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Median implantation depth and implantation profile of 3 –18 keV positrons
in amorphous polymers
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Most applications of positron beams require knowledge of the implantation characteristics for an appropriate
interpretation of the experimental data. In this work, the median implantation depth as a function of implan-
tation energy,z1/2(E), of 3–18 keV positrons and their implantation profileP(z,E) in a total of 13 thin films
of atactic polystyrene, poly~styrene-co-acrylonitrile!, and polymethylmethacrylate spin coated onto a silicon
substrate were determined from positron lifetime measurements using a pulsed, low-energy positron beam.
z1/2(E) andP(z,E) were determined from the measurement of the ortho-positronium yield obtained from the
intensity I 3 of the long lifetime.z1/2(E) was parametrized with the commonly used power-law fitz1/2(E)
5(A/r)En, with r andE in units of g cm23 and keV, respectively, yieldingA52.81(60.2) mg cm22 andn
51.71(60.05). Excellent agreement between amorphous polymer and literature data on Al and Cu suggests
that the median implantation depth of positrons for low- to medium-Z materials in the studied energy range is
independent of structure and only a function of mass density. Fitting of the Makhovian implantation profile to
the experimental data suggested that the value of the parameterm varies between 1.7 and 2.3, systematically
increasing withz at constant implantation energy, but is independent of the implantation energy. Using an
equation proposed by Bakeret al., the experimental data of 12 of the 13 studied polymer films could be
described with a slightly better agreement than the Makhovian equation.

DOI: 10.1103/PhysRevB.67.125404 PACS number~s!: 41.75.Fr, 34.85.1x, 82.35.Lr
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I. INTRODUCTION

Positron beams provide a unique and nondestructive
for obtaining depth-resolved information of condensed m
ter. Two important applications of positron beams are
investigation of inhomogeneously distributed defect conc
trations in crystalline materials and the study of properties
thin films, surfaces, and interfaces of layered materials.

In polymers, typically three lifetimes can be resolv
from a positron lifetime spectrum, commonly denoted
t1 ,t2 ,t3 with the corresponding intensitiesI 1 ,I 2 ,I 3 . They
are attributed to the annihilation of para-positronium, fr
positrons, and ortho-positronium~o-Ps!, respectively. The
lifetime of theo-Ps t3 , is of particular importance in poly
mer research, because of its sensitivity to the dimension
the microscopic free volume cavities present in amorph
polymers.

In polymer applications, positron beams have been u
to probe free volume at surfaces and in thin films. Obser
tions have been made of a surface-induced shift in glass t
sition temperature,1–3 increased free volume cavity size clo
to a surface,4–7 and free volume changes induced
weathering8 and ion implantation.9,10

One of the main limitations of positron beams for stud
ing surfaces, interfaces, and interphases of polymers
other low-density materials is the intrinsic broadening of
positron implantation profile with implantation energy.
typical experimental situation is that the dimensions o
polymer exhibiting the non-bulk-like properties of intere
such as at the surface or at an interface, is much smaller
the width of the positron implantation profile. Also, the a
sumed short positron diffusion length in polymers preve
0163-1829/2003/67~12!/125404~7!/$20.00 67 1254
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effective trapping at the surface or interface of intere
which is in contrast to the situation in many metals and se
conductors where positrons diffusion lengths are longer.

The intrinsic shape and size of the positron implantat
profile ~the implantation depth distribution of monoenerge
positrons! are thus of prime importance in the application
positron beams to polymers. Accurate knowledge of the p
itron implantation profile could be directly applied to th
design of positron beam experiments and to the interpr
tion of the results. A full description of the positron implan
tation profile in the direction perpendicular to the surface
given by the median implantation depth as a function
implantation energy,z1/2(E), and the implantation distribu
tion P(z,E), which describes the probability of a positro
with the initial energyE thermalizing at depthz in the ma-
terial.

