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Unambiguous determination of Fourier-transform infrared spectroscopy proportionality factors:
The case of silicon nitride
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Fourier-transform infrared spectroscopy �FTIR� analysis is a widely used tool for the analysis of bonded
hydrogen in hydrogenated silicon nitride �SiNx :H�. However, the proportionality factors between the inte-
grated absorbance and bond densities, necessary for accurate hydrogen quantification, are still under discus-
sion. The evolution of the total hydrogen concentration in thermally stable SiNx :H during an anneal, as
determined by FTIR, using previously reported proportionality factors �E. Bustarret et al., Phys. Rev. B 77,
925 �1998�; W. A. Lanford and M. J. Rand, J. Appl. Phys. 49, 2473 �1978�� appears to be inconsistent with the
hydrogen concentration evolution as determined by elastic recoil detection �ERD� analysis. The differences
indicate invalid proportionality factors for our samples. Since annealing experiments of thermally stable
SiNx :H offer a set of samples that differ only in N-H and Si-H bond densities, recalibration of these factors can
be achieved by fitting the anneal time-dependent FTIR data to the evolution curves of the hydrogen concen-
tration as detected with ERD. In this way a fully experimental calibration tool for the N-H and Si-H FTIR
proportionality factors is obtained for individual, thermally stable, alloy films with multiple configurations of
hydrogen bonds. Calibration was applied to SiNx :H films in the range 1.09�x�1.35, deposited at high
deposition rate using the hot-wire �HW� chemical vapor deposition �CVD� technique. Each film was cut into
25 samples, which were annealed for different durations at 800 °C in N2 and investigated using FTIR and ERD
analysis. ERD measurements show that for the HWCVD SiNx :H, no detectable change in N/Si ratio or mass
density occurs during an anneal. The thermal stability of the samples is also confirmed by FTIR measurements,
where the sensitive Si-H peak position shows negligible shift during the anneal treatment. Calibration of FTIR
proportionality factors for these samples shows that both proportionality factors change with the composition
of the deposited films, and that they differ from reported values.
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I. INTRODUCTION

Hydrogenated silicon nitride �SiNx :H� is a widely used
material with many technological applications. We investi-
gated SiNx :H for its use as a top layer on multicrystalline Si
�mc-Si� solar cells where it simultaneously acts as an antire-
flection coating �ARC� and induces bulk and surface passi-
vation of the mc-Si wafers.1,2 These mc-Si solar cells domi-
nate the present commercial photovoltaic market3 whereby
the SiNx :H coating plays an important role in the enhance-
ment of mc-Si solar cell performance. Apart from the proper
optical properties, such as a high and tunable refractive index
and low extinction coefficient, also good passivating proper-
ties of the SiNx :H are very important. During a short anneal
treatment, hydrogen is released from the SiNx :H bulk and
diffuses into the wafer, inducing bulk passivation.

Because the hydrogen incorporated in the SiNx matrix
plays such an important role in device physics, much effort
has been devoted to gain knowledge on the behavior of hy-
drogen within SiNx :H.4–12 Hydrogen in SiNx :H is mainly
bonded as N-H and Si-H and a standard and quick technique
for quantification of the hydrogen bonding configurations is
Fourier-transform infrared spectroscopy �FTIR�. With FTIR
it is possible to determine the density of nonsymmetric bonds
in the hydrogenated SiNx matrix. A typical FTIR spectrum
for SiNx :H can be seen in Fig. 1. For the study of hydrogen
the N-H vibration at 3340 cm−1 and the Si-H vibration
around 2200 cm−1 are the most important.13 In general, the
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hydrogen bond density �X-H�, defined as the number of
bonds per unit volume, can be determined by14

�X − H� = A�X−H� � ����
�

d� = A�X−H�I . �1�

Here, ���� is the absorption coefficient at frequency �,
A�X-H� is the proportionality factor �also called proportional-

FIG. 1. Typical FTIR absorption spectrum with an indication to
the most important peak. In this spectrum no correction for coherent

and incoherent reflections are made.
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ity constant�, and I is the integrated absorption. The presence
of NH2 can be neglected in our films since the integrated
absorption of the N-H2 peak at 1550 cm−1 is less then 0.5%
of that of the N-H integrated absorption. Also, the presence
of significant amounts of Si-H2 and Si-H3 bonds is unlikely
since our Si-H peaks are narrow and symmetrical.

