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In conclusion, the plasmon energy losses in the Auger
spectra of an Al-Zn-Mg alloy provide information con-
cerning the chemical environment of individual elements
in the alloy, from which a better understanding of the
grain-boundary segregation and precipitation can be
achieved. This important aspect is expected to be equal-
ly well applicable to other alloy systems.
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Depth profiles for hydrogen in amorphous silicon have been determined by the use of resonant nuclear
reactions ['H(**N,ay)"’C and 'H('°F,ay)®O] and by secondary ion mass spectroscopy (SIMS).
Independent calibration procedures were used for the two techniques. Measurements were made on the
same amorphous silicon film to provide a direct comparison of the two hydrogen analysis techniques. The
hydrogen concentration in the bulk of the film was determined to be about 9 at.% H. The SIMS results

agree with the resonant nuclear reaction results to within 10%, which demonstrates that quantitative
hydrogen depth profiles can be obtained by SIMS analysis for materials such as amorphous silicon.

PACS numbers: 61.70.Wp, 82.80.Ms, 82.80.Jp

The importance of understanding the role hydrogen
plays in energy-related materials has recently been
stressed. ! In many cases, quantitative information is
required on the depth distribution of hydrogen in a
material as well as its total hydrogen content, Many of
the conventional techniques of elemental analysis such
as ESCA, Auger, XRF, neutron or charged-particle
activation, Rutherford backscattering, and electron
microprobe are not directly applicable to hydrogen
determination. Two methods that have the potential of
providing quantitative depth information for the total
hydrogen content of materials are (1) nuclear reactions
and (2) secondary ion mass spectrometry (SIMS).

In this paper we describe the application of these two
techniques to the quantitative determination of the hy-
drygen profile in an amorphous silicon film. This is a

a)Research sponsored by the Energy Research and Develop-
ment administration under contract with Union Carbide
Corporation,
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technological problem of considerable current inter-
est, >3 It is thought that hydrogen which has been in-
corporated into amorphous silicon films prepared by
glow discharge in a silane atmosphere plays an impor -
tant role in allowing such films to be substitutionally
doped.

As an analysis technique, it is well known that
resonant nuclear reactions can provide quantitative non-
destructive depth profile information but the sensitivity
is limited due to the magnitude of the nuclear-reaction
cross section (typically 107% c¢m?). SIMS on the other
hand has the potential to detect all the elements in the
periodic table with high sensitivity, but quantitative
information has been very difficult to obtain because
secondary ion yields are a complicated function of the
sputtered species and the chemical environment. SIMS
should be able to provide sensitive depth profile infor-
mation about hydrogen in materials by detecting hydro-
gen ions sputtered from ion-bombarded surfaces, but
the application of this technique to hydrogen measure-
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Experimental Apparatus for Hydrogen Depth Profiling.

FIG. 1, Schematic representation of the experimental arrange-
ment used for the nuclear-reaction measurements described in
the text.

ments has been hampered by the fact that most experi-
mental apparatus have been operated in the 10-°°—1077-
Torr range.® At these pressures, deposition of hydro-
gen-containing molecules on the surface represents a
constant source of hydrogen to the sample during
analysis. We have overcome this problem by perform-
ing SIMS measurements in a vacuum with a base pres-
sure of 107! Torr using a finely focused Ar"* ion beam
for sputtering. In amorphous silicon, we find that
quantitative depth profile information by SIMS is pos -
sible if proper attention is paid to calibration proce-
dures. We demonstrate the quantitative aspects of
SIMS analysis by a direct comparison of the hydrogen
profile determined by SIMS in an amorphous silicon
film with the hydrogen profile as determined in the
same by the use of two resonant nuclear reactions.

The amorphous silicon film (a-Si) used in this work
was prepared® by dc cathodic deposition in silane onto
a stainless -steel substrate. The gas pressure was 2
Torr, the current density 1 mA cm'z, and the substrate
temperature 350 °C.

