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The content of hydrogen and its depth profile in diamond like carbon (DLCI films deposited by the microwave 
plasma deposition technique is determined by Elastic Recoil Detection Analysis (ERDA) using 85 MeV 58Ni 
ions. Simultaneous detection of hydrogen and carbon recoils provided a method to determine the relative 
number of hydrogen : carbon atoms without using a standard H sample for quantitative calibration. 

1. Introduction 

Hydrogen is a peculiar element as it is the lightest and the smallest 
atom in the periodic table and the ratio of masses of its isotopes 
is largest as compared to any other atom. It is highly reactive. 
The presence of hydrogen drastically affects the properties of 
materials. To quote a few examples; (i) it causes embrittlement 
in steel, (ii) it affects the properties of solar cell, high T, super- 
conductor, Zr alloys, (iii) it plays role in the growth of diamond 
and diamond like carbon (DLC) films. In general, it affects the 
electrical, mechanical, chemical and spectroscopic properties of 

materials. Since hydrogen is crucial for the properties of the 
materials, its detection in materials analysis is of immense import- 

ance. Basically, there are two broad methods for the detection of 
hydrogen in materials viz. (i) direct method and (ii) indirect 

method. The latter exploits the fact that the presence of hydrogen 
alters the physical and spectroscopic properties and, therefore, 
techniques such as Raman spectroscopy, IR spectroscopy, etc. 
are utilized for determining hydrogen content. These methods, 

in general, require a standard calibrator, which is used as a 
reference to quantify hydrogen. Direct methods for hydrogen 
detection are time of flight with neutron scattering’, resonance 
reactions’ and Elastic Recoil Detection Analysis (ERDA)3-5. 

H depth profiling in carbon and diamond like films has been 
previously reported using ERDA4,j and resonance reaction analy- 
si?. H determination by conventional ERDA with He ions 
requires an H elastic recoil cross section which deviates from the 
Rutherford cross section because of a low Coulomb barrier and 
the presence of nuclear interactions. It is, therefore, necessary to 
carry out calibration experiment with a standard H target. One 
can also make use of available formulae7-9 for elastic recoil cross 
reaction which take into account nuclear interactions. The deter- 
mination of the H : C ratio by ERDA with He ions however, 
will have the following problems. The number of H atoms is 
determined by conventional ERDA, while C atoms are deter- 
mined by the film thickness obtained by H depth profiling, which 

needs the stopping power dE/dx and the density. The density of 
DLC films vary from 1.5 to 2.5 gm/cm3. The stopping power 
dE/dx depends on the H: C ratio and the nature of H to C 
bonds”. Therefore, the H: C ratio determination may have 
uncertainties. Similar uncertainties are likely in determining H : C 
ratio by resonance reaction. 

In the present work, the depth profiling of hydrogen as well as 
the H : C atom ratio in DLC film has been determined by ERDA 
with 85 MeV “Ni ions from 15 UD NSC Pelletron”. H profiling 
by heavy ions has the advantage that elastic recoil cross sections 
are valid because of a large Coulomb barrier in the laboratory 
system which is, in general, an advantage in the inverse type 

scattering, e.g. heavy projectile on light target. For example, a 
Coulomb barrier of ‘*Ni ions on an H target in a laboratory 
frame is 339 MeV, and thus scattering at 85 MeV energy (as in 
the present case) can safely be taken as pure Coulomb. Therefore, 
one does not require a reference H sample for calibration which 
simplifies the experiments. The present experiment is carried out 

in such a way that the energies of carbon and hydrogen recoils 
were well separated and thus film thickness information is not 
required to determine the ratio of H to C atoms. 

2. Experimental 

The DLC films were deposited in a microwave plasma CVD 
system consisting of a quartz tube of 45 mm inner diameter 
inserted into a microwave waveguide. A 1.2 kW power source 
was used along with the standard isolator, three stub tuner and 
sliding short circuit. One end of the quartz tube was coupled to 
a vacuum pumping station capable of providing a pressure of 
lo-’ torr. The other end of the tube was fixed to a gas line 
connected to CH, and Hz gases through mass flow controllers. 
An initial vacuum of 10e6 torr was created and then gases were 
introduced in the system to establish a pressure of 5 x lo-’ torr. 
A flow rate ratio of CH, : H2 at I-50 was maintained during the 
deposition. The microwave power was switched on and 450 W 
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of power was applied to the plasma in the cavity. The substrates 
of Si(100) with resistivity of about 3-5 ohm cm were kept at 
ground potential. The deposited films were insulating and 
amorphous in nature as studied by X-ray diffraction and IR 
absorption. The film showed” the characteristic features of dia- 
mond like carbon film. 

