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During plasma processing of semiconductors, ultraviolet~UV! and vacuum ultraviolet~VUV !
radiation are present, but their effects can be difficult to separate from those due to charged particles
incident on the wafer. The contribution of VUV photon irradiation to gate-oxide damage, and
damage to dielectric materials in general, was examined using two measurement techniques that can
predict the possibility of damage. They are~1! surface potential measurements and~2! electrically
erasable read-only memory transistors~CHARM-2 wafers!. To isolate the radiation effects,
unpatterned oxide-coated wafers and CHARM-2 wafers were exposed to VUV synchrotron
radiation. VUV exposure of dielectrics and conductors results in an accumulation of positive charge
due to photoemission. As a result, it can become difficult to distinguish the photoemitted from the
plasma-deposited charge. In addition, it was determined that the UV monitors on CHARM-2 wafers
did not respond to VUV radiation. ©2003 American Vacuum Society.@DOI: 10.1116/1.1565152#
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I. INTRODUCTION