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Total electron scattering cross sections of PH3 and SiH4 molecules
in the energy range 90–3500 eV
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Total electron scattering cross sections of PH3 and SiH4 molecules have been obtained for 90–3500-eV
electrons by measuring the attenuation of the electron beam through a gas cell. The present cross sections are
compared to existing experimental cross sections as well as to theoretical predictions. No previous experimen-
tal electron scattering cross sections of PH3 are reported in the literature.
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I. INTRODUCTION

Total cross sections of electron scattering from atoms
molecules have been a subject of continuing investigation
many decades. Accurate experimental cross sections
quired in applications in astrophysics, atmospheric phys
chemical physics, plasma physics, and semiconductor p
ics, are essential in developing theoretical models to un
stand the electron-atom interaction process. In recent ye
the interest of this area of research has been focused a
termediate electron energies~400–5000 eV! @1–10# because
the total electron cross-section measurements at these
gies are sparsely available or not available for many ato
and molecules. For example, the experimental electron s
tering cross section of the phosphine (PH3) molecule is not
reported in the literature. PH3 gas is an important doping
agent in the semiconductor industry; it is contained in so
planetary atmospheres and interstellar atmospheres. Kn
edge of the electron scattering cross section of PH3 should be
useful in these applications. About ten years ago, Zecca,
wasz, and Brusa@11# measured the scattering cross section
three hydride molecules (NH3, H2S, and SiH4) for 75–
4000-eV energy electrons, developed a two-parameter
mula to predict the cross section of hydrides at 200 eV
higher energies, and indicated the interest of the cross se
of PH3 and other hydrides for comparison with this formu
At the same time, Jain and Baluja@12# reported the theoret
ical cross sections of several molecules including PH3 and
stated the need for experimental cross sections of PH3 in the
keV energy range for comparison.

The present experiment was undertaken to measure
total electron scattering cross section of PH3 and SiH4 for
90–3500-eV electron energies. Though the cross section
SiH4 have been measured previously@11,13# for this energy
range, these measurements are repeated in this exper
for comparison purposes. The present cross sections
compared with the existing theoretical predictions includ
the model proposed in Ref.@11#.

II. EXPERIMENT

The experimental arrangement, designed to measure
cross section based on linear transmission technique, is
scribed in details in Refs.@14# and @15#. Briefly, a 90–
1050-2947/2003/68~3!/032708~5!/$20.00 68 0327
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3500-eV energy electron beam obtained from a Kimb
Phys EGG 3101 electron gun was passed through a 24.5
long gas cell with 0.76-mm-diam entrance and exit apertu
Electrons emerging from the gas cell pass through a dou
focusing electrostatic analyzer~ESA! whose entrance is 4.5
cm away from the exit of the gas cell. The ESA was opera
in the constant 50-eV energy transmission mode with 1-m
diam entrance and exit apertures. At these settings, the
resolution is 0.75 eV~full width at half maximum! or better
and the accuracy of the energy scale is 0.1 eV or be
Electrons transmitted through the analyzer were collected
a Faraday cup and the intensity, typically abo
10210– 10213 A, was measured by an electrometer~Keithley
Model 6517-A!. The Faraday cup, ESA, gas cell, and ele
tron gun were shielded from Earth’s magnetic field and ot
stray magnetic fields and maintained in a vacuum in the
1027 Torr region. When the gas was present in the gas c
the pressure in the regions where the Faraday cup, ESA,
the electron gun are located was 131025 Torr or better.

III. PROCEDURE AND ERRORS

The experimental procedure is based on the measurem
of the electron-beam intensity attenuation through a gas
the intensities of the attenuated beam and primary be
respectively, areI and I 0 ,

I 5I 0e2snPL, ~1!

wheren is the number density of the molecules at 1 mTo
pressure,P is the pressure in units of mTorr,L is the gas-
electron interaction length in m, ands is the total scattering
cross section in m2. According to this relationship, the varia
tion of ln(I/I0) with P is a straight line whose slope is
measure ofs. An accurate determination ofs requires an
accurate measurement ofL, P, I, andI 0 .

In the present experiment, the geometrical length of
gas cell, 24.5 cm, was used as the gas-electron interac
length. It has been proven in the past@14,16–18# that the
geometrical length of the type of gas cells use in the pres
experiment is essentially the interaction length. After me
suring the geometrical length of the gas cell along with
thickness of the exit and entrance aperture plates, the err
the estimation ofL is determined to be 2% or less.
©2003 The American Physical Society08-1
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The gas pressure in the gas cell was measured by an M
Baratron 126 A capacitance manometer. Possible error
the pressure measurement by this device are mainly du
the zero drift in the scale and the temperature differe
between the capacitance manometer head and the gas c
ber. According to the manufacturer’s specifications, the co
bined error due to zero drift and temperature difference
estimated to be 2% or less.