As a result, the total hydrogen concentration can be deter-
mined as

�H� =
H

Si + N + H
=

�Si − H� + �N − H�
�Si� + �N� + �Si − H� + �N − H�

, �2�

where H, Si, and N are the total number of atoms and �Si�
and �N� denote the densities �atoms per unit volume�. Be-
cause the density of Si and N per unit volume cannot be
obtained directly from FTIR, these values are normally esti-
mated from the Si-N bond density,15 determined from the
refractive index,16,17 or calculated with the mass density.6 In
this paper, more reliable elastic recoil detection �ERD� data
are used for this purpose. The major challenge that remains
for determining reliable hydrogen concentrations with FTIR
is to obtain trustworthy FTIR proportionality factors for the
hydrogen bonds.

The main bottleneck in determining the FTIR proportion-
ality factors for materials where hydrogen is distributed over
multiple types of hydrogen bonds, is that direct one-to-one
calibration with the hydrogen concentration from other meth-
ods is impossible. Consequently, the calibration of propor-
tionality factors for silicon nitride is not as unambiguous as
for a-Si:H, where all hydrogen is bonded in the Si-H bond
configuration only and direct calibration can be performed
readily.18–21 In alloys the hydrogen is distributed over mul-
tiple types of bonding configurations, which thus far always
necessitated assumptions to obtain the respective hydrogen
proportionality factors.

In SiNx :H, another challenge in the determination of the
hydrogen proportionality factors is the large difference in
electron negativity between N and Si influencing the strength
of the hydrogen bonds for each type of back bonding, which
is manifested by the large Si-H peak shift in the IR absorp-
tion spectrum.16,17,22,23 This change in bond strength is also
expected to change the oscillator strength and thereby the
proportionality factor of the hydrogen bonds.17 From silicon
oxynitride research, it is known that not only the Si-H but
also the N-H proportionality factor changes with differences
in back bonding.24 However, since it is expected that no N-N
bonds are present in SiNx :H, differences in primary back
bonding for the N-H bonds can be excluded.

The first widely accepted values for the SiNx :H hydrogen
proportionality factors were obtained by Lanford and Rand.25

They are still commonly used today. The authors used a col-
lection of SiNx :H samples with different compositions to
derive one general value for the ratio of the cross sections of
Si-H and N-H bonds. Using this ratio, it is possible to derive
single-valued FTIR proportionality factors, under the as-
sumption that they are identical for all as-deposited compo-
sitions. Whereas the procedure used by Lanford and Rand is
an elegant one, their values do not account for the presence
of different types of back bonding and therefore the assump-

tion of invariable proportionality factors for all SiNx :H com-
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positions is questionable. Bustarret et al.26 tried to overcome
this shortcoming by assuming that the N-H bond density is
proportional to the Si-N bond density. In addition, they took
into account the differences in Si-H back-bonding configura-
tions by determining the peak positions for each type of back
bonding and ascribed different proportionality factors to each
of them. Still, the two papers share the assumption of a fixed
N-H proportionality factor for all SiNx :H compositions.

