
Real-space composition-depth profiling in polymeric samples to 3 nm 
resolution using the 2H(3He,'H)4He nuclear reaction 

T. Kerle', F: Scheffold', A. Losch', U. Steiner+, G. Schatz" and J. Klein*' 
+ 

++ Fakultat fur Physik, Universitat Konstanz, D-78434 Konstanz, FRG 
Department of Materials and Interfaces, Weizmann Institute of Science, 76100 Rehovot, Israel 

Direct depth profiling techniques to date have largely lacked the necessary depth resolution to investigate interfacial phe- 
nomena of the order of the bulk correlation length (5 - 10 nm for a wide range of systems). Here we investigate the optimal 
spatial resolution and depth of probe that may be attained for composition -depth profiling of polymeric samples via nuclear 
reaction analysis (NRA) using the 2H(3He,'H)4He reaction. We find that the spatial resolution can be greatly improved by 
using a grazing incidence geometry of the incident 3He beam on the sample, and analyzing the emitted protons in a back- 
wards direction. This results in spatial resolutions down to about 3 nm at the sample surface, compared to a value of some 
7 nm or more previously reported in earlier studies when emitted a-particles were detected in the forward direction. At the 
same time the depth to which samples can be profiled via the backwards emitted protons may he considerably extended 
relative to the a-particle detection mode, when the 3He beam impinges on the sample surface at normal incidence (up to 
about 4 pm into the sample for incident energies of 1.2 MeV in the proton-detection mode compared to only 1 pm for the 
equivalent a-particle detection mode). 

1. Introduction 

An important spatial scale at polymer surfaces and at 
interfaces between different polymers is frequently the 
bulk correlation length [l], which is often around 5 -  
10 nm for a wide range of conditions and materials. For 
studies of near-surface effects in polymers, which hold a 
considerable scientific as well as technological interest, 
the most commonly used direct depth profiling techniques 
largely lack, or are on the verge of, the necessary depth 
resolution to discriminate structure on this scale. In com- 
parison to indirect methods such as X-ray and neutron 
reflectrometry, the advantages of direct profiling methods 
are clear: the results are model independent and the data 
analysis is simplified significantly. Among the more 
widely used direct space methods, the highest spatial reso- 
lutions have been achieved by dynamic secondary-ion 
mass spectroscopy (SIMS) and low-energy forward recoil 
scattering (LE-FRES) [2]. These have typical spatial reso- 
lutions (Gaussian half-widths) at the sample surfaces of 0 
= 5 nm (SIMS) [3] and 0 = 7 nm (LE-FRES) [4]. Another 
high resolution method, widely used in our laboratory [5 - 
111 and by other groups [12- 151, is non-resonant nuclear 
reaction analysis (NRA). In this paper we describe the 
extension of this technique to spatial resolutions higher 
than any so far achieved with these common profiling 
approaches [3-51, and which enable the probing of poly- 
mer surfaces at sub-correlation-length scales. 

The basic idea is simply described by reference to the 
nuclear reaction 2H(3He, 1H)4He, which has been exten- 
sively used for depth profiling in polymers in recent years 
[5,7,8, 10, 111. A beam of energetic charged 3He particles 
is incident on a sample, some of whose molecules are 
labeled with deuterium (deuterium labeling of polymers is 
readily achieved and is chemically innocuous), and as they 
penetrate it the reaction takes place at different depths; 
protons ('H) and a-particles (4He) are emitted as the reac- 