The first systematic investigation of these relationsh
was based on measurements, by Mills and Wilson of
transmission of 1–6 keV positrons through thin films of
and Cu.11 They introduced the power-law equation

z1/25
A

r
En ~1!

to describe their median implantation data, with the para
eter A in units of g cm22 and E in keV. Equation~1! has
become the standard approach for parameterization of da
z1/2(E), with values ofA often reported in units ofmg cm22.
The material and energy dependences of the parameteA
andn have been under some debate, with more recent w
arguing for material dependentA andn values in Eq.~1!,12–14

as opposed to some of the experimental earlier work.11,15
©2003 The American Physical Society04-1
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Also, in Mills and Wilson,11 one of the first attempts to
experimentally determine the shape ofP(z,E) was pre-
sented. An exponentially decreasingP(z,E) as a function of
z was concluded, which was later refuted by Vehanenet al.,15

who used theS parameter derived from Doppler-broadeni
measurements, to determineP(z,E) in samples of ZnS and
Al2O3 layers. The ‘‘Makhovian equation’’16

P~z,E!52
d

dz
expF2S z

z0~E! D
mG ~2a!

or in its differentiated form

P~z,E!5
mzm21

z0
m~E!

expF2S z

z0~E! D
mG , ~2b!

with

z0~E!5z1/2~E!~ ln 2!21/m, ~2c!

was proposed to give a better description ofP(z,E) than the
previously used exponentially decreasing function. The va
of the parameterm in the Makhovian equation was found t
be m52 or 2.1. This was in agreement with the earlier p
dictions from the Monte Carlo simulations.17

A similar approach to calculatez1/2(E) and P(z,E) was
later used for Al, producing similar results, but yielding
implantation profile which could be parametrized more ac
rately by Eqs.~3a! and ~3b! as proposed by Baker an
co-workers:18–20

P~z,E!52
d

dz
expH 2F S z

za~E! D S 11
z

za~E! D
2Gm* J ,

~3a!

with

za~E!52.58z1/2~E! ~3b!

and withm* 51.28. A number of Monte Carlo simulations o
the implantation depths of positrons in metals have b
published,13,21–25and they are generally in good agreeme
with the experimental results.

To the best of the authors’ knowledge, there is to date
published systematic work onz1/2(E) and P(z,E) of poly-
mers. The requirement of knownz1/2(E) and P(z,E) in the
interpretation of previous positron beam data for polym
has left researchers with little other option than to apply
rameters extracted for metals and other inorga
materials.3–8,26 The most commonly used figures in th
evaluation of the positron beam data of polymers have b
a power-law equation for themean positron implantation
depth.27 However, these figures are not derived from me
surements on polymers, but are based on positron trans
sion measurements on Al and Cu foils using 1–6 k
positrons11 and Doppler broadening of Al2O3-ZnS-Al2O3
deposited on top of a glass substrate using 0–25
positrons.15

The aim of the present study was to extractz1/2(E) and
P(z,E) for 3–18 keV positrons in three different amorpho
polymers. A method similar to the previously used bina
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sample method20 has been employed, but with the distinctio
that theo-Ps yield from positron lifetime measurements (I 3)
has been studied as a function of the implantation ene
instead of theS parameter derived from Doppler-broadenin
measurements. Theo-Ps implantation profile that has bee
extracted by these measurements should be representativ
all implanted positrons, since the positrons implanted at, e
3 keV at the polymer surface will be in the state of a fr
positron during most of the distance traveled in the polym
film.