In this paper we present a fully experimental method for
the determination of the FTIR proportionality factors �N-H
and Si-H� by calibrating them with the help of absolute con-
centrations from ERD analysis as a function of anneal treat-
ment of the films. With this calibration procedure we do not
make any assumptions about proportionality factors in
SiNx :H as a function of x. The only boundary condition is
that H in Si-H and N-H bonds adds up to the total hydrogen
concentration as derived by ERD. Because no assumptions
are made about the investigated material, this calibration
method is also applicable to comparable alloys such as
SiGex :H, SiOx :H, SiCx :H, and even nonsilicon-containing
alloys, as long as the matrix withstands an annealing treat-
ment and the H disappears gradually from the material dur-
ing the anneal. We calibrated the FTIR proportionality fac-
tors for a range of SiNx :H films and show that both the Si-H
and N-H proportionality factors change with the composition
of hot-wire �HW� chemical vapor deposition �CVD� SiNx :H.

II. EXPERIMENTAL DETAILS

SiNx :H films were deposited on highly resistive monoc-
rystalline Si wafers using the HWCVD technique, also
known as hot filament �HF�-CVD or Cat-CVD. With this
deposition method, the source gases are catalytically decom-
posed with very high efficiency27 at heated wires only, and
therefore no plasma is needed. This has the benefit that the
substrate does not incur damage caused by ion bombard-
ment. Moreover, this deposition technique reaches high
deposition rates �up to 7 nm/s� for dense transparent
films,28–30 and the HWCVD technology can be applied on a
large area.31 The four-filament hot-wire reactor is part of an
ultrahigh vacuum multichamber system �PASTA�.32 Pure si-
lane �SiH4� and ammonia �NH3� were used as source gasses,
which were catalytically decomposed on tantalum filaments
at a temperature of 2100 °C. No hydrogen dilution was used.
The substrate was heated by radiation from the filaments
only and reached a temperature of about 450 °C. A shutter is
located between the sample and the wires to control the
growth and to let the substrates thermally equilibrate before
the start of the deposition.

To investigate the hydrogen concentration for different
compositions of SiNx :H during an anneal treatment, films
with different flow ratios were deposited and cut into 25
samples of 1�1 cm2 from a homogeneous part of the films.
Each of the 25 samples was annealed for a different time,
between 0 and 600 s, whereby multiple samples were pre-
pared using the shortest anneal durations to obtain reliable
results also in the region where the fastest decrease in hydro-
gen concentrations occurs. The anneal experiments were per-
formed with a rapid thermal process �RTP� furnace at
-2
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800 °C in a N2 atmosphere. Apart from the anneal times, all
samples experienced an extra anneal time due to short
ramp-up and ramp-down periods. On all samples FTIR and
ERD analyses were performed. Since the heavy ions
�56 MeV Cu9+� that are employed in ERD are expected to
break many bonds,33 the nondestructive FTIR measurements
were performed prior to the ERD measurements. FTIR was
used for determination of the hydrogen bond densities,
whereby the H2O and CO2 signals were eliminated by inten-
sive dry N2 purging during the FTIR measurements. The raw
FTIR spectra were corrected for incoherent and coherent
reflections.34,35 Correction for substrate absorption was
achieved by subtraction of the measured absorption from a
bare part of the same substrate. For comparison, values for
the N-H and Si-H bond densities were initially determined
using the proportionality factors from Lanford and Rand.25

ERD analysis36 was used to establish the densities of Si, N,
and H per unit area from which, in combination with ellip-
sometry data, the mass density could be derived.

III. RESULTS

The ERD analysis shows that the SiNx :H films have the
intentionally different N/Si ratios of 1.09, 1.20, 1.24, and
1.35, and that each composition is uniform in the growth
direction. The compositional inhomogeneity over the wafer
area used for these experiments was less then 3%. The N/Si
ratios remain constant during annealing, as do the mass den-
sities of the films. The oxygen content was less then
0.5 at. % and is mainly located at the surface, as a result of
postdeposition surface oxidation. Also, the Si-H peak posi-
tion, which is sensitive to changes in the back-bonding con-
figurations, shifts by only a negligible 6 cm−1 over the total
anneal duration. As an example, the structural properties dur-
ing an anneal are plotted in Fig. 2 for a film with a N/Si ratio
of 1.20.

