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Total electron scattering cross sections of PHand SiH, molecules
in the energy range 96-3500 eV
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Total electron scattering cross sections of;Rihd SiH, 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;Ritle reported in the literature.
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[. INTRODUCTION 3500-eV energy electron beam obtained from a Kimball
Phys EGG 3101 electron gun was passed through a 24.5-cm-
Total cross sections of electron scattering from atoms antbng gas cell with 0.76-mm-diam entrance and exit apertures.
molecules have been a subject of continuing investigation foElectrons emerging from the gas cell pass through a double
many decades. Accurate experimental cross sections, récusing electrostatic analyz€éESA) whose entrance is 4.5
quired in applications in astrophysics, atmospheric physicssm away from the exit of the gas cell. The ESA was operated
chemical physics, plasma physics, and semiconductor phy#a the constant 50-eV energy transmission mode with 1-mm-
ics, are essential in developing theoretical models to undediam entrance and exit apertures. At these settings, the ESA
stand the electron-atom interaction process. In recent yearggsolution is 0.75 e\(full width at half maximun) or better
the interest of this area of research has been focused at iand the accuracy of the energy scale is 0.1 eV or better.
termediate electron energié400-5000 eV [1-10 because Electrons transmitted through the analyzer were collected on
the total electron cross-section measurements at these enar- Faraday cup and the intensity, typically about
gies are sparsely available or not available for many atom&0 1°-10 13 A, was measured by an electrometieithley
and molecules. For example, the experimental electron scabodel 6517-A. The Faraday cup, ESA, gas cell, and elec-
tering cross section of the phosphine @Phholecule is not tron gun were shielded from Earth's magnetic field and other
reported in the literature. PHgas is an important doping stray magnetic fields and maintained in a vacuum in the low
agent in the semiconductor industry; it is contained in somé 0’ Torr region. When the gas was present in the gas cell,
planetary atmospheres and interstellar atmospheres. Knowthe pressure in the regions where the Faraday cup, ESA, and
edge of the electron scattering cross section of Bttbuld be  the electron gun are located was 10~ ° Torr or better.
useful in these applications. About ten years ago, Zecca, Kar-
wasz, and Bruspl1] measured the scattering cross section of IIl. PROCEDURE AND ERRORS
three hydride molecules (N H,S, and SiH) for 75—
4000-eV energy electrons, developed a two-parameter for- The experimental procedure is based on the measurement
mula to predict the cross section of hydrides at 200 eV opf the electron-beam intensity attenuation through a gas. If
higher energies, and indicated the interest of the cross sectidfe intensities of the attenuated beam and primary beam,
of PH; and other hydrides for comparison with this formula. respectively, aré andl,
At the same time, Jain and Baluja2] reported the theoret-

ical cross sections of several molecules including; RiHd I=1ge”7"PL, (1)
stated the need for experimental cross sections afiRlthe ) )
keV energy range for comparison. wheren is the number density of the molecules at 1 mTorr

The present experiment was undertaken to measure tH¥essurepP is the pressure in units of mTort, is the gas-
total electron scattering cross section of Pahd SiH, for electron interaction length in m, andis the total scattering
90—3500-eV electron energies. Though the cross sections §f0SS section in R According to this relationship, the varia-
SiH, have been measured previoufiy,13 for this energy ~ tion of In(l/lg) with P is a straight line whose slope is a
range, these measurements are repeated in this experimépgasure ofo. An accurate determination af requires an
for comparison purposes. The present cross sections apécurate measurementbfP, I, andl,.

compared with the existing theoretical predictions including In the present experiment, the geometrical length of the
the model proposed in Refl1]. gas cell, 24.5 cm, was used as the gas-electron interaction

length. It has been proven in the p4&#,16—1§ that the
geometrical length of the type of gas cells use in the present
experiment is essentially the interaction length. After mea-

The experimental arrangement, designed to measure ttearing the geometrical length of the gas cell along with the
cross section based on linear transmission technique, is d&iickness of the exit and entrance aperture plates, the error in
scribed in details in Refs[14] and [15]. Briefly, a 90— the estimation ot is determined to be 2% or less.

