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Large-lattice-mismatch systems Cu/Ag(111) and Ag/Cu(111)
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In positron-beam experiments the backdiffusion probability of positrons is analyzed as a function
of implantation energy to nondestructively extract depth distributions of open-volume defects in the
near-surface region. We are reporting on the first quantitative studies of this type for metallic
heteroepitaxial structures. Silver and copper layers have been grown on Cu(111}and Ag(111) sub-

strates in situ under ultrahigh-vacuum conditions with an effusion-cell system. The overlayer thick-
0

ness varies from 250 to 2800 A. Epitaxial growth was confirmed with low-energy electron
diffraction and Auger-electron spectroscopy measurements. Large lattice mismatch between silver
and copper is expected to result in a large amount of lattice defects. In Cu/Ag(111) structures a va-

cancy concentration of the order of 1000 ppm or, alternatively, a dislocation density 1 X 10" cm
is observed near the interface. When silver is grown on Cu(111), the corresponding densities are
smaller by a factor of 3. As the lattice constant of Cu is smaller than that of Ag, it is more likely
that open volume defects exist in the Cu/Ag(111) system. The defect concentration reduces to half

0
in both systems at the distance of —1000 A, and the defect density decreases roughly exponentially
as a function of distance from the interface.

I. INTRODUCTION

Wide use of layered structures in many technological
applications has increased the need for basic knowledge
on lattice matching between two different materials.
There exist few methods which allow nondestructive stud-
ies of interfaces. Positrons are sensitive to the open-
volume disorder inside a crystal due to their positive
charge, which makes them a unique probe for vacancy-
type defects. Monoenergetic positron beams have recent-
ly been used to study atomic scale defects on the surface
and in the near-surface regions. ' They have been utilized
to yield information on sputtering and ion implanta-
tion ' induced defects as well as disorder associated with
homoepitaxial crystal growth. The first observations of
positron trapping into defects in heteroepitaxial layered
structures were reported by Schultz et al. " from Cu
grown on W(110). In this paper we will extend the
diffusion model to describe the motion of a thermal posi-
tron inside a heteroepitaxial structure and present the
first quantitative experimental results from heteroepitaxi-
al Cu/Ag(111) and Ag/Cu(111) structures. Preliminary
results of this work were published in Ref. 7.

In many epitaxial systems, the crystal growth starts
coherently with the lattice constant of the substrate. At
a critical thickness h, it costs too much energy to strain
additional layers into the coherence. The strain induced
by the lattice mismatch begins to reduce from its max-
imum at h„and misfit dislocations are generated spon-
taneously. Misfit dislocations confined parallel to the in-
terface reduce elastic strain effectively, and those having
a component normal to the interface penetrate to the
growing material. Misfit dislocations can be observed
directly with electron microscopy. X-ray diffraction has
been used to provide information on misfit stress near the
interface. ' A technique giving complementary informa-

tion to positrons is ion channeling, which is sensitive to
the defects at interstitial sites. " These two methods have
already been successfully combined in order to yield an
overall picture of defects induced by proton implantation
in silicon. Recently Gidley has suggested the use of
reemitted-positron spectroscopy (RPS) to determine the
critical layer thickness h, . '

The early stages of crystal growth have been widely
characterized with different surface spectroscopies.
Three different growth modes have been identified
layer-by-layer growth, island growth, and Stranski-
Krastanov (SK) growth, where 1 or more monolayers are
formed prior to island formation. The silver and copper
substrates used in this study are both fcc(111)single crys-
tals, which have smooth close-packed surfaces. Another
specific feature of the Cu/Ag system is the large
diff'erence in their lattice constants (ac„=3.61 A and

0

a~ =4.09 A). Both systems have extensively been stud-
ied below 5 monolayers (ML) coverage. The growth of
Cu on Ag(111) has been characterized by the electron-
diffraction techniques, ' ' the transmission-electron
microscopy, ' and the different electron spectros-
copies. " ' The SK growth Inode with one' or two' '
monolayers completing before three-dimensional islands
are formed has been observed. In the connection of this
work we found 1 monolayer SK growth. ' Studies of the
Ag/Cu(111) system at a low-coverage regime has been
done with the electron-diffraction techniques, the
transmission-electron microscopy, ' the different elec-
tron spectroscopies, ' and the optical techniques.
The growth has been observed to be more ordered than in
the opposite system. At least two epilayers are formed in
registry with the Cu(111) substrate. ' ' ' ' In thicker
epitaxial structures, intermixing associated with the sam-
ple heating has been studied with Auger-electron spec-
troscopy (AES). In polycrystalline materials, inter-
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diffusion has been studied by Rutherford backscattering
spectroscopy (RBS) (Ref. 28) and by depth profiling with
ion-scattering spectroscopy (ISS) and AES.

In considering the behavior of positrons implanted
with keV energies, the layered structures can be divided
into three classes. At coverages below 5 ML, the ad-
sorbed atoms first change the surface dipole ( ( 1 ML),
and after that the interface potential difference for a posi-
tron evolves towards the affinity difference between the
bulk materials. The observed changes in the signals given

by positrons are mainly due to changes in the potential at
the surface. ' The layers of intermediate thickness
(5 —100 ML), where positron implantation to the over-
layer still plays a minor role, provide a possibility to
study the positron thermalization processes with
monoenergetic positrons, as Gidley and Frieze have re-
cently demonstrated. A transport model used to ex-
tract mean free paths for different scattering channels
from this data has recently been developed by Huttunen
et al. ' The interface potential has attained its final

value (see Sec. III), and the surface branching of posi-
trons starts to correspond to the overlayer material.
Above 100 ML, positron implantation into the overlayer
becomes significant, and the observed signals begin to
yield the bulklike behavior of the layer material. The ob-
jective of this paper is to study these thickest structures,
extracting information oa the distribution of defects cap-
able of trapping positrons in the overlayer. Results from
thinner structures will be presented in a separate publica-
tion. '

We have made positron measurements from bilayered
Cu/Ag(111) and Ag/Cu(111) structures from submono-
layer coverages up to several-thousand-angstrom-thick
layers. In the present paper we will concentrate on the
thickness range between 250 and 2800 A. In addition to
the positron techniques, we have characterized samples
with AES and low-energy electron diffraction (LEED).
We have analyzed the backdiffusion probability measured
from the structures grown by using an extended form of
the diffusion model (see Appendix), which takes into ac-
count complications introduced by the interfacial poten-
tial. We are able to extract a defect profile for both sys-
tems, which shows that defect concentration is reduced
roughly exponentially as the overlayer thickens. We note
that the present extension to the diffusion model is only
valid for structures (much) thicker than the mean free
gath for scattering from acoustic phonons (typically —20
A at room temperature).