‘*Ni ions of 85 MeV were incident on DLC film. The current 
was 1 particle nano Ampere (pnA) which is equivalent to 
+ 6.2 x 10’ ions per second. The schematic of the experimental 
set-up used in the present study is shown in Figure 1. The recoils 
from the sample were detected in two detectors with a depletion 
depth of I mm each. In a conventional set-up of ERDA for H 
detection, normally a stopper foil of appropriate thickness is used 
to stop all the recoils except H. The detector at 45’) with a solid 

angle of 0.65 msr, had a 60 pm thick polypropylene foil in front 
of it as per conventional set-up to record H only. The other 
detector was kept at 5 1 , with a solid angle of 0. I5 msr, had a 20 
pm thick polypropylene foil to record both H and C. Thickness 
of stopper foil was chosen to allow both H and C recoils through 
it. The maximum scattering angles H,,, of 5XNi for H, C and Si 
are 0.98’, 11.9’ and 28.8’, respectively. The detectors were kept at 
angles greater than B,,, to avoid interference from the elastically 

scattered Ni ions. The target was tilted at an angle of 20” with 
respect to the beam direction. The sample was mounted inside a 
I .5 meter diameter scattering chamber”, which had a vacuum of 
the order of I x 10eh mbar. The detector signals were processed 
with conventional electronics and energy spectra were stored for 
different ion doses. The energy calibration was carried out using 
a “‘Am alpha source. The recoil spectra observed at 45” and 51’ 
are shown in Figures 2 and 3, respectively. 

3. Results and discussion 

3.1 Determination of H concentration. The H concentration (NH 
in atoms/cm2) can be determined from Y,, area under H recoil 
peak using the relation 

(1) 

Where N,, is number of incident ions, R is the solid angle sub- 
tended by the detector, a is the tilt angle of the sample with 

respect to the ion beam direction and (d o/d Q), is the Rutherford 
recoil cross section for H in laboratory frame, which is given by 
the well known formula’4. 

Figure 1. A geometrical sketch for the experimental set up of ERDA It was observed that H concentration decreased during ion 
indicating path of ion beam and recoil through the sample. irradiation. The H loss was monitored as a function of dose and 
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Figure 2. An expanded view of recoil spectrum observed at 45” using a 
60 pm thick polypropylene foil in front of silicon surface barrier detector. 
Recoil of C and Si were stopped in the foil. The spectrum has been 
expanded to have a better view of depth scale. The y-axis is the indication 
of H concentration in arbitrary units. The depth scale is shown above the 
spectrum. The density of DLC film was taken as 1.8 gm/cc. 
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Figure 3. Recoil spectrum observed at 51” using a 20 pm polypropylene 
foil in front of silicon surface barrier detector. Recoils of Si were stopped 
in the foil. H recoils appeared as sharper peaks as compared to C recoils 
due to the fact that H, being lighter than C, undergoes less straggling in 
the stopper foil. High and low energy edges (the energy at which the 
intensity is half of the maximum) of the recoils correspond to the surface 
and innermost layer respectively. A peak in the C recoil region is due to 
the small amount of oxygen on the Si substrate at the interface. 

where mp, m,, Z, and Z, are the atomic masses and atomic num- 
bers of the projectile and the target sample respectively, e is the 
electronic charge, E is the incident ion energy and 4 is the recoil 
angle. 
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Table 1. Summary of the study of H concentration in carbon and DLC films prepared by different methods 

S. NO. H (at.%) Type of carbon Method 

I. 60 

2. 25 

3. 20 

4. 16 

5. 47 

6. 35 

7. 21 

8. 48 

Amorphous C films made by 
R.F. sputtering 
DLC film by ion beam 
deposition 
DLC film made by 
plasma enhanced 
chemical vapor deposition 
(PECVD) 75% CH, and 25% Hz 
DLC film made by 
plasma enhanced 
chemical vapor 
deposition (PECVD) 
25% CH, and 75% Hz 
DLC film by R.F. 
plasma deposition 
Carbon foils by DC 
glow discharge 
Carbon foils by 
carbon arc method 
DLC film by microwave 
plasma deposition 

ERDA with 
12MeVC 
ERDA with 
2 MeV He ions 
NRA with N 
ions 

NRA with N 
ions 

ERDA with 
3 MeV He ions 
ERDA with 25 
MeV He ions 
ERDA with 25 
MeV He ions 
ERDA with 85 
MeV Ni ions 

Reported by 

Fujimoto rr al”. 

