PHYSICAL REVIEW B 67, 125404 (2003

Median implantation depth and implantation profile of 3—18 keV positrons
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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 energyz,,,(E), of 3—18 keV positrons and their implantation profit¢z,E) in a total of 13 thin films
of atactic polystyrene, polgtyrene-co-acrylonitrile and polymethylmethacrylate spin coated onto a silicon
substrate were determined from positron lifetime measurements using a pulsed, low-energy positron beam.
z,5(E) andP(z,E) were determined from the measurement of the ortho-positronium yield obtained from the
intensity | ; of the long lifetime.z,,(E) was parametrized with the commonly used power-lanz{ii( E)
=(Alp)E", with p andE in units of g cnT® and keV, respectively, yielding=2.81(+0.2) wgcm 2 andn
=1.71(+0.05). Excellent agreement between amorphous polymer and literature data on Al and Cu suggests
that the median implantation depth of positrons for low- to meddimaterials 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 parametaries 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 Baket al, the experimental data of 12 of the 13 studied polymer films could be
described with a slightly better agreement than the Makhovian equation.
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[. INTRODUCTION effective trapping at the surface or interface of interest,
which is in contrast to the situation in many metals and semi-
Positron beams provide a unique and nondestructive toatonductors where positrons diffusion lengths are longer.
for obtaining depth-resolved information of condensed mat- The intrinsic shape and size of the positron implantation
ter. Two important app"cations of positron beams are thd)rOf"e (the implantation depth distribution of monoenergetic
investigation of inhomogeneously distributed defect concenPositrons are thus of prime importance in the application of
trations in crystalline materials and the study of properties of0Sitron beams to polymers. Accurate knowledge of the pos-
thin films, surfaces, and interfaces of layered materials.  1tron implantation profile could be directly applied to the

In polymers, typically three lifetimes can be resolved design of positron beam experiments and to the interpreta-

from a positron lifetime spectrum, commonly denoted astion of the results. A full description of the positron implan-

7,,75,75 With the corresponding intensitids | ,,15. They tation profile in the direction perpendicular to the surface is

are attributed to the annihilation of para-positronium, freed VN by the median implantation depth as a function of

. i : implantation energyz,»(E), and the implantation distribu-
posytrons, and ortho ppsﬂromu@ Ps)’. respectlvel_y. The tion P(z,E), which describes the probability of a positron
lifetime of theo-Ps 73, is of particular importance in poly-

. o ) : ith the initial ener thermalizing at deptfz in the ma-
mer research, because of its sensitivity to the dimensions Qhrial 9yE 9 P

the microscopic free volume cavities present in amorphous The first systematic investigation of these relationships
polymers. was based on measurements, by Mills and Wilson of the

In polymer applications, positron beams have been useflansmission of 1-6 keV positrons through thin films of Al
to probe free volume at surfaces and in thin films. Observagng cyl! They introduced the power-law equation

tions have been made of a surface-induced shift in glass tran-
sition temperaturé;increased free volume cavity size close
to a surfacé;’ and free volume changes induced by Zm:é EN 1)
weatherin§ and ion implantatior?:1° p

One of the main limitations of positron beams for study-
ing surfaces, interfaces, and interphases of polymers arn describe their median implantation data, with the param-
other low-density materials is the intrinsic broadening of theeter A in units of gcm? and E in keV. Equation(1) has
positron implantation profile with implantation energy. A become the standard approach for parameterization of data of
typical experimental situation is that the dimensions of az;,(E), with values ofA often reported in units ofig cm 2.
polymer exhibiting the non-bulk-like properties of interest, The material and energy dependences of the paramAters
such as at the surface or at an interface, is much smaller thamdn have been under some debate, with more recent work
the width of the positron implantation profile. Also, the as- arguing for material dependeAtandn values in Eq(1),'%~1
sumed short positron diffusion length in polymers preventsas opposed to some of the experimental earlier wbtR.
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Also, in Mills and Wilson!! one of the first attempts to sample methdd has been employed, but with the distinction
experimentally determine the shape B{z,E) was pre- that theo-Ps yield from positron lifetime measurements)(
sented. An exponentially decreasiR@z,E) as a function of has been studied as a function of the implantation energy
zwas concluded, which was later refuted by Vehaeeal,"™  instead of theS parameter derived from Doppler-broadening
who used theS parameter derived from Doppler-broadening measurements. The-Ps implantation profile that has been
measurements, to determifgz,E) in samples of ZnS and extracted by these measurements should be representative for

