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Monte Carlo simulation of the effects of vacuum-ultraviolet radiation
on dielectric materials
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Radiation-induced damage during plasma processing of semiconductor materials can adversely
affect device reliability. However, it has been shown that vacuum ultrayigléV ) radiation(8—20

eV) can beneficially deplete previously deposited charge on the surface of dielectrics by temporarily
increasing their conductivity. Incident VUV photons can cause photoemission and form
electron-hole pairs in the dielectric thus producing the desired increased conductivity. To verify this,
statistical information obtained from a Monte Carlo simulation is used to model VUV exposure of
dielectrics. The simulation calculates the surface potential on the dielectric produced by electron
photoemission, which compares favorably with experimental surface-potential measurements made
using a Kelvin probe. @005 American Institute of PhysidDOI: 10.1063/1.1879100

Charge deposition on dielectrics during plasma processhis determines the energy loss of an electron along its tra-
ing adversely affects device reliabilityHowever, vacuum- jectory. If inelastic scattering were not included, an overes-
ultraviolet (VUV) radiation emitted by the plasma can be timation of the positive-charge density in the dielectric
beneficial and can deplete charge by temporarily increasingrould occur since more electrons would be predicted to
the conductivity of the dielectrit.* The increase is caused leave the dielectric. To correct for this, inelastic scattering for
by electron-hole-pair productidrwhich occurs when pho- electrons is included using the continuous slowing down ap-
tons of energy higher than the band-gap energy strike theroximation(CSDA).”
dielectric® The cross sections for photoelectric absorption were ob-

Electrons photoemitted from the dielectric lead to thetained from the form factor, attenuation, and scattering tables
formation of a positive potentidl Electrons are emitted if published by the National Institute of Standards and Tech-
they have sufficient energy to overcome this potential. Exnology (NIST).*° Since the uncertainty in these quantities
perimentally, the photoemission current first increases andt VUV energies can be a factor of 2 or higher, we use an
then decreases as the potential on the substrate rises toaBProximate formuf for the cross sections. We determine
constant value as shown in Fig.51. them from the mass photoabsorption coefficigngiven in

We hypothesize that a Monte Catlsimulation of VUV~ Ref. 10 by use of Eq(1)
radiation interacting with a dielectric can predict the photo-
emitted dielectric surface-charge density and the resulting N,
surface potential. To compare the simulation with experi- p=—2 X0, (1)
ment, the surface potential on a dielectric charged with a i

beam of VUV photons produced by a synchrotron was meaghereMW is the molecular weight of the dielectric contain-

sured using a Kelvin probe. _ ing x; atoms of atomic weight\, i.e., MW=SxA;. The
The process can be broken down into several parts. They

are: (1) Photoelectric absorption, which leads to electron-

hole pair production(2) electron excitation, and/dB) pho- x10 : — 60
. . o ; = Photoemission current

ton (Rayleigh scattering. If an electron-hole pair is pro- 10t ool \| apen Differential Voltage AV |

duced, following the trajectory of the electron determines e N Substrate Vokg®

whether it is emitted or remains trapped in the dielectric. The
emitted electrons contribute to a net charge buildup.

For energies between 8-20 eV, the dominant photon-
atom interaction processes are Rayleigh scattering and pho-
toelectric absorptioﬁ.At low energies(=<500 eV), photo-
electric absorption significantly dominates Rayle{ghastig
scatterinQB. In addition, Rayleigh scattering does not contrib-
ute to any significant energy loss because the photon is de-
flected only by a very small distance.

After electrons are excited into the conduction band,
their dynamics are governed primarily by elastic scattefing,
which is included in the simulation. Inelastic scattering of

the electrons, although small, cannot be neglected because

FIG. 1. (Color onling Experimentally measured photoemission current and
substrate voltage during exposure 0§N\gj to 20 eV synchrotron radiation
¥Electronic mail: shohet@engr.wisc.edu with a flux of ~7x 10° photons/s.
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weighted cross sections a¥gx;o,; and are used in the simu- 100A 2 N NN U AN A AR AN
lation. . |- In¢ident VUV photons | |
When an electron-hole pair is formed, the electron en- 108 P P :
ergy is Ephotoelectron_' Ehv_Eband gap where Ehv (eV) is the . . ' !
photon energy andEp,nggafeV) is the band-gap energy. 1al 0 0 b e b e ]
Since we use a monoenergetic beam of photons, the electrons__ N T R B
injected into the conduction band are also initially monoen- g — i e
erjgetic_ Y E AR} ° OMHoles in Dielectric
If an electron is emitted from the dielectric, it overcomes % i1 0 1 1% |eElectrons
the potentialelectron-affinity barrier, which is of the order & UA T
of 1-2 eV for silicon nitride. The energy of a photoemitted Dielactiic Vatum Nt ace
electron is, therefore, Epnotelectro™ Eny—Eband gap~ Eaff z 0.1A — b T 1 &
whereE +(eV) is the energy requirecelectron affinity for o -
an electron to be removed from the conduction band and to g AR/}
be emitted from the dielectric. The photoelectrons in the i
above equation aneot monoenergetic since their energy de- -10A ¢
pends on the total distance that the electrons travel in the at
dielectric before being emitted. 100 A | o
To calculate the electron trajectory, we assume it under- 1000 A P F e 8% e e |
goes a number of elastic and/or inelastic scatterings before it ~ -1.0-0.8 0.6 -0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
is either expelled or loses all of its energy. For elastic scat- DISTANCE (cm)

tering, the trajectories are developed as folldwWdhe dis-
tances traveled by an electron between successive scatteFG. 2. (Color onling Location of emitted electrons and their companion

ings is a random variable that follows the probability holes 'emta"{i/rl‘?vi“ ;het_die'gc”ic as Ca}'CUt'ate‘jh bly the simulation d_Ufmg
distribution g|Ven by exposure to radiation. Complete electron-nole pairs remaining in the

dielectric are not shown.