The intensity of the primary beam (I 0) and attenuated
beam (I ) were measured accurately by the ESA, Farad
cup, and electrometer combination after deflecting away
inelastically scattered electrons. However, the elastic
scattered electrons in the forward direction are not dis
guished in this method. In linear transmission-type cro
section measurements, the contribution from the elastic
scattered electrons in the forward direction can be minimi
by reducing the angular acceptance of the ESA. In
present experimental setup, the solid angle subtended b
entrance of the ESA and the center of the gas cell~angular
acceptance! is about 1.231025 sr. Garcia and Manero@19#
have studied the contributions from zero degree elastic
scattered electrons in transmission-type experiments with
angular acceptance of about 1025 sr using carbon dioxide
(CO2). As can be seen from their analysis, the error due
this contribution is less than 0.3% up to 5000-eV electr
energy for CO2. Since the number of electrons in PH3 and
SiH4 is less than those of CO2, it is reasonable to assum
that this contribution in the present experiment is also 0.
or lower. On the other hand, the contribution from the ze
degree elastic scattering in the present experiment was
mated by extrapolating the experimental elastic scatte
differential cross sections of Tanakaet al. @20# for SiH4 . It
was found that the error due to the zero degree elastic s
tering is about 0.1% or less for SiH4 .

Research grade target gases of PH3, from Liquid Air
Corp., Denver, CO, and SiH4 , from Matheson Co., Laporte
TX, both within minimum purity 99.9% or better, were use
An on-site residual gas analyzer~RGA!, attached to the
vacuum chamber where the ESA was housed, was use
make sure there was no air leak or other gas contamina
the gas transport system. The cross-section measurem
were performed using 0.5–10 mTorr gas pressure
10210– 10213 A electron currents. For these pressures a
currents no dependence of the cross section was found o
pressure or current.

Errors in the cross sections reported in this work ar
from essentially five sources:~i! gas-electron interaction
length determination~2% or less!, ~ii ! pressure measureme
~2% or less!, ~iii ! contribution from the zero degree elast
scattering~1% or less!, ~iv! current measurement includin
possible current fluctuations during the experiment~2% or
less!, and ~v! statistical error in determination of the slop
~1% or less!. These random errors combined quadratically
give a random error assignment of 4% or less for energ
300–3500 eV. At 200 eV and lower energies, the current w
not as stable as at higher energies. As a result, there i
additional 4% error, giving the total error 6% or less in t
cross sections at these energies.
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IV. RESULTS

Given in Table I are the measured total electron scatte
cross sections of PH3 and SiH4 in the energy range 90–350
eV. These cross sections are mean values of four to e
individual measurements. Each individual measurement
obtained by measuring the attenuated electron beam cu
for eight to ten different gas pressures, plotting the ln(I/I0)
against the pressure graph and obtaining the slope of it
the same table the cross sections produced in other labo
ries are also given for comparison.

V. DISCUSSION

As can be seen from the table, the cross sections produ
in the present experiment are in agreement with those
duced by Zecca, Karwasz, and Brusa@11# for energies up to
1100 eV. At energies 2000 eV and above, the present c
sections are systematically higher that those of Zecca, K
wasz, and Brusa@11# reaching the highest percentage diffe
ence about 25% at 3500 eV. Though there are no comm
energy values to compare the cross sections produced in
laboratories directly between the energies 1100 and 2000
it is apparent that the present cross sections are higher
those reported in Ref.@11# for these energies. In the compar
son of SiH4 cross sections produced in the present exp

TABLE I. Total cross section for electron scattering from SiH4

and PH3 in units of 10220 m2.

Energy
~eV!

SiH4 PH3

This experiment Ref.@11# Ref. @13# This experiment

90 15.061.01 15.7 15.0 13.660.9
100 14.261.01 14.7 14.4 12.360.9
150 11.860.7 12.3 12.2 10.460.6
200 10.060.60 10.7 10.6 9.1760.5
300 7.6360.40 7.92 8.3 7.3360.4
400 6.3760.25 6.55 7.0 6.1360.25
500 5.3160.21 5.52 5.1560.20
600 4.4960.18 4.67 4.3660.17
700 4.0060.16 4.14 3.9360.16
800 3.6960.15 3.67 3.5560.14
900 3.4660.14 3.30 3.3360.13