Al,0; layers. The “Makhovian equatior® all implanted positrons, since the positrons implanted at, e.g.,
q m 3 keV at the polymer surface will be in the state of a free
P(z,E)=— —exp{ _( z ) } (2a) positron during most of the distance traveled in the polymer
' dz Zo(E) film.

or in its differentiated form

m
P(z,E)= ZOm(—E)eX

"t p[ ( z )m} Il. MATERIALS AND METHODS

zo(E) (2b) Three widely used amorphous polymers with similar glass
transition temperatures but with different ortho-positronium
yields were chosen for this study: atactic polystyré¢R&
2o(E)=24(E)(In2)~ 1M, (20 (Scientific Polymer Products cata_llog_ 'No. 845atactic
poly(methyl-methacrylapePMMA (Scientific Polymer Prod-
was proposed to give a better descriptiorPgf, E) than the ucts catalog No. 037B and polystyrene-co-acrylonitrile
previously used exponentially decreasing function. The valugSAN, 25 wt% AN (BASF AG type 358N. Silicon wafers,
of the parametem in the Makhovian equation was found to doped with phosphorus at a concentration of approximately
bem=2 or 2.1. This was in agreement with the earlier pre-10** cm™2 [Topsil, CFZ N(100) 4”] were used as substrates.
dictions from the Monte Carlo simulation. PS and PMMA were dissolved in toluene and SAN in
A similar approach to calculate,,(E) and P(z,E) was  CH,Cl, to concentrations between 10 and 100 mg/ml. The
later used for Al, producing similar results, but yielding an polymer film samples were spin coated onto the silicon sub-
implantation profile which could be parametrized more accustrates at 2000 rprf. After spin coating, all films were dried
rately by Egs.(3a and (3b) as proposed by Baker and at 116 °C for 40 min and then cooled at 0.5 °C/min to 86 °C
co-workerst®-20 and then cooled at 2 °C/min to room temperature.
The thickness of the films was measured by atomic force
d p{ z ﬂ”‘*] microscopy(AFM) in contact mode. The film thickness was
P(z,E)=— ——exp — ,
dz
with

with

1+

z,(E) obtained by removing small patches of polymer film and
(39  measuring the vertical distance between the silicon surface
and the polymer surface at several locations.
Positron lifetime spectra for all polymer films were re-
corded in the energy range 3-18 keV, at 34°C, using a
2,(E)=2.58,,(EF) (3b) pulsed, low-energy positron systefRLEPS with a time
and withm* = 1.28. A number of Monte Carlo simulations of resolution of approximately 280 ps. Each spectrum contained
the implantation depths of positrons in metals have beeR or 4x10° counts, and the peak-to-background ratio was
pub|ished1’3'21_253nd they are generally in good agreementapprOXimat8|y 161, The spectra were evaluated with a
with the experimental results. modified version oPATFIT (Ref. 29 with three lifetimes. All
To the best of the authors’ knowledge, there is to date ndifetimes, intensities, and background were free fitting pa-
published systematic work om,,(E) and P(z,E) of poly- ~ rameters in the evaluation procedure.
mers. The requirement of knowm,,(E) and P(z,E) in the The yield of the ortho-positroniurto-P9), extracted from
interpretation of previous positron beam data for polymerghe lifetime spectra ak;, was assumed to be directly pro-
has left researchers with little other option than to apply pafortional to the fraction of the implanted positrons thermal-
rameters extracted for metals and other inorganidzed and annihilated in the polymer film. The lifetime of the
materials>~82% The most commonly used figures in the 0-Ps in polymerg1900-2100 ps from pick-off annihilation
evaluation of the positron beam data of polymers have beefif the ortho-positroniumis well separated from the two life-
a power-law equation for thenean positron implantation times of silicon(ca. 220 ps in Si-bulk and 400 ps at the
depth?” However, these figures are not derived from mea-Si-vacuum surfageand can thus be unambiguously attrib-
surements on polymers, but are based on positron transmigted to annihilation events in the polymer film.
sion measurements on Al and Cu foils using 1-6 keV By measuringl; as a function of positron implantation
positrond! and Doppler broadening of ADs-ZnS-Al,O3 energy, the fraction of the positrons stopped in the film was
deposited on top of a glass substrate using 0-25 ke@btained from the ratio between the energy dependes
positronst® yield 15 and theo-Ps yield for the bulk polymen5“%. The
The aim of the present study was to extragt(E) and ratio 13°™", directly obtained from experimental data, was
P(z,E) for 3—18 keV positrons in three different amorphoustaken to be equal to the integral Bf{z,E) from z=0 to z
polymers. A method similar to the previously used binary=d (d=polymer film thicknesp