II. MATERIALS AND METHODS

Three widely used amorphous polymers with similar gla
transition temperatures but with different ortho-positroniu
yields were chosen for this study: atactic polystyrene~PS!
~Scientific Polymer Products catalog No. 845!, atactic
poly~methyl-methacrylate! PMMA ~Scientific Polymer Prod-
ucts catalog No. 037B!, and poly~styrene-co-acrylonitrile!
~SAN, 25 wt % AN! ~BASF AG type 358N!. Silicon wafers,
doped with phosphorus at a concentration of approxima
1014 cm23 @Topsil, CFZ N~100! 49] were used as substrate

PS and PMMA were dissolved in toluene and SAN
CH2Cl2 to concentrations between 10 and 100 mg/ml. T
polymer film samples were spin coated onto the silicon s
strates at 2000 rpm.28 After spin coating, all films were dried
at 116 °C for 40 min and then cooled at 0.5 °C/min to 86
and then cooled at 2 °C/min to room temperature.

The thickness of the films was measured by atomic fo
microscopy~AFM! in contact mode. The film thickness wa
obtained by removing small patches of polymer film a
measuring the vertical distance between the silicon surf
and the polymer surface at several locations.

Positron lifetime spectra for all polymer films were r
corded in the energy range 3–18 keV, at 34 °C, using
pulsed, low-energy positron system~PLEPS! with a time
resolution of approximately 280 ps. Each spectrum contai
2 or 43106 counts, and the peak-to-background ratio w
approximately 104:1. The spectra were evaluated with
modified version ofPATFIT ~Ref. 29! with three lifetimes. All
lifetimes, intensities, and background were free fitting p
rameters in the evaluation procedure.

The yield of the ortho-positronium~o-PS!, extracted from
the lifetime spectra asI 3 , was assumed to be directly pro
portional to the fraction of the implanted positrons therm
ized and annihilated in the polymer film. The lifetime of th
o-Ps in polymers~1900–2100 ps from pick-off annihilation
of the ortho-positronium! is well separated from the two life
times of silicon ~ca. 220 ps in Si-bulk and 400 ps at th
Si-vacuum surface! and can thus be unambiguously attri
uted to annihilation events in the polymer film.

By measuringI 3 as a function of positron implantatio
energy, the fraction of the positrons stopped in the film w
obtained from the ratio between the energy dependento-Ps
yield I 3

E and theo-Ps yield for the bulk polymer,I 3
bulk . The

ratio I 3
norm, directly obtained from experimental data, w

taken to be equal to the integral ofP(z,E) from z50 to z
5d (d5polymer film thickness!:
4-2
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I 3
norm5E

z50

z5d

P~z,E!dz. ~4!

At the specific energyE1/2 in keV, defined as the energy a
which I 3

norm50.5, 50% of the implanted positrons annihila
in the polymer and 50% in the silicon or at the silicon su
face. At E1/2, the median implantation depthz1/2 is thus
equal to the polymer film thicknessd in nm. By plotting the
polymer film thicknessd versusE1/2, the shape ofz1/2(E)
was obtained and parametrized with Eq.~1!.

Arguably, the measured lifetime spectra could be infl
enced by positrons backscattered from the silicon surface
to the difference in mass density between polymer~ca. 1
g cm23! and the silicon substrate~2.33 g cm23!. Also, posi-
trons thermalized in the silicon may diffuse back into t
polymer film. However, in this study, the possible corrupti
of data due to these effects has been neglected, consid
the following arguments: ~i! Previous measurements ha
shown that positron backscattering and backdiffusing fr
elemental surfaces are reduced by surface contaminati30

The surface of the silicon substrates used in this study
expected to be fully oxidized, and the oxide layer of t
substrates should thus reduce backscattering and also pr
an efficient barrier to positrons diffusing out of the silico
~ii ! In order for backscattered and backdiffusing positrons
influence the extraction of the implantation characteris
based onI 3 measurements, they must formo-Ps. As ob-
served in a number of previous investigations,o-Ps forma-
tion in polymers is drastically reduced at implantation en
gies of approximately 1 keV and lower.4–6,26 This suggests
that positrons reemitted from the silicon surface within t
energy range, including diffusing positrons at thermal e
ergy, contribute little to the totalo-Ps yield.