1000 3.1160.12 3.01 2.9660.11
1100 2.8660.11 2.79 2.7560.11
1200 2.6560.10 2.5560.10
1250 2.55
1400 2.4160.10 2.3260.10
1500 2.17
1600 2.1060.09 2.1060.09
1750 1.85
1800 1.9460.08 1.9460.08
2000 1.7760.07 1.63 1.7660.07
2250 1.6660.06 1.45 1.6560.06
2500 1.5660.06 1.32 1.5460.06
3000 1.3460.06 1.09 1.3060.06
3500 1.1960.05 0.937 1.1860.05
8-2



rg
se
ro
iH
ly
s
rg
ca
c-
o

l

e

in

e
e
he
d
al
en

i
rg

and
tial

ng,
re
ross

H
e-
re-

ions
luja
ns.
by
nt

re-
H

ss
or-
of
n in

tions
eV

ves
ion
tic

a
tio
a
tic

of

ain
ia

TOTAL ELECTRON SCATTERING CROSS SECTIONS OF . . . PHYSICAL REVIEW A 68, 032708 ~2003!
ment with those of Sueoka, Mori, and Hamada@13#, it is
apparent that the cross sections at 200 eV and lower ene
are in agreement with the present measurements, but tho
300 and 400 eV are about 10% higher than the present c
sections. A comparison of the cross section between S4
and PH3 reveals that the PH3 cross sections are consistent
lower than those of SiH4 up to about 1400 eV. At energie
higher than 1400 eV, the two cross sections tend to me
together. A similar type of behavior was observed by Zec
Karwasz, and Brusa@11# in the measurement of cross se
tions of SiH4 and H2S: at higher energies the cross section
H2S merged with that of SiH4 .

Recently, Garcia and Manero@21# proposed an empirica
formula for the cross sections at intermediate energies~0.5–5
keV! for molecules with 10–22 electrons. This model pr
dicts the cross sections at energyE as

s

a0
2 5S 0.4z10.1

a

a0
3 10.7D S E

1 keVD 20.78

, ~2!

wherez and a are, respectively, the number of electrons
the target molecule and the polarizability~in units of a0

3) of
the target molecule. In order to compare the SiH4 cross sec-
tions with the predictions by this empirical formula, th
present cross sections are scaled as a function of en
along with Garcia and Manero’s predictions in Fig. 1. In t
same figure, the experimental cross sections produce
other laboratories@11,13# as well as other existing theoretic
predictions@12,22# are given for comparison. As can be se
from this figure, the predictions by Garcia and Manero are
good agreement with the present cross section at ene

FIG. 1. Total electron scattering cross sections of SiH4 in
10220 m2. The circles are the present measurements. The squ
and the triangles are, respectively, the experimental cross sec
of Zecca, Karwasz, and Brusa@11# and Sueoka, Mori, and Hamad
@13#. The dashed and dotted lines are, respectively, the theore
predictions by Jain and Baluja@12# and Jiang, Sun, and Wan@22#
while the solid line is the predictions by an empirical model
Garcia and Manero@21#.
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300 eV and above. Theoretical predictions made by Jain
Baluja@12#, based on the spherical-complex-optical-poten
method~SCOP!, are consistently lower~15–30 %! than the
experimental values. The theoretical predictions by Jia
Sun, and Wan@22#, available only up to 1000-eV energy, a
also in closer agreement with the present experimental c
sections and those of Zecca, Karwasz, and Brusa@11#.

Displayed in Fig. 2 are the present cross sections of P3
as a function of electron energy. In this figure, existing th
oretical predictions are given for comparison. Again the p
dictions by the model proposed by Garcia and Manero@21#
are in good agreement with the experimental cross sect
for energies 300 eV and higher, but those of Jain and Ba
@12# are 15–30 % lower than the experimental cross sectio
However, at energies 200 eV and lower, the predictions
Jain and Baluja@12# are in good agreement with the prese
measurements.

In Ref. @11#, where Zecca, Karwasz, and Brusa have
ported the cross sections of several hydrides including Si4 ,
the electron scattering cross section~s! of hydrides is related
to energy (E) by a two-parameter (s0 andB! formula,

s5
s0B

B1s0E
. ~3!

According to this relationship, the reciprocal of the cro
section must linearly increase with increasing energy. In
der to test the validity of this relationship, the reciprocals
the present cross sections are scaled with energy as show
Fig. 3, where it can be seen that the present cross sec
deviate from this formalism at energies higher than 1200
for both gasses.