( z
z,(E)
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norm z=d 2500
I37= P(z,E)dz 4
° f z=0 (28 @ 2000 4 @ **A.‘,A‘nﬁﬁtt*t*tt:
At the specific energ¥,,, in keV, defined as the energy at - 13/
which 15°™=0.5, 50% of the implanted positrons annihilate £ 1500
in the polymer and 50% in the silicon or at the silicon sur- £
face. At E4;, the median implantation depth, is thus @ 1000
equal to the polymer film thickneskin nm. By plotting the = T \
polymer film thicknessd versusk,, the shape of;,,(E) 500 - - =
was obtained and parametrized with E). T \" """':::: .:
Arguably, the measured lifetime spectra could be influ- o 0809000000

enced by positrons backscattered from the silicon surface due
to the difference in mass density between polyrte. 1

gcm °) and the silicon substrat@.33 gcm®). Also, posi- Energy (keV)
trons thermalized in the silicon may diffuse back into the

0 2 4 6 8 10 12 14 16 18 20

polymer film. However, in this study, the possible corruption 90
of data due to these effects has been neglected, considering 80 1 (©) .'Q
the following arguments: (i) Previous measurements have 70 A e

: . . . — I [ ]
shown that positron backscattering and backdiffusing from T 604 1T—s @
elemental surfaces are reduced by surface contamin&tion. < 50| ™ )
The surface of the silicon substrates used in this study was G Adada e
expected to be fully oxidized, and the oxide layer of the 5 40 1 .==I Iy
substrates should thus reduce backscattering and also provide £ 301 |" i oA . s \
an efficient barrier to positrons diffusing out of the silicon. 20 | o® A, '..
(i) In order for backscattered and backdiffusing positrons to 10 | ‘AAA:i
influence the extraction of the implantation characteristics 0 . ‘
based onl; measurements, they_ must fo_rmPs. As ob- 0 2 4 6 8 10 12 14 16 18 20
served in a number of previous investigations?’s forma-
tion in polymers is drastically reduced at implantation ener- Energy (keV)

gies of approximately 1 keV and low&r®2® This suggests L _ g _ _
that positrons reemitted from the silicon surface within this, FIG. 1. Lifetimes(a) and intensitieb) as afuncthn of positron
energy range, including diffusing positrons at thermal en-'mpl‘"’m.t.atlon energy for a 1390-nm p°|ySt.yrene film spin C.Oated
. . . onto silicon. The spectra were evaluated without any constraints on
ergy, contribute little to the totad-Ps yield. lifetimes or intensities
The shape oP(z,E) was investigated by fitting the Ma- '
khovian equation2a) and the equation proposed by Baker
and co-worker®-2°[Eq. (3a)] to the experimental data. For Figs. 1@ (lifetimes) and 1b) (corresponding intensitigs
each measured implantation energy, the equation was intg-he results are typical for all 13 films studied. The most
grated over the film thickness, and the value of the integrasalient features are the nearly constant values of the lifetimes
was compared to the measured valud Bf". For the Ma-  as a function of energy and the large variations of the corre-
khovian equation, the value of the parametewas fitted to ~ Sponding intensities as a function of energy.
obtain an agreement as good as possible with the experimen- The constant value of the lifetimes as a function of energy
tal data at each energy. results from the overlap between the two short lifetimes of
The values of the integrals were found to be very sensitivéhe polymer(ca. 200 and 400 psand the lifetime found in
to the film thicknes§z=d in Eq. (4)]. Thus, in the calcula- bulk silicon (ca. 200 psand the surface lifetime of silicon
tion of the integrals, it was necessary to use floating valueéca. 400 ps The long lifetime at 2100 ps is, however, unique
of z as the upper value for the integrals, i.e., using a valudor the polymer and could be determined from the spectra for
that was consistent with th&andn extracted for the median 13>3%.
implantation depth. The deviation between the upper bound- The intensities in the energy range 3—7 keV are indepen-
ary used for calculating the integrals and the film thicknesglent of energy and result from an implantation profile that is
measured by AFM was less than 5% in 10 of 13 films, i.e. distributed only in the polymer. At higher energies8 keV),
within the estimated experimental error of the film thicknessthe value of the intensities approaches the bulk silichn (
measurements. =100%). The small, but clear, maximum bf at 10 keV
results from a maximum fraction of positrons annihilated in
the silicon surface with a lifetime of ca. 400 ps.
The full set of data used to determing,(E) andP(z,E)
Positron lifetime spectra of 13 polymer filmsd ( is displayed in Table | and Fig. 2. Figure 2 displays the
=220-2200 nm) were recorded as a function of energyntensities of the long lifetimdapproximately 2100, 1900,
(3—18 keV). The lifetimes and intensities as a function of and 2000 ps for PS, PMMA, and SAN, respectiyeiprmal-
energy for a 1390-nm-thick polystyrene film are displayed inized by the bulk value off; of each materia(45%, 33%, and