X. Long et ais. 

J. Bruley et al’. 

J. Bruley CI ~1~. 

D. C. Ingram et I#. 

Tait et ul”. 

Tait et ul”. 

Present 
measurement 

was taken into account to evaluate the H concentration in the 
DLC film. It was found to be g 1.05 x 10” atoms/cm2. Since the 
thickness of the film was determined to be 0.35 pm as described 
in Section 3.3, the H concentration in the DLC film was found 
to be z 3.0 x 102’ atoms/cc. The error in measurement was within 
&2.5%. Both the detectors gave identical results (in atoms/cm2) 
within experimental error. 

3.2 Determination of the ratio of C: H atoms. The film under 
study was taken of such a thickness that the recoil energies of H 
and C did not overlap as observed in Figure 3. This is because 
the C recoil energy from the innermost layer of the film is larger 
than the H recoil energy from the surface of the film. Such a good 
mass resolution is possible due to incident heavy ions as shown 

earlier”in ERDA undertaken with heavy ions. The ratio (NH/NC) 
of H : C atoms is easily obtained simply by taking the area under 

H and C recoil regions and using the following relationship. 

da 

(0 NH Yn dR c _=-. 
Nc Y, do 

(0 dQ H 

(3) 

where Y, and Yc are the areas under H and C recoils, respectively 

and (d old Wn,c are the Rutherford recoil cross sections for H 

and C. 
The ratio YH/Yc was extracted from the spectrum shown in 

Figure 3. The ratio NH/NC determined using relation (3), was 

found to be 0.93 after taking account of H loss during ion 
irradiation. It gave (NH/(NH + Nc)) to be equal to 0.48. Therefore 
H in the DLC film was 48 at.%. Among previous measurements, 

only two groups’6,‘7 took H loss into account during ion 

irradiation. 
It is to be noted here that the value of the Nn/Nc ratio obtained 

this way is free from the uncertainties such as thickness of the 
film and the value of d E/d x. Further, the error in the target and 
detector angles, if observed, do not affect measurement of N,Nc. 

Table 1 provides a summary of H concentration in carbon and 
DLC films prepared by the different methods reported so far. 

3.3 Hydrogen depth profiling. The energy scale in the recoil spec- 
trum can be converted to the depth scale, the details of which 
are given in our previous work”. In brief, the energy to depth 
conversion is carried out with the help of the following equation. 

where k is the kinematic factor, (d E/d x)~, is the stopping power 
of DLC film for incoming ions, (d E/d x),,,, is the stopping power 
of DLC film for H recoils, (AE) is energy loss of recoil in the 
stopper foil and rest of the symbols used here are explained in 
Figure 1. 

The adopted method of using a stopper foil of 20 pm thickness 
so as to record both H and C recoils gives a better depth of 
resolution as compared to the conventional method for H pro- 
filing where the stopper foil thickness is large (60 pm) to record 
only H. This is because the energy straggling of the recoils in the 
stopper foil is reduced due to smaller foil thickness. The depth 
resolution for H in the adopted method is 73 nm at the surface, 
which can be improved to - 40 nm by recording the recoils at an 
angle of 30’. 

3.4 Comments on H: C ratio by conventional method. If the 
measurement of H: C atom ratio is to be carried out by the 
conventional method, the number of H atoms are determined 
from the H recoil spectrum using the relation (I). The number 
of C atoms/cm2 are evaluated using (i) thickness of the film 
determined with the help of equation (4), (ii) density and (iii) 
Avogadro’s number. It is clear that the conventional method 
of finding N,/Nc requires the information of d E/dx, which is 
evaluated using the TRIM code2”. In TRIM calculation, one 
requires density and the ratio of constituents of the sample as 
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input parameters. Since different values of density ranging from 
1.5 to 2.5 gm/cm’ are quoted by different groups and the ratio of 
constituents (ratio of H and C in present case) is the quantity to 
be determined, uncertainty in d E/d.u is likely to appear from 
TRIM. 