For fast-moving charged particles, the Bethe theory gi
an asymptotic formula for the total inelastic cross sect
@23,24# while the Born approximation gives the total elas

res
ns

al

FIG. 2. Total electron scattering cross sections of PH3 in
10220 m2. The dashed curve is the theoretical predictions by J
and Baluja@12# while the solid curve is the predictions by Garc
and Manero@21#.
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cross section@25#. The combined Bethe-Born theory of In
okuti @23# expresses the total cross section~s! in terms of the
following formula:

E

R

s

pa0
2 5Ael1Bel

R

E
1CelS R

ED 2

14M tot
2 lnF4ctot

E

RG , ~4!

whereE is the incident energy in eV,R is the Rydberg en-
ergy,a0 is the Bohr radius, andAel , Bel , Cel , M tot , andCtot
are constants depending on the physical properties of
target molecule. Jain and Baluja@21# used Bethe-Born theory
in the following form:

E

R

s

a0
2 5d lnS E

RD1bS R

ED1c ~5!

and determined the constantsa, b, andc using their theoret-
ical cross sections, determined by the SCOP method, of3
and SiH4 . However, these constants cannot be used to c
pare the present cross sections because the theoretical
sections in Ref.@12# are 15–25 % lower than present cro
sections as displayed in Figs. 1 and 2. Instead, the gen
formalism of Eq.~5! is used to compare the present resu
with the Bethe-Born theory in the form of Bethe plot
Es/Ra0

2 versus ln(E/R).
In Fig. 4, the present SiH4 cross sections along with thos

of Zecca, Karwasz, and Brusa@11# and Sueoka, Mori, and
Hamada@13# are displayed in the form of Bethe plots. As ca
be seen from this figure, the present cross sections clo
agree with the Bethe-Born formalism for the entire ene
range while those in Ref.@11# agree only up to about 150
eV. At energies higher than 1500 eV, the increase in the c
sections reported in Ref.@11# with increasing energy is lowe
than the predictions in the Bethe-Born theory. As display
in Fig. 5, the PH3 cross sections also follow the general tre
of the predictions of Bethe-Born theory for the entire ene
range in this work.

FIG. 3. The variation of the reciprocal of present SiH4 and PH3

cross sections with increasing energy.
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Next, the present cross sections are compared to the
dictions of a model, based on the additivity rule, introduc
by Joshipura and Vinodkumar@26#. This model predicts the
cross section~s! for energies (E) above 100 eV as

s

a0
2 5AS E

1 keVD 2B

, ~6!

whereA andB are parameters that depend on the molecu
properties of the target gas anda0 is the Bohr radius. Ac-
cording to this model, the cross section on a logarithm
scale is proportional to the energy on the logarithmic sca
In Fig. 6, the present cross sections of SiH4 and PH3 as well
as the SiH4 cross sections of Zecca, Karwasz, and Brusa@11#
are displayed on logarithmic scales. It is apparent from t

FIG. 4. The Bethe plot of SiH4 cross sections. The circles ar
the present measurements. The squares and the triangles are, r
tively, the measurements by Zecca, Karwasz, and Brusa@11# and
Sueoka, Mori, and Hamada@13#.

FIG. 5. The Bethe plot of present PH3 electron scattering cros
sections.
8-4
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TOTAL ELECTRON SCATTERING CROSS SECTIONS OF . . . PHYSICAL REVIEW A 68, 032708 ~2003!
figure that the cross sections reported in Ref.@11# deviate
from the general trend predicted by this model at energ
2000 eV and greater while those produced in this work f
low the general trend of it for energy up to 3500 eV.

FIG. 6. The variation of the electron scattering cross secti
with energy in the log-log scale. The open circles and the s
circles are, respectively, the present measurements for SiH4 and
PH3 while open squares are the measurements reported in Ref.@11#.
J.

,

m

J.
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In the past, Garcia and Manero@16,27# have compared the
cross sections of CH4 and NH3 with those reported by Zecca
Karwasz, and Brusa@28,29# and found that the cross section
reported by Garcia and Manero agree with the Bethe-B
formalism while those of Zecca, Karwasz, and Brusa w
lower than the predictions of Bethe-Born formalism at en
gies larger than 1250 eV. It is important to mention here t
the present cross-section measurements and those of G
and Manero are based on the linear beam transmission t
nique, while those of Zecca, Karwasz, and Brusa are ba
on the Ramsauer-type technique, and the differences in
cross sections may have resulted from the poor angular r
lution of the Ramsauer-type apparatus.

VI. CONCLUSION

Total electron scattering cross sections of PH3 and SiH4
have been measured for 90–3500-eV electrons. The c
sections of these two molecules are essentially the sam
energies 1600 eV and higher, but at lower energies SiH4 has
a greater cross section than PH3. The measured cross se
tions of SiH4 are in agreement with those reported by Zec
Karwasz, and Brusa@11# for energies between 90 and 120
eV. At energies above 1200 eV, the present cross section
higher than those in Ref.@11#, reaching the greatest differ
ence of 25% at 3500 eV. PH3 and SiH4 cross sections pro
duced in the present work agree well with results calcula
using the empirical formula proposed by Garcia and Man
@21#, the theoretical predictions by Bethe-Born theory, a
the formalism proposed by Joshipura and Vinodkumar@26#.
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