Il. EXPERIMENT
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The gas pressure in the gas cell was measured by an MKS TABLE I. Total cross section for electron scattering from SiH
Baratron 126 A capacitance manometer. Possible errors iahd PH in units of 10°2° m?.
the pressure measurement by this device are mainly due to :
the zero drift in the scale and the temperature differenc%nelrgjy SiH, PH
between the capacitance manometer head and the gas chamay) ~ This experiment Refl11] Ref.[13] This experiment
ber. According to the manufacturer’s specifications, the com

bined error due to zero drift and temperature differences is 90 15.0:1.01 15.7 15.0 1360.9
estimated to be 2% or less. 100 14.2:1.01 14.7 14.4 12:80.9
The intensity of the primary beam ) and attenuated 150 ~ 11.8:0.7 12.3 12.2 10£0.6
beam () were measured accurately by the ESA, Faraday 200 ~ 10.0:0.60  10.7 10.6 9.1¥0.5
cup, and electrometer combination after deflecting away the 300 7.63-0.40 7.92 8.3 7.330.4
inelastically scattered electrons. However, the elastically 400 6.370.25 6.55 7.0 6.130.25
scattered electrons in the forward direction are not distin- 200 5.310.21 5.52 5.150.20
guished in this method. In linear transmission-type cross- 600 4.49-0.18 4.67 4.360.17
section measurements, the contribution from the elastically 700 4.00=0.16 4.14 3.930.16
scattered electrons in the forward direction can be minimized 800  3.69:0.15 3.67 3.530.14
by reducing the angular acceptance of the ESA. In the 900  3.46-0.14 3.30 3.330.13
present experimental setup, the solid angle subtended by thé000  3.11-0.12 3.01 2.960.11
entrance of the ESA and the center of the gas @igular ~ 1100 2.86-0.11 2.79 2.750.11
acceptanceis about 1. 10~° sr. Garcia and Manerf9] 1200 2.6%0.10 2.55-0.10
have studied the contributions from zero degree elastically 120 2.55
scattered electrons in transmission-type experiments with thet400  2.410.10 2.3200.10
angular acceptance of about 0sr using carbon dioxide 1500 2.17
1600 2.13:0.09 2.13:0.09

(CO,). As can be seen from their analysis, the error due to

this contribution is less than 0.3% up to 5000-eV electron 1750 1.85

energy for CQ. Since the number of electrons in Plnd 1800 1.94-0.08 1.94-0.08
SiH, is less than those of CQ it is reasonable to assume 2000 1.720.07 1.63 1.760.07
that this contribution in the present experiment is also 0.3% 2250 1.66-0.06 145 1.650.06
or lower. On the other hand, the contribution from the zero 2500 1.56-0.06 132 1.540.06
degree elastic scattering in the present experiment was estjS000  1.34-0.06 1.09 1.38:0.06
mated by extrapolating the experimental elastic scattering3500 1.1¢0.05 0.937 1.180.05
differential cross sections of Tanalke al. [20] for SiH,. It

was found that the error due to the zero degree elastic scat- V. RESULTS

tering is about 0.1% or less for SjH

Research grade target gases ofsPHrom Liquid Air Given in Table | are the measured total electron scattering
Corp., Denver, CO, and SiH from Matheson Co., Laporte, cross sections of PHand SiH, in the energy range 90—3500
TX, both within minimum purity 99.9% or better, were used. eV. These cross sections are mean values of four to eight
An on-site residual gas analyzéRGA), attached to the individual measurements. Each individual measurement was
vacuum chamber where the ESA was housed, was used #btained by measuring the attenuated electron beam current
make sure there was no air leak or other gas contaminant ifor eight to ten different gas pressures, plotting the/IgX
the gas transport system. The cross-section measuremenigainst the pressure graph and obtaining the slope of it. In
were performed using 0.5-10 mTorr gas pressure anehe same table the cross sections produced in other laborato-
10 °-10 2 A electron currents. For these pressures andies are also given for comparison.
currents no dependence of the cross section was found on the
pressure or current.

Errors in the cross sections reported in this work arise
from essentially five sourcedi) gas-electron interaction As can be seen from the table, the cross sections produced
length determinatiori2% or les$, (ii) pressure measurement in the present experiment are in agreement with those pro-
(2% or less, (iii) contribution from the zero degree elastic duced by Zecca, Karwasz, and Brid4] for energies up to
scattering(1% or lesg, (iv) current measurement including 1100 eV. At energies 2000 eV and above, the present cross
possible current fluctuations during the experim&o or  sections are systematically higher that those of Zecca, Kar-
lesg, and (v) statistical error in determination of the slope wasz, and Brusfll] reaching the highest percentage differ-
(1% or les$. These random errors combined quadratically toence about 25% at 3500 eV. Though there are no common
give a random error assignment of 4% or less for energiesnergy values to compare the cross sections produced in two
300-3500 eV. At 200 eV and lower energies, the current wataboratories directly between the energies 1100 and 2000 eV,
not as stable as at higher energies. As a result, there is ahis apparent that the present cross sections are higher than
additional 4% error, giving the total error 6% or less in thethose reported in Ref11] for these energies. In the compari-
cross sections at these energies. son of SiH, cross sections produced in the present experi-