Ill. RESULTS
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TABLE I. Median implantation depths,,, as a function of pos- 26

itron implantation energyE for polystyrene (PS, poly(methyl- 54

methacrylatg (PMMA), and polystyrene-co-acrylonitrile (SAN). : ® Polystyrene

2z, is the thickness of each polymer film as measured by atomic 22 | 4 SAN

force microscopy, and,, is the energy at which the median im- —_ PMMA

plantation depth is equal to the film thickness, obtained as the en- c§ 2.0

ergy at whichl;=0.5 of its polymer bulk value in Fig. 2. The % 18|

symbols correspond to those used in Fig. 2. - -
Material E,,(keV) z,,(nm) 14l
o PS 5.05 440 1.2 S —
o PS 7.10 800 05 06 07 08 09 10 11 12
® PS 10.50 1390 Ig(E)
o PMMA 4.60 300
o PMMA 5.70 510 FIG. 3. Median implantation depth times mass density, in units
2 PMMA 8.45 925 of ug cm 2, vs implantation energy in ke\ogarithmic scalg The
o PMMA 11.60 1500 line plot is the result from a linear regression from the data:
®m PMMA 13.30 2000 lg(zy,p)=1.71XIgE+0.4488, R?=0.9951;, n=171, A
A SAN 345 220 =2.8lugem 2.
A  SAN 5.40 450
A  SAN 6.90 690 measurements of identical materials 5040 and SAN
A SAN 1020 1350 =1.057, PMMA=1.197, in g/crm).332
A SAN 13.00 2200 The commonly used power-law equatiét) was used to

parametrizez,,(E) from Table I.A andn are fitting param-
) ) eters, angb is the mass density. The paramet@randn were
25%, respectively, obtained from the spectra at the lowfitted to a log-log plot of thez;,»(E) data(Fig. 3 and were
energy rangeand are plotted as a function of the implanta- tond to be 2.81£0.2) ugcm 2 and 1.71¢-0.05), respec-
tion energy in keV. tively. The median implantation depth for positrons in amor-

which z,,,=polymer film thickness, is obtained from Fig. 2

as the location on the energy axislgf,,=0.5. The intensity 281
of the long lifetime was determined with an error of typically Zyp=—EY"L (5)
1% atl,om= 0.5 (error estimated byaTFIT). The thickness P

of the polymer films was determined by AFMable ) with  wh 2,,p having units ofug cm 2 andE in keV. The errors
an estimated error af:5%. The values of the bulk densities in the given values oA andn were estimated from the linear

of the polymers were taken from literature data on density; ¢ Fig 3 and originate mainly in the measurements of film

