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Abstiact

Energy loss distribution(ELD) of H', He" and H," with ~100 keV transmitted through
carbon films has been measured with a high resolution (~30 eV) in order to investigate details of
the electronic energy loss process. The results are as follows.

(I) No peak corresponding to plasmon excitation was observed.

(2) The zero energy loss peak was detected and the inelastic mean free path(IMFP) was
deduced as 0,6 and 0.9 nm for 100 keV H" and He', respectively.

(3) The main ELD deviates significantly from the Gaussian and agrees well with the ELD
of simulation (Vavilov distribution and etc.), including non uniformity of films.

(4) The ratio of the full-width at the half maximum of H," over H+ was varied from 1,3-
1,6 and these deviate from 1.41 of the independentparticle model, indicating that the vicinage
effect on the straggling differs from that on the energy loss.

1 Introduction

The electronic stopping powers of swift ions in solids are well documented as in ref. [1].
However, the details of the electronic energy loss processes have not been fully established yet.
For example, energy loss peak duc to plasmon excitation (one of the fundamental excitations)
has not been observed for ions [2], in contrast to the electron impact [3]. Furthermore, there is
scarce knowledge of the the inelastic mean free path (IMFP) for swift ions [4], again in contrast
with electrons [3,5]. Here, the IMFP is a measure of the interaction strength or total cross section
of the electronic excitation and ionization, and is also one of the fundamental quantities for the
swift ions interacting with electrons in solids.

This paper reports the energy loss distribution (ELD) that has been measured for H" and
He' ions with ~ 100 keV in carbon films by means of high-resolution ion energy loss
spectroscopy (HRIELS) with a resolution of ~30 eV, in order to search for the plasmon peak.
zero energy loss peak which yields the IMFP, details of main ELD (e.g., deviation from Gaussian
distribution, straggling etc.) and ELD of H,". The results and points to be discussed are the
followings. No plasmon peak was observed for 100 keV H™. A crude estimation was made for
the intensity of the plasmon peak and compared with the experimental results. The zero energy
loss peak was detected and the inelastic mean free path (IMFP) was derived as 0,6 and 0,9 nm for
100 keV H" and He", after correcting the pin-hole effects inferred from the H," transmission
efficiency. The present IMFP values are compared with the calculated values. The experimental
ELD is compared in details with the simulated ELD including the non-uniformity of films. The
ELD of H," is also presented and discussed in terms of the independentparticle model.

2 Experimental

2.1 High Resolution Energy Loss Spectrometer(HRIELS)

The details of the experimental set up of HRIELS, as shown in Fig. I, have been reported
elsewhere [2,6] and a brief description is reproduced here. lons are generated with a hollow
cathode ion source and accelerated to the voltage of V,. After analyzed by a magnet and deflected
by 12° with an electrostatic deflector, ions impinge on a carbon film supported on a copper mesh.
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Tons transmitted through carbon films are led into a deceleration tube through a circular aperture
with an acceptance angle of 1.1 degrees and decelerated by V,=V_ -V to the final energy Ef=l
keV, where V, is the offset voltage. Then only ions with the energy of Ef are able to pass through
an electrostatic analyzer and finally detected by a secondary electron multiplier. The energy loss
AE is given by,
AE=qVo - Ef, {1

where q is the charge of the ion. In the present method, ions can be detected only when q after
transmission through a film is the same as q of incidence. The energy loss spectrum is obtained
by varying the offset voltage. Retardation of ions is a key to achieve high energy resolution .

The beam size was ~1 mm* and the beam current was 0,1-1 nA. The vacuum of the
sample chamber was ~1 7 Torr. The carbon film/Cu mesh has capability of linear motion and the
energy loss with or without a carbon film can be measured without changing the experimental
conditions. The resolution was measured as ~30 eV for 100 keV H" and He', and ~ 60 eV for
100 keV H;".