In Fig. 3 the bond densities for each of the samples are
presented during an anneal by making use of the proportion-

25

FIG. 2. The N/Si ratio and the Si-H peak position during an-
nealing, showing negligible small changes. As the mass density also
remains unchanged during annealing, it is safe to assume an invari-
able set of proportionality factors.
ality factors as published by Lanford and Rand. For the
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as-deposited samples, it appeared that for N-rich films the
hydrogen is mainly bound to the nitrogen atoms and only a
very small amount is bound to silicon. By incorporating
more Si in the silicon nitride, the amount of N-H bonds
decreases and the amount of Si-H bonds increases with a
“crossover” around N/Si=1.20, as is also reported earlier for
SiNx :H depositions for different deposition
techniques.17,22,26,30 During the anneal treatment for each ma-
terial, a decrease in the N-H bond density can be observed,
whereby the N-H decrease is faster for more Si-rich materi-
als. The three slightly Si-rich films show an increase in Si-H
bond density during the anneal, which can be explained by a
hydrogen transfer from N-H to Si-H bonds.

The total hydrogen concentration from FTIR as deter-
mined using Lanford and Rand’s proportionality factors25 re-
veals large inconsistencies when compared to the results
from the ERD analysis. In Fig. 4 the total hydrogen concen-
trations as determined by the two techniques are compared
for each film. A deviation of up to 2 at. % occurs in the H
concentration as determined by the two techniques. It is re-
markable that the FTIR hydrogen concentration is smaller
than the ERD hydrogen for the N/Si=1.09 sample, while it
is larger for the other samples. Moreover, while ERD analy-
sis reveals the expected continuously decreasing hydrogen
concentration, the hydrogen concentration as determined by
FTIR, using Lanford and Rand’s constants, shows a very
unlikely increase.

IV. DISCUSSION

One possible explanation for the increase in the bonded
hydrogen concentration upon annealing as observed with
FTIR is the presence of as-deposited molecular hydrogen in
the samples. This molecular hydrogen, not visible in FTIR,
could dissociate during an anneal and thereby act as hydro-
gen source for the FTIR measurements. However, NMR
measurements performed at the University of Utah on our
HWCVD deposited SiNx :H show that only a negligible
amount of 0.1% of the hydrogen is present in molecular form
in as-deposited samples. The presence of as-deposited H2
would also be in conflict with the higher concentrations ob-
tained by FTIR analysis than by the ERD analysis. We can
thus rule out that the presence of as-deposited molecular H2
causes the observed discrepancies between the two tech-
niques.

This leads to the conclusion that the FTIR proportionality
factors of Lanford and Rand are unsuitable. Of course, pro-
portionality factors reported for individual samples may ac-
cidentally result in correct hydrogen concentrations. The un-
suitability of the reported factors is revealed here, with
discrepancies appearing as a result of an annealing treatment.

Because all structural properties remain stable during the
anneal, it is justified to assume that the back bonding and
internal structure of the SiNx matrixes are unaltered during
the anneal treatment and thus the FTIR proportionality fac-
tors are unaffected at any stage during the anneal treatment.
The FTIR and ERD hydrogen concentration from a set of
samples containing identical internal structure but different

hydrogen distributions thus offers multiple independent

-3



VERLAAN et al. PHYSICAL REVIEW B 73, 195333 �2006�
equations, which allows us to solve the two unique propor-
tionality factors applicable to that material. Therefore, we are
able to determine the correct FTIR proportionality factors for
each film individually, by fitting the evolution of the total
hydrogen concentration from FTIR to that determined by
ERD analysis. The presented comparison between the hydro-
gen concentrations from FTIR and ERD during annealing
thus offers a simple and fully experimental tool for indepen-
dent calibration of the two FTIR proportionality factors with-
out the need for assumptions. From the results in Fig. 5 it can
be concluded that it is possible to match the hydrogen con-
centrations from FTIR and ERD by only varying the propor-
tionality factors for the hydrogen bonds. Because both FTIR
bond densities and the ERD atom concentrations are origi-
nally determined per unit area and only afterwards converted
to volume densities by dividing by the thickness, this propor-
tionality factor calibration method is independent of the ac-
curacy of the thickness determination used.