The organization of the paper is as follows. Experi-
mental conditions are reported in Sec. II. In Sec. III we
present the extension to the diffusion model and discuss
the interfacial potential. Experimental results are
presented in Sec. IV, and in Sec. V we discuss the inter-
pretation of these results. Section VI concludes the pa-
per. In the Appendix the details of the diffusion model
are summarized.

II. EXPERIMENTAL

A. Experimental environment

Experiments were done using a variable-energy posi-
tron beam, which has been described fully elsewhere.

Positrons from a Co source enter a W(110) backscatter-
ing moderator. With an atomically clean and defect-free
W(110) surface, we can extract a fraction of E =0.30%%uo of
the Co P+ activity to the monoenergetic positron beam
(typically 10 e+/s) striking the sample. The beam is
guided to the sample chamber with a magnetic field. The
energy of the beam (5E ~ 3 eV) can be adjusted from 1 eV
up to 30 keV by floating the Co source and the modera-
tor area above the ground level. The beam diameter at
the sample location is approximately 3 mm. The base
pressure of sample chamber is 3X10 " mbar as mea-
sured with a nude ionization gauge.

In Fig. 1 a schematic picture of the lower level of the
two-level sample chamber is shown. Overlayers are eva-
porated with an effusion-cell system. Evaporants with a
purity better than 6X are placed in a pyrolytic boron-
nitride crucible. The crucibles are heated with a standard
effusion cell which is efficiently surrounded by cooling
water and liquid nitrogen. The material flow is con-
trolled by a shutter, and its stability is checked with a
water-cooled quartz-crystal thickness monitor. Addition-
al shielding is used to minimize the contamination of the
chamber. During the evaporations, the system pressure
stays below 5X10 ' mbar. The layer thicknesses are
determined with the quartz-crystal monitor calibrated
with Auger spectroscopy. A relative accuracy of +20%
is achieved. Annihilations of positrons are detected with
a high-purity Ge detector. The upper level is equipped
with standard tools for surface treatment. It contains a
sputter ion gun, a residual-gas analyzer (RGA), and a
LEED —retarding-field-Auger (RFA) system for surface
preparation and characterization.

Grid
I I
I

hickness
monitor ~

5ample

FIG. l. Section of the sample chamber showing instrumenta-
tion for positron measurements and evaporations. Annihilation

y rays are detected with a Ge detector. Evaporations are done
with an effusion cell system surrounded with a cryotrap. By
biasing the grid, freely emitted positrons are either turned back
to the sample or allowed to escape from the chamber (dashed
line).

B. Sample preparation

Several reasons influenced the choice of Cu and Ag as
the materials in the present experiments. Noble metals
have been extensively studied using bulk-positron experi-
ments. Large lattice mismatch between these materials
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is expected to result in a large amount of lattice defects.
Further, copper and silver are relatively easy to keep
clean under UHV conditions.

The Ag(111) single crystal was obtained from Metal
Crystals & Oxides Ltd. , and it had a purity better than
99.999%. It was mechanically and electrolytically
polished before installation in the chamber. The same
treatments were applied to the Cu(111) crystals
( & 99.9999%) which were diamond-saw cut from a single
crystal Cu rod. The samples were cleaned in situ by
subsequent Ar-ion etching and annealing cycles. Initially
high Ar+ energies (2 —3 keV) were used to maximize the
sputtering rate. The Ar+ energy was gradually decreased
down to 500 eV to minimize the sputter-induced damage

remaining in the crystal. The annealing temperatures
were 700'C for Ag and 800'C for Cu. Cycles were re-
peated until LEED, AES, and positronium fraction mea-
surements showed the characteristics of a clean defect-
free surface. During the evaporations the sample was
cleaned in the same way after each exposure. In order to
minimize the danger of alloying, evaporated material was
fully removed before raising the sample temperature.
Prior to evaporations, the sample cleanliness was checked
with AES, which showed (1% of a monolayer carbon
and oxygen contamination.

The growth rate at the substrate is mainly determined
by the vapor pressure of the evaporant, which can be ad-
justed by changing the oven temperature. In the present
work temperatures between 900 and 1000'C were used
for Ag evaporations and 1000 and 1150'C for Cu, de-
pending on the desired layer thickness. The structures
grown are listed in Table I, together with the growth

rates. The layer thickness varied between 250 and 2800
A and a typical growth rate was 10 A/min. Substrates
were usually held at room temperature during the
growth. One 1175-A-thick Ag/Cu(111) structure was
grown with the substrate at 100 'C. Due to the
interdiffusion at elevated temperatures, the Cu/Ag sys-
tem is not well suited for studies above room tempera-
ture.

C. Measured quantities

In the positron-beam experiments, energetic positrons
are implanted into the solid. After thermalization, a cer-
tain fraction of them returns to the entrance surface. The
motion of thermal positrons in solids is governed by
scattering from acoustic phonons, and is normally de-
scribed using a steady-state diffusion model. By
separating backdiffusing positrons from the other events,
information on crystal quality between the implantation
depth and surface can be obtained. In this work the
backdiff'usion probability J(E) to the surface is deter-
mined from the relative fraction of positrons implanted
with an energy E that are emitted as positronium (Ps)
atoms. The incident positron energy is varied between 0
and 25 keV. The Ps fraction f+(E) is deduced from the
annihilation photon spectrum by separating 3y annihila-
tions from 2y events. ' When two photons are emitted,
each has an energy of =511 keV, whereas the spectrum
from 3y annihilations of Ps decay is continuous from 0 to
511 keV. The absolute fraction f+(E) can be determined
from the ratio of events within the 511-keV annihilation
peak to the total number of annihilation events. ' When

TABLE I. Studied Cu/Ag(111) and Ag/Cu(111) structures. Parameter fo is obtained by direct ex-

trapolation from the measured curve. Trapping rates Kp correspond to the defect fits where uniformly
distributed defects in the overlayer are assumed. The accuracy in the thickness determination is +20%.
The asterisk indicates that growth was done on the substrate at 100'C.

