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Hydrogenation of Si from SiN x„H… films: Characterization of H introduced
into the Si
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A promising method to introduce H into multicrystalline Si solar cells in order to passivate bulk
defects is by the postdeposition annealing of a H-rich, SiNx surface layer. It has previously been
difficult to characterize the small concentration of H that is introduced by this method. Infrared
spectroscopy has been used together with marker impurities in the Si to determine the concentration
and depth of H introduced into Si from an annealed SiNx film. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1598643#
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Hydrogen is commonly introduced into multicrystallin
Si solar cells to reduce the deleterious effects of defects
increase the minority carrier lifetime.1–8A promising method
to introduce H is from a hydrogen-rich~;20 at. %! layer of
SiNx that is deposited onto the Si to act as an antireflec
coating.4–8A postdeposition anneal is used to diffuse H fro
the SiNx layer into the Si in order to hydrogenate defects
the bulk Si. Unfortunately, it has been difficult to detect d
rectly the H that is introduced because of its small conc
tration. Therefore, the effectiveness of the hydrogenation
results from the postdeposition annealing of SiNx layers has
remained controversial. For example, there are model ca
lations that suggest that H concentrations near
31016 cm23 can be introduced into bulk Si from a SiNx

layer,9 while other recent studies question whether bulk h
drogenation from SiNx occurs at all.10 Furthermore, the in-
diffusion of H into Si is often limited by trapping,11 making
the appropriate effective diffusion constant to describe
penetration depth of H uncertain.

In the present letter, a method that combines IR spect
copy with marker impurities that can trap H in Si is used
determine the concentration and depth of H that is introdu
into Si from a SiNx layer. Pt impurities are used as mod
traps for H because the Pt–H complexes in Si are therm
stable~up to 650 °C! and their H vibrational absorption line
have been identified.12 Furthermore, the intensities of th
Pt–H IR lines have been calibrated so that the concentra
of H in the Si sample can be estimated.13

To increase the sensitivity of vibrational spectrosco
for the detection of small concentrations of H-containing d
fects, IR absorption measurements have been made
samples in a multiple-internal-reflection~MIR! geometry.
Samples with dimensions 1531831.5 mm3 were made from
lightly doped Si grown by the floating-zone method. T
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ends of the samples were beveled at 45°. The probing l
was introduced through one of the beveled ends so as t
multiply reflected many times from the internal surfaces a
passes through the sample~Fig. 1!.

Pt impurities, to be used as traps for H, were diffus
into the Si samples at a temperature of 1225 °C. The res
ing Pt concentration is estimated to be;1017 cm23 from
solubility data in the literature.14 SiNx layers were deposited
onto the Si samples either by plasma-enhanced chemica
por deposition~PECVD!7 or by hot-wire chemical vapor
deposition~HWCVD!.15 The substrate temperature for th
depositions was;300 °C and the nitride layer thicknesse
were;80–100 nm. Samples were annealed in a tube furn
in an ambient of flowing N2. IR absorption measuremen
were made with a Bomem DA3 Fourier-transform infrar
spectrometer equipped with a KBr beamsplitter and an In
detector. Samples were cooled for IR measurements to
4.2 K with a Helitran, continuous-flow cryostat.

IR spectra are shown in Fig. 2 for a Si:Pt sample on
which a SiNx layer had been deposited by HWCVD. Th
broad band centered at 2160 cm21 is due to Si–H bonds in
the H-rich SiNx layer.16 For anneals performed at succe

FIG. 1. Multiple-internal-reflection geometry used for IR measurements
Si samples hydrogenated from a SiNx surface layer.
© 2003 American Institute of Physics
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sively higher temperatures, the Si–H band from the Sx

decreases in intensity and a H vibrational line at 1880 cm21,
assigned previously to the neutral charge state of the
complex in Si,13 grows in intensity. No other IR lines due t
H-containing defects in the Si bulk were detected in our
periments. These results show unambiguously that H fr
the SiNx surface layer diffuses into the Si substrate durin
postdeposition anneal and that this H forms complexes w
defects in the bulk.

