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Abstract: 5N nuclear reaction analysis for hydrogen is combined with 1.2 MeV deuteron induced
nuclear reactions which provide a simultaneous analysis for Li, Be, B, C, N, O and F. The energy
dependence of these 1.2 MeV deuteron induced nuclear reactions has been measured and used to
correct for the energy loss of the incident deuteron beam in the film being analyzed. After the nuclear
reaction analysis is completed, a conventional 2 MeV He RBS measurement is made. Film
composition is determined by a self-consistent analysis of the light element nuclear reaction data (both
SN and deuteron) combined with an RBS analysis of any heavy element (typically Si) present in the
film. This composition is used to make RUMP simulations with no adjustable parameters of the
complete RBS spectrum. Comparison of this simulated RBS spectrum with the measured spectrum
provides a powerful check that there are no major undetected components in the film, and, in some
cases, a check that the film has uniform composition vs depth.
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1. Introduction

The relentless pursuit of Moore’s Law in the past decade has been greatly facilitated by a series of new
materials and process technologies including such things as strained SiGe, Cu damascene
interconnects, low dielectric constant (i.e. low-k) interlayer dielectrics, and high-k gate dielectrics.! For
Moore’s law to live on for yet another decade, still more innovation in the invention and development
of new materials will be required.? In this regard, materials comprised of low atomic number (Z)
elements are expected to play a prominent role in the continuation Moore’s law for numerous reasons.
One early example would be the low-k dielectrics that were originally implemented to replace the
higher-k SiO2 and Si3N4 insulating dielectrics utilized in Cu interconnect structures in order to reduce
capacitive signal delays and power losses.® Typical low-k materials are inorganic-organic hybrids of
Si02 and a-SiN:H with nominal compositions of SIOCH and SiCNH, respectively. They are commonly
formed by adding low Z hydrogen and organics to the deposition process of their inorganic component
(typically via either plasma enhanced chemical vapor deposition or spin-on deposition methods).® The
incorporation of hydrogen and organic into the dielectric disrupts the inorganic network structure
resulting in a reduction in dielectric constant through the creation of nano-porosity and a decrease in
mass density.’

The need for increasingly lower k materials has lead the industry to both explore SIOCH and SiCNH
materials with increased hydrogen and organic content (up to and greater than 50%) as well as new
materials whose network structure consists of other low-Z elements such as B (i.e. SIBN, BN, BCN,
and BC)*> or pure carbon® where reductions in k can be potentially achieved without introducing
significant nano-porosity. Low-Z boron and lithium based dielectrics are also of interest for numerous
other electronic applications including BN ultra-violet lasers’, B4C neutron detectors®, and solid state
electrolytes for lithium ion batteries™!. A need for low-k dielectrics with improved etch resistance to
fluorinated chemistries!! and Cu diffusion barrier performance'? has also driven a recent interest in
aluminum oxide and hybrid inorganic-organic aluminum oxide network materials. Yet another low Z
element of potential interest in microelectronics is Be with the suggestion that atomic layer deposited
beryllium oxide is a candidate high-k dielectric.'?

In all cases, accurate knowledge of the full elemental composition of these materials (including
hydrogen) is needed in order to optimize the properties of such materials.'*!> Secondary ion mass
spectroscopy and Fourier-Transform Infra-red spectroscopy are two techniques commonly used in
studies of these materials, but these have significant uncertainties due to sputter/ion beam mixing'® or
optical interference effects.!”! MeV ion beam analysis has proven a powerful procedure for analysis
of thin film materials?®. Two widely practiced methods are 2 MeV Rutherford backscattering
spectrometry (RBS) 2?2 which is good for heavy elements in a lighter element matrix, and nuclear
reaction analysis (NRA)? which is good for light elements, including hydrogen*.

2 MeV RBS, by far the most widely practiced MeV IBA method, has the key advantage that (for non-
crystalline films) given the elemental content, the RBS energy spectrum can be reliably predicted using
a program such as RUMP?. This can be done because RBS relies only on well understood physics:
conservation of energy and momentum in two-body collisions, the Rutherford scattering cross section,
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and energy loss of ions in matter. However, RBS is not very sensitive to light elements because the
cross-sections are small and the signals from light elements typically reside on a large background
count from the substrate (commonly Si). Hydrogen is so light that there is no RBS signal directly from
H but the presence of H reduces the scattering yield (counts/channel) from the other elements in the
film.

