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Hard amorphous hydrogenated carbon �lms deposited by self-bias glow discharge were im-
planted at room temperature with 70 keV-nitrogen ions at 
uences between 2.0 and 9:0�1016

N/cm2. The implantation energy was chosen so that the projected range plus range strag-
gling (Rp+�Rp) was smaller than the �lm thickness. The implanted samples were analyzed
by Raman scattering, Secondary ion mass spectrometry (SIMS) and positron annihilation
spectroscopy, using the Doppler broadening technique with the determination of the shape
parameter (S parameter). Depth pro�les of implanted species agree well with the predictions
of the Monte Carlo code, Transport of Ions in Matter (TRIM-90). For samples implanted
with 2 � 1016 N/cm2 the S parameter follows the vacancies depth pro�le predicted by the
simulation. For higher 
uences we observed a reduction in the measured value of S. The
�rst result was interpreted as being due to the point defects generated during the ion stop-
ping, whereas the PAS results for higher 
uences were due to the structural modi�cations
(increase of disorder and of the number, or size, of the graphitic domains) induced in the
carbon �lms by the incident ions combined with the point defects generated by the atomic
collisions.

I. Introduction

Amorphous hydrogenated carbon �lms (a-C:H)

have been the focus of considerable research ef-

forts due to their electrical, mechanical and chemical

properties[1;2]. Up to now, the studies on a-C:H �lms

were mostly attempted to characterize, modify and op-

timize their structure and properties under a wide range

of deposition parameters. In the last few years, the

study of dopant incorporation into a-C:H �lms has re-

ceived special attention. The introduction of dopants

into a-C:H �lms can, in principle, be obtained by ei-

ther incorporation during �lm growth, i.e. growing the

�lm in the presence of dopant atoms, or by post-growth

implantation of dopants ions. Concerning nitrogen dop-

ing, the use of dopant-containing gases during the �lm

deposition has been successfully employed to produce

intentionally doped �lms by Plasma-Enhanced Chem-

ical Vapor Deposition (PECVD)[3;4]. lon implantation

is scarcely used to dope a-C:H �lms. In fact, structural
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modi�cations and hydrogen loss have a dominant e�ect

on the electrical and optical properties of the implanted

material[5�7]. Some attempts to dope a-C:H �lms with

nitrogen by ion implantation do not show any encour-

aging indication of e�cient chemical doping[5;7]. The

main observed modi�cations, hydrogen loss and surface

graphitization, were correlated with the total deposited

energy by incident atoms in either elastic and inelastic

collisions[8�10].

On the other side, positron annihilation spec-

troscopy is one of the most sensitive techniques

for the analysis of point defects in crystalline

semiconductors[11]. However, until now only few studies

on disordered carbon materials have been reported in

the literature[12�15] and the interpretation of positron

annihilation results is not well established as for crys-

talline materials. E�orts in that direction are still in

the beginning.

In this paper, we report results on the investigation

of depth distribution of ion-induced defects in nitro-

gen implanted a-C:H �lms by using positron annihila-

tion spectroscopy (PAS), in order to gain some insights

on the mechanisms of ion beam induced modi�cations

and their in
uence on the positron annihilation mech-

anisms. To interpret PAS data, we have taken into

account both Monte Carlo simulation results for the

transport of ions in matter (TRIM-90)[16] and struc-

tural modi�cations, illustrated by Raman scattering re-

sults. SIMS depth pro�les are also presented.

II. Experimental procedures

a-C:H �lms (typically 350 nm thick) were deposited

onto p-type Si (100) substrates mounted over a water-

cooled stainless steel cathode of a Varian r.f. (13.56

MHz)-diode sputtering system. They were obtained by

plasma decomposition of methane at a total pressure of

8 Pa and self-bias voltage Vb, of -370 V. Their chemical

composition was: 86.1 atom % of C and 13.9 atom %

of H (density = 0.21 g-at./cm3). After deposition, the

samples were implanted at room temperature with 70

keV nitrogen ions at 
uences between 2 and 9 � 1016

N/cm2. This incident energy was chosen so that the

projected range plus range straggling of implanted ions

(Rp + �Rp
�= 150 nm) falls within the �lm thickness,

as calculated by a Monte Carlo-based code (TRIM-90).