For hydrogen depth profiling by resonant nuclear re-
actions, strong narrow isolated resonances in the cross

section of the 'H(}*N, a¥)2C and 'H(*F, a¥)!®0 reactions
have independently been used. Only a brief description
of the use of these techniques will be given here as they
have been described elsewhere. ™ To use these re-
actions for depth profiling, the incident beam energy

is varied to step the depth at which the resonance occurs

through the sample. At a given energy, the yield of ¥
rays is proportional to the hydrogen concentration in a
thin layer Ayxjy at a depth of xz. The depth at which the
resonance occurs is determined by the stopping power, 10
dE/dy, while the thickness being analyzed is determined
by the width of the resonance and the energy straggling
of the beam. Using the 6. 38-MeV resonance in the
'H(1*N, ay)!2C reaction, a depth resolution of 60 A at
the surface and 200 A at a depth of 4000 Ais possible
in silicon. The depth resolution of the 16. 44-MeV
IH(F, ay)!%0 resonance varies from ~250 A at the sur-
face to ~300 A at a 4000-A depth in silicon. Measuring
the y-ray yield as a function of beam energy then gives
a direct indication of the hydrogen concentration as a
function of depth in the sample.

At energies different from the resonance energies
the cross section for the 'H(!*N, @y)!*C and the
'H(®F, ay)'®0 reactions are not negligible and correc-
tions must be made for this during data analysis. The
procedure for this correction is described elsewhere.®

The experimental apparatus for the nuclear-reaction
measurements is shown in Fig. 1. The "F** or "N
beams, provided by the Qak Ridge National Laboratory
Tandem Van de Graaff accelerator, were collimated to
a beam spot of ~0.4 cm in diameter, striking the target
at normal incidence. Beam currents of 30 and 10 nA
were used for the F and N beams, respectively. The
beam currents were monitored by (1) particles back-
scattered from a tantalum flipper rotating in the beam,
the flipper being calibrated with a Faraday cup and (2)
current integrated directly off the target, the target
holder being surrounded by a LN, shroud held at - 300
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FIG. 2. Schematic diagram of the SIQMS instrument (top view).

583 Appl. Phys. Lett., Vol. 31, No. 9, 1 November 1977

DIFFERENTIAL PUMPING

T l —‘r“l‘,

DEFLECTION PLATES 1XI107* ToRR

0

EXTRACTION LENS

O

WINDOW

APERTURE
SAMPLE VIEWING
WINDOW
180° SPHERICAL
ELECTROSTATIC ANALYZER

Clark et al.

583



V to suppress electrons from the target. The vacuum
in the target chamber was ~1077 Torr. The y rays were
detected in both a 3x3-in. Nal detector placed approxi-
mately 2 em from the target and at 90° to the beam
direction and a 6 X4-in. Nal detector placed approxi-
mately 10 cm from the target and at 135° to the beam
direction.

The hydrogen content of samples studied was deter-
mined in absolute terms by comparison of y-ray yields
with similar yields obtained from calibration samples.
The calibration samples used in this work were poly-
ethelyne [(CH,),], Lexan [(C;H,0;),], and 2 H* (10
keV, 4X10% ¢m™?) implanted silicon wafer. The calibra-
tion constants for the N and ’F reactions obtained
from these different standards had standard deviations
of 13% for both beams.

In the SIMS analysis, !'~! the samples were bombard-
ed with a 5-keV beam of “Ar* primary ions, causing
the outermost layers to be sputtered off. The majority
of particles left as neutral particles, but a small frac-
tion left as positive or negative ions. These ions were
focused into a quadrapole mass spectrometer for
separation according to their mass/charge ratio. Since
the primary ion beam continuously eroded the sample
by sputtering, monitoring one or several masses as a
function of time yielded an in-depth concentration pro-
file, The mass spectrometer was capable of identifying
all elements in the periodic table complete with isotopic
information, thus enabling SIMS to detect hydrogen.