The legitimacy of the calibrated values for the proportion-
ality factors were confirmed by measuring FTIR on the dif-
ferent annealed samples with N/Si=1.20 a second time, this
time after the ERD measurements were performed. When we
determined the changes in the FTIR spectra arising from the
heavy ion bombardment during the ERD measurement, an

FIG. 3. Hydrogen bond densities with FTIR proportionality facto
of silicon nitride.
observed increase in N-H bond density at the expense of the
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Si-H bond density seemingly leads to a decrease in the total
H content by as much as 2.5% when Lanford and Rand’s
proportionality factors are used. The fact that the total FTIR
hydrogen content does not change if we use the newly cali-
brated proportionality factors, in agreement with the invari-
able H content as determined from ERD itself, is a strong
confirmation that our method for calibration of the FTIR
proportionality factors is correct.

Although we applied this hydrogen proportionality factor
calibration method to hot-wire deposited SiNx :H, the pre-
sented method is not limited to this material only. No as-
sumptions are made about the material or the proportionality
factors themselves, and therefore the method can also be
applied to other materials in which the hydrogen is bonded in
multiple configurations provided that the matrix is thermally
stable. The only restriction for the materials to enable the
calibration of the proportionality factors using this method is
that the ratio of the densities of the two types of bonding
configurations shows a change.

The presented calibration method was applied to SiNx :H
samples with different compositions �1.09�x�1.35�. The
results of the calibration technique are summarized in Table I
together with compositional properties of the investigated
films. The direct consequences of the newly calibrated values

reported by Lanford and Rand �Ref. 25�, for different compositions
rs as
-4
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for the constants for the hydrogen bonding configurations
can be seen by comparing Figs. 3 and 6. Interestingly, the
two samples with comparable N/Si ratios, 1.20 and 1.24,
have similar bond densities and trends during anneal, despite
the fact that they have different proportionality factors. Even
more interesting is that for the material with N/Si=1.20 the
hydrogen bonding changes with the newly calibrated propor-
tionality constants from predominantly silicon bonded to pre-
dominantly nitrogen bonded.

When comparing the present FTIR proportionality factors
with the values as reported in literature distinct differences
emerge. The first important difference is that the value for
the N-H constant does vary with the composition of the
SiNx :H films. Both Lanford and Rand25 and Bustarret et al.26

assume a fixed value for the proportionality factor of 2.8
�1020 cm−2 and 1.2�1020 cm−2, respectively. Our calibra-
tions show that this value can differ by almost a factor of 6
with the reported values and by a factor 2 over the investi-
gated compositions.

For the Si-H proportionality factors, comparison of the
calibrated proportionality factors with reported values is
more complex since Bustarret et al. already accounted for a
change in proportionality factors with different primary back
bonding and, consequently, for the composition of the depos-

20 −2

FIG. 4. Hydrogen concentrations as determined with FTIR using
ERD.
ited films. They reported values between 0.7�10 cm and
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4.0�1020 cm−2 depending on the peak position of the Si-H
mode. Lanford and Rand reported an invariable value of
1.4�1020 cm−2. Again, some of the calibrated proportional-
ity factors in this work differ considerably from the reported
values. While keeping in mind the specific Si-H peak posi-
tions of the samples, also these newly calibrated proportion-
ality factors differ up to a factor of 6 from the reported pro-
portionality factors. We note, however, that both referenced
papers made the assumption of one single N-H proportional-
ity factor for all compositions. This assumption itself directly
influences their Si-H proportionality factors.