The positron annihilation measurements were car-

ried out using a variable- energy beam, supplemented

by a 74 MBq �+ source of Na22. The energetic

positrons were moderated by a 4 �m thick W foil. The

energy of the monoenergetic positron beam was varied

from 0.2 to 30 keV. The 511 keV annihilation gamma

was detected by a high-purity Ge detector (energy res-

olution of 1.8 keV at 1.33 MeV) with software stabi-

lization. Details of the experimental apparatus are de-

scribed elsewhere[17] . The Doppler-broadened annihila-

tion gamma line carries information of the momentum

of the electron-positron annihilation pair. A narrowing

of the lines means that positrons are mainly annihilat-

ing with electrons with slow momentum, i.e. electrons

in open volumes. The shape parameter S was used to

characterize the annihilation gamma line. It is de�ned

as the ratio between the counts in a central region of the

annihilation line and the total number of the counts in

the line. Of course, a narrowing of the line corresponds

to an increase of the S parameter.

ln order to determine the depth pro�le of implanted

species and possible compositional modi�cations in-

duced by the ion irradiation, SlMS analyses were per-

formed. High mass-resolution depth pro�les of positive

ions were determined by using a CAMECA IMS-4f ion

micropobe, with 20 nA-Cs+ as the primary beam at an

energy of 5.5 keV. The yields of molecular ions Cs2X+

(X is the mass of each pro�led species: hydrogen, car-

bon, nitrogen, oxygen and silicon) were recorded as a

function of the sputtering time. The secondary-ion cur-

rent was electronically gathered to 25% of the 100 �m2

rastered area to minimize crater edge e�ects. The con-

version from sputtering time to depth was made by

measuring both the thickness of the a-C:H �lms and

the depth of the sputtered crater using a stylus pro-

�lometer.

Ramanmeasurements were performed at room tem-

perature in a backscattering con�guration using a 488

nm argon laser beam at a power of 250 mW

III. Results

The more representative SIMS pro�les are reported

in Fig. 1. The data presented in Fig. 1 a are plotted

as a function of the sputtering time, while in Fig. 1b

and Fig. 1c the data are plotted as a function of the

depth. All samples have nearly same thickness. Fig. 1a
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presents the results obtained from an as-deposited �lm,

that is essentially uniform in composition, apart from

a thin SiO2 layer at the �lm/substrate interface. For

simplicity, oxygen pro�les are not shown in the other

�gures, as they are quite similar to the one presented

in Fig. 1a. Nitrogen depth pro�les obtained from im-

planted samples have a gaussian shape, slightly asym-

metric, as expected for normal implantation depth pro-

�les. The experimental value for the projected range,

Rp=110 nm, and the range straggling, �Rp=25 nm,

are in good agreement with the values obtained using

the TRIM-90 code, 127 nm and 25 nm, respectively.

SIMS results are also in nice agreement with previous

experiments using nuclear techniques[9;18]. In fact, 3.5

MeV-He backscattering spectrometry was used for pro-

�ling nitrogen in a-C:H �lms implanted with higher 
u-

ences (6� 20� 1016 N/cm2) than those studied in the

present work. In this previous work, the intensity of

the nitrogen signal compared with the signal from the

Si substrate is strong enough to permit the determina-

tion of the depth pro�les with reasonable accuracy. The

Rp (110 nn) and �Rp (40 nm) values determined from

the 3.5 MeV-He bakscattering experiments are in good

agreement with the present SIMS results. The SIMS

technique, due to its higher mass resolution and sen-

sitivity, permits the determination of nitrogen depth-

pro�les even for 
uences as low as 2� 1016 N/cm2.

Nitrogen implantation into a-C:H �lms induced hy-

drogen loss only for ion 
uences higher than 2 � 1016

N/cm2. In fact, the hydrogen pro�le obtained from

�lms implanted with the lowest 
uence is identical to

that measured from an as-deposited �lm (Fig. 1b).

SIMS pro�les show that hydrogen depletion occurs only

at a near-surface layer, Rp +�Rp thick, and increases

with the ion 
uence (Fig. 1c). Previous results ob-

tained using elastic recoil detection analysis are quite

similar[8;9;18].