Sample

Cu/Ag(111) 1

Thickness (A)

625(125)
+200'C anneal/5 min
800(160)
+200'C anneal/5 min
1135(230)
+200'C anneal/5 min
2800(560)

Growth rate
(A/min)

6.5

11.2

11.2

11.2

fo

0.345
0.390
0.345
0.420
0.355
0.450
0.365

&p(1/s)

1.2 X 10"
6.2x10'"
1.4x10"
5.9x10"
1.1x10"
5.0x10"
3.8 X 10'

Ag/Cu(111) 5

6
7
8
9

10

12

245(50)
475{100)
590(120)
710(140)
945(190)
1175(240)
1175(240)
1420(290)

13.8
13.8
13.8
13.8
13.8
13.8
13.8
13.8

0.465
0.45
0.45
0.45
0.43
0.45
0.48
0.455

3.9 X 10'
4.8 X 10'
3.4x10"
2.5 X 10'
3.2x10"
2.0x 10'
14x10"
1.7 X 10'

Bulk Ag

Bulk Cu

0.48

0.49
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f+ (E) is measured, all free positrons
emitted from a negative work-function' surface are re-
turned to the target crystal by a positively biased grid.
The measured signal thus has two different contributions:
Ps which is formed in the primary emission process, and
Ps which is formed from those positrons returned at least
once to the crystal. The essential feature is that f+ (E) is
proportional to the backdiffusing current J(E). This en-
ables us the use of the diffusion model for data analysis
(see Sec. III). Ps formation is strictly a surface process,
since it is not possible inside a metal (see, e.g. , Ref. 1). Of
the surfaces used in this work, Cu(111) is a spontaneous
positron emitter [i.e., it has a negative work function at
300 K P+"'""=—0.33 eV (Ref. 36)], while Ag(111) has a
positive work function at 300 K [theoretically
p~+s'""=0.6 eV (Ref. 37)], and escape as free positrons is
forbidden.

The defect distribution analysis has been made by
fitting J (E) curves, which have been calculated from

One of the main problems in determining the
backdiffusing probability J(E) is the proper evaluation of
f+(0) corresponding to the Ps-formation branching ra-
tio. At low incident energies a positron may escape prior
to complete thermalization, which can be observed in ei-
ther the fraction of positrons returning to the surface, or
the energy dependence of the Ps-formation probability.
When the diffusion model is applied to the measured
data, these nonthermal processes can lead to uncertain-
ties. ' In this work f+ (0) has been obtained by extra-
polating directly from the measured curve, which leads to
overestimates of the trapping rates for positrons, and
therefore gives upper limits to defect concentrations. Ep-
ithermal positrons have been excluded from the analysis
by neglecting data at the lowest energies, following the
procedure used in positron-diffusion studies of defect-free
single crystals. This scheme enables a comparison of re-
sults from different samples.

In this work we did not follow the trapping fraction
analysis developed in Ref. 2. The interfacial potential in-
troduces further complications to this method. The total
defect density and the mean depth of defects can no
longer be extracted unambiguously.

p (x,E)= — exp
8x

where

x —5;

xone

1 ax =xo; I 1+—=—E"
P? P;

(3)

is the mean range of positrons at energy E. The parame-
ter 5, in each layer is determined from the condition that
the positron transmission T(d, E)= [1—fg (x,E)dx]
must be continuous at all values of d measured from the
surface (d =0). p is the mass density of the material,
m =2.0 is the shape parameter of the implantation
profile, and both n =1.6 and a=4 pg/cm are penetra-
tion parameters of the positron.

The diffusion-annihilation equation can be written

d n(x, E)
8x

[uz(x)n (x,E)]d

—
A.,gx)n(x, E)+p(x, E)=0, (4)

where n(x, E) is the stationary positron density. D+
denotes the positron diffusion coefficient, and u„(x) is the
electric-field-dependent drift velocity. The effective an-
nihilation rate A.,f(x) gives the rate that a freely diffusing
positron state disappears in the crystal, and it can be
written

talline material is governed by scattering from acoustic
phonons, at least down to 10 K. Experimentally only
one positron exists within the sample at any given time.
The mean free path for positron-phonon scattering at
room temperature is of the order of 10 A, from which it
can be concluded that the third condition is also normal-
ly fulfilled in annealed and pure single-crystal samples.
An exceptional situation arises when there are boundaries
inside the crystal, such as the bilayered structures
presently being considered.

The information depth in positron-beam experiments is
adjusted by changing the incident positron energy.
Penetration depth is mostly determined at early stages of
the slowing-down process. The depth distribution of
keV range positrons is described with an implantation
profile p (x,E), which serves as a source term when the
stationary diffusion model is used. The implantation
profile is taken ' " to be

III. EXTENDED DIFFUSION MODEL
FOR LAYERED STRUCTURES

Despite the fact that a thermal positron is a quantum-
mechanical particle, its motion inside a crystal can be de-
scribed with a simple diffusion model within a broad
range of experimental conditions. The diffusion
description is valid if (i) the energy distribution of the
positrons obeys Maxwell-Boltzmann statistics, (ii) the
scattering events which limit the motion are approxi-
mately elastic and isotropic, and (iii) the distance scales
are significantly longer than the mean free path for
scattering X.

The first two conditions are normally fulfilled because
the positron motion near thermal energies inside a crys-

A,,it(x ) =lb„,k(x }+K(x )

where A,„„ii,(x) is the annihilation rate from the freely
diffusing Bloch-like state, and a.(x) is the trapping rate
into the lattice defects. Trapping rate v(x) is directly
proportional to the defect concentration, i.e., c (x )

=a(x}/po. The specific trapping rate po is characteristic
to each material and each type of defect. For monova-
cancies po is typically of the order 10' 1/s, and for dislo-
cations 1 cm /s. In this work electric fields are excluded
because of their effective screening in metals. In general
defect profiling applications, Eq. (4) is solved numerically
by reducing it to two first-order equations. In the defect-
free case [x.(x)=0] there are analytical solutions, which
are discussed in the Appendix.
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At the interface between two different materials, posi-
trons experience an electrostatic potential. Due to the
fact that the Fermi level must be the same everywhere in
the solid, there is a potential step equal to the difference
in the electron chemical potentials (bp ). This contribu-
tion to the potential barrier is called the interfacial di-

pole, and is the same for both electrons and positrons, but
the sign is opposite. The situation is analogous to the
surface dipole. ' The potential height for a positron is
further modified by the difference of the positron chemi-
cal potentials p+ between the materials. In the following
we will consider the interface between two metals. The
potential AE+ experienced by a positron at the interface
between metals A and B can thus be written in the form

(6)

where y+ is the positron affinity (values for different met-
als are tabulated in Ref. 47) defined as

(7)

z dn (x,E)
dx

s dn(x, E)
+

x~d dx x~d +'

The direction of the net positron current J(d) is deter-
mined by the interfacial potential hE+. Between copper
and silver the height hE+ is theoretically 0.55 eV. No
experimental values of the potential difference exist. In
this case, positrons prefer silver, which has been verified
experimentally. ' If silver is grown on copper, a
thermal positron transition from the overlayer to the sub-
strate is highly improbable (transition rate vr~0), and
the opposite transition rate from the substrate to over-
layer then tends towards infinity (vz.~ ~ ). This yields
an enhanced positron current coming back to the surface
(for details see Appendix). In this forward positron diode
case, the backdiffusion probability has two contributions.