The intensity of the PtH IR line at 1880 cm21 provides
quantitative information about the concentration of H in t
Si sample. From the calibration of the intensity of the P
line reported in Ref. 13, the concentration of PtH comple
is related to the area of the 1880 cm21 absorbance line by

@PtH#~cm23!52.631016 cm21S E Adn̄ D /deff . ~1!

Here, n̄ is the frequency of the light in wave numbe
(cm21), and A is the absorbance~which is related to the
absorption coefficient byA5adeff log10e). For the MIR ge-
ometry shown in Fig. 1, the optical path length,deff , for the
probing light is proportional to the thicknessd of the hydro-
genated layer and is given by

deff5Nd secu5~L cotu/w!d secu. ~2!

Here,L is the length of the MIR sample,w is its thickness,u
is the bevel angle, andN is the number of passes the lig
makes through the absorbing layer. For our samples, w
L518 mm, w51.5 mm, andu545°, the MIR geometry,
when compared with a single pass at normal incidence, t
cally increases the optical path length by a factor
N secu'17. Initially, the thicknessd of the absorbing layer
is unknown. In this case, the product of the defect conc
tration times the layer thickness, or the areal density, can
determined from the area of the absorbance line.17

Figure 3~a! shows the PtH IR line for a sample that ha
been hydrogenated by a postdeposition anneal~5 min at
600 °C! of a SiNx layer deposited by PECVD. To determin
the depth of H penetration, hydrogenated samples were
chanically thinned in successive steps in which;50–100

FIG. 2. IR spectra for a bulk Si:Pt sample with a SiNx layer deposited on its
surface by hot-wire CVD. The sample was annealed~10 min! at the indi-
cated temperatures to introduce H into the Si. Vibrational lines assigne
Si–H bonds in the SiNx layer and to PtH complexes in the Si are shown
Downloaded 16 Dec 2005 to 131.215.225.9. Redistribution subject to AIP
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mm were removed from the surface onto which the SiNx had
been deposited. Figures 3~a! and 3~b! show that the area
density of PtH centers is reduced as layers are removed
cessively from the sample. The linear decrease of the
intensity with the increasing thickness of the removed la
shows that the concentration of PtH centers for these ann
ing conditions is approximately constant up to a maximu
penetration depth of 500mm into the sample.

The concentration of PtH complexes can be determi
from their areal density once the thickness of the hydro
nated layer has been determined. The concentration of
complexes for the sample whose spectra are shown in F
is 131013 cm23. The sample whose spectra are shown
Fig. 2 was thinned and studied similarly by IR spectrosco
~following the anneal at 700 °C!. In this case, the penetratio
depth of H was estimated to be 13103 mm, and the concen-
tration of PtH complexes was determined to be
31013 cm23. Our previous experience with the trapping
H by Pt impurities in Si indicates that the majority of the
introduced into the Si will be trapped by Pt to form Pt
complexes because the concentration of Pt (;1017 cm23) is
much greater than the concentration of H.13 Therefore, the
concentration of PtH complexes reflects the total concen
tion of H introduced into the Si from the SiNx layer.18

The concentration of H introduced into Si from a SiNx

layer has been found to be modest in the experiments
formed here, i.e., from near 1 to 531013 cm23. The H that
diffuses into the Si bulk corresponds to the order of only;a
tenth of a percent of the total H that is liberated from t
SiNx coating by an anneal at near 600 °C. For example,
the data shown in Fig. 2, the 600 °C anneal reduces the
of the 2160 cm21 Si–H IR band by 5%. If we estimate tha
the 80-nm-thick SiNx layer contains a H concentration of
;131022 cm23, this corresponds to an areal density of r
leased H of;431015 cm22.19 The intensity of the 1880
cm21 PtH line following the anneal at 600 °C leads to a
areal density of PtH complexes in the Si of 631012 cm22,
or only 0.15% of the total H released from the SiNx . While
the concentration of H introduced into Si is small, it is, non