The shape ofP(z,E) was investigated by fitting the Ma
khovian equation~2a! and the equation proposed by Bak
and co-workers18–20 @Eq. ~3a!# to the experimental data. Fo
each measured implantation energy, the equation was
grated over the film thickness, and the value of the integ
was compared to the measured value ofI 3

norm. For the Ma-
khovian equation, the value of the parameterm was fitted to
obtain an agreement as good as possible with the experim
tal data at each energy.

The values of the integrals were found to be very sensi
to the film thickness@z5d in Eq. ~4!#. Thus, in the calcula-
tion of the integrals, it was necessary to use floating val
of z as the upper value for the integrals, i.e., using a va
that was consistent with theA andn extracted for the median
implantation depth. The deviation between the upper bou
ary used for calculating the integrals and the film thickn
measured by AFM was less than 5% in 10 of 13 films, i
within the estimated experimental error of the film thickne
measurements.

III. RESULTS

Positron lifetime spectra of 13 polymer films (d
5220– 2200 nm) were recorded as a function of ene
~3–18 keV!. The lifetimes and intensities as a function
energy for a 1390-nm-thick polystyrene film are displayed
12540
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Figs. 1~a! ~lifetimes! and 1~b! ~corresponding intensities!.
The results are typical for all 13 films studied. The mo
salient features are the nearly constant values of the lifeti
as a function of energy and the large variations of the co
sponding intensities as a function of energy.

The constant value of the lifetimes as a function of ene
results from the overlap between the two short lifetimes
the polymer~ca. 200 and 400 ps! and the lifetime found in
bulk silicon ~ca. 200 ps! and the surface lifetime of silicon
~ca. 400 ps!. The long lifetime at 2100 ps is, however, uniqu
for the polymer and could be determined from the spectra
I 3.3%.

The intensities in the energy range 3–7 keV are indep
dent of energy and result from an implantation profile tha
distributed only in the polymer. At higher energies~.8 keV!,
the value of the intensities approaches the bulk siliconI 1
5100%). The small, but clear, maximum ofI 2 at 10 keV
results from a maximum fraction of positrons annihilated
the silicon surface with a lifetime of ca. 400 ps.

The full set of data used to determinez1/2(E) andP(z,E)
is displayed in Table I and Fig. 2. Figure 2 displays t
intensities of the long lifetime~approximately 2100, 1900
and 2000 ps for PS, PMMA, and SAN, respectively! normal-
ized by the bulk value ofI 3 of each material~45%, 33%, and

FIG. 1. Lifetimes~a! and intensities~b! as a function of positron
implantation energy for a 1390-nm polystyrene film spin coa
onto silicon. The spectra were evaluated without any constraint
lifetimes or intensities.
4-3
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25%, respectively, obtained from the spectra at the lo
energy range! and are plotted as a function of the implant
tion energy in keV.

The energyE1/2 of each film, defined as the energy
which z1/25polymer film thickness, is obtained from Fig.
as the location on the energy axis ofI norm50.5. The intensity
of the long lifetime was determined with an error of typica
1% at I norm50.5 ~error estimated byPATFIT!. The thickness
of the polymer films was determined by AFM~Table I! with
an estimated error of65%. The values of the bulk densitie
of the polymers were taken from literature data on den

TABLE I. Median implantation depthsz1/2 as a function of pos-
itron implantation energyE for polystyrene ~PS!, poly~methyl-
methacrylate! ~PMMA!, and poly~styrene-co-acrylonitrile! ~SAN!.
z1/2 is the thickness of each polymer film as measured by ato
force microscopy, andE1/2 is the energy at which the median im
plantation depth is equal to the film thickness, obtained as the
ergy at which I 350.5 of its polymer bulk value in Fig. 2. The
symbols correspond to those used in Fig. 2.