In the following we explain why such large differences in
proportionality factors with earlier reported data are feasible.
Due to the large differences in the electron negativity be-
tween N and Si, the electron distribution changes for differ-
ent back-bonding configurations of the hydrogenated host
atom. Most likely, different back-bonding configurations of
the hydrogenated host atom cause changes in the FTIR pro-
portionality factors. Because no N-N bonds are present in
silicon nitride no different back bonding for the N-H con-
figuration is possible, which is also in agreement with ex-
periments, where no N-H peak shift is observed for different
types of silicon nitride compositions. Since our calibration
shows that the FTIR proportionality factor for N-H does

portionality factors as reported by Lanford and Rand �Ref. 25�, and
pro
-5
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change with composition, which cannot be caused by differ-
ences in primary back-bonding configurations, the observed
changes in this FTIR proportionality factor with composition
can be explained by changes in the total environment of the
hydrogen bond including the mass density and secondary
back bondings.

In this respect, Hasegawa et al.37 made an interesting
statement by claiming that the change in proportionality fac-
tors of the Si-H configuration is solely dependent on the
physical environment and not on the back-bonding configu-
ration. They used for their determination of the proportion-

FIG. 5. Comparison of hydrogen concentration as determined wi

TABLE I. Calibrated FTIR proportionality factors for d

N/Si
�
�g/cm3� This work

Si-H
1019

�cm−2�

N-H
1019

�cm−2� �

1.35 2.03 12±2 18±1

1.24 2.62 10±1 25±2

1.20 2.93 5.5±0.5 47±2

1.09 2.71 16±2 25±3
195333
ality factor, the modified random-bonding �MRB� model,38

whereby the proportionality factor is described by

ASi−H =
cn��

2�2e*2 , �3�

where c is the speed of light, n the refractive index, � is the
reduced mass, and e* is the effective charge. They therefore
reported the value of the Si-H proportionality factor to be
linearly dependent on the refractive index n as

ASi−H = 2.58 � 1019n . �4�

IR, with calibrated proportionality constants and ERD analysis.

ent SiNx compositions compared with reported values.

Ref. 26 Ref. 25 Ref. 37

�

N-H
1019

�cm−2�

Si-H
1019

�cm−2�

N-H
1019

�cm−2�

Si-H
1019

�cm−2�

12 14 28 4.8

12 14 28 5.0

12 14 28 5.2

12 14 28 5.5
iffer

Si-H
1019

cm−2

20

�28

�30

�36
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Although our values are not exactly equal to these values,
of all reported values for the Si-H proportionality factors
these are closest to our calibrated proportionality factors. It is
known that many other properties influence the IR absor-
bance of the hydrogen bonds. For instance, it is known that
in a-Si:H the bond density of the Si-H configuration itself
has influence on the Si-H proportionality factor,39 causing a
nonlinear relation between the integrated absorption and the
bond density. Furthermore, it has been shown that the acti-
vation energy for N-H bond breaking varies for different
types of materials,40–42 which is an indication that the bond
structure of N-H changes. Taking all this into account, it is
clear that the proportionality factors are influenced by the
total environment of the hydrogen bonds.

V. CONCLUSIONS

The evolution of the hydrogen concentrations for a range
of compositionally different silicon-nitride films upon an-
nealing is determined by ERD and FTIR analysis. When us-
ing the FTIR proportionality factors as reported by Lanford
and Rand, the trends determined by these analysis techniques
are inconsistent with each other. The annealing experiments
have been utilized to offer a set of samples, which differ only

FIG. 6. Hydrogen bond densities with calibrated FTIR pro
195333
in N-H and Si-H bond densities; thus, the ERD and FTIR
results form a set of multiple independent equations allowing
us to solve the hydrogen FTIR proportionality factors appro-
priate for each composition. As a result, a fully experimental
calibration method is obtained for the N-H and Si-H FTIR
proportionality factors.

Because no assumptions are made about the material or
proportionality factors themselves, the presented calibration
method is not restricted to SiNx :H only, and is also appli-
cable to similar hydrogenated alloys having a rigid matrix
structure. Calibration was performed on a range of SiNx :H
samples with different compositions and shows that both
proportionality factors are dependent on the composition of
the layer, and differ from reported values.
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