We note that g+ is a purely bulk property, independent,
e.g., on the crystallographic orientation of the interface.
The more negative the value of the positron affinity is, the
more preferably the positron goes into that material. In
the case of an abrupt junction between two metals, AE+
can be regarded as a step potential due to the short-range
screening.

The interfacial potential drastically affects the motion
of a thermal positron. The height of the potential is typi-
cally —1 eV, whereas the thermal energy of the positron
is about 2 orders of magnitude smaller. Thus, when the
positron comes from a material with a more negative pos-
itron affinity, it is highly probable that it is reflected back,
and vice versa. This can be included to the diffusion mod-
el through boundary conditions which describe the posi-
tron current through the interface.

Positron current J(x) is the physical quantity, which
connects the materials with each other in the diffusion
picture. The current must be continuous over the inter-
face, assuming no traps for positrons at the interface
area. If we consider an interface between materials A

and B at depth x =d with an external surface at x =0,
the continuity condition leads to the boundary condition

The first term arises from the positrons implanted on the
overlayer, and the second from those implanted on the
substrate, transmitting through the interface and
diffusing to the surface. When copper is grown on silver
a reverse positron diode is formed. Transition from the
substrate to the overlayer is forbidden (vr~0) and the
transition to the other direction is highly probable

(vr~~). Backdiffusion is possible only for positrons
implanted into the overlayer, and the backdiffusion prob-
ability is reduced compared to the semi-infinite case
(d =0).

So far, in a quantitative analysis the surface has always
been treated as a totally absorbing boundary (i.e.,
vr~ ~ ). In our recent study it has been shown that
reflection from the surface potential has a considerable
effect, especially at low temperatures. ' We will discuss
later the influence of finite transition rates at the interface
to numerical results. In analytical solutions, both surface
and interface have been regarded as either totally absorb-
ing or totally reflecting, due to simplicity and the ease of
getting functional dependences clearer (see Appendix).

In defect profiling the profiles are usually deduced for
each set of experimental data by guessing the appropriate
trapping distribution a.(x) and solving Eq. (4). The calcu-
lated backdiffusion probability is compared to the mea-
sured data. This is repeated until satisfactory agreement
between the model and the experimental data is achieved.
In this work we have adopted a slightly different tech-
nique. A unique defect distribution is constructed step-
wise using the results obtained from the thinner struc-
tures as a base profile. The thinnest structures are ana-
lyzed first with a uniform defect profile distributed in the
whole overlayer. This distribution is used as a seed for
the next thinnest structure, and a new analysis is per-
formed to study the defects in the layer extending beyond
the previous one. The obtained two-piece profile is again
combined with the data from the next thinnest structure
in the same way. This procedure is repeated until the de-
fect distribution of the thickest structure is analyzed. In
this way we obtain an estimate for the trapping-rate dis-
tribution a.(x) within the overlayer.

The results of the fits assuming a uniform trapping
profile throughout the whole overlayer are given in Table
I. Also Gaussian defect profiles were tested, but it was
found that very detailed information from a single het-
erostructure cannot be deduced. This is mostly due to
uncertainties caused by nonthermal positrons returning
to the surface and contributing to the measured signal.
By combining the results from structures with different
thicknesses we have achieved an overall picture of defect
distribution in the overlayer. Different material and posi-
tron parameters for Ag and Cu used in the fitting are tab-
ulated in Table II.

IV. RESULTS

A. "As grown" structures

In Fig. 2(a) the backdiffusion probabilities J(E) mea-
sured from Cu/Ag(111) samples 1, 3, and 4 are shown.
Corresponding data from a clean Cu(111) surface is also
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Density p (g/cm')'
Diffusion coefficient D+ (cm /s)
Positron lifetime ~ (ps)'

a (pg/cm )

m

n

Specific trapping rate po
to vacancies (10" s ')
to dislocations (cm'/s)

Ag

10.5
0.9

128
4.0
2.0
1.6

1 0e

1.8

CU

8.96
1.7

110
40
2.0
1.6

0.8'
1.5'

AKp /Ko due to 5D +
EKO /Ko due to 5a
AKO/Ko due to 5m

AKO/Kp due to 5n

'Reference 52.
Reference 40.

"Reference 33.
Reference 43.

'Reference 48.
"Reference 49.

Sample 3
—0.10

0.30
0.14

—0.55

Sample 10
—0.25

0.15
0.05

—0.50

TABLE II. Material and positron parameters for Cu and Ag

used in the fitting. Relative changes to AKp in the positron trap-

ping rate are given for different parameters when they are

changed +10% from the nominal value. The values correspond

to those obtained from samples 3 and 10.
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POSITRON ENERGY E (keV)
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positrons implanted into the overlayer (see Appendix).
This kind of enhancement is not observed, which is attri-
buted to positron trapping to vacancy-type defects in the
Ag overlayer.

From the profiling it was observed that positron traps
are confined to the near-interfacial region. The average
defect density decreases with layer thickness, and thus in

this study we are able only to follow this reduction of de-

presented for comparison. The diffusion length L+ for
positrons, in copper at room temperature is L+ =1300
+50 A (Ref. 41) and in Ag L+ =1100+100A. During
the preparation of the thinnest layer, the growth rate was
6.5 A/min, while the thicker ones were grown with the
rate 11.2 A/min. We observe that the backdiffusion
probability is increased as the layers become thicker. In
sample 1 a significant part of the positrons is implanted
into the substrate in the used energy range. Due to the
reflecting positron potential at the interface they have no
possibility of returning to the entrance surface. This
phenomenon is even more drastic at lower coverages,
where implantation on the layer can be almost totally
neglected. ' Backdiffusion probability is also reduced by
those positrons implanted into the overlayer but escaping
to the substrate. Furthermore, backdiffusion is affected
by defects capable of trapping positrons. Another
specific feature in f+(E) curves is that even from the

0
2800-A-thick Cu layer, f+(0) values are reduced from
those obtained from a defect-free Cu(111) (see Table I).
This indicates that surface branching is different from
that at the Cu(111) surface, which can be interpreted to
be due to the disordered surface region.