thickness.
1.1 The ability of Egs.(2a) and(3a) to describe the shape of
Bﬁggig FE ] Ra the implantation profile was investigated by studying the de-
0.9 1 S viation between the measured valuel§?™ and the value
a " f e o« " predicted by the respective equation for each implantation
. B e ‘O 82 energy. The error of each equation was calculated as the
5 Din e nn‘ . deviation between the value predicted by the equation
= 3 T e . 17, 1 (153°™€9 and the measured value &f°™, divided by the
03 | L measured value af;®™, i.e., error= (152515153,
’ . Dnénen‘ o 0 . a : x By using this procedure, the error of each equatiqn naturally
01 * 088 - Ttttk becomes very large agem approaches zero, but it has the
% "h8Becfga advantage that it reflects the limitations of the equations in
0 2 4 6 8 10 12 14 16 18 20 predicting the fractions of positrons annihilating close to a

polymer surface. The results of one of the polymer films
Energy (keV) (PMMA, 510 nm are plotted in Fig. 4.
The fitted value of the shape parametarin the Ma-

FIG. 2. Normalized intensities}°™ as a function of energy for khovian equation was found to be dependent BA" and is

all 13 polymer films.I5°™ is the measured value ¢f at energyE . norm & -
for each film, normalized by the corresponding bulk valuel of plotted as a function of;™"in Fig. 5. A value ofm=2.2 or

[45%, 33%, and 25% for polystyrene, paiyethyl-methacrylate  2-3 was found to give a good description for most fllms in
and polystyrene-co-acrylonitrild. The line 11°™=0.5 yields at the regionl 3" =>0.5, whilem=1.7 or 1.8 was found to give
which energy 50% of the positrons have stopped in each polyme better description at*™<0.5. The lower values ofn at

film. lower intensities were thus considered to give a better de-
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0.4

e 300
Makhovian m = 1.5 8 (a)
£ 021 o / Baker et al 2 250 ; A Al
E_m ./‘ m*=1.28 %_ v Cu
= ] L A A 2 200 s PMMA, PS, SAN
g" 00 00 QQO Q o 9 g ﬁ? ; —— 2,,dens = 2.81E"7"
2 A ® 0 = 150
- 027 LN £
g A 2 100
= .04 A Makhovianm =20 E
. = 50 |
A < Makhovianm =25 5
06 : : : - ‘ 2 otee®
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 2 4 6 8 10 12 14
| nerm Energy (keV)
3
FIG. 4. Error of Makhovian equation and the equation proposed 2500 (b)
by Baker and co-workel€q. 3a)] (Refs. 18—2f calculated as the A Al
relative error in estimating the fraction of positrons stopping in the 20001 o Ay
polymer film,1"°™¢€9 in comparison to the experimental data. = PMMA, PS, SAN
1500 1 —— zypdens = 281"

scription of the positrons witk<z,, (i.e., the profile at low
2), while m=2.3 gave the best fit of the whole implantation
profile (implying m>2.3 for positrons stopping at>z;,,).
The relationship betweem and 15°™ was thus found to
be independent d&; i.e., the optimal value af was, within
experimental error, always the same at a certain value of , , - -
13°™ for any film at any energy. The parameter of the 0 10 20 30 40 50
Makhovi_an equati_on was thus concluded to be a function of Energy (keV)
z for an implantation profile at constant energy rather than a
function of energy. FIG. 6. Median implantation depths,, times mass density in
The fit of the equation proposed by Baker andunits ofugcm 2 for (a) Al, Cu (Ref. 11, and polymer in the 0-14
co-worker$®~?°[Eq. (3a)] yielded good agreement with the keV range and fotb) Al (Ref. 18, Au (Ref. 12, and polymer in the
experimental data using one constant fitting parametér ( 0-50 keV range. The same polymer data are plotte@)imand (b).
=1.28). More than 75% of the data points were predictedrhe line plot is the commonly used power law equatiah with
with an error smaller than 10% of the measured absolut€onstantsA andn derived from the experimental data of polymer in
value ofl 5, which was a better fit than using any valuenof this study.

1000 1

500

Median implantation depth (ugcm'z)

26 in the Makhovian equation, provided both the Makhovian
E equation and the equation proposed by Baker and
86 241 co-workerd8~2%were used with a constant fitting parameter
°E’ ‘g’ % + for all films and all at all used energies.
8o 221
50
~8 20
5 g . % IV. DISCUSSION
(]
= % 1.8 1 ¢ If the median positron implantation depth is expressed in
_c>, s ® ugcm 2, excellent agreement is obtained between the
oc 16 present polymer data and the data of some previously studied
i metals. This is clear from the power-law fit based on the
1.4 ' ' ' ' polymer data of this investigation, which when extrapolated,
0 02 04 06 08 1.0 also gives a good description of the data of Al and Cu by
| norm Mills and Wilsor in the 0—6 keV regiofiFig. 6a)], as well
3

as data of Al by Bakeet al8in the 10-50 keV regiofiFig.