FIG. 2. Normalized intensitiesI 3
norm as a function of energy for

all 13 polymer films.I 3
norm is the measured value ofI 3 at energyE

for each film, normalized by the corresponding bulk value ofI 3

@45%, 33%, and 25% for polystyrene, poly~methyl-methacrylate!,
and poly~styrene-co-acrylonitrile!#. The line I 3

norm50.5 yields at
which energy 50% of the positrons have stopped in each poly
film.
12540
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y

measurements of identical materials (PS51.040 and SAN
51.057, PMMA51.197, in g/cm3!.31,32

The commonly used power-law equation~1! was used to
parametrizez1/2(E) from Table I.A andn are fitting param-
eters, andr is the mass density. The parametersA andn were
fitted to a log-log plot of thez1/2(E) data~Fig. 3! and were
found to be 2.81(60.2) mg cm22 and 1.71(60.05), respec-
tively. The median implantation depth for positrons in am
phous polymers was thus found to be described by

z1/25
2.81

r
E1.71, ~5!

with z1/2r having units ofmg cm22 andE in keV. The errors
in the given values ofA andn were estimated from the linea
fit of Fig. 3 and originate mainly in the measurements of fi
thickness.

The ability of Eqs.~2a! and ~3a! to describe the shape o
the implantation profile was investigated by studying the
viation between the measured value ofI 3

norm and the value
predicted by the respective equation for each implanta
energy. The error of each equation was calculated as
deviation between the value predicted by the equat
(I 3

norm,eq) and the measured value ofI 3
norm, divided by the

measured value ofI 3
norm, i.e., error5(I 3

norm,eq2I 3
norm)/I 3

norm.
By using this procedure, the error of each equation natur
becomes very large asI 3

norm approaches zero, but it has th
advantage that it reflects the limitations of the equations
predicting the fractions of positrons annihilating close to
polymer surface. The results of one of the polymer film
~PMMA, 510 nm! are plotted in Fig. 4.

The fitted value of the shape parameterm in the Ma-
khovian equation was found to be dependent onI 3

norm and is
plotted as a function ofI 3

norm in Fig. 5. A value ofm52.2 or
2.3 was found to give a good description for most films
the regionI 3

norm.0.5, whilem51.7 or 1.8 was found to give
a better description atI 3

norm,0.5. The lower values ofm at
lower intensities were thus considered to give a better

ic

n-

er

FIG. 3. Median implantation depth times mass density, in un
of mg cm22, vs implantation energy in keV~logarithmic scale!. The
line plot is the result from a linear regression from the da
lg(z1/2r)51.713 lgE10.4488, R250.9951; n51.71, A
52.81mg cm22.
4-4
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scription of the positrons withz,z1/2 ~i.e., the profile at low
z!, while m52.3 gave the best fit of the whole implantatio
profile ~implying m.2.3 for positrons stopping atz.z1/2).

The relationship betweenm and I 3
norm was thus found to

be independent ofE; i.e., the optimal value ofm was, within
experimental error, always the same at a certain value
I 3

norm for any film at any energy. The parameterm of the
Makhovian equation was thus concluded to be a function
z for an implantation profile at constant energy rather tha
function of energy.

The fit of the equation proposed by Baker a
co-workers18–20 @Eq. ~3a!# yielded good agreement with th
experimental data using one constant fitting parameter (m*
51.28). More than 75% of the data points were predic
with an error smaller than 10% of the measured abso
value ofI 3 , which was a better fit than using any value ofm

FIG. 4. Error of Makhovian equation and the equation propo
by Baker and co-workers@Eq. 3~a!# ~Refs. 18–20!, calculated as the
relative error in estimating the fraction of positrons stopping in
polymer film, I norm,eq, in comparison to the experimental data.

FIG. 5. Parameterm of the Makhovian equation fitted to th
experimental data, plotted as a function of the fraction of positr
stopped in the polymer film,I 3

norm. Each value ofm is the average
of the fitted value ofm for all 13 films at a constant value ofI 3

norm.
The relationship betweenm and I 3

norm was found to be independen
of positron energy, suggesting that the parameterm is mainly a
function of z at constant implantation energy.
12540
of

f
a

d
te

in the Makhovian equation, provided both the Makhovi
equation and the equation proposed by Baker a
co-workers18–20 were used with a constant fitting paramet
for all films and all at all used energies.