2.2 Carbon films

Carbon films were prepared by the arc discharge method. Impurities in the carbon film
which was placed on Be substrates were examined by ion beam spectroscopy [7]. The 2 MeV
He™ RBS (Rutherford backscattering spectroscopy) shows less than a few % of heavier elements
than carbon. The 1,5 MeV He™ ERD (elastic recoil detection) shows ~10 % H. For 100 keV H'
and He', this amount of H contributes to the stopping power by ~3 % and 2 %, respectively [1].
Herein, the Bragg additive rule is assumed. Replacement of C-C bonds by C-H bonds results in
increase of the stopping power by ~5% [8], though a simple replacement of 10 % C by H leads to
~7 % decrease of the stopping power. Moreover, H-release by ion beam was observed. After all,
the contribution of H to the stopping power is insignificant.

2.3 Film Thickness Determination

The film thickness ¢ was determined by the mean energy loss (as indicated by the
vertical arrows in Fig. 3) with the stopping cross section Se in ref.[1] (Se=13,8, 13,6, 25,2x10°"°
eVem® for 100 keV H", 120 keV H' and 100 keV He") and density p=2,2 g/em’. This density
was chosen, considering the ion beam induced modification of carbon films (graphitization)
during measurements [9-11] and the density dependence of the plasmon peak [12]. The plasmon
energy of C film used in this study was observed at 24 £ 1 eV by the energy loss of 100-200 keV
electrons, as shown in Fig.2. By graphitization, the film density p varies from ~2 to 2,2 g/cm’
[12]. Correspondingly, the electronic stopping cross sections for 100 keV H™ and He' are
estimated to be enhanced by 10-20 % [8,11]. Taking these effects into account, the overall error

of the film thickness is estimated as + 10%. The film thickness fluctuation was estimated as 10-
20 % and the details will be discussed later.

3 RESULTS AND DISCUSSION

3.1 Plamon Excitation Peak
Typical energy loss spectra are shown in Fig. 3(a) and (b) for 100 and 120 keV H"
transmitted through a carbon film. The main energy loss peak is seen at around 1 keV. The main
energy loss peak can be fitted by the asymmetric Gaussian |13] as indicated by the solid line,
Fg(AE)=exp{-log2(AE-AEp)*/W2} ,
W=W, for AE<AE, and W=W, for AE>AE,, (2)
Here AE, is the most probable energy loss or the peak energy loss and W, and W, are the
half width at half maximum (HWHM) of the lower and higher energy loss sides.
No peak due to plasmon excitation around 25 eV was seen, in contrast to the electron
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impact (see Fig.2). A crude estimate of the plasmon peak intensity will be discussed in §3.3.
Surprisingly, a peak was seen at AE= ~210 eV. The origin of this peak has not been identified yet
[14].

3.2 Inelastic Mean Free Path(IMFP)

Careful measurements were made to clarify the zero energy loss peak [4] which is unclear
in Fig. 1. A problem to obtain the true zero energy loss peak, from which the IMFP is dertved, is
the presence of pinholes in the films. To reduce the pinhole effect, the zero energy loss peak for
H,” impact was subtracted from that of H' impact, since the recombination mechanism for H,"
transmission is dominant in this study and hence the zero energy loss peak intensity of H,” is due
to pinholes, assuming the same transmission efficiency of H," and H'.

This assumption was verified by the comparison of the transmission efficiency of H,"
with those in literature [15].

Fig. 4 shows the main and zero energy loss peaks. The IMFP 4, is given by

exp(-£/ A, =1/ (I, + L), 2
where I, and 1 are the zero and main energy loss peak intensities, respectively. For 100 keV H*
and He', A, arc obtained as 0,6 and 0,9 nm. In Fig. 5, the results are compared with the calculated
values [4] after refs. [17-19] and also with the experimental values for ¢ [20-22]. The present
IMFP values are somewhat larger than the calculated values.