FIG. 5. Parametem of the Makhovian equation fitted to the 6(P)] and, }‘23 a somewhat lesser degree, also of the data of
experimental data, plotted as a function of the fraction of positrong3@keret al==of Au in the 10-50 keV ranggFig. 6(b)]. Thus
stopped in the polymer film2°™. Each value ofnis the average the simple power-law equatiofl) seems to hold very well
of the fitted value ofn for all 13 films at a constant value 6f°™.  for low- to mediumZ materials, including polymers. That
The relationship betweem and13°™ was found to be independent the mass density is a sufficient scaling property for the pos-
of positron energy, suggesting that the parameteis mainly a  itron implantation depth in Al, Cu, and amorphous polymers
function of z at constant implantation energy. also indicates that the thermalization of positrons is to a large
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TABLE II. Experimentally determined values #fandninthe  and instruments. Since the method of floating boundaries of
power-law fit of the median implantation deptiz;(E)  the integral ofP(z,E) yielded systematic and consistent re-

=(Alp)E". sults for all 13 polymer films, the observed dependence of
the shape parameten on the implantation deptlz for a
Material A(uglent) n constant implantation energy was nevertheless considered as
PS, PMMA, SAN 2.81+0.2) 1.71(+0.05 typical for the shape oIP(z., E) in amorphous polymers. Thg
Aluminun? 332 1.60 dlﬁergnce between the mtegrqls of, e.g., the Makhovian
Coppef 143 equation (nB=220.2) and the equanon sgggested by nger and
Aluminum® 262 171 co-worker$®=2% (m* =1.28) is also within the error intro-
Gold 831 142 duced byA andn, bgt can for the same reason be considered
ZnS and ALO, 38 162 to bg at the least indicative of the shapeR{fz,E) due to
9 $ ' ' consistent results.
a-Si 2.58 L7 The influence of backscattered positrons on the determi-
aThis investigation. nation of the parametes andn in the present investigation
breference 11. may be estimated from literature data on the backscattering
‘Reference 11. of positrons as a function of atomic number and energy. The
dReference 12. backscattering probability from C and Si was found to be
eReference 12. approximately 7% and 12%—-16%, respectively, in the energy
'Reference 15. range ofEy, in this study*>3*In a worst-case scenario, the
9Reference 35, calculated from original value A 2.75+0.25 probability of backscattering from the si_Iicon surface is un-
given for the power-law fit of the mean implantation depth. altered by the presence of the polymer film, and all backscat-

tered positrons thermalize in the polymer film with the bulk

degree independent of the microscopic structure in the ere-Ps formation probability. In the regioh3*™=0.5, i.e.,
ergy range studied for low- to mediuthmaterials. when 50% of the positrons are nominally implanted into the

In light of the good agreement between the single powersilicon, the absolute increase lﬁ based on these assump-
law equation forz,,,(E) found for polymer and the data of tions should thus be no more than 3.6% for PS, 2.7% for
Al, Cu, and Au in Figs. ) and Gb), it is interesting to note  PMMA, and 2.0% for SAN. The shift irE,, of each film
the comparatively large differences in the corresponding valedue to this increase depends on the slopd 8" at the
ues ofA andn which have been extracted from the data inintersection with the lind 3°"=0.5. The magnitude of the
Figs. §a) and Gb) (Table II). The differences in the reported shift is related to the polymer film thickness, but should be
values in Table Il can, to some extent, be attributed to theyn the order of 0.5 keV for most films. The maximum influ-
interdependence @ andn and the limited energy ranges of ence on the implantation depth parameters due to back-
the experiments. scattering from the silicon surface can thus be estimated to a