IV. DISCUSSION

If the median positron implantation depth is expressed
mg cm22, excellent agreement is obtained between
present polymer data and the data of some previously stu
metals. This is clear from the power-law fit based on t
polymer data of this investigation, which when extrapolat
also gives a good description of the data of Al and Cu
Mills and Wilson11 in the 0–6 keV region@Fig. 6~a!#, as well
as data of Al by Bakeret al.18 in the 10–50 keV region@Fig.
6~b!# and, to a somewhat lesser degree, also of the dat
Bakeret al.12 of Au in the 10–50 keV range@Fig. 6~b!#. Thus
the simple power-law equation~1! seems to hold very wel
for low- to medium-Z materials, including polymers. Tha
the mass density is a sufficient scaling property for the p
itron implantation depth in Al, Cu, and amorphous polyme
also indicates that the thermalization of positrons is to a la

d

e

s

FIG. 6. Median implantation depthsz1/2 times mass density in
units ofmg cm22 for ~a! Al, Cu ~Ref. 11!, and polymer in the 0–14
keV range and for~b! Al ~Ref. 18!, Au ~Ref. 12!, and polymer in the
0–50 keV range. The same polymer data are plotted in~a! and~b!.
The line plot is the commonly used power law equation~1! with
constantsA andn derived from the experimental data of polymer
this study.
4-5
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degree independent of the microscopic structure in the
ergy range studied for low- to medium-Z materials.

In light of the good agreement between the single pow
law equation forz1/2(E) found for polymer and the data o
Al, Cu, and Au in Figs. 6~a! and 6~b!, it is interesting to note
the comparatively large differences in the corresponding
ues ofA and n which have been extracted from the data
Figs. 6~a! and 6~b! ~Table II!. The differences in the reporte
values in Table II can, to some extent, be attributed to
interdependence ofA andn and the limited energy ranges o
the experiments.

Within experimental errors, the parametersA andn were
found to be energy independent within the studied ene
range, since there was no evident systematic error betw
the experimental data and the power-law fit as seen in Fig
This is in agreement with early experiments;11,15 however,
the opposite is stated in some more recent experiments14,18

and Monte Carlo simulations.13,33 The investigations sug
gesting energy-dependentA and n were based on relatively
large energy ranges of 10–50 keV~Ref. 18! and ca. 0–30
keV ~Ref. 14!, which appears to be required for the ener
dependency to be appreciable.

In the fitting of the shape parameterm of the Makhovian
equation to the experimental data, it is clear that the inte
used for the fitting crucially depends on the values ofA and
n. For instance, in the case of implanting positrons at 3 k
into PMMA (density51.197 g/cm3) and estimating the frac
tion of positrons thermalized within 100 nm from the surfa
(z1/25154 nm), a change in the value ofA by 5%~e.g., from
2.81 to 2.66mg cm22! causes a change in the value of t
integral by almost 20%, while changing the value ofm by
10% ~e.g., from 2.0 to 2.2! changes the value of the integr
by only ca. 10%. As has been pointed out elsewhere,19,20 the
requirement of accurate knowledge on the median impla
tion depths is one of the drawbacks of fitting the shape
P(z,E) to data of the integral ofP(z,E). The problem is,
however, difficult to circumvent using conventional metho

TABLE II. Experimentally determined values ofA andn in the
power-law fit of the median implantation depthz1/2(E)
5(A/r)En.

