal
surface mode and bulk mode in FMR and on the maximum extent Aé of the rocking curve
in X-ray diffraction. Some of the results clarify various aspects of implanted
garnet; other results raise new and difficult questions. The major feature to be
explained is the departure at high doses from a uhique relationship between AHun
and Ae. Also, a study of the annealing behavior of samples implanted at high
dose would be worthwhile.

An important question is whether or not the present results are specific to
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the garnet and the implanted species used. This cannot be clearly answered due

to the lack of a theory of the properties of implanted garnet. Nevertheless it

is probable that the general features of the present results are reproduced in all
magnetic garnets implanted with a variety of ion species. Judging by published
X-ray rocking curves, the strain depends on ion species, energy, dose and annealing
but is insensitive to the composition of the garnet. Regardless of implanted
species, all garnets are probably rendered amorphous at strains around 3%.
Complete and detailed FMR spectra of implanted garnet have been rarely published,
But the more frequently published dependence of AH; on ijon species, dose, etc., is
similar to our obhservations. We infer that the entire structures of these spectra
are also similar to the present measurements. Thus we expect that magnetic
profiles of garnets with different compositions and implanted with different ions

are simi]ar to those of the films we have studied.
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Chapter V

X-ray rocking curve study of Si-implanted GaAs, Si and Ge

A comparative study of the evolution of strain and damage

with ion dose.
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Crystalline properties of Si-implanted (100) GaAs, Si, and Ge have been studied by Bragg case
double-crystal x-ray diffraction. Sharp qualitative and quantitative differences were found
between the damage in GaAs on one hand and Si and Ge on the other. In Si and Ge the number
of defects and the strain increase linearly with dose up to the amorphous threshold. In GaAs the
increase in these quantities is neither linear nor monotonic with dose. At a moderate damage
level the GaAs crystal undergoes a transition from elastic to plastic behavior. This transition is
accompanied by the creation of extended defects, which are not detected in Si or Ge.

PACS numbers: 61.10.Fr, 61.70.Tm, 62.20.Fe

The existence of different annealing behavior in ion-
implanted amorphized GaAs compared to Si and Ge has
been known for some time. In Si and Ge layer regrowth is
linear with time and there is good epitaxy.!~> In GaAs layer
regrowth is nonlinear with time* and, independently of ion
species, epitaxy is poor.” To obtain good electrical activity,
implantation in Si and Ge is done at room temperature with
doses sufficient to amorphize the material.® In GaAs the
temperature is held at a few hundred °C in'order (o prevent
amorphization of the layer.” Up to the present no substantive
evidence has been published concerning the cause of these
differences. In this letter we present an x-ray diffraction
study of Si-implanted (100) GaAs, Si, and Ge. The results
indicate that the evolution of the damage up to amorphous-
ness in GaAs is very different from that in Si and Ge.

{100)-oriented GaAs, Si, and Ge single crystals, about
5 mm X 5 mm X 0.5 mm in size, highly polished, were im-
planted with 300-keV Si* (in GaAs and Ge) and 230-keV
Si' (inSi). Implantation was done at room temperature (RT)
with a current density of 0.125 £A/cm? and under condi-
tions excluding channeling. Doses ranged from 1 10'?
atom/cm? to 1.2 X 10'5 atom/cm? for GaAs, 110"
atom/cm? to 7 10'* atom/cm? for Ge, and 7 X 103
atom/cm? to 7 X 10'* atom/cm? for Si. These doses pro-