NRA is complimentary to RBS in that it is sensitive only to light elements and produces no signal from
heavy elements in the film. NRA makes use of nuclear reactions between the bombarding ion and
atomic nuclei in the film under analysis. The Coulomb repulsion between the bombarding ion and the
target nucleus stops nuclear reactions below a bombarding energy called the "Coulomb barrier". This
energy increases with the atomic number of the target atom. For '°N at the energies used here, the '°N
ions are below the Coulomb barrier for all elements except hydrogen. For 1.2 MeV deuterons, the
Coulomb barrier limits nuclear reactions to elements below about Al.

The present work combines '°N induced NRA for H, deuteron induced NRA for Li, Be, B, C, N, O,
and F with 2 MeV RBS with to achieve a self-consistent and complete elemental analysis. Examples
of recent studies where this approach has been used include: SiCH?*3!323 BeO** and BCH?.

2. Experimental Procedure

All measurements were made on the 30 degree beamline at the UAlbany (SUNY) Accelerator
Laboratory. Multiple samples are loaded on a rotating sample wheel, with samples tilted 6 degree
from being normal to the beam direction in order to minimize accidental channeling. There is a Si
detector (dQ = 4.95 sr.) located at 170 degrees to the beam direction and a 3” by 3° BGO detector
located 2 cm behind the samples. There are no beam-defining slits anywhere near the sample in order
to avoid detecting H from slits during the >N NRA. A scintillator can be rotated into the beam and the
beam spot viewed on a TV. The beam can be focused with a quadrapole lens and directed (or rastered)
with electrostatic steerers. This chamber has robust electron suppression, using both electric and
magnetic suppression, between the chamber and beamline.

In a typical run, a sample set would be loaded on the wheel and a standard '’N NRA measurement
would be made to determine the H content of these films. Many of the films studied have high H
contents and some of the H can be lost during the ion bombardment. Hence, a low beam current is
used (few na) and the beam is rastered over a ~5 mm by 5 mm spot on the sample. Initially, the beam
spot position and size is observed on the scintillator; the beam is blocked, and (using the TV image) a
sample is rotated into the target position; the beam block is removed and the number of characteristics
gamma-rays from the ’N + H —!2C + “He + gamma-ray reaction for a small beam dose (perhaps
0.125 puC of >N™) is measured/counted. This last step is repeated to see if there is significant H loss
during a measurement. The N beam energy is then changed to probe H at a different depth. This
procedure is capable of reliably measuring the H content of even delicate materials, such as
polyethylene (although H loss under bombardment is observed). Note, it is important the '’N NRA
measurements be made first due to the possible loss of H during the deuteron or He bombardment.



Once the H content measurements on a sample set have been completed, the bombarding ion beam is
switched to 1.2 MeV deuteron (actually, 2.4 MeV D:2") and the deuteron NRA measurements are made
on all samples. Table I gives a list of the stronger nuclear reactions observed on Li, Be, B, C, N, O,
and F along with the cross-sections for reactions routinely used in analysis.

Note, in general, an absorber foil is not used in front of the Si detector. Hence, intense deuteron elastic
scattering is seen in the low energy region of the spectrum. A typical beam current is 40 na beam for a
dose of Suc, and, under these conditions high count rate issues are not a problem. For samples with
significant amounts of high Z elements present, foils in front of the Si detector could be used to range
out the D elastic events.

Once deuteron NRA measurements have been completed, 2 MeV He" RBS measurements are made on
all samples, typically running 40 na for a dose of 5 nC.

3. Establishing differential cross-sections
The number of counts (c) to be observed for a particular nuclear reaction is given by:

¢ = N n (do/dQ) dQ

where n = number of incident ions, N = number of atoms/cm? in the target, dQ = detector solid angle
and (do/dQ) is the cross-section. In an analysis, ¢ is measured, and knowing n, (do/dQ2) and dQ, N is
determined, i.e. the amount (in atoms/cm?) of a particular element present in the target. However,
before this procedure can be used, the cross-sections need to be determined. The cross-sections have
been determined measuring counts (c) from targets with known composition. Some of these targets are
films composed largely of the element of interest, such as plasma deposited a-BHx or a-CHx, with x
determined by the '’N H profiling, and the amount of boron or carbon determined by RBS (really
energy loss of the He ions in an RBS geometry). Other films were oxides or nitrides of known
composition. The most difficult cases were determining the cross-sections on the lightest elements Li
and Be.