Figure 2 shows the layout of the SIQMS (secondary
ion quadrapole mass spectrometer) apparatus''~'* which
was used for the SIMS analysis. The primary ion beam
column was located to the left of the sample chamber.
The primary ion beam was formed in an arc discharge
ion source, mass analyzed using an E xB velocity filter,
and focused by two electrostatic lenses onto the sample.
The angle of incidence was 60° to the surface normal,
and the spot size and current density were 70 um in
diameter and 25 mA/cm?, respectively. The beam was
rastered in a pattern approximately 1 mm? in order to
sputter a flat-bottom crater which was needed for good
depth resolution. Electronic signal gating was used to
reduce crater edge effects. Under these conditions,
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FIG. 3. Hydrogen concentration versus depth into film for
glow-discharge-prepared amorphous-Si sample. Profiles de-
termined by SIQMS and the two nuclear reactions,
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the sputtering rate was typically 10 A/sec. A quad-
rapole mass spectrometer with an energy filter was
used to monitor the secondary ions sputtered from the
surface region. Hydrogen and water vapor in the target
chamber were maintained at partial pressures in the
10" -Torr range by a titanium sublimation pump and
large-area liquid-nitrogen cold wall.

The large range in elemental sensitivities and the
matrix or chemical effects encountered in SIMS required
the use of a standard sample of hydrogen in silicon to
quantify the hydrogen profile in the amorphous silicon.
The standard chosen was a piece of single-crystal
silicon accurately implanted with 50-keV protons to a
dose of 7.5x10" atoms/cm®. The peak hydrogen con-
centration for this sample was 5x10%" atoms/cm’ or
1 at. % and the profile was followed down from that peak
three orders of magnitude in concentration, Using this
as a standard for hydrogen sensitivity in silicon, a con-
centration scale could be assigned to the depth profile
of hydrogen in the amorphous silicon sample.

The hydrogen profile of the a-5i sample as deter-
mined with both the 'H(*N, »y)*C and the 'H("F, ay)"*0
reactions is shown in Fig. 3. The errors shown in-
clude both statistical and calibration errors. Also show
shown in Fig. 3 is the negative secondary ion profile
from the same @-Si film., The large yield of H™ from
the surface in the SIMS resulted from surface contami-
nation containing hydrogen. This was completely re-
moved by sputtering ~300 A deep into the sample.

The film thickness shown in Fig. 3 for the nuclear-
reaction data is 4500 + 300 A. This was determined from
stopping power data'® for N and F ions assuming a
film density of 2.0 gem™. The film density was deter-
mined by weighing. Independent ‘He backscattering en-
ergy loss measurements gave a thickness of 5000 + 300
A (again assuming p=2 g em™). The film thickness
shown in Fig. 3 for the SIMS data is 4200+ 100 A. This
was determined by the Talysurf technique. '

As shown in Fig, 3, the hydrogen concentration in the
bulk of the film as determined by the three techniques
was ~4.3x10*/cm’ or 9.0 at.% H. The absolute
magnitude and the profile of hydrogen determined by the
two resonant nuclear reactions was in excellent agree-
ment with the SIMS results. The fact that excellent
agreement was obtained showed that in the SIMS mea-
surements there was no significant difference in the
hydrogen-containing molecular fragments sputtered
from the amorphous silicon film as compared to the
ion-implanted calibration sample. Also the chemical
environments of the two samples were similar enough
such that there was no significant difference attributable
to chemical matrix effects or differences in sputtered
ion neutralization probabilities. In some materials
there is evidence® for hydrogen mobility under beam
conditions but repeated measurements on a-Si showed
no evidence for hydrogen mobility in this material at
room temperature. These results show that if proper
attention is paid to calibration procedures and to the
vacuum environment, then SIMS can be used for quan-
titative hydrogen profile measurements in materials
such as amorphous silicon.
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The hydrogen concentration that we have measured
by the combined techniques of resonant nuclear re-
actions and SIMS are in broad agreement with hydrogen
concentrations measured by others? for a-Si films pre-
pared under similar conditions. Infrared measurements
on a-Si material prepared in the manner described
above have also given hydrogen concentration results
similar to our results, indicating that the majority of
the hydrogen contained in the film is bonded, presum-
ably compensating dangling Si bonds. It should be noted
that in a-Si solar cell development studies information
on the hydrogen profile is a useful diagnostic. Cell
failure can frequently be related to interface problems
caused by hydrogen build up. Moreover, diffusion of
hydrogen at temperatures > 350 °C can create dangling
bonds that degrade cell efficiency.

1F. L. Vook, H,K. Birnbaum, T.H, Blewitt, W, L. Brown,
J.W. Corbett, J.H, Crawford, A,N, Goland, G.L.
Kulcinski, M,T. Robinson, D,N, Seidman, and F.W,. Young,
Rev. Mod. Phys. 47 (1975).