When Ag/Cu(111) structures are investigated, changes
in the measured J(E) curves are not so obvious. In
Fig. 2(b) we show the J(E) data measured from
Ag/Cu(111) —samples 8 and 12—and the corresponding
curve for bulk Ag(111). The growth rate has been 13.8
A/min. In the case of the forward positron potential, the
backdiffusion probability should increase from a semi-
infinite crystal due to a reverse interfacial potential for
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FIG. 2. (a) Experimental backdiffusion probabilities J as a
function of the incident beam energy E from Cu/Ag(111) struc-

0
tures: from a clean defect-free Cu sample; 2800-A-thick
Cu/Ag(111); 1130-A-thick Cu/Ag(111); and 625-A-thick
Cu/Ag(111). Curves are normalized by direct extrapolation to
the experimental yields at zero energy. Solid lines correspond
to the fits to the diffusion model with a uniform defect distribu-
tion. (b) Experimental backdiffusion probabilities J as a func-
tion of the incident positron energy E from Ag/Cu(111) struc-
tures: a clean defect free Ag sample; 710-A-thick Ag/Cu(111);
and 1420-A-thick Ag/Cu(111). Curves are normalized by direct
extrapolation to the experimental yields at zero energy. Solid
lines correspond to the least-squares fits to the diffusion model
with a uniform defect distribution.
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fects. The energy interval included in the diffusion fit has
been limited to 4 keV ~E,„, 10 keV. The lower limit is

set by epithermal effects, which can be seen as sharpening
of f+ (8) curve at low incident energies.

In the Cu/Ag(111) structures the positron density is
very low in the overlayer near the interface. All posi-
trons from this region tend to diffuse to the substrate.
This causes the trapping information to be originated
mainly from the near-surface area. Additionally, this
feature appears to make the Cu/Ag(111) system more
sensitive to different systematic error sources in the
analysis than the opposite system (see Sec. IVC). Trap-
ping rate values ~p corresponding to uniform defect dis-
tribution throughout the overlayer are given in Table I.
The defect density is a slowly varying function of over-
layer thickness (see Sec. V A). Hence, uniform defect dis-
tributions give us relatively accurate average densities,
making it possible for easy mutual comparison between
growths. Sensitivity to the near-interface defects was
tested by using a uniform defect profile and introducing a
defect-free region outwards from the interface. We no-
ticed that one could add a defect-free region roughly
=30% of the total overlayer thickness without seeing
more than a 10%%uo change in the fitted Kp. On the other
hand, at the opposite system, Ag/Cu(111), positron densi-
ty is enhanced near the interface, and the detection
efficiency for defects is increased. In this system a
defect-free region of only a few tens of angstroms in
thickness is needed to drastically change the values of Kp.

From this we conclude that the ability to observe defects
with the low-energy positron-beam technique depends on
the relative positron energy levels in the studied system.

B. EHect of growth conditions

Tailoring the layered structures for different purposes
demands a precise knowledge on the effect of the growth
parameters to the resulting heterostructure. In UHV
evaporations (MBE growth) several factors affect the final
result. The growth rate is determined mainly by adjust-
ing the material flux via the oven temperature. Condi-
tions of the substrate influence most the crystal quality.
Interactions between substances present during the
growth, mobility of the adatoms on the surface, and
characteristics of the substrate are the physical phenome-
na associated to the quality. They can be controlled by
adjusting the substrate temperature, by choice of materi-
als, and by proper pre-evaporation treatment of the sub-
strate. Post-evaporation heat treatment can make the
layer better, but there is always the danger of intermixing
of the materials. In this part of the work we have not
made any systematic study of these factors, but we will
just demonstrate the ability of positrons to detect
structural changes in the layers.

The effect of the substrate temperature was studied by
growing two 1175-A-thick Ag/Cu(111) structures (sam-
ples 10 and 11). In the first growth the substrate was held
at room temperature, ~hereas the latter structure was
made at 100 C. Higher substrate temperatures were not
studied because of Cu/Ag mixing at elevated ternpera-
tures. The J(E) data from these structures are present-
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FIG. 3. Measured backdiffusion probabilities J(E} from a
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1175-A Ag/Cu(111) structure grown on the substrate at room
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temperature, and a 1175-A Ag/Cu(111} structure grown on the
substrate at 100'C.

C. Systematic error sources

In the diffusion-model analysis, several uncertainties
exist that affect the results. The most important of them
is caused by errors in the layer-thickness determination.
Uncertainties in the evaluation of the backdiffusion prob-
ability are caused by the effect of epithermal positrons.
The knowledge of difFerent positron parameters describ-

ed in Fig. 3. The increase in the positron diffusion length
at higher-temperature growth is directly observed. This
indicates a reduced defect density. Assuming uniform
defect profiles we get trapping rates Kp 2.0X10' s
and vp=1. 1 X 10'" s ' for the two cases, respectively.
The defect density is reduced by a factor of 2. The higher
substrate temperature increases the mobility of atoms at
the surface, and it is more likely for the adatom to find a
more suitable site for growth and to fill a vacant lattice
site more efficiently.

No direct test on the growth-rate dependence to the
defect density was done. But by comparing 625- and
800-A-thick Cu/Ag(111) structures grown with rates 6.5
and 11.2 A/min, respectively, a reduction of 20% in the
trapping rate for the slower growth rate can be observed
(see Table I). This effect is so minor that it cannot be
directly attributed to a change in the growth rate. Secon-
dary effects, such as differences in substrate preparation,
may also be a reason for this observation.

A low-temperature heat treatment (5 min at 200'C)
was given to all Cu/Ag(111) structures except the 2800-
A-thick structures (samples 1 —3). Also thinner layers
(from 10 A up to 200 A) were studied, and AES measure-
ments showed that this low-temperature heating caused
Ag enrichment to the surface. This is in agreement with
observations of Gibson and Dobson and Shapiro
et al. Other phenomena observed in these thinner
structures will be published separately. ' In Figs. 4(a)
and 4(b) the J(F.) curves are shown from "as grown" and
annealed 65- and 1135-A-thick Cu/Ag(111) structures,
respectively.
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ing their interactions with solids is still limited, even

though data are rapidly improving. The values of the
parameters used are listed in Table II. When the effects
~f these factors are estimated, we consider the measure-

0

ments from the 1175-A-thick Ag/Cu(111) structure (sam-

ple 10) and from the 1135-A-thick Cu/Ag(111) structure
(sample 3).

The error in thickness determination is estimated to be
+20%. This is the main error source in the extracted Ko

values. At the limits of +20% from the nominal layer
thickness, the trapping rate Ko varies in sample 3 from
8.3X10' to 1.2X10" s '

(
—25% &blco/KO~10%) and

in sample 10 from 1.7 X 10' to 2.6 X 10' s

(
—15% ~ b,ao/Iro ~ 30%).

Another important source of systematic errors is con-
nected to the evaluation of the backdiffusion probability.
Positrons escaping from the crystal prior to complete
thermalization (i.e., epithermal positrons) give a different
signal than the thermal ones. As discussed before, the
direct extrapolation of f+(0) from the measured curve
leads to an overestimation of the trapping rate Ko be-
cause the actual f+ (0) due to thermal positrons is small-
er than the measured one. While the trapping probabil-
ity for the epitherma1 positrons is energy dependent, it is
difficult to obtain quantitative information at lower in-
cident energies, where the fraction of epithermal posi-
trons is considerable. In this work we included only the
energy interval 4 keV~E;„, 10 keV for the analysis of
defect profiles. Above 4 keV the signal is mostly from
thermal positrons.