The procedure used to determine the cross-section on Be is illustrated in Figure 1 which shows the
RBS spectrum recorded for a beryllium oxide film. Overlaying the measured spectrum are two
simulations, one assuming only the measured O and H contents and one simulation adding 939 x 10°
Be /cm? to the film, with the Be content adjusted to fit the measured spectrum. This is a difficult case
because uncertainty in the measured O content adds to the uncertainty in the Be content and because
Be has a relatively small stopping power. The uncertainty in the Be and Li cross-sections reported
here are accurate to +10 percent.

Table I gives the cross-sections used in our deuteron induced nuclear reaction analysis. The
uncertainties in these measured cross-sections are £5 percent for the elements B, C, N and O and
probably for F. The reservation about F is only that we have limited experience in analyzing this
element whereas we have analyzed hundreds of film containing (sometimes large amounts) of B, C, N
and O.



Note that cross-sections reported here have not been corrected for natural isotopic ratios. Hence, these
cross-sections are appropriate for analysis, such as presented here, but, in some cases, are not the
correct isotopic cross-sections. For elements with one dominant isotope, such as Be, C, N, O and F,
these cross-sections are correct. For other elements (Li and B), for “nuclear physics purposes” the
cross-sections reported here would have to be divided by the fractional abundance of the particular
isotope.

4. Energy Dependence of Deuteron Cross-Sections

All the cross sections reported in Table I are for a deuteron beam with bombarding energy of 1.2 MeV
with films in which the deuterons loose about 20 keV traversing the film. If a film being analyzed has
a deuteron energy loss much greater than 20 keV, the cross-sections reported in Table I will not be
appropriate if the cross section changes with ion energy. Hence, the energy dependence of the cross-
section has been measured, relative to that at 1.2 MeV, simply by reducing the bombarding energy in
small steps below 1.2 MeV. These relative cross-sections for C(E) for carbon are shown in Figure 2,
along with a linear fit. Corresponding data for all elements are given in Supplementary Material
available online at the Journal.

The procedure for correcting the analysis for this energy dependence is as follows. The "N and
deuteron induced NRA analysis is used to determine the (approximate) light element content of a film
and the He RBS is used to determine the “heavy” elements (Al, Si or heavier) content. This
approximate film composition is used to determine the deuteron energy loss in the film. With this
deuteron energy loss and the energy dependence of the cross-sections given in Figure 2, the
compositions are corrected.

In our experience, these energy loss corrections are typically small (a few percent) but not always. An
example of where this energy dependence is important is illustrated in Figure 3 which gives the RBS
spectrum recorded from a ~1 micron boron carbide on Si film. Also shown in this figure are RBS
simulations both before and after energy loss correction. As seen in this figure, after making the
energy loss correction, the simulation does a good job of predicting the energy at which the Si signal
from the substrate appears whereas before the correction, the prediction is not accurate.

The example in Figure 3 is for a film that is about as thick as can usefully be analyzed using 2 MeV He
RBS. We have occasionally analyzed thicker films where we have performed the He RBS analysis at
3 MeV. For such thicker films, this energy correction is even more important.

S. Self-consistent Analysis of the Deuteron NRA and RBS Results in Determining the H
Content.

Analysis of the >N NRA data to obtain H content requires knowing the stopping power of 6.385 MeV
I5N ions in the target material. That stopping power depends on the elements present in the target,
including H. Hence, a self-consistent analysis needs to be done. In particular, an initial guess of the H
content is made and used, along with the composition for other elements (from deuteron NRA and He
RBS) to evaluate the N stopping power. Using this stopping power and the measured '’N NRA data,



the H content is determined. Generally this deduced H content is different from the H content guessed
at the beginning of the analysis. If this is the case, H content deduced from the '°N data replaces the
initial H content guess and the analysis cycle is repeated until H content used in the stopping power is
the same as the H content deduced from the '°N data. Since the contribution of H to the stopping
power is small, experience indicates this process converges very rapidly (3 or 4 cycles) independent of
the initial guess for H content.