V. DISCUSSION
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FIG. 1. Totl electron scattering cross sections of ;SiH FIG. 2. Total electron scattering cross sections ofsFH
10" “"m*. The circles are the present measurements. The squarg®-20 ;2. The dashed curve is the theoretical predictions by Jain

and the triangles are, respectively, the experimental cross sectiogq Baluja[12] while the solid curve is the predictions by Garcia
of Zecca, Karwasz, and Brual] and Sueoka, Mori, and Hamada ang Manerd21].

[13]. The dashed and dotted lines are, respectively, the theoretical

predictions by Jain and Balufd.2] and Jiang, Sun, and Wd@2] 300 eV and above. Theoretical predictions made by Jain and
whlle_ the solid line is the predictions by an empirical model of Baluja[12], based on the spherical-complex-optical-potential

Garcia and Manerg21]. method(SCOB, are consistently lowefl5—30 % than the

. . _ experimental values. The theoretical predictions by Jiang,
ment with those of Sueoka, Mori, and Hamads], it is g, and wari22], available only up to 1000-eV energy, are

apparent that the cross sections at 200 eV and lower energigg;, in closer agreement with the present experimental cross
are in agreement with the present measurements, but thoses%tctions and those of Zecca, Karwasz, and Bfash

300 and 400 eV are about 10% higher than the present cross Displayed in Fig. 2 are the present cross sections of PH
sections. A comparison of the cross section between, SiHyq 5 fnction of electron energy. In this figure, existing the-
and PH reveals that the Piicross sections are consistently etica| predictions are given for comparison. Again the pre-
Iqwer than those of SiHup to about 140Q eV. At energies jictions by the model proposed by Garcia and Mar@q
higher than 1400 eV, the two cross sections tend to merggee iy good agreement with the experimental cross sections
together. A similar type of behavior was observed by Zeccago, gnergies 300 eV and higher, but those of Jain and Baluja
Karwasz, and Brusgll] in the measurement of cross sec-[15) are 15-30 % lower than the experimental cross sections.
tions of SiH, and H,S: at higher energies the cross section °fHowever, at energies 200 eV and lower, the predictions by

H>S merged with that of Siii » Jain and Balujd12] are in good agreement with the present
Recently, Garcia and Manef@1] proposed an empirical |\ aasurements.

formula for the cross sections at intermediate ener@dés-5 In Ref. [11], where Zecca, Karwasz, and Brusa have re-
keV) for molecules with 1022 electrons. This model pre-porteq the cross sections of several hydrides including SiH
dicts the cross sectiom at energyE as the electron scattering cross section of hydrides is related

to energy E) by a two-parameterd, andB) formula,

—0.78
( 1 keV) ' (2) (ToB

044015407
52_ . . 53 .
o= &)

B+0'0E

0

wherez and «a are, respectively, the number of electrons in

the target molecule and the polarizabiliip units ofag) of  According to this relationship, the reciprocal of the cross
the target molecule. In order to compare the Sarbss sec- section must linearly increase with increasing energy. In or-
tions with the predictions by this empirical formula, the der to test the validity of this relationship, the reciprocals of
present cross sections are scaled as a function of energlye present cross sections are scaled with energy as shown in
along with Garcia and Manero’s predictions in Fig. 1. In theFig. 3, where it can be seen that the present cross sections
same figure, the experimental cross sections produced iteviate from this formalism at energies higher than 1200 eV
other laboratoriefl11,13 as well as other existing theoretical for both gasses.

predictiong 12,22 are given for comparison. As can be seen For fast-moving charged particles, the Bethe theory gives
from this figure, the predictions by Garcia and Manero are ilan asymptotic formula for the total inelastic cross section
good agreement with the present cross section at energi€23,24] while the Born approximation gives the total elastic
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FIG. 4. The Bethe plot of Sificross sections. The circles are
the present measurements. The squares and the triangles are, respec-
tively, the measurements by Zecca, Karwasz, and Bftishand
Sueoka, Mori, and Hamada3].