Fax: +972-8-344138 
e-mail: bpklein@weizmann.weizmann.ac.il 

tion products, and are detected by a suitably placed detec- 
tor. The energy of these detected particles is a function of 
the depth z at which the reaction occurred, while their 
abundance at this energy gives a measure of the concentra- 
tion @ of *H-labeled molecules at that depth. Hence a com- 
position-depth profile @ (2 )  may be generated. The cross- 
section and the angular distribution of the protons of the 
2H(3He,1H)4He nuclear reaction were measured as early as 
1955 by Kunz [ 161 and recently remeasured by Moller and 
Besenbacher [17]. The first use of this reaction for depth 
profiling was reported by Pronko and Pronko in 1973 [18] 
and later on Dieumegard et al. [ 191 pointed out the advan- 
tages of proton detection. Chaturvedi et al. and Payne et al. 
were the first to apply the 2H(3He,1H)4He NRA for depth 
profiling polymer samples [6, 121. While Chaturvedi 
detected the outgoing a-particles, Payne made use of the 
emerging protons. The resolutions achieved at the surface 
of the samples were 0 = 7 nm in the case of the alpha 
detection and 0 = 18 nm for the protons. The focus of the 
present work was to investigate conditions for which the 
depth resolution and range of the 2H(3He,'H)4He NRA 
could be optimized. Earlier work using this reaction 
involved composition-depth profiling using mainly the 
4He (a-particle) detection mode [8]; in this paper we treat 
primarily the 'H (proton) detection mode. 

2. Experimental 

2.1. Materials and sample preparation 

The samples used in this study consisted of a layer of 
fully deuterated polystyrene (dPS) mounted on a wafer of 
optically polished silicon. The monodisperse (MJM,, c 
1.04) polystyrene had a molecular weight of 1 x lo6 g 
mol-' and was obtained from Polymer Laboratories Ltd. 
(Church Stretton, UK). The silicon wafers were purchased 
either from Aurel GmbH, Germany, or Institute of Electro- 
nic Materials Technology, Warsaw, Poland. The polymer 
films were prepared by spin casting a toluene solution of 
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dPS on the silicon wafers (1 em x 2 cm). The thickness of 
the films was controlled by either the concentration of the 
solutions, or the rotational frequency of the spin caster. 

2.2. Method 

Figure 1 shows the experimental configuration for NRA 
in the a-particle detection mode (a-NRA, Fig. 1 a), and in 
the proton-detecting mode (proton NRA, Fig. 1 b). A colli- 
mated beam of monoenergetic 3He ions from the 3MV Van 
de Graaff accelerator at the Weizmann Institute is incident 
on a sample containing a mixture of a deuterated and 
hydrogenated polymer. The energy of the 3He particles 
typically has a value E3He in the range of 0.7 to 1.2 MeV, 
with an energy spread of 10 keV. 

The probability of the incoming 3He ions reacting with 
the 2H atoms labeling the dPS chains in the sample 

Fig. 1 .  Schematic illustration of the experimental configuration for 
NRA based on the 2H(3He,'H)4He reaction: detection of (a) for- 
wards-emitted ( i y  = 30") 4He (a-NRA) and (b) backwards-emitted 
( i y  = 175") 'H (proton-NRA). 

depends on the reaction cross-section (with a maximum 
value of 900 mbarn at E3He = 650 keV [ 171). The exother- 
mic reaction 3He + 2H -+ 'H + 4He + Q has a Q value of 
18.352 MeV in the center of mass frame. The energy of the 
reaction products in the laboratory frame is determined by 
the reaction kinematics [20], which are a function of the 
energy of the incident 3He ion E3He at the point of the reac- 
tion, and of the scattering angle. The 3He particles pene- 
trating the polymer sample lose energy due to inelastic 
electronic scattering processes inside the sample - nuclear 
scattering is not relevant, since the cross-section for 
nuclear stopping processes is in our case roughly three 
orders of magnitude less than the one for electronic stop- 
ping [20]. The reaction products also lose energy due to 

electronic scattering processes before emerging from the 
sample and reaching the detector. Hence the depth at which 
the reaction occurs can be identified uniquely by the 
energy of the detected a-particles and protons. Due to sta- 
tistical fluctuations in the number of scattering processes, 
energy straggling occurs both for the incident 3He particles 
prior to the reaction and for the emerging particles before 
they leave the sample on their way to the detector. This 
results in a broadening of energies of the emerging par- 
ticles with increasing depth of reaction, resulting in 
decreasing depth resolution. In the case of the a-NRA a 
magnet is used to deflect the unwanted elastically scattered 
ions, as described earlier [6]. The protons are detected by a 
high resolution surface barrier detector, Ortec model BA- 
014-025-1500, with a proton energy resolution of 9 keV 
(FwHM). 