duced modifications in crystal structure measurable by
Bragg case double-crystal x-ray diffraction. Well-collimat-
ed, low-divergence Fe K, x rays were obtained with sym-
metric (400) reflections from nearly perfect (100) monoch-
romators (GaAs for the GaAs and Ge samples, Si for the Si
samples). The spot size at the sample was limited to ~ 1
mm X 1 mm by a set of slits. Typical counting rate for the
beam incident on the sample was ~ 10° cps. The diffracted
intensity (reflecting power) as a function of angle was mea-
sured with a NaI(T1) detector with pulse height analysis.
Representative diffraction profiles (rocking curves) for
the three crystals are shawn in Fig. 1. Only the low-angle
side of the virgin crystal’s Bragg peak is shown. The high-
angle side is little changed by implantation. The virgin peak
at zero angle, also not shown, is 10 to 100 times more intense
than the oscillatory structures shown in the figure. The be-
havior of the rocking curve with increasing dose for Si [Fig.
1(a)] is similar to that for Ge [Fig. 1(b)]. For both crystals the
angular range of nonzero reflecting power increases linearly
with dose, the peak farthest from zero angle decreases in
relation to other peaks, and the overall reflecting power di-
minishes. At the highest doses the reflecting power ap-
proaches the curve obtained with virgin crystal, indicating
that the implanted layer is nearly amorphous. Pronounced
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oscillations are maintained over the entire range of doses.
The behavior of the GaAs rocking curves [Fig. 1(c)] is very
different. As the dose is varied by two orders of magnitude,
the range of nonzero reflecting power changes by only a fac-
tor of 3. Between 1X 10'3 atom/cm? and 1.5X 10"
atom/cm? the principal peak becomes narrower and more
intense. Between 1.5 X 10" atom/cm? and 3.0X 10'¢
atom/cm? the rocking curve broadens, but its shape is differ-
ent from any obtained in Si or Ge. For doses above 6.0 X 10*
atom/cm? the oscillations are smoothed out, although, as
indicated by the single peak for the 1.2 X 10'* atom/cm?
dose, the implanted layer is not amorphous.

The rocking curves of Fig. 1 have been interpreted with
the aid of a kinematical model of x-ray diffraction in crys-
tals.® The model generates rocking curves for arbitrary
depth-dependent distributions of strain, point defects and
extended defects. The category of point defects includes indi-
vidual random atomic displacements as well as highly dis-
torted regions extending over a small number (i.e., onetoten)
of unit cells. The category of extended defects covers imper-
fections that generate small lattice distortions extending
over many (i.e., hundreds of) unit cells. Detailed distribu-
tions for the strain and the two types of defects are obtainable
by fitting experimental rocking curves. The trail-and-error
fitting procedure must be performed on a computer. Howev-
er, several useful parameters are readily found directly from
the rocking curve.® The total thickness T of the damaged
layer is obtained from the most rapid oscillation in the rock-
ing curve, and the maximum strain €, is linearly related to
the angie where ihe rocking curve rises frum zero refieciing
power.® The estimated accuracy for T and ¢, obtained in
this manner is 5%. The number of point defects can be ob-
tained by comparing the areas under rocking curves of dam-
aged and perfect crystals of the same thickness T Similarly,
the presence of extended defects and estimates for their size,
amount of random misorientation, and lateral variation of
strain are obtamable from the degree of smoothmg of the
rocking curve.®?

The thickness of the damaged layer is 5200 A for Si and
5800 A for Ge and GaAs. Figure 2 shows the maximum
strain as a function of dose for the three crystals. Also in-

"cluded is a line of slope one. The maximum strain below the
amorphous threshold is around 1% for all three crystals. For
Si and Ge, the maximum strain and, by implication, the en-
tire strain distribution, increase nearly linearly with dose.
The data for Si and Ge indicate that the number of point
defects, describable by a Debye—-Waller factor,® also in-
creases nearly linearly with dose. Extended defects, as de-
fined above, are absent up to the amorphous threshold.

In GaAs the maximum strain as a function of dose is
much more complicated. Here the strain curve can be subdi-
vided into five different regions, as indicated in the figure.
Below 10'3 atom/cm? (region I) the strain is assumed to rise

" linearly with dose. Between 10" atom/cm? and ~ 10"
atom/cm? (region II) pronounced saturation sets in. The
saturation occurs not only in the maximum strain, but in the
entire strain distribution. This is indicated in Fig. 1(c) by the
greater sharpness of the principal peak for 1.5X 10"
atom/cm? compared to that for 1 X 10'* atom/cm?. In re-
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gion ITI, between 1 X 10'* atom/cm” and 3 X 10'* atom/cm?,
there is a sharp rise in the maximum strain. Between 3 x 10'¢
atom/cm? and ~ 1.2 X 10'® atom/cm? (region IV) the maxi-
mum as well as the entire strain distribution no longer
change with dose. For higher doses (region V) the layer ap-
proaches amorphousness. From region I through III, the

number of nnu-f affacts inarangag with tha stenie To saciae
numeoer 11 SIS INCTeases witn tne strain. in region