FIG. 3. The variation of the reciprocal of present Sikhd PH
cross sections with increasing energy.

cross sectiorf25]. The combined Bethe-Born theory of In-
okuti [23] expresses the total cross sectioiin terms of the Next, the present cross sections are compared to the pre-

following formula: dictions of a model, based on the additivity rule, introduced
by Joshipura and Vinodkum&26]. This model predicts the

E o R 2 E : ,
Py =Aqt BeIE +Cyq £ +4M2,In 4Ct0tR} (4) ~ cross sectiorio) for energies E) above 100 eV as
T E |78
wherekE is the incident energy in e\R is the Rydberg en- ;(2): 1 kev| (6)

ergy,ag is the Bohr radius, anflg, Bgj, Cq, Mo, andCiy;

are constants depending on the physical properties of thghereA andB are parameters that depend on the molecular
target molecule. Jain and Baljal] used Bethe-Born theory properties of the target gas amg is the Bohr radius. Ac-

in the following form: cording to this model, the cross section on a logarithmic
scale is proportional to the energy on the logarithmic scale.
In Fig. 6, the present cross sections of Sadhd PH as well

as the SiH cross sections of Zecca, Karwasz, and Biuda

are displayed on logarithmic scales. It is apparent from this

o 4l E) b X 5
Ei E;g = n Ei + Eg +cC ( )

and determined the constarsb, andc using their theoret-
ical cross sections, determined by the SCOP method, gf PH
and SiH,. However, these constants cannot be used to com-
pare the present cross sections because the theoretical cro ©  IThis Explriméni, |BH;
sections in Ref[12] are 15—-25% lower than present cross 1000 o
sections as displayed in Figs. 1 and 2. Instead, the genere 00
formalism of Eq.(5) is used to compare the present results 5
with the Bethe-Born theory in the form of Bethe plots: 800 .
Eo/Ra&] versus INE/R).

In Fig. 4, the present SiHcross sections along with those
of Zecca, Karwasz, and Brusdl] and Sueoka, Mori, and
Hamadd 13] are displayed in the form of Bethe plots. As can
be seen from this figure, the present cross sections closel 6
agree with the Bethe-Born formalism for the entire energy 400 )
range while those in Refll1] agree only up to about 1500
eV. At energies higher than 1500 eV, the increase in the cros:
sections reported in Rgf11] with increasing energy is lower 200
than the predictions in the Bethe-Born theory. As displayed 10 — 1000
in Fig. 5, the PH cross sections also follow the general trend
of the predictions of Bethe-Born theory for the entire energy FIG. 5. The Bethe plot of present Rl¢lectron scattering cross
range in this work. sections.

1200

EC/Ra,
o
O

600 O
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100 In the past, Garcia and Man€lb6,27 have compared the
cross sections of CHand NH; with those reported by Zecca,

[+ Karwasz, and Brusg28,29 and found that the cross sections
reported by Garcia and Manero agree with the Bethe-Born
a formalism while those of Zecca, Karwasz, and Brusa were
lower than the predictions of Bethe-Born formalism at ener-
gies larger than 1250 eV. It is important to mention here that
the present cross-section measurements and those of Garcia
and Manero are based on the linear beam transmission tech-
nigue, while those of Zecca, Karwasz, and Brusa are based
on the Ramsauer-type technique, and the differences in the
cross sections may have resulted from the poor angular reso-
lution of the Ramsauer-type apparatus.

(o]

O (units of aoz)
>

%
1 ®

VI. CONCLUSION

Total electron scattering cross sections of;Rithd SiH,
have been measured for 90—3500-eV electrons. The cross
1 10 sections of these two molecules are essentially the same at
E(keV) energies 1600 eV and higher, but at lower energies, Biké

FIG. 6. The variation of the electron scattering cross section greater_cross sectlon than ?.HI'he measured Cross sec-

with energy in the log-log scale. The open circles and the solif!ons of SiH, are in agreement W't,h those reported by Zecca,
Karwasz, and Brusfl1] for energies between 90 and 1200

eV. At energies above 1200 eV, the present cross sections are
higher than those in Refl11], reaching the greatest differ-
ence of 25% at 3500 eV. RBHand SiH, cross sections pro-
figure that the cross sections reported in Réf] deviate  duced in the present work agree well with results calculated
from the general trend predicted by this model at energiesising the empirical formula proposed by Garcia and Manero
2000 eV and greater while those produced in this work fol{21], the theoretical predictions by Bethe-Born theory, and

0.1

circles are, respectively, the present measurements foy &itd
PH; while open squares are the measurements reported if1Réf.

low the general trend of it for energy up to 3500 eV. the formalism proposed by Joshipura and Vinodkup24x.
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