The energy spectra thus obtained (number of particles 
vs. their energy) need to be converted into deuterium con- 
centration versus depth profiles. Using semiempirical for- 
mulas for the stopping power given by Ziegler [21-241 to 
calculate the energy-depth relation, and taking account of 
the cross-section at different energies (i. e. different 
depths), we can readily convert the spectra into concentra- 
tion-depth profiles of the deuterium (and hence of the 
deuterated polymer fraction) inside the specimen [25,26]. 

To obtain the system resolution a we measured profiles 
of polystyrene films of different thicknesses mounted on 
silicon wafers. The profile of a single film of constant deu- 
terium concentration would resemble a "top hat" function 
for a detection system with perfect resolution. The actual 
depth profile of such a film is a convolution of this shape 
with a Gaussian of root mean square deviation o (z) repre- 
senting the finite system resolution: 

@ (z) is the volume fraction of the deuterated polymer at 
depth z ,  B(z) are step functions at depth z, and z1 and z2 the 
positions of the aidpolymer and polymer/silicon inter- 
faces. a(z) is the depth(z)-dependent gaussian half-width 
of the resolution function at depth z. Since D can be 
assumed constant around z1 or z2, each convoluted step is 
given by an error function. The error function can be very 
well approximated by a hyperbolical tangent, given by 

1 1  @(z) = 2 + - t a d (  2 "-"I W i =  1,2  (2) 

where w = ufl/7c (= 1.1 a) is a direct measure of the 
system resolution. The error made by making this approxi- 
mation is negligible in comparison with the scatter in the 
data points [9]. 

Figure 2 shows a typical depth profile of a uniform deut- 
erated polymer film obtained by proton NRA. The energy 
of the incoming 3He beam was 700 keV and the angle a 
between beam and sample (Fig. l b )  was 8". The solid 
curve is a best (least squares) fit using the hyperbolic tan- 
gent expression (2) at each interface. The corresponding 
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Fig. 2. Typical composition-depth profile of a uniform deuterated 
polymer film obtained by proton NRA. The energy of the incoming 
3He beam is E3He = 700 keVand the angle between beam and sam- 
ple is a = 8". The solid curve is the least mean squares fit with the 
hyperbolic tangent expression of Eq. (2) to both interfaces, where 
0 = 4.4 nm at the air/polymer surface and 0 = 7.7 nm at a depth of 
55 nm (where the polymerhilicon interface is located) are the best 
fit values of the resolution. 

resolutions are c = 4.4 nm at the air/polymer surface and c 
= 7.7 nm at a depth z = 55 nm, where the polymer/silicon 
interface is located. In this way values of the resolution o 
are generated for different depths, scattering angles, inci- 
dent energies E3He and incident angles a. 

3. Results and discussion 

Depth resolution is governed by a number of parameters. 
It is convenient to differentiate between effects that influ- 
ence the resolution at the surface, those that influence it in 
the bulk of the sample, and other effects. 

Bulk effects include the electronic losses noted earlier, 
so that incoming 3He ions will have different energies Ei, 
at different depths in the sample where the reaction takes 
place. These differences are amplified by the reaction 
kinematics [16, 171: the amplification factor F(Ein, v / )  is 
defined as F(Ein, w )  = aE,,,(Ei,, y/)/aEi,, where E,,, is the 
energy of an outgoing particle (proton or a-particle) and Y 
is the scattering angle. Clearly the larger the absolute value 
of F the better the resolution [6]. For protons and for a-par- 
ticles emitted in a forward direction F is positive and has a 
value around 2 (which varies with t,u and Ein). For particles 
emitted in a backward direction F drops to around 1 (and is 
negative - the lower the energy of the incoming particles, 
the higher the energy of the backwards-emitted protons 
and alphas): this clearly reduces the achievable resolution 
for the backwards-emitted protons. Unfortunately, for- 
ward-emitted protons in this reaction, while being asso- 
ciated with a higher amplification factor, also have much 