Next, the experimental stopping power (Ist moment of ELD) is compared with the
theoretical values. Typical values of the calculated IMFP and stopping powers with various
dielectric functions [17-19 ] are listed in Table [ (see ref. [4] for the details of calculation). In this
calculation, contribution of K-shell to the stopping powers (0,5; 1,3 and 5,6 0/0 for 25. 100 and
400 keV H" [23]) are discarded. Also included are the semi-empirical stopping powers [1].
Notice also that no dielectric function satisfies the IMFP and stopping power at the same time.

3.3 Estimate of the Plasmon Peak Intensity
Now, a crude estimate was made for the plasmon peak intensity. The mean free path A,
of the e-h (electron-hole) pair excitation is given by
A, = <AE>elv/(dE/dx)eh, 3)
where, <AE>eh and (dE/dx)eh are the average energy and the stopping power for the e-h pair
excitation. The mean free path 4 of the plasmon excitation is estimated using a equation [3]

2
A =ho, {(e v, V) logv, / V)} . 4)
Here hw, is plasmon energy (24 €V), e is the proton charge, V the ion velocity and V, the Fermi

velocity (2,73x10%cny/s). For 100 keV H* (V=4,38x10%cm/s), Ap and the stopping power due to
plasmon excitation ((dE/dx)p=%w,/ 4 ,) are evaluated as 0,51 nm and 47 eV/nm.

The value (dE/dx),, is obtained as 105 eV/nm by subtracting (dE/dx), from the
experimental (dE/dx) value (152 e¢V/nm) and A, as 0,095-0,19 nm, for <AE>, =10-20 eV.
Herein, a small contribution from K-shell electrons is neglected. The IMFP A  is taken as 0,6 nm
(see § 3.2). Next, we adopt the slicing method to obtain the energy loss spectrum and let n be the
effective number of layers in the film(the thickness of each layer= ¢ /n, with the film thickness ¢ ).
One gets the probability P, for each excitation or no excitation

Pi=(I/ Ai)/(/ A o+ 1/ A, + 1/A,) i=eh, p or o. (5)

One obtains Peh=0.74-0.59, Pp=0.14-0.22 and P0=0.12-0.19, for <AE>eh =10-20 eV.

Assuming independence between excitations and discarding the plasmon contribution, the
normalized intensity of the zero energy loss peak f, (see §3.2) is thus written as,
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=1/, H,)=P; (6)

For 100 keV H' in 6,6 nm C film, f,=exp(-6,6/0,6)=1,7x10"°, thus n= 5,2-6,6. Hence, we
have the plasmon peak intensity fp=Pp'P0“" = ~2x10”, which is comparable with the zero energy
loss peak intensity and should be observed, if the values used above are reasonable. However,
some parameters used above are uncertain, and further theoretical and experimental
investigations are to be done.

3.4 Energy Loss Straggling

The energy loss straggling Q7 , which is defined as the second moment of the energy loss
distribution, is also one of the fundamental quantities of ions interacting with electrons in solids.
For Gaussian or asymmetric-Gaussian energy loss distribution, the variance (W,+W,)?/5.545,
where W+ W,=FWHM (full width at half maximum of ELD), is expressed by [24,25]

(W, +W,)*/5 545=Q* N £ + (8¢S,N)’ 0

Here N is the atomic density and S, the electronic stopping cross section. The second
term arises from the contribution (&¢)* or the variance of the film thickness fluctuation. It
appears that the experimental data fit well to eq. (7) with a constant &/ [13]. The straggling in
Bohr units or Q° /Q,’ are obtained as 0,6 and 0,34 for H' andHe" at 100 keV, in reasonable
agreement with theoretical values of 0,79 [26] for H, and 0,25 [27] and 0,44 [26] for He' (see
ref. [13]).

The thickness fluctuation &¢ is also obtained as ~2 nm for 100 keV H'and He™ and this
corresponds to 10-20 % for ¢=20-10 nm. A preliminary result of optical profilemeter (WYKO
corp.) with the light wavelength of 651,2 nm gives that the thickness fluctuation is roughly
Gaussian and 6/~2 nm for ¢= 9 nm, in agreement with the above value, though &/ increases
with the film thickness ¢ for ¢> 10 nm. Experimental investigation of the film uniformity is
crucial.