IVitisnot clcar whether net point defects continue to be
created. Instead, extended defects become observable, their
density increasing with dose and reaching a vaiue of
~1/um? at 1.2 10'* atom/cm?. The rocking curve con-
tains very little information concerning the detailed struc-
ture of these extended defects. All that can be said is that
they extend throughout most of the implanted layer thick-
ness; the lateral variation in strain is not more than 0.01%,
and the variation in orientation is less than ~2 arc min. At-
tempts to observe the extended defects through x-ray topog-
raphy have not been successful, probably due to the small
variation in orientation compared to the width of the rocking
curve.

The mechanism of strain creation in ion-implanted
crystals is not very well understood. It has been shown'® that
in garnets the strain distribution is proportional to the ener-
gy deposited through nuclear collisions during implanta-
tion. It has also been shown® that in garnets the strain and
damage distributions are proportional to each other. The
implanted lattice is constrained by the underlying unda-
maged crystal to expand only in a direction perpendicular to
the surface.® This places the implanted layer in lateral com-
pression!! and gives a Poisson contribution to the strain. As
indicated in Fig. 2, for the same strain the dose in Si is about
20 times larger than in Ge. However, the rocking curves
show that in both crystals comparable strains correspond to
comparable numbers of point defects.

In GaAs pronounced annealing during implantation
occurs in region II of Fig. 2. In region III the average strain

Speriosu et al. 605
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reaches its yield value of 0.45%. This number is nearly equal
to that obtained'? for the tensile yield strain of undamaged,
externally stressed {110) GaAs. In virgin GaAs the onset of
plastic deformation is accompanied by the abrupt creation of
60° dislocations.'? In lattice-mismatched, epitaxially grown
layers, misfit dislocations begin to appear when it is energeti-
cally favorable to decrease the macroscopic (coherent) strain
at the expense of creating localized distortions.'* The thresh-
old (yield) strain depends, among other things, on the layer
thickness as well as on the depth distribution of the strain.'*

In region IV of Fig. 2 the strain in GaAs no longer
changes with the dose. This is perhaps due to a combination
of annihilation of point defects at sinks such as extended
defects and/or to the relaxation of strict lattice match with
the underlying crystal. The deposited energy goes into the
creation of extended defects whose density increases with the
dose.

The results presented above imply a different structure
of the damaged layer for amorphized GaAs compared to Si
and Ge. This difference can explain the observed differences
in annealing behavior. For Si and Ge, starting at the deep
end of the damage deposition curve, the elastic strain and the
number of point defects rise uniformly up to the amorphous
threshold.'® With this structure one expects that, during
post-implantation annealing, the regrowth is layer by layer
using the good seed at the deep end of the damge, thus result-
ing in relatively good epitaxy.

In GaAs the implanted layer consists of three regions.
At the deep end of the damage the strain is elastic and only
point defects are present. Between the elastically strained
and amorphous regions is a plastically deformed region.
This region, containing extended defects, will present a bar-
rier to epitaxial regrowth. The existence of this barrier de-
pends on whether or not the yield strain is reached, regard-
less of how it is reached. Thus the regrowth of the
amorphized layer will be independent of the implanted ion
species, as observed.® At elevated implantation tempera-
tures, the rate of self-annealing is probably sufficiently high

such that for all doses the strain will remain below the yield '

value (regions I and II of Fig. 2). Thus the plastically de-

formed region does not develop. It is probably for this reason
that elevated temperature implantations of dopants in GaAs
give best regrowth and electrical properties.” For room-tem-
perature implantation, the elastically strained portion of the
layer will regrow epitaxially. It is in fact observed that amor-
phized GaAs layers show an initial epitaxial regrowth at the
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buried crystal/amorphous interface.® Subsequently howev-
er, the quality of the epitaxy will be impaired by the presence
of the plastically deformed region, resulting in a highly de-
fected regrown layer.'® When implantation does not fully
amorphize the layer, good epitaxy is observed.'” We at-
tribute this to strain levels that are too small to induce plastic
deformation. If the implanted layer is thin enough, good re-
growth is observed even after full amorphization.'® We pro-
pose that this occurs because for thin layers the yield strain is
large,** with the result that amorphization occurs before the
threshold strain for plastic deformation is reached.
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Chapter VI