higher E,,,: E,,, =: 17 MeV for Ei, = 900 keV for forward 
emission, compared with E,,, = 12 MeV for backwards- 
emitted protons. This requires a detector with a much 
thicker depletion layer, and hence worse intrinsic energy 
resolution; and detection of forward-emitted protons was 
not employed in the present study. A clear advantage asso- 
ciated with proton as opposed to a-particle detection has to 
do with the much higher energies E,,, of the former, even 
in a backwards direction: energy losses in traversing the 
sample are lower at higher energies, so that the energy 
straggling described earlier, which reduces depth resolu- 
tion, is significantly lower for the protons on their way out 
of the sample. 

Resolution at the surface does not suffer from straggling 
but is controlled by other factors: the incoming beam has a 
certain energy distribution (_+lo keV), which results again in 
an energy distribution of the reaction particles. Together 
with the limited energy resolution of the detector used this 
leads to a finite energy resolution at the sample surface. 
Depending on the incident angle of the incoming beam this 
energy resolution transforms into different depth resolutions 
-in general, the smaller the angle a between beam and sam- 
ple (Fig. 1 b), the better the surface resolution, which can be 
understood by simple geometric considerations [6,27]. 

This effect is seen clearly in Fig. 3 - the resolution of 
proton NRA at 1.2 MeV versus depth was determined for 
several different incident beam angles: data for 15", 45" 
and 90" (normal incidence) are shown, while data for 30" 
and 60" (omitted for clarity) demonstrate intermediate 
values as expected. The dotted lines shown in this and in 
the following figure are intended as guides to the eye. With 
decreasing incident angle the surface resolution gets better 
-but at the same time the actual depth that can be usefully 
profiled gets smaller. It should be noted that in the case of 
90" (normal) incidence, incident energies E3He = 1.2 MeV 
in the proton NRA mode enable a resolution c = 150 nm 
even at a probing depth of ca. 4 pm, i. e. a spatial resolution 
which is some 4% of the total depth. At the other end of the 
spectrum, when aiming for the highest surface resolutions 
(but lower probing depths), the smallest incident angles a 
should not be chosen lower than 2", as the accuracy of 
determining a (with our experimental setup) then becomes 
a limiting factor (in Fig. 5 we demonstrate the high resolu- 
tion case of a = 4"). Focusing the beam to a beamspot of 
well-defined lateral size ( c2  mm) is also no longer possi- 
ble at such small angles. 

A more general advantage for proton as compared to a- 
particle detection has to do with the angular energy spread 
S(Ein, w )  = aE,,,(E,,, yyay of the backwards-emitted 
(scattering angle y = 175") protons, which is some 10 
times smaller than for forward emitted (y = 30") alphas. 
This implies that the counting rate can be greatly increased 
by opening the detector slit, with little corresponding loss 
of resolution. A useful corollary is that, due to this insensi- 
tivity to the scattering angle, this position of the polymer/ 
air interface may be determined with a reproducibility of 
21 nm between consecutive profiling runs. This enables 
depletion of the deuterated species at the sample surface to 
be detected, a possibility which has been used to examine 
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Fig. 3. Spatial resolution for backwards emitted (ty = 176") proton NRA at EzHe = 1.2 MeV versus depth for different incident beam 
angles a: 15" (squares), 45" (circles) and 90" (triangles). 
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Fig.4. Resolution of proton NRA at 700 keV (triangles) and 
900 keV (squares) versus depth for an incident beam angle of 15". 

surface segregation of non-deuterated molecules to the sur- 
face of a deuteratedhon-deuterated polymer mixture [ 101. 