Within experimental errors, the parametérandn were  decrease ik by 30% and an increase inby 7%. However,
found to be energy independent within the studied energyhe backscattered fraction may be expected to be smaller
range, since there was no evident systematic error betwegfom a polymer-silicon surface than a vacuum-silicon sur-
the experimental data and the power-law fit as seen in Fig. Jace, due to a smaller change in mass density at the interface.
This is in agreement with early experiments? however, The influence of backscattering and backdiffusion on the
the opposite is stated in some more recent experirtfefits present method of extracting the implantation parameters
and Monte Carlo simulations:*® The investigations sug- could, in future experiments, conveniently be elucidated by
gesting energy-dependeAtand n were based on relatively performing similar measurements on a sample, where the
large energy ranges of 10-50 keRef. 1§ and ca. 0-30 substrate of silicon has been exchanged for a polymer with a
keV (Ref. 14, which appears to be required for the energyvery low o-Ps yield, e.g., polyamide. Effects of backscatter-
dependency to be appreciable. ing and diffusion would hence be reduced to a minimum.

In the fitting of the shape parameterof the Makhovian  However, the fact that the present results are in very good
equation to the experimental data, it is clear that the integrahgreement with previous investigations gives an indication

used for the fitting crucially depends on the valuesA@nd  that effects of backscattering and backdiffusing have not
n. For instance, in the case of implanting positrons at 3 ke\bheen dominant.

into PMMA (density=1.197 g/cm) and estimating the frac-
tion of positrons thermalized within 100 nm from the surface
(z1,=154 nm), a change in the value Afby 5% (e.g., from
2.81 to 2.66ugcm 2) causes a change in the value of the Thin films of three different polymers having different
integral by almost 20%, while changing the valuenofby  thickness, positron lifetimes, and intensities were prepared
10% (e.g., from 2.0 to 2.Pchanges the value of the integral from solution by spin coating, and positron lifetime spectra
by only ca. 10%. As has been pointed out elsewh&f@the  were measured as a function of energy in the range 3—-18
requirement of accurate knowledge on the median implantakeV. The relative yield of ortho-positronium was used to pa-
tion depths is one of the drawbacks of fitting the shape ofametrize the positronium implantation characteristics. The
P(z,E) to data of the integral oP(z,E). The problem is, median implantation depth as a function of energy could be
however, difficult to circumvent using conventional methodsdescribed with the commonly used power-law fit with

V. CONCLUSIONS
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=2.81(+0.2) ugcm 2 and n=1.71(+0.05), in good The agreement between the implantation characteristics
agreement with experimental data on positron implantatioetween polymer and previously studied metals and semi-
in Al, Cu, Au, ZnS, ALO;, and a-Si found in the conductors suggests that the thermalization of positrons in

literaturelt12:15.18.35 matter is independent of microscopic structure in the studied

Fitting of the Makhovian equation t&(z,E) suggested energy range.
that the parameten was independent of the positron implan-
tation energy, but dependent a@nat constant implantation
energy. The fitted value ofm in the Makhovian equation
varied systematically between ca. 1.7 and 2.3 as a function of ACKNOWLEDGMENTS
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equation proposed by Baker and co-work&r&’ yielded a We thank Professor Triftshiaer for fruitful discussions
slightly better fit to the experimental data than the Ma-and comments and Magnus Carlberg for his kind help with
khovian equation. the sample preparation.

* Author to whom correspondence should be addressed. FAD6- 18A. F. Makhov, Sov. Phys. Solid Sta® 1934 (1960; 2, 1942
46-2224115. Electronic address: frans.maurer@polymer.lth.se (1960; 2, 1945(1960.

'G. B. DeMaggio, W. E. Frieze, D. W. Gidley, Ming Zhu, H. A. 7S valkealahti and R. M. Niemenen, Appl. Phys. A: Solids Surf.

Hristov, and A. F. Yee, Phys. Rev. Left8, 1524(1997). 32, 95(1983.
’D. W. Gidley, G. B. DeMaggio, W. E. Frieze, M. Zhu, H. A. 183 A Baker, N. B. Chilton, and P. G. Coleman, Appl. Phys. Lett.
Hristov, and A. F. Yee, Mater. Sci. Forugb5-257, 635(1997). 59, 164 (1991.

%Y. C. Jean, Renwu Zhang, H. Cao, Jen-Pwu Yuan, Chia-Mingi93 A Baker, N. B. Chilton, K. O. Jensen, A. B. Walker, and P. G.
Huang, B. Nielsen, and P. Asoka-Kumar, Phys. Re%638459 Coleman, J. Phys.: Condens. MatBr4109(1991).