3.5 Comparison with the Calculated ELD

The experimental energy loss distribution (ELD) of the main peak as shown in Fig. 3 or 4
is compared with the simulated ELD based on a simple model. The details of the simulation is
described in ref. [13]. Slicing method as mentioned in §3.3 is employed again and let the sliced
layer thickness be A¢=/¢/n. In each slice with thickness A/, the energy loss is calculated
according to the Coulomb scattering with free electrons,

o(AE) o< /AE? for u < AE < T, and o{AE) =0 otherwise. (8)

Then the energy loss spectrum in each layer is accumulated to gencrate the total energy
loss spectrum. Here Tp=(4m¢/m|))E is the maximum energy transfer, m,, m; and E being the
electron mass, ion mass and the incident ion energy and u is the cut-off energy.

The results of calculation depend on the choice of u and A4, but this dependence is not
seriously significant [13]. In this calculation, contributions from plasmon excitation and K-shell
ionization and excitation are discarded. Vavilov distribution [28] is the limiting case for u and
A?¢->0. Here, Gaussian distribution is assumed for the fluctuation of the film thickness, as
mentioned in §3.4. Fig. 7 shows the comparison of the experimental EI.LD(0) with the calculated
ELD (dashed line) with oZ=20 %. The calculated ELD agrees well with the experimental ELD.
Inclusion of plasmon and inner shell excitations, elimination of arbitrary parameters of u and A¢
would be interesting and this is under way. Also shown is the Vavilov distribution with /=0
(solid line) [29], which also agrees well the experimental ELD.

It also appears that the asymmetry parameter A defined by A=(W,-W,)/(W,+Wi) is an
useful parameter for characterizing ELD [13]. Notice that the asymmetry parameter has the
relation with the higher order (3rd) moment of ELD [30].
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3.6 LD of Hy"

The ELD of 100 kev H," was also measured [15]. The ratio of the peak energy loss of H,"
per proton over H™ at the same velocity was obtained as 0.9 and slightly smaller than unity
expected for the independent-particle model, as shown in Fig. 8. Also shown in IFig. 8 is the ratio
of the full-width at the half maximum of H," over H+ and this was varied from 1.3-1.6 and
deviate from 1.41 of the independent- particle model. This indicates that the vicinage effect on
the straggling differs from that on the energy loss. The present result would be useful for further
understanding of the vicinage effect.

4 Summary

Energy loss distribution (ELD) of H', He'and H," with ~100 keV transmitted through
carbon films has been measured by high resolution energy loss spectroscopy(~30 eV) in order to
investigate details of the electronic energy loss process. The results are summarized as follows.

(1) No peak corresponding to plasmon excitation was observed, even though a crude
estimation predicts that the intensity is comparable with that of the zero energy loss peak. Careful
investigations are required both experimentally and theoretically.

(2) The zero energy loss peak was detected and the inelastic mean free path (IMFP) was
deduced as 0.6 and 0.9 nm for 100 keV H" and He', respectively, taking care of the pin hole
effects inferred from the transmission efficiency of H,'. These experimental IMFP's are
somewhat larger than the calculated values

(3) The main ELD deviates significantly from the Gaussian for thin films and is
compared with the ELD of simulation (Vavilov distribution etc.), including non uniformity of
films. Good agreement was found between the experimental and calculated ELD. The cnergy
loss straggling was also evaluated and agree reasonably well with those in literature.

(4) The ratio of the full-width at the half maximum of H,™ over H" was varied from 1.3-
1.6 and these deviate from 1.41 of the independent- particle model, indicating that the vicinage
effect on the straggling differs from that on the energy loss.