A further resolution improvement can be achieved by 
choosing a lower incoming energy for the 3He ions. Since 
the stopping power increases with decreasing beam 
energy, the energy difference of an ion at the surface and 
an ion at a given depth z is bigger for lower incoming ener- 
gies. There is a corresponding increase in the energy differ- 
ence for outgoing particles from reactions at the surface 
and from reactions at the depth z. This increase acts to 
improve the depth resolution. Figure 4 shows a compari- 
son between the resolution versus depth curves for differ- 
ent incoming 3He energies, E3He = 700 keV and 900 keV. 
The scattering geometry was the same in both cases: inci- 

dent angle a = 8" and detection of the backwards-emitted 
protons at an angle of 176". Clearly the surface resolution 
is better for the lower incoming energy. At greater depths 
the resolutions "cross over" - the energy of the 700 keV 
incident beam drops to such low levels that the energy 
spread due to straggling, together with the low cross-sec- 
tion, become the dominant factors in reducing the resolu- 
tion. For the same reason (for any given angle of inci- 
dence) the probing depth also decreases with decreasing 
E3He. In principle it should also be possible to work with 
incoming energies even lower than 700 keV to improve 
the resolution at the surface. Our calculations indicate that 
the resolution achieved at = 400 keV would be 1.5 
times better than at 700 keV., i.e. (T = 2 nm could be 
attained for a = 4" [28]. In this case however the cross-sec- 
tion of the 2H(3He,'H)4He reaction, which has its maxi- 
mum at 650 keV, drops rapidly with depth and the resulting 
depth range is rather limited. In addition the lower cross- 
section implies low reaction probabilities and hence low 
counting statistics at the sample surface. This in turn 
implies much longer counting times to reach reasonable 
statistics, so that beam damage to the surface increases and 
the sample surface gets rougher, degrading the resolution 
again. (AFM [29] and optical phase interference micro- 
scopy reveal that the WS roughness of as-cast polystyr- 
ene films is of order 10 A). With a high enough resolution 
at the sample surface the surface roughening due to the 
beam damage can actually be monitored. Figure 5 shows 
the depth profile of the surface-near region of a uniform 
polystyrene film after measuring times of 15 min and of 
1 h, at an incident angle a = 4". At this grazing angle the 
resolution improves to (T = 3.0nm (after 15 min beam 
time), but after 1 h beam time the resolution at the surface 
drops to (T = 3.9 nm due to the roughening of the surface 
by the incoming 3He beam [30]. 

In summary, there are several interrelated factors that 
affect the resolution and depth range when profiling deut- 
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Fig. 5. Composition-depth profile of the near-surface region of a 
uniform polystyrene film after a measuring time of 15 min (trian- 
gles) and 1 h (squares), at incident angle a = 4". Due to the rough- 
ening of the surface by the incoming 3He beam for the longer mea- 
suring time, the resolution at the surface drops from n = 3.0 nm 
(15 min) to 0 = 3.9 nm (1 h). 

erated molecules by detection of backwards-emitted pro- 
tons from the 2H(3He, 'H)4He reaction. Optimizing these 
factors we were able to achieve a depth resolution at the 
surface of a deuterated PS film of n = 3.0 nm. This makes 
the 2H(3He,'H)4He NRA suitable for measuring surface 
structures that may not be resolvable with other direct 
depth profiling techniques, in particular where the length 
scale is of the order the bulk correlation length, 10 nm or 
less. Use has recently been made of this high resolution to 
investigate in detail the shape of a surface enrichment pro- 
file from a binary polymer mixture, and in particular to 
examine possible deviations in its shape from mean-field 
predictions 13 11. 

4. Conclusions 

We have examined the optimization of the 2H(3He, 'H)4He 
nuclear reaction for composition-depth profiling of poly- 
mer samples. The depth resolution at the sample surface was 
improved b detecting protons at backward angles, using 
low energy He beams and a grazing angle incident geome- 
try. We were able to achieve spatial resolutions which, at 
values down to -3 nm at the sample surface, are appreciably 
better than previously reported using this approach, and are 
comparable with or smaller than relevant correlation lengths 
inbulk polymeric samples. 

Y 
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