Parameters describing the positron implantation and
positron motion in solids also scale the trapping rates.
We studied the effect of uncertainties in the penetration
parameters a and n [Eq. (3)], the shape parameter m [Eq.
(2)], and the diffusion coefftcient D+ [Eq. (4)]. We found
that the trapping rate depends linearly on these quanti-
ties. Relative changes are given in Table II for both sys-
tems. We note that the trapping rate is more sensitive to
errors in the Cu/Ag(111) system than those in
Ag/Cu(111). The method is most sensitive for errors in

the values of n. Regardless, it must be remembered that
converting the trapping rates to defect densities includes
the specific trapping-rate characteristic for each type of
defect. These factors also have large uncertainties, which
are approximately +50%. The defects can thus be more
accurately compared on a relative scale between different
structures.

V. DISCUSSION

A. Defect profiles
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lX
CL

c3 Q 4

—02

C3

~ 0 l, I s I a 1

2 4 6 8
POSITRON ENERGY E t keV)

10

FKJ. 4. (a) Backdiffusion probability J(E) from a 65-A-thick
Cu/Ag(111) structure measured as grown and after heat treat-
ment of 5 min at 200'C. The solid lines are a guide for the eye
only. (b) Backdiffusion probability J(E) from a 1135-A-thick
Cu/Ag(111) structure measured as grown and after heat treat-
ment of 5 min at 200 C. The solid lines are a guide for the eye
only.

Positrons are sensitive to open volume defects. In each
type of defect, positrons have different annihilation
characteristics. In this work, the positron current
diffusing back to the surface is used for defect characteri-
zation. The measured signal is therefore not sensitive to
the type of the defects, only to their depth-dependent
concentration. Matching two different materials with
different lattice constants and structures breaks the
translational symmetry of the crystal. This misfit causes
elastic strain near the interface which is accommodated
by creating misfit dislocations. We discuss positron trap-
ping in Ag/Cu(111) structures, assuming that it is due to
either monovacancies or misfit dislocations. The present
data cannot be used to distinguish between the two possi-
bilities.

In the previous section we introduced the trapping
rates sc(x) obtained by using the diffusion model. The
trapping rate is directly proportional to the defect con-
centration, i.e., c(x)=a(x)/po. For vacancies in Cu we
have used the value po"=8X10' s ' (Ref. 48) and in Ag
poAg= 1 x 1015 s-i (Ref. 48). In copper, the specifc trap-
ping rate for dislocations is found to be po'"' "=1.5
cm /s (Ref. 49). We have utilized the value po'"' g=1.8
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FIG. 5. Extracted defect profiles c(x) constructed by itera-
tive profiling. c {x) is given both in terms of dislocation density
and vacancy concentration. The profile of the Cu/Ag(111)
structure is extracted from data measured from samples 2 —4.
The upper limit of the Ag/Cu(111) defect profile is achieved by
analyzing samples 2, 5, and 6, and the lower limit by analyzing
samples 1, 4, and 7. The true profile lies within the shaded area.
The arrow indicates the dislocation density observed in Ref. 21
at layer thicknesses 1 —20 A.

cm /s also for dislocations in silver due to lack of experi-
mental data. It has also been reported that positrons
have a different specific trapping rate for screw and edge
dislocations in iron. The differences in any case are
minor when compared to the general uncertainty. Conse-
quently, we have adopted a single value describing posi-
tron trapping to dislocations. The accuracy of the
specific trapping rate is about +50%, which makes them
the primary source of uncertainty in the absolute defect
concentrations.

In Fig. 5 the stepwise constructed defect profiles c(x)
are shown. In both systems the thinnest structure was
analyzed first. The results are given both in terms of va-

cancy concentration (cm ') and dislocation density
(cm ). When the total defect concentration (i.e., the
area of the defect profile) is analyzed, we observe only a

slight increase in the total defect density as a function of
thickness. This indicates also that defects are confined
within the vicinity of the interface in both studied sys-
tems. This is very understandable, because most of the
misfit is accommodated near the interface region (d ( 100
A). Unfortunately, the present technique does not allow
us to study such thin structures in more detail.

In the defect profile of the Cu/Ag(111) structure, only
three layers (samples 2-4) are included. Sample 1, grown
with a different rate, has been omitted from the analysis.
%e extract a single profile based on the successive
analysis, and the result is given as a solid line in Fig. 5.
In the analysis of the Ag/Cu(111) structure, we have used
seven (samples 5 —10, 12) different samples. The scatter-
ing of the results obtained from different layers does not
allow us to extract a unique profile. In Fig. 5 the upper
and lower limits are given for the profile. The upper limit
was constructed using data measured from samples 2, 5,
and 6, and the lower limit correspondingly from samples
1, 4, and 7. The true profile lies in the shaded area. As
discussed above, it is impossible to get information from

the near-interface region with the present technique on
the Cu/Ag(111) structure, and, therefore, the profile has
been terminated 200 A from the interface. However, it is
also possible to observe defects near interface in the re-
tarding positron potential case by following the evolve-
ment of the substrate signal in the Doppler broadening
measurements. In that case one is actually following the
positron current over the interface.

The profiles shown in Fig. 5 describe the reduction of
the defect density within the layer. If the dislocation pic-
ture is adopted, it occurs as a gradual termination of
dislocations that have a component directed normal
to the sample surface. If an exponential law c (x )

=coexp( —d/do) is applied to measured data, the
characteristic attenuation lengths of dislocations do have
a value of 1500 A in the Cu/Ag(111) system and 1200 A
in Ag/Cu(111).

In the Ag/Cu(111) system (i.e., the forward positron
potential case) we do not observe an enhancement sug-
gested by the diffusion model (see Sec. III and Appendix).
In order to verify this a sma11 lattice-mismatch system,
e.g. , Cu grown on a Ni substrate, should be investigated.
The defect contribution to the positron motion is then ex-
pected to be smaller. The excess energy that positrons
gain at the interface in this system must also be con-
sidered, because parameters such as the mean free path
for different scattering events, and the specific trapping
rate, describing positron interaction with the solid, are
strongly energy dependent. As a first approximation,
when other uncertainties are large, the presented
diffusion model is appropriate. But if detailed informa-
tion is desired, an alternative approach to describe the re-
thermalization is needed. For example, a transport ap-
proach developed to model hot-positron attenuation in
layered structures by Huttunen et al. ' and to describe
epithermal positrons by Kong and Lynn ' would be help-
ful. Also, Monte Carlo simulation of these processes
would be straightforward. Further experimental and
theoretical work is required in order to clarify the impor-
tance of these effects.