Since the values of detector and target angles are required to 

evaluate H concentration and thickness of the film, respectively 
[as indicated by equations (I), (2) and (4)], the error in detector 
and target angles reflect in the measurement of H : C ratio. For 
example, an error of 1” in detector angle readout at 51’~ will cause 
an error of - 6% in da/d R and hence in N,/Nc. An error of 1’ 
in target angle of 20’ will cause an error of - 5% in film thickness 

measurement and hence in N,/N, measurement. Thus deter- 

mination of ratio of H to C atoms by the conventional method 

will have uncertainties due to (i) deviations of d E/d .Y from TRIM 
estimates and (ii) errors in (a) target angle observed and (b) 
detector angle observed. The present experiment eliminates the 
possibilities of these uncertainties as described in Section 3.2. 

4. Conclusions 

The present work indicates that for accurate measurement of the 
relative ratio of H to C in DLC film by ERDA, it is ideal to 
record both H and C in order to eliminate the errors in measure- 
ments due to uncertainties in target and detector angles as well 
as density and d E/dx. The experiment and its analysis is quite 
simple in case of a thin (co.4 pm) DLC film as it allows H and 
C to be detected simultaneously without the need to experiment 
with a standard H sample. The hydrogen content of a DLC film 
made by the microwave plasma deposition process using a CH, 
and Hz gas mixture has been determined to be 48 at.% with an 

inaccuracy of 2.5%. 

Acknowledgements 

We are grateful to E T Subramanian for developing the computer 
code for depth profiling and simulation of ERDA. We thank the 

accelerator crew for providing a steady ion beam during the 
experiment. The authors are thankful to the Department of Sci- 
ence and Technology for providing funds to install a materials 
science beam line. 

References 

’ J C Overley. Nucl Instr und Meth, B24/25, 1058 (1987). 
’ W A Lanford, H P Trantvetter, J F Ziegler and J Keller, Appl Phys Let/, 
28, 566 (1976). 
’ B L Doyle and P S Peercy, Appl Whys Lett, 34,812 (1979). 
’ D C Ingram, J A Woolam and G Bu Abbud, Thin Solid Films, 137, 255 
(1986). 
‘X Long. X Peng, F He, M Liu and X Lin, Nucl Instr Merh, B68, 266 
(1992). 
bJ Bruley, P Madakson and J C Liu, Nuci Instr Meth, B45, 618 (1990). 
’ S Nagata, S Yamaguchi, Y Fujino. Y Hori, N Sugiyama and K Kamada, 
Nucl lnstr Meth, B6, 533 (1985). 
‘D C Ingram, A W McCormick, P P Pronko, J D Carlson and J A 
Woollam, Nucl Intr Meth, B6,430 (1985). 
“E Szilagyi, F Paszti, A Manuaba, C Hajdu and E Kotai, Nuci Instr and 
Meth, B43, 502 (1989). 
“‘John R Sabin and Jens Oddershede, Nucl Instr and Meth, B27, 280 
(1987). 
“G K Mehta and A P Patro, Nucl Instr and Meth, A268, 334 (1988). 
” H C Barshilia, Somna Sah, B R Mehta, V D Vankar, D K Avasthi, 
Jaipal, and G K Mehta, Thin Solid Films (accepted for publication). 
” D K Avasthi, A Tripathi, D Kabiraj, S Vankatramanan and S K Datta, 
Technical Report of GPSC, NSC/TR/DKA/92/16. 
I4 W K Chu, J W Mayer and M A Nicolet, Backscattering Spectrometry, 
Academic Press, New York (1978). 
” Jaipal, D Kabiraj and D K Avasthi, Nucl Instr Meth, A334, 196 (1993). 
“F Fujimoto, M Tanaka, Y Iwata, A Ootuka, K Komaki, M Haba and 
K Kobayashi, Nucl Instr and Meth, B33,792 (1988). 
“D C Ingram and A McCormick, Nucl Instr Meth, B34,68 (1988). 
‘“N R Tait, D W L Tolfree, P John, I M Odeh, M J K Thomas, M J 
Tricker, J 1 B Wilson, J B A England, D Newton, Nucl Instr and Merh, 
176,433 (1980). 
“D K Avsthi, M G Acharya, R D Tarey, L K Malhotra and G K Mehta, 
Vucuum (in press). 
“I J F Ziegler, J P Biersack and U Littmark, The Stopping and Range of 
Ions in Solids. Pergamon Press, New York (1985). 

636 