p(s)ds= le‘s”‘ds, (2)
A 7x10°%/E, where E(eV) is the photoelectron energy. For
where\ is the mean-free path given by isotropic scattering, the scattering angle is 6e4 —-2m. The
photons are assumed to be normally incident on the surface
\ = 1 , (3) and the photoemitted electrons are isotropically distributed
NTVott around the incident axis.

andn is the densityatoms/cm), andoy.(cnP) is the Mott For inelastic scattering, the CSDfRef. 14 approxi
) . . . mates the energy lost by an electron per unit distance trav-
elastic scattering cross sections is related to a random . X . .
. . ; . . eled and is the stopping powéP) for a material. Using the
number r which is uniform in the interval[0,1] as : -
s=—\In(r) expression for photoelectron energy above, we estimate the

. o hotoemittedwhich may or may not be expellgélectrons
e|ecIr%ndsetevU§|Tgethgnag%?Iiricgisﬁcg?%“?grOfmgr]fir:ﬁﬁgfre o have an energy of 15 eV for 20 eV incident photons. For
elastic—sc’atterin Cross secgf)?nThis cross section has two 15 eV electrons in $Ny, the SP is 0.064 eV/A: The tra-

Y jectory calculation ends when the electron energy drops be-

terms, the screened Rutherford cross setfiauhich ac  Jow 8 eV or when it escapes the dielectric. The 8 eV lower

counts for elastic electron Coulomb scattering, and an isotrgy .+ ic the approximate sum of the band-gap energy and the

pic scattering cross section. The latter is needed to correct foernergy needed to expel the electron. Thus, for an SP of

the fact that the Rutherford cross section is highly peaked D 064 eV/A a 15 eV electron can no longer be expelled
the forward-scattering direction and thus overestimates for-; ! g P

ward scatterin dz after traveling a distance £100 A.
The ratio of the Rutherford to the isotropic cross sections The other randomly generated parameters @tpThe

. . - surface location of the incident photon on the dielect®,
Iesleuci(regntso _?_ﬁirgme the scattering anglelar angl of the the distance traveled by the photons before they interact with

an atom, and3) the distance and direction traveled by the

ORutherford_ 300 E172/2000 z® electrons after each scattering event. The 20 eV photons are
= + ' (4) assumed normally incident on a;B8j, dielectric of 3000 A
Tisotropic z 3X 10°E s

thickness. Results show that a typical penetration depth of 20
whereE(eV) is the photoelectron energy ad@ds the atomic eV photons is of the order of 80-100 A. For these conditions,
number of the scattering center. the simulation predicts that2.7% of the photoemitted elec-
The probability of a given event to occur is proportional trons will be expelled from the dielectric.
to the normalized magnitude of its corresponding cross Next, the maximum number of electrons that can be col-
section®? Initially, a random number with uniform distribu- lected by an external circuit from those emitted from the
tion between 0 and 1 determines if the scattering event iglielectric was computed. This must be done separately be-
Rutherford or isotropic based on E¢4). For Rutherford cause the simulation does not explicitly take into account the
scattering, the polar scattering angle in spherical coordinatesharge buildup on the surface of the dielectric due to the
is cosf#=1-(2am/1+a-m), wherem is another random emission of photoelectrons.
number uniformly distributed between 0 and 1, amddi- In the experimental results shown in Fig. 1, the expelled

mensionless is the Rutherford screening paramell%r, electrons are collected by a plate located 3 cm above and
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parallel to the dielectric and biased to +48\The plate has from 0-1 V. At the center of the beam, the surface potential
a circular aperture to allow the VUV beam to reach the di-was 2.65 V, which is comparable to the potential obtained
electric. By plotting the instantaneous value of the collectedrom the Monte Carlo simulation.

current versus substrate voltage, which can be obtained point The surface potential computed from the simulation is
by point from Fig. 1, it was observed that the collectpto-  well within a factor of 2 of the experimental measurements.
toemission current varies aaV3/2, whereAV is the voltage  Statistical information about the emitted electron percentage,
between the plate and the substrate, i.e., the difference bghoton penetration depth, and electron transport was ob-
tween the plate bias voltage and the substrate voltage. Thigined from the Monte Carlo simulation. The simulation can
dependence indicates that the current is space-charge limite@|culate the photoemission-induced charge for a range of
and obeys the Child-Langmuir laW.As the dielectric gielectrics and photon energies so that it is possible to com-
charges upAV decreases with time, resulting in a decreaseyyte the photoemission charge produced by the exposure of a
of the photoemission current shown in Fig. 1. dielectric-coated wafer to VUV photons produced by plasma

To compute the surface-charge density, we calculate th@xposure during semiconductor processing.
total number of electrons that have escaped from the dielec-

tric and which traverse the space charge to be collected by This work was supported by the National Science Foun-
the plate. It is assumed that an equivalent number of holedation under Grant No. DMR-0306582. The SRC is funded
are left behind in the dielectric, thus forming a positive sur-by a NSF granfNo. DMR-0084402. The authors would like
face charge. Figure 2 shows that nearly all of the photoemitto thank D. C. Joy, R. Hafner, R. D. Bathke, and R. W.
ted electrons are produced inside of the area of the photoRansen for their assistance.
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