to

FIG. 3. ~a! IR spectra showing the vibrational line of the PtH complex in
Si:Pt sample that was hydrogenated by the postdeposition annealing~5 min
at 600 °C! of a PECVD SiNx film. Spectra were measured after a surfa
layer of the indicated thickness had been removed from the sample.~b! The
areal density of PtH complexes remaining in the sample vs the thicknes
the layer removed from the surface, derived from the data shown in~a!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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theless, sufficient to affect the electrical activity of disloc
tions and impurities like the transition metals that are hig
effective lifetime killers. Our experiments suggest that h
drogenation of Si from a SiNx layer yields a H concentration
that lies between optimistic estimates of the amount of H t
can be introduced into the Si bulk9 and the negative view
point taken by Boehme and Lucovsky that bulk hydroge
tion does not occur.10

The modest H concentration introduced by a postde
sition anneal of a SiNx film is consistent with the sensitivity
of the effectiveness of hydrogenation treatments to proc
ing methods.5–9 That is, one is not in the situation wher
there is an excess of H available to effectively passivate
of the defects that might be present. Therefore, change
the H concentration that result from differences in process
methods can have a pronounced effect. Experiments are
rently underway to investigate the synergistic effect that
firing the SiNx antireflection coating and Al backcontact la
ers has on the improvement of the minority carrier lifetim
of solar cells,8,20 and whether this processing synergy mig
result from the introduction of a greater H concentration in
the solar cell.

The results presented here provide information about
diffusivity of H during hydrogenation from SiNx . There has
been considerable interest in the penetration depth of H
Si because of its importance in the design of processes
will optimize the hydrogen passivation of solar cells.3,21 The
diffusivity of H in Si was measured at high temperature in
early study by Van Wieringen and Warmoltz22 and gives the
diffusion constant

D59.431023 exp~20.48 eV/kT! cm2/s. ~3!

Subsequent studies have found that theD given by Eq.~3! is
valid for the diffusion of H1, the dominant charge state of
in Si at elevated temperature,23 for situations where H doe
not interact with other defects and where relatively immob
H2 molecules are not formed.11 In many experimental situa
tions, the diffusion of H is limited by trapping, and an effe
tive diffusion constant is found that is typically two to thre
orders of magnitude smaller than Eq.~3! would predict.11

Therefore, it becomes important to obtain data on the in
fusion depth of H that are valid for specific hydrogenati
conditions. The data in Fig. 3 show that for a 5 min anneal at
600 °C, the thickness of the hydrogenated layer that resul
;500 mm. Equation ~3! gives a diffusion constant ofD
51.631025 cm2/s at 600 °C; for a 5 min anneal, this valu
would give aADt diffusion length of 690mm. This compari-
son shows that the effective diffusion constant in our exp
ments is roughly within a factor of 2 of the value extrap
lated from the results of Van Wieringen and Warmoltz.22 ~A
similar conclusion is obtained from the H penetration de
determined for the sample annealed for 10 min at 700 °!
This is a surprising result, given that one might expect the
penetration depth to be limited by trapping in our expe
ments and to be greatly reduced from the value predic
from Eq. ~3!. Nonetheless, the rapid indiffusion observ
here is consistent with the effectiveness of typical annea
treatments of a few minutes near 750 °C used to passiva
solar cells and suggests that such anneals drive H deep
the Si bulk.
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Vibrational spectroscopy, coupled with the use of
marker impurities in Si, has been used to probe the H tha
introduced into Si by the postdeposition annealing of
H-rich SiNx AR coating. The H concentration has been fou
to be modest in these experiments, less than;1014 cm23.
The thickness of the hydrogenated layer is consistent wi
H diffusion constant that is a factor of only;2 smaller than
an extrapolation of the classic results of Van Wieringen a
Warmoltz22 would predict.
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