B. Comparison between systems

When copper is grown on the Ag(111) surface, more
defects capable of positron trapping are observed than in
the opposite structure. A factor from 3 to 5 difference in
the defect concentration between the two systems is ob-
served, depending on the layer thickness. This behavior
is already predicted at early stages of crystal growth.
Both systems grow with the Stranski-Krastanov mode,
but in the Cu/Ag(111) system only 1 monolayer is formed
before island formation starts, whereas with silver grown
on Cu(111) at least 3 monolayers are completed. ' Lat-
tice constants for copper and silver are 3.61 and 4.09 A,
respectively. While the crystal growth begins coherently
with the substrate, the first copper layer is more open
than bulk copper. This benefits the creation open-volume
defects which attract positrons. In the opposite case, Ag
atoms effectively fill the Cu(111) surface, resulting in

compression-type disorder. These defects cannot be ob-
served for positrons.
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Dislocation structures at thin (1—20 A) layers have

been studied by electron diffraction (RHEED, TED) and
electron microscopy (TEM), both in Cu/Ag(111) (Ref. 53)
and Ag/Cu(11 1) structures. ' In the previous systems
only few isolated sections of interface which contain
misfit dislocations were found. In the Ag/Cu(111) struc-
ture, Vook and Horn g were able to identify three
different types of dislocations, two of which were
confined parallel to the interface. They accommodate
misfit very effectively. One of the dislocation types has a
component along the interface normal. When their re-
sults are combined, the reported dislocation density is of
the order of 10" cm . This confirms well our experi-
mental results at the low layer thickness limit. For the
475-A-thick structure we obtain a dislocation density
3 X 10' cm, assuming a uniform distribution of defects.
The recent observations of Tyliszczak et al. ' also sug-

gest that disorder is mostly limited to the near-interface
area. According to their surface extended energy-loss
fine-structure (SEELFS) measurements, 5 monolayers of
Cu on Ag(111) is enough to produce a layer that grows
with the lattice constant of copper.

C. Finite transition rates

So far, all the results given in this paper have been ob-
tained by assuming either total transmission or reflection
of the positron from the surface or from the interfacial
potential. As fully quantum-mechanical particles, posi-
trons have a finite transition rate in the vicinity of poten-
tial differences, as has recently been demonstrated at a
Cu(111) surface. ' In the present work we have assumed
that the surface is totally absorbing, which gives an upper
limit to defect concentrations. The finite transition rates
at the interface have been studied in the samples 3 and
10.

The transition rate through an interfacial potential v~
can easily be calculated for a thermal positron. We
adopted a potential step model with a plane-wave
description for positrons and a theoretical value for the
potential difference Ag+ =0.55 eV. When incorporated
into the diffusion model, this approach leads to a transi-
tion rate vz as a function of layer thickness and diffusion
length.

In Cu/Ag(111) structures a finite transition rate at the
interface reduces the transport from the overlayer to the
substrate, as the reflection probability is enhanced. A

0
test was done with the data measured from the 1134-A-
thick Cu layer. Theoretically, the transition rate can be
estimated to be v&=5 X 10 m/s. Using this value with a

simple uniform defect distribution model gives Kp=1.2
X10" s ', whereas for a totally absorbing interface
(vz ~ ), a value Kp=1. 1X10"s ' is obtained. At the
opposite structures [Ag/Cu(111)], the backdiffusion prob-
ability J(E) has two contributions: those implanted on
the overlayer and those on the substrate. The former
ones thermalize at the overlayer and are not able to over-
corne the potential step at the interface. The latter con-
tribution becomes dominant for the thin layers. The
influence of changes in the latter part of the positron flux
was tested with the data from 1175-A-thick Ag/Cu(111)

structure. The values for Kp 1.6X 10' s '
Kp 2.0

X10' s ' were obtained for totally reflecting and ab-
sorbing interfaces, respectively. From these values it can
be concluded that the reflection has no major effect when
analyzing thick structures. Nevertheless, it must be con-
sidered when studying thinner overlayers.

D. Intermixing versus defects

Intermixing is a phenomenon present to some extent at
most interfaces. For example, the studied Cu/Ag system
is exceptional among the noble metals in the sense of hav-
ing a positive heat of formation, and thus forming a sharp
and stable interface at room temperature. At elevated
temperatures, also Cu and Ag readily mix. The alloy for-
mation causes broadening of the interfacial potential,
which limits the use of the presented diffusion model. In
this work we studied the effect of a 5-min heat treatment
at 200'C to Cu/Ag(111) structures. When these mea-
surements were compared to those from the as-
evaporated samples, we observed a clear change, which
can be attributed partly to the broadening effect and part-
ly to the recovery of defects. These phenomena are
difficult to distinguish and we are not able to satisfactori-
ly separate them with the present technique.

From Figs. 4(a) and 4(b) it can be directly seen that we
observe an enhanced backdiffusion that can be connected
to the annealing treatment. When the interfacial poten-
tial is assumed abrupt and all enhancement is attributed
to the recovery of the defects, diffusion model analysis
can be applied. This analysis was performed to the J(E)
curves measured from the samples 1 —3 after annealing at
200 C for 5 min. With uniform defect distribution fits, it
was observed that defect density is reduced by the factor
of approximately 2.5. The values for Kp are listed in
Table I. The description of the data is not very good (re-
duced y values —3.0).

Another approach is to explain changes in J(E) curves
by interdiffusion. In AES experiments we observed the
enrichment of Ag to the surface even with the used

0
moderate annealing cycle at thin coverages ( (100 A), in
accordance with earlier experiments. Lattice and
grain-boundary diffusion are the possible intermixing
mechanisms for Ag and Cu, due to their small mutual
solubility below 500'C. However, we cannot distin-
guish between these processes in the present experiments,
and further studies with finer layer thickness and temper-
ature scales associated with, e.g. , depth profiling with
AES, would be needed. Nevertheless, it is evident that
the possibility of the alloying and its influence on posi-
tron behavior in epitaxial layers must be considered when
experiments are interpreted. The diffusion-induced rni-
crostructure may change totally positron interaction with
solids near the interface. Both diffusion mechanisms may
explain the increased Ps yields presented in Fig. 4.
Grain-boundary diffusion will open new channels for pos-
itrons to encounter the surface. On the other hand, lat-
tice diffusion may create a uniform alloy layer, especially
at the thinnest structures, lowering the interface poten-
tial, and hence increasing the positron escape from the
bulk to the surface. Also, if the change in interface po-
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tential becomes gradual enough, thermal positrons may

overcome the potential even if it is repulsive.
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We are reporting what we believe to be the first quanti-
tative studies of defect distributions in layered heteroepi-
taxial structures with monoenergetic positrons. We have
applied the nondestructive positron technique to epitaxial
Cu/Ag(111) and Ag/Cu(111) structures within the over-
layer thickness varying from 250 up to 2800 A. Our
main results are as follows.