Conclusion
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A method for determining depth profiles of lattice
parameter and damage level (or structure factor) in mono-
crystals was presented. The kinematical interpretation of
x-ray diffraction in such crystals enables rapid computer
calculation of rocking curves corresponding to arbitrary
distributions. The distributions for a particular case are
obtained by fitting the experimental rocking curve. The
sensitivity of the calculated curve to variations in the
strain distribution shows that iocal precision of 2% of peak
strain and depth resolution of 50 to 200A are obtainable.
The sensitivity to changes in the magnitude of the local

structure factor is 10%.

The technique was applied to ion-implanted garnets and
semiconductors and to a multilayer laser structure. In
terms of sensitivity, information content and experimental
facility the rocking éurve method compares well with Ruther-
ford backscattering, presently the major tobl for studying
damage in implanted crystals. Since a variation in chemical
composition usually results in a corresponding variation in
lattice parameter, the rocking curve may be able to provide
as much information as other surface analysis techniques,
such as Secondary Ion Mass Spectroscopy (SIMS) or Auger
Electron Spectroscopy (AES), both of which are destructive.

Future work will show whether or not this is the case.
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A drawback of the present x-ray technique is its reliance
on trial-and-error fitting procedures. The rocking curve
yields directly parameters such as peak strain, total thickness
and thickness-averaged structure factor. However, due to
lack of phase detection, the curve cannot be simply inverted
to yield the corresponding distributions of strain and
structure factor. For arbitrary distributions, with some
knowledge of the processing steps involved in growing or
modifying the crystal, an experienced operator can usually
converge to an excellent fit in 20 or fewer iterations. The
distribution obtained in this manner has a higher precision
than the initial trial distribution based on external information.
If this information is not available or if the rocking curve
is particularly complex, one can resort to etching and
reconstruct the profiles as described in Chapter II. For
unimodal distributions created by ion-implantation, the
structure of the rocking curve is sufficiently simple to
permit determination of strain and damage profiles without
external inputs. A major improvement of the technique would
be the development of an algorithm guaranteeing convergence
to satisfactory fits of arbitrary rocking curves. Work

towards this goal is in progress.

Magnetic and crystalline profiles of ion-implanted
garnet were obtained by combination of ferromagnetic resonance
and x-ray diffraction. The method developed by Wilts was

used to analyze FMR spectra corresponding to implantation
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with elements (Ne, He, and H) commonly utilized in magnetic
bubble memory devices and covering a wide range of doses.
Prior to this work,vthe complexity of the theory of resonance
in nonuniform films and also the complexity of experimental
FMR spectra had discouraged detailed understanding. By
demanding quantitative interpretation of every detail of
these spectra we have obtained results with a degree of
clarity and certainty never attained before. Much of what
we found is at variance with established beliefs. In neon
and helium implanted garnet the initial source of the change
in uniaxial anisotropy is the strain - not the destruction
of growth-induced anisotropy. With increasing strain the

uniaxial anisotropy saturates and decreases to zero - it
does not merely saturate. Because of this decreasc in the
region of maximum strain and damage, the field for resonance
of the principal surface mode in FMR cannot be used to
measure any magnetic property in this region. By comparing
the profile of uniaxial anisotropy with the strain profile
for hydrogen implantation, we have shown conclusively that
the unusually large anisotropy is due to chemical effects -

not to qualitatively different damage caused by hydrogen

implantation.

We have accomplished these things merely by asking that
x-ray rocking curves and ferromagnetic resonance spectra

make sense - not by doing any new experiments.