. (1997. 20p_G. Coleman, J. A. Baker, and N. B. Chilton, J. Phys.: Condens.
H. Cao, J.-P. Yuan, R. Zhang, C. S. Sundar, Y. C. Jean, R. Suzuki, Matter 5, 8117(1993

T. Ohdaira, and B. Nielsen, Appl. Surf. S@49, 116(1999. 21y 3. Ghosh and G. C. Aers Phys. Rev5B 45 (1995.

5 .
H. Cao, R. Zhang, J.-P. Yuan, C.-M. Huang, Y. C. Jean, R. Suzukiz, . .
T. Ohdaira, and B. Nielsen, J. Phys.: Condens. Mdfe.0 429 Si 1'2":{';65“( 1(;'97)H”b”er' and R. Krause-Rehberg, Appl. Surf. Sci.

(1998. 23
®Y. C. Jean, H. Cao, G. H. Dai, R. Suzuki, T. Ohdaira, Y. Koba- 24K' ©. ans;]en an? A Bf' Wailaker, Surf. SE52 83 (1993.
yashi, and K. Hirata, Appl. Surf. Scl16, 251(1997. V. J. Ghosh, Appl. Surf. ScBS, 187 (1995.

7A. Uedono, R. Suzuki, T. Ohdaira, T. Uozumi, M. Ban, M. Kyoto, °G. C. Aers, P. .A' Marshall, T. C. Leung, and R. D. Goldberg,
S. Tanigawa, and T. Mikado, J. Polym. Sci., Part B: Polym.  APPI- Surf. Sci.85 196 (1999.
Phys.36, 2597/(1998. 28|, Xie, G. B. DeMaggio, W. E. Frieze, J. DeVries, D. W. Gidley,
8y. C. wu, Chia-Ming Huang, Y. Li, R. Zhang, H. Chen, P. E. H. A. Hristov, and A. F. Yee, Phys. Rev. Left4, 4947 (1995.
Mallon, J. Zhang, T. C. Sandreczki, Da-Ming Zhu, Y. C. Jean, R.>'P. J. Schultz and K. G. Lynn, Rev. Mod. Phy, 701(1988.
Suzuki, and T. Ohdaira, J. Polym. Sci., Part B: Polym. PBgs.  “°C. W. Extrand, Polym. Eng. Sc&4, 390 (1994.

2290(2007). 29Computer ProgramatriT, RISO National Laboratory, Denmark,
9K. Hirata, Y. Kobayashi, S. Hishita, and Y. Saitoh, Nucl. Instrum. 1998.
Methods Phys. Res. B64, 471 (2000. 30p, G. Coleman, L. Albrecht, K. O. Jensen, and A. B. Walker, J.
10y, Kobayashi, I. Kojima, S. Hishita, T. Suzuki, E. Asari, and M.  Phys.: Condens. Mattet, 10 311(1992.
Kitajima, Phys. Rev. B52, 823(1995. 31M. Schmidt, M. Olsson, and F. H. J. Maurer, J. Chem. Phgg,
1A, P. Mills and R. J. Wilson, Phys. Rev. 6, 490 (1982. 11 095(2000.
123. A. Baker, N. B. Chilton, K. O. Jensen, A. B. Walker, and P. G.%?M. Schmidt and F. H. J. Maurer, Macromolecul88, 3879
Coleman, Appl. Phys. Let69, 2962(1991. (2000.
18p, Asoka-Kumar and K. G. Lynn, Appl. Phys. Lei7, 1634 K. A. Ritley, K. G. Lynn, V. J. Ghosh, D. O. Welch, and M.
(1990. McKeown, J. Appl. Phys74, 3479(1993.
14B. Nielsen, K. G. Lynn, T. C. Leung, G. J. Van der Kolk, and L. **J. M&inen, S. Palko, J. Martikainen, and P. HalitojaJ. Phys.:
J. Van ljizendoorn, Appl. Phys. Let6, 728(1990. Condens. Matted, L503 (1992.
15A. Vehanen, K. Saarinen, P. Hautoja and H. Huomo, Phys. 35J. Gebauer, S. Eichler, R. Krause-Rehberg, and H. P. Zeindl, Appl.
Rev. B35, 4606(1987). Surf. Sci.116, 247 (1997).

125404-7