(1) The positron diffusion model has been extended to
the layered structures.

(2) We are able to apply the extended model to the data
measured from the Cu/Ag(111) and Ag/Cu(111) struc-
tures, and to determine the defect distribution in them.
The defect densities are typically of the order 10' cm
assuming the defects to be dislocations, or, alternatively,
10' cm for the vacancies.

(3} Defects are found to be confined near the interface.
Assuming a exponential reduction as the overlayer grows,
characteristic attenuation lengths of 1500 A in
Cu/Ag(ill) and 1200 A in Ag/Cu(111) for the defect
densities are found.

(4) In the Cu/Ag(111) system we observe more defects
with positrons than in the Ag/Cu(111} system. This can
be attributed to the lattice constants. When copper is
grown on Ag(111) (ac„(aAs }, it is more likely that
open-volume defects are created than in the opposite sys-
tem.

(5) The observed defect densities in the thin-film limit
are consistent with earlier observations obtained with
electron microscopy.

(6) We have also demonstrated the infiuence of growth
parameters on layer quality and the ability of positrons to
observe them.

(7) We will discuss the results of our annealing experi-
ments in terms of structural changes in the overlayer in-
duced either by recovery of defects or by interdiffusion at
the interface.
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FIG. 6. Positron densities for a 500-A-thick Ag/Ag structure
with different boundary conditions when the incident positron

energy is 5 keV. The solid line corresponds to the reverse posi-

tron diode, the dotted line to the forward positron diode, and

the dashed line to the semi-infinite crystal.

APPENDIX: POSITRON DIFFUSION
IN DEFECT-FREE BILAYERED STRUCTURE

In order to get a clear picture of positron motion in the
presence of a material interface, we consider a defect-free
bilayered structure, and apply the diffusion model to it.
In numerical calculations the material has been assumed
to be silver at both sides of the interface. If the positron
affinity of the layer material is smaller than that corre-
sponding to the substrate, a potential step prevents the
escape of positrons implanted on the substrate. This can
be regarded as a reverse positron diode, and the
backdiffusion probability at the surface is drastically re-
duced. A forward positron diode is formed when the
substrate has a larger positron affinity than the overlayer.
In this case, positrons achieve additional energy from the
interface, and the backdiffusion probability is increased.

For a reverse positron diode, all positrons approaching
the interfacial area end up into the substrate. Appropri-
ate boundary conditions describing this process are

(n~xd)=0,
(A1)

+ dn + dn
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where D,+ and D,+ correspond the positron diffusion
coefficient for a positron in the overlayer and in the sub-
strate, respectively. This case is identical to the positrons
returning back to the entrance surface in thin films.

By solving the diffusion equation with Green s-function
technique, we get for the positron density in the overlayer

I '+
n(x (d)=

D,+sinh(d /L'+ )

d .
sinh[(d —x)/L+ ]f sinh(t /L+ )p (t)dt +sinh(x /L+ )f sinh[(d —t)/L+ ]p (t)dt

0 X

(A2)

and in the substrate



41 DEFECTS IN HETEROEPITAXIAL STRUCTURES STUDIED. . . 8073

L'+ exp(d/L'+ )
n(x &d)= + ezp( —x /L+ ) f cosh[(d —t)/L'+ ]p (t)dt +cosh[(d x—)/L'+ ]f exp( —t /L'+ )p (t)dt

X

(A3)
L'+ exp(d/L'+ )

exp( —x /L+ )f sinh(t /L + )p (t)dt .
D,+sinh(x/L'+ ) 0

0
These solutions are given in Fig. 6 for a 500-A-thick Ag/Ag structure with a solid line. The positron incident energy

is assumed to be 5 kev. The solution for a normal semi-infinite case is shown for comparison with a dashed line. It i
observed that the positron density for a reverse positron diode is extremely low at the near-interface area. This demon-
strates that direct information on defects in this region cannot be obtained. It is possible to get this data indirectly by
following the fraction of positrons annihilating at the substrate with a Doppler-broadening technique.

Return to the entrance surface is possible only for those positrons implanted on the overlayer. This reduces remark-
ably the backdiffusion probability (Fig. 7, solid line). For a reverse positron diode the backdiffusion probability can be
deduced from Eqs. (5) and (A2) to be

Jz(E)= f sinh[(d t)/L'+—]p(t)dt .
1 d

sinh(d/L+ )
(A4)

The difference between the two positron diodes is described by the boundary conditions, which for the reverse posi-
tron diode are given in Eq. (Al). For a forwarding case the boundary conditions become

n (x ~d+)=0,

D+ dn D+ dn

dX x d dX x d+

Again we can express the positron densities for a defect free crystal in the overlayer as

(A5)

L 0

n (x (d) = cosh[(d x)/L'+ ]f—sinh(t/L+ )p (t)dt +sinh(x/L'+ )f cosh[(d —t)/L+ ]p (t)dt
D,+cosh(d /L'+ ) X

L'+ exp(d/L+ )+ + sinh(x/L'+ )f exp( t/L'+ )p (—t)dt,
D, cosh(d/L'+ ) d

and in the substrate as

(A6)

n(x &d)= L,+exp(d /L'+ )
exp( —x/L'+ ) f sinh[(t d)/L'+ Jp(—t)dt+sinh[(x d)/L'+ ]f—exp( t/L'+ )p—(t)dt

S
d x

(A7)

1.0

~ 0.8

C)~ 0.6

(g) 0.4

~ 0.2

LJ

co 0

Ag/Ag

Forward

5 'f0 15

POSITRON ENERGY (keVj

20

which are shown in Fig. 6 with the dotted line.
The backdiffusion probability consists of two different

components. On the one hand, there is a component
from positrons implanted on the overlayer, and their es-
cape to the substrate is prevented by the interfacial po-
tential. On the other hand, there is a component from
hot positrons emitted from the substrate to the overlayer
side. The solution for backdiffusion probability can be
derived from Eqs. (5) and (A5) to be

Jd(E) = 1 f cosh[(d t)/L'+ jp (t)dt-d

cosh(d /L'+ )

+exp(d/L'+ )f exp( t/L'+ )p(t)d—t,
d

(Ag)

FIG. 7. Backdiffusion probabilities for a 500-A-thick Ag/Ag
structure as a function of incident positron energy. The solid
line corresponds to the reverse positron diode, the dotted line to
the forward positron diode, and tke dashed line to the semi-
infinite crystal.

0
and it is drawn as a function of energy for a 500-A
Ag/Ag structure with a dotted hne in Fig. 7. This solu-
tion has been considered in the case of a constant implan-
tation profile by Debowska et al.
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