’H, R, Leuchtag, Phys. Today 30 (No, 1), 17 (1977).

D,E. Carlson, IEEE Trans. Electron Devices ED-24, 449
(1977).

‘M, H, Brodsky, M,A, Frisch, J,F, Ziegler, and W. A,
Lanford, Appl. Phys. Lett, 30, 561 (1977),

’James R, Hinthorne and C.A, Anderson, Amer. Mineral,
60, 143 (1975).

87,1, Pankove and D, E, Carlson, Appl. Phys, Lett, 29, 620
(1976).

'D.A. Leich and T, A, Tombrello, Nucl, Instrum, Methods
108, 67 (1973).

8W.A. Lanford, H.P, Tratvetter, J.F. Ziegler, and J,
Keller, Appl. Phys. Lett, 28, 566 (1976).

%G.J. Clark, C.W, White, D.D. Allred, B,R. Appleton,
F.B. Koch, and C,W, Magee, Nuclear Instrum, Methods (to
be published).

101, C. Northeliffe and R. F. Schilling, Nuecl, Data Tables A 7,
233 1970},

1c,w. Magee, W.L, Harrington, and R,E, Honig, 3rd Annual
Conference of the F,A,C.S,S,, Philadelphia, 1976
(unpublished).

12C, W, Magee, W. L, Harrington, and R.E. Honig, Rev.

Sei. Instrum. (to be published).

13C, W, Magee and C.P, Wu. Nucl. Instrum, Metheds (to be
published).

4p, g, Whitehouse, Characterization of Solid Surfaces, edited
by Kane and Larabee (Plenum, New York, 1974), p. 53.

Changes in x-ray diffraction patterns of polyvinylidene

fluoride due to corona charging
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The changes in the x-ray diffraction patterns of 16- and 25-um-thick polyvinylidene fluoride films, caused
by 6-kV corona charging at room temperature, are presented. The diffraction peaks corresponding to
(100) and (020) a-crystalline forms tend to be considerably reduced while the (110) 8-form peak changes

in shape and position.

PACS numbers: 77.90.+k, 81.60.Jw, 61.40.Km, 73.40.Bf

Polyvinylidene fluoride (PVF,) is a semicrystalline
polymer which may exist at least in two stable crystal-
line forms, ! namely, a planar zigzag polar form (£
form or Form 1)? and a T-G-T-G nonpolar form (¢ form
or Form 2)? where T, G, and G denote the trans and the
two types of gauche forms, respectively. Oshiki and
Fukada® show that a significant reduction of the o form
takes place on stretching and subsequently subjecting
the PVF, films, originally containing both o and £
forms, to high dc fields over extended periods of time
at elevated temperatures (i.e., poling). The infrared
and Raman spectroscopic studies of Latour® also sup-
port such observations on poling of PVF, films. Tamura
et al.® detected changes in the polarized infrared spec-
trum which indicated an orientation of 8-form crystal-
lites on poling and this is supported by the changes in
the x-ray diffraction pole figure of Kepler' for poled and
unpoled samples. Southgate® reports a significant re-
duction of the infrared absorption peaks at 762 and 975
cm™, which have been ascribed to the o form,? after

585 Applied Physics Letters, Vol. 31, No. 8, 1 November 1977

poling using a corona charging source at voltages of
up to +6 kV at room temperature.

An attempt has been made in the present study to ob-
serve changes in molecular conformation due to corona
charging of 16- and 25-um-thick films of PVF, by
x-ray diffraction techniques. The films were supplied
by the Kureha Chemical Industry Co. Ltd., of Japan.
Test samples ~3 cm? in area were cleaned with acetone
and diffraction patterns were recorded for Bragg angles
(i.e., 26) between 16° and 23° using the step scanning
technique and Ni-filtered Cu-K radiations. The samples
were then corona charged at room temperature to a
surface potential + 6 kV using a similar technique to that
of Southgate8 and diffraction patterns redetermined. The
results are shown in Figs. 1 and 2, Table I provides a
summary of the peak positions observed (i.e., 26
values) in the present work and the corresponding
crystallographic data of PVF, (without corona charging)
due to Hasegawa et al. ' Although no internal standard
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