5N resonant nuclear reaction data have most commonly been analyzed to give H content in atoms/cm’
whereas deuteron NRA and He RBS naturally gives elemental content in atoms/cm?”. In order to
present analysis from both methods in atoms/cm? requires a modification of the usual '°N analysis
procedure.

The essential point is that the "N NRA method measures the H content relative to the stopping power
from all the elements in the sample. If the analysis results are presented as the ratio of H to the other
atoms in the sample, the results are independent of the film density. For example, a '°N analysis of a
sample with composition of SiH1.00 gives exactly the same H/Si ratio if the film’s density in 1 gm/cm?
or 2 gm/cm® (whereas the H content in atoms/cm?® for the more dense sample is twice that of the lower
density film). Hence, one way get the H content in atoms/cm? is to arbitrarily assume a film density,
(perhaps p = 1 gm/cm?) and analyze the N data under this assumption, getting H content nominally in
atoms/cm’. Next evaluate the elemental content in atoms/cm® of a one of the other elements (perhaps
Si) present in the film, under the same assumed density. Multiplying the ratio of H to this other
element (perhaps Si) times the content of this other element in atoms/cm?, gives the H content in
atoms/cm?.

An example of the effect of H content on the RBS spectrum is shown in Figure 4. Presented are the
measured RBS spectrum and two simulated RBS spectra, one with H and one without. The simulation
without H does a poor job. For films containing substantial amounts of H, the H content is essential in
simulating the RBS spectrum.

6. Typical Examples

Figure 3-7 show typical examples of this method. In each case, on the right is the deuteron NRA
spectrum and on the left is the RBS spectrum with a RUMP simulation, made with no adjustable
parameters. Composition of the film is given in the figure captions in the format that B(10256) means
a boron content of 10,256 x 10'° B/cm?. These examples were chosen so as to show at least one
deuteron NRA spectrum with peaks for each element Li, Be, B, C, N, O and F.

7. Comments and Conclusion

All three measurements (>N NRA, D2" NRA, and He" RBS) are needed for a proper analysis. The
deuteron energy loss correction is generally small but, as in Figure 3, can be ~20 percent for a 1 micron
film. The need to measure H content in order to simulate an RBS spectrum is demonstrated in Figure
4. This is an example with a relatively modest amount of H (28 percent atomic). Films with 50



percent H (or more) are common (e.g. as in Figure 5), making the effect of the H content on the RBS
spectrum even larger than illustrated in Figure 3.

Several hundred samples have been analyzed using the combination of measurements described in this
paper and the method has proven to be robust. Indeed, this combination of measurements usually
over-determines the film composition. While such over-determination may seem a luxury, from the
point-of-view of analysis, such over-determination provides insurance. Comparing an RBS simulation
made with no adjustable parameters with the measured spectrum provides a powerful check that no
serious errors (or omissions) have been made in the analysis.
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Table I: Deuteron NRA peaks observed for Li, Be, B, C, N, O and F

reaction
N(d,p7)'5N
‘Be(d,p1)'’'Be
11B(d,po)'?B
19F(d,p10)*°F
4N(d,pe) SN
160(d,p1)!’0
4N(d,ps)'SN
UN(d,ps)'N
108(d,ps)''B
160(d,po)'’0
160(d, a0) N
10B(d,p4s)''B
4N(d,p3)'*N
12C(d,po)*C
'Be(d,to)®Be
1B(d,02)’Be
UN(d,p12)'5N
*Be(d,0:1)’Li
*Be(d,00)’Li
108(d,p;)!'B
*Li(d,po)’Li

'Be(d,po)'’Be

excitation®
8.31

3.37

0

3.49

7.56

0.87

7.30

7.14

7.30

0

0

6.74, 6.79
6.32

0

0

2.43
5.27,5.30
0.48

0

5.02

energy®
1.06
1.63
1.67
1.69
1.71
1.77
1.94
2.08
2.29
2.54
2.67
2.76
2.80
3.09
3.15
3.63
3.73
3.73
4.00
4.24
4.35

4.45

do/dQ
(10%” cm?)