Material A(mg/cm2) n

PS, PMMA, SANa 2.81~60.2! 1.71~60.05!
Aluminumb 3.32 1.60
Copperc 1.43
Aluminumd 2.62 1.71
Golde 8.31 1.42
ZnS and Al2O3

f 3.8 1.62
a-Sig 2.58 1.7

aThis investigation.
bReference 11.
cReference 11.
dReference 12.
eReference 12.
fReference 15.
gReference 35, calculated from original value ofA52.7560.25
given for the power-law fit of the mean implantation depth.
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and instruments. Since the method of floating boundarie
the integral ofP(z,E) yielded systematic and consistent r
sults for all 13 polymer films, the observed dependence
the shape parameterm on the implantation depthz for a
constant implantation energy was nevertheless considere
typical for the shape ofP(z,E) in amorphous polymers. The
difference between the integrals of, e.g., the Makhov
equation (m52.2) and the equation suggested by Baker a
co-workers18–20 (m* 51.28) is also within the error intro-
duced byA andn, but can for the same reason be conside
to be at the least indicative of the shape ofP(z,E) due to
consistent results.

The influence of backscattered positrons on the deter
nation of the parametersA andn in the present investigation
may be estimated from literature data on the backscatte
of positrons as a function of atomic number and energy. T
backscattering probability from C and Si was found to
approximately 7% and 12%–16%, respectively, in the ene
range ofE1/2 in this study.30,34 In a worst-case scenario, th
probability of backscattering from the silicon surface is u
altered by the presence of the polymer film, and all backs
tered positrons thermalize in the polymer film with the bu
o-Ps formation probability. In the regionI 3

norm50.5, i.e.,
when 50% of the positrons are nominally implanted into t
silicon, the absolute increase ofI 3

E based on these assum
tions should thus be no more than 3.6% for PS, 2.7%
PMMA, and 2.0% for SAN. The shift inE1/2 of each film
due to this increase depends on the slope ofI 3

norm at the
intersection with the lineI 3

norm50.5. The magnitude of the
shift is related to the polymer film thickness, but should
on the order of 0.5 keV for most films. The maximum infl
ence on the implantation depth parameters due to ba
scattering from the silicon surface can thus be estimated
decrease inA by 30% and an increase inn by 7%. However,
the backscattered fraction may be expected to be sm
from a polymer-silicon surface than a vacuum-silicon s
face, due to a smaller change in mass density at the interf

The influence of backscattering and backdiffusion on
present method of extracting the implantation parame
could, in future experiments, conveniently be elucidated
performing similar measurements on a sample, where
substrate of silicon has been exchanged for a polymer wi
very low o-Ps yield, e.g., polyamide. Effects of backscatt
ing and diffusion would hence be reduced to a minimu
However, the fact that the present results are in very g
agreement with previous investigations gives an indicat
that effects of backscattering and backdiffusing have
been dominant.

V. CONCLUSIONS

Thin films of three different polymers having differen
thickness, positron lifetimes, and intensities were prepa
from solution by spin coating, and positron lifetime spec
were measured as a function of energy in the range 3
keV. The relative yield of ortho-positronium was used to p
rametrize the positronium implantation characteristics. T
median implantation depth as a function of energy could
described with the commonly used power-law fit withA
4-6
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52.81 (60.2) mg cm22 and n51.71(60.05), in good
agreement with experimental data on positron implanta
in Al, Cu, Au, ZnS, Al2O3 , and a-Si found in the
literature.11,12,15,18,35

Fitting of the Makhovian equation toP(z,E) suggested
that the parameterm was independent of the positron impla
tation energy, but dependent onz at constant implantation
energy. The fitted value ofm in the Makhovian equation
varied systematically between ca. 1.7 and 2.3 as a functio
the fraction of positrons annihilated in the polymer. T
equation proposed by Baker and co-workers18–20 yielded a
slightly better fit to the experimental data than the M
khovian equation.
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34J. Mäkinen, S. Palko, J. Martikainen, and P. Hautoja¨rvi, J. Phys.:

Condens. Matter4, L503 ~1992!.
35J. Gebauer, S. Eichler, R. Krause-Rehberg, and H. P. Zeindl, A

Surf. Sci.116, 247 ~1997!.
4-7