The author is grateful to Dr. K. Kitoh for helpful discussions and technical assistance, to
Prof. Y. Yamazaki for supplying carbon films and helpful discussions, to Dr. H. Tawara for
valuable discussions, to Dr. S. Aral for electron energy loss experiment and to Dr. S. Miyagawa
and Dr. M. Ikeyama for optical profilemeter experiments.
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Table 1 Calculated IMFP A (nm) and stopping power dE/dx (ev/nm) for protons in
carbon, using various dielectric functions [17-19]. Also included are the semi-empirical stopping
powers [1]. Contribution of K- shell to stopping powers (0.5, 1.3 and 5.6 % for 25, 100 and 400
keV H' [23]) are discarded in the calculation.

Ag(nm) dE/dx (ev/nm)
Proton 25 100 400 25 100 400
Enerqy (keV)
Ashley(a) 0,8 0,4 0,88 18 110 68
Lindhard (b) 0,25 0,13 0,54 100 200 90
Penn (c) 0,33 0,33 0,8 48 110 64
ZBL 129 152 90

Dielectric functions used in this calculation denoted by (a), (b) and (c) are taken after refs.
[17], [18] and {19].

Figure captions

Fig. 1 A schematics of the high-resolution ion energy loss spectrometer (after ref/[6]).
The bottom figure shows the details of deflector in the scattering chamber and sample assembly.

Fig. 2 Energy loss spectrum for 200 keV electrons transmitted through 21 nm carbon
film. The resolution was ~1 e¢V. A peak at 24 eV is due to plasmon excitation, from which the
density of carbon film was determined. A peak around 300 eV is due to K-shell ionization.
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Fig. 3 Energy loss spectrum for 100 and 120 keV H' transmitted through a carbon film
with thickness of £6.6 nm (after ref. [2]). The main energy loss peak is seen around 1 keV and a
peculiar peak is also seen around 210 eV. The solid line is the Gaussian or asymmetric- Gaussian
fit to the data. Notice that the horizontal scale is different for two peaks and 1/25 means that the
yield of AE=0 to 300 eV including the peculiar peak is smaller by 25 than that of the main energy
loss peak. The vertical arrows around the main energy loss peak indicate the mean energy losses.
Notice that no plasmon peak was seen around 25 eV. See Fig. 4 for the details of the zero energy
loss peak.

Fig. 4 Energy loss spectrum for 100 keV H' transmitted through a carbon film with
thickness 7 of 6.4 nm, showing the main energy loss peak around 1 keV and the zero energy loss
peak (after ref. [4]). The solid line is the asymmetric-Gaussian fit to the main peak. Notice that
the horizontal scale is different for two peaks and x2200 means that the yield around AE=0 is
smaller by 2200 than that of the main energy loss peak. The vertical arrows around the main
energy loss peak indicate the mean energy loss. Crosses are the zero energy loss peak for 100
keV H,', which originates predominantly transmission through pinholes and should be subtracted
to obtain the true zero energy loss peak for 100 keV H".

Fig. 5 Energy dependence of inelastic mean free path; present results for H' (o) and He"
(A), calculated results for positrons (solid line) and electrons (dashed line)|16]. E and E, are the
energies of H”, He" (per nucleon) and electron (or positron) having the same velocities. The dot-
dashed and double dot-dashed lines show the calculated result for electrons including extension
to low energies and protons, respectively, without the exchange effect after ref[17]. The
calculated values using the dielectric functions [18] and [19] are also shown by (— — - - — — ;
Lindhard) and (- —- — — ; Penn). Experimental data source: A= ref. 20; x =ref. 21; + = ref. 22.

Fig. 6 Comparison of the experimental energy loss distribution (ELD) shown by open
circles with the calculated ELD for 100 keV H' transmitted through carbon film with thickness
of 10 nm. The dashed line is the calculated ELD with the variance of the film thickness &¢=20
%, using a simple method (see §3.5). The solid line is the Vavilov distribution calculated by Y.
Kido with 6¢=0 [27].

Fig. 7 Ratio of the energy loss of 100 keV H," per proton divided that of 50 keV H" (o)
and ratio of full width at half maximum of 100 keV H," divided by that 50 keV H" (x) (after ref.

[15)).
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