3.49

6.55¢

93.6

4.04

Figure®
4
1

3

1,5,6
1,5,6

3

4
1,3,5,6,7
1

3

C(E)°

3.1441*E-2.7727

-3.4069*E+5.1066

4.5488*E-4.4463

0.69290*E+0.1418
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10B(d,p2)"'B 4.44 4.74 3

11B(d,a0)’Be 0 5.15 2.97 3 1.5927*%E-0.9291
BC(d,po)'*C 0 6.02

"Li(d,00)°He 0 6.58 4.90f 6 -1.9540*E+3.3419
4N (d,on)"2C 4.43 6.66 2.26 4 -1.2511*E+2.5058
YF(d,01)"O 0.87 7.75

YF(d,00)7O 0 8.15

*Li(d,a0)*He 0 9.15

14N (d,a0)"2C 0 9.75

108(d,a0)®Be 0 10.81

a. This column gives the excitation energy (in MeV) in the final nucleus.

b. This column gives the energy of the outgoing particle, calculated using conservation of energy and
momentum and the reaction Q-value

C. This column indicates which of Figures which show peaks for the particular reaction.

d. C(E) = ratio of cross section at energy E to cross section for E=1.2 MeV deuterons.

e. Because peaks from 0(d,po) and °0(d,aw) often merge for thicker films, counts from both peaks are
summed and the cross section reported is the sum of the cross sections for both peaks.

f. This is a broad peak. Counts (and cross section) are from an energy region centered on this peak with

a total width of 920 keV.
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Figure 1: On right is a deuteron NRA spectrum for a “BeO” film on Si. Note the 3 peaks to the right

are from Be, the peak at ~channel 200 is from C, and the two peaks between ~channels 160-180 are
from O.

On left is the measured RBS spectrum and two simulations, one with O and H determined by NRA but
with no Be and one with 939 x 10'° Be /cm?. Both simulations use 880 x 10" O /cm? and 118 x 10"
H/cm?.
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Figure 2: Typical data showing the ratio (C) of the cross-section at beam energy E to the cross-section
for deuteron energy of 1.20 MeV for carbon, along with a linear fit to those data. Note, the linear fit
has C = 1.0 for deuteron beam energy E = 1.20 MeV. The cross-section energy dependence for all
elements is given in Table I. Similar experimental data for Li, Be, B, N, O and F are shown in the
Supplementary Material available online at the Journal.
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Figure 3: On the right is a deuteron NRA spectrum for a “boron carbide” on Si sample. The peaks
used in the analysis are the B peak between ~channel 320-340 and the C peak ~channel 200.

On left is the measured RBS spectrum along with two simulations. One simulation used composition
before applying the energy loss correction {B(10256), C(4607), H (118)} and one used the
composition after correcting for deuteron energy loss {B(10826), C(5453), H(123)}. Note that the
composition before correction badly misses the energy at which RBS for Si in the substrate appears
while after correction the predicted energy matches experiment.
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Figure 4: On right is a deuteron NRA spectrum for a silicon nitride film on Si. The peak used for N
analysis is in ~channel 430.

On the left is the RBS spectrum measured for this sample along with two simulations. One simulation
uses the full composition of the film {Si(1674), N(1233), H(1123)}. This simulation predicts the data
very well. The other simulation uses the same Si and N content but puts the H content to 0. The
simulation without H misses the data.
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Figure 5: On right is a deuteron NRA spectrum for a SICOH film on Si. The peak used for C analysis
is in ~channel 200 and the peaks used for the O analysis are in ~channels 160-180 .

On the left is the RBS spectrum measured for this sample along with a simulation using the
composition C(476), O (379), Si (217), H(862) Except for the fact that the simulation does not predict
the counts from the Si substrate (due to accidental channeling), this simulation predicts the data very
well.
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Figure 6: On right is a deuteron NRA spectrum for a SiLiCOH film on Si. The peak used for Li
analysis is the broad peak centered at ~channel 440; the peak used for C analysis is in ~channel 204
and the peak used for the O analysis is in ~channels 160-180 .

On the left is the RBS spectrum measured for this sample with an overlaying simulation. The
simulation assumed a thin layer of Li2CO3 (108 x 10'%/cm?) and a bulk film with the composition
Li(1308). O (1752), Si (657)
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Figure 7: Onright is a deuteron NRA spectrum for a CFH film on Si. The peak used for C analysis is
in ~channel 200 and the peak used for the F analysis is in ~channel 100 .

On the left is the RBS spectrum measured for this sample along with a simulation using the
composition C(2060). F (1484), H(280). This simulation predicts the data very well.
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Supplementary Material
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N: ratio to 1.2 MeV
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