Fig. 2 presents PAS-Doppler broadening technique

results. The S parameters obtained for samples im-

planted with several 
uences of nitrogen are reported as

a function of the mean implantation depth of positrons,

which was calculated through the following relation:

x = A(En)=� (1)

where A = 3:46 Kg(cm2 keV1:55), n = 1:55 according

to Ref. 14, � is the density expressed in g/cm3 and E

is the energy in keV.

Figure 1. SIMS depth-pro�les obtained from: (a) the as-
depositcd �lm (results presented as a function of the sput-
tering time); (b) a-C:H �lm implanted with 2 � 1016 70
keV-N/cm2 and (c) a-C:H �lm implanted with 6� 1016 70
keV-N/cm2.

In Fig. 2 the S parameters determined for the as-

deposited and implanted �lms are shown. S was nor-

malized to the value obtained at the Si substrate, i.e.,

to a value that is reached in all samples for positron

energies higher than 20 keV. In the unimplanted a-C:H

sample, S remains constant throughout the �lm, starts

to increase near the interface and �nally reaches the
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value of Si. The constancy of S means that the �lm is

homogeneous and that the voids or open-volume struc-

tures have a constant distribution through the �lm.

The situation is completely di�erent for the im-

planted samples. In fact, for the a-C:H �lm implanted

with 2� 1016 N/cm2, the S parameter presents a max-

imum centered at nearly 55 nm, decreases down to the

characteristic value of an unimplanted �lm and then,

at a depth close to that corresponding to the interface

position, starts to increase. Samples implanted with

higher 
uences present similar depth pro�les for the

parameter S. They also present a 
at shape with a

maximum close to 55 nm, but the S value is systemati-

cally lower than the one obtained for the �lm implanted

with the lowest 
uence. For all implanted �lms there is

a deepest layer, just beneath the interface, where S is

equal to that measured in the as-deposited �lm. This

result agrees with other techniques which have shown

that ion beam induced modi�cations are con�ned in a

surface layer, Rp +�Rp thick[8�10].

Figure 2. S parameter as a function of depth for a-C:H �lms
implanted with nitrogen 
uences between 2 and 9 � 1016

N/cm2. The arrows indicate the a-C:H/ Si interface (I) and
the experimental Rp position.

Raman spectra of the as-deposited and implanted

�lms are shown in Fig. 3. These spectra are typical of

disordered carbon and consist of two components usu-

ally referred to as bands D (the shoulder at lower en-

ergy) and G (the main spectral feature), respectively.

The ratio between the intensities of the D and G bands,

(ID=IG), is an indication of the degree of disorder in an

amorphous carbon �lm. Higher values of this ratio cor-

respond to an increase of the disorder. As is clear from

Fig. 3, ID=IG increases with the ion 
uence. The po-

sition of the G band shifts to higher frequencies and

is accompanied by a slight reduction of its width, indi-

cating a progressive graphitization of the near-surface

layer under ion bombardment. An accurate description

of the Raman experiments and data analysis was pub-

lished before by our group[8�10]. The spectrum of the

sample implanted with 2 � 1016 N/cm2 is not shown

in the �gure because it is identical to that obtained for

the as-deposited �lm.

Figure 3. Raman spectra for as-deposited and implanted
a-C:H �lms. The solid lines are the �tted spectra, using a
simple model in order to reproduce the data as a sum of two
guassian lines. The position of D and G bands are indicated
by arrows.

IV. Discussion and Conclusions

The SIMS results are in good agreement with

TRIM-90 predictions and with previous measurements

using nuclear techniques[9;18]. The experimental values

for Rp and �Rp agree with the theoretical simulation,

which give us con�dence to use TRIM-90 results for a

�rst interpretation of PAS data. However, we need to

be careful with the quantitative predictions of TRIM,

because there are some experimentally unknown pa-

rameters for amorphous carbon �lms, as for example,

the displacement energy, which have strong in
uence on

the depth distribution of the vacancies. An additional

limitation of the TRIM-90 code is that it do not take

into account any dynamic e�ect as, for example, defects

annihilation under ion bombardment or vacancy cluster

formation.
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In Fig. 4 we present TRIM simulations for a 70-keV

N implantation into a-C:H �lms. This �gure shows the

deposited energy by elastic and inelastic collisions. The

theoretical Rp position is also indicated. To compare

the amount of lattice damage produced by di�erent ions

and energies, the number of displacements per atoms

(DPA) is frequently used[6] . A unit of 1DPA means

that, on average, every atom in the a�ected volume has

been displaced once from its equilibrium lattice. The

dependence of DPA with depth x, is given by[6]:

DPA(x) = 0:8�el(E; x)�=(2EdN ) (2)

where �el(E; x) is the deposited energy by elastic colli-

sions, N the atomic density (atom/cm3), � the ion 
u-

ence and Ed the displacement energy (20 eV, arbitrar-

ily chosen in the present work). Therewith, the curve

�el(E; x) shown in Fig. 4 is proportional to DPA: From

equation (2), when we increase the ion 
uence, DPA

also increases.

Figure 4. Monte-Carlo simulation results (TRIM-90) fot
the energy deposited by elastic and inelastic collisions in
N-implanted a-C:H �lm, as a function of the depth The
theoretical Rp position is indicated by an arrow.

The depth pro�le for the S parameter obtained for

the �lms implanted with 2� 1016 N/cm2 nicely follows

the trend described by �el(E; x): In fact, we expect that

the ionization pro�le does not play an important role

concerning point defect formation. At this low 
uence,

we did not observe either hydrogen loss (SIMS results)

or structural modi�cations (Raman results). Then, we

can conclude that, in this case, positron annihilation

results directly re
ect the depth distribution of point

defects created by nitrogen irradiation.

The observed reduction of S for higher ion 
uences

seems to contradict the above conclusion. As is clear

from equation (2), if we exclude the possibility of any

type of dynamic annealing of defects under irradiation,

an increase of 
uence can be followed by an increase

of the density of point defects, and so, an increase of

S value. This behavior was observed, for example, in

hydrogen implanted Si crystals[17]. However, in amorp-

bous carbon, the structural modi�cations play an im-

portant role.

A multitechnique approach to determine the

structural modi�cations induced in implanted a-C:H

�lms[8�10] has clearly shown that both the degree of

disorder and the number, or the size, of graphitic

domains increase upon increasing of the ion 
uence.

Auger electron spectroscopy and Raman scattering ex-

periments indicate the graphitization of a near-surface

layer, Rp + �Rp thick, under ion bombardment. We

correlated these modi�cations with the total deposited

energy by the atomic collisions[8;9], which is nearly con-

stant throughout all the modi�ed layer. The hydro-

gen depletion that occurs only for 
uences higher than

2 � 1016 N/cm2, also increases with the ion 
uence.

Raman results, presented in Fig. 3 and SIMS pro�les,

presented in Fig. 1, illustrate these two points.

An interpretation of the S parameter measured in

the regime of 
uences higher than 2� 1016 N/cm2 nec-

essarily needs to take into account both structural and

compositional modi�cations. The increase of the num-

ber of displacements induced by the incident particles

and the observed hydrogen loss should correspond to an

increase of the density of open-volumes, increasing the

S parameter. Otherwise, the structural modi�cations,

ion induced graphitization, reduces S. It was observed

both in annealed a-C:H �lms[19] and on diamondlike

nanocomposite �lms deposited under several deposition

conditions[15]. In this last case, Raman results indicate

that �lms with graphitic-like behavior corresponds to

lower values of the S parameter[19]. It indicates that

PAS results re
ects, in a very complex way, the struc-

tural modi�cations in the disordered carbon network.

In the case of our implanted samples, despite the de-

gree of modi�cations induced by ion implantation is

signi�cantly lower than that introduced by annealing
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in similar �lms[20], a reduction on S was also observed.

So, we can explain the shape of the S depth pro�les, all

nearly parallel to those obtained for the lowest 
uence,

as an indication of a memory of the lattice damage dis-

tribution, the value of S parameter depending on the

degree of ion induced graphitization. However, much

more work is needed in order to transform the PAS

technique in a quantitative tool for the characterization

of the structural modi�cations and the open-volumes

distribution in amorphous carbon materials.

In summary, the S parameter follows the lattice

damage depth pro�le predicted by the Monte Carlo sim-

ulation for nitrogen 
uences of 2 � 1016 N/cm2. For

higher 
uences, we observed a reduction in the mea-

sured value of S. This result can be interpreted as being

due to both structural (increase of disorder and of the

number of graphitic domains) and compositional (hy-

drogen loss) modi�cations induced in the carbon �lm

and by the point defects generated during the ion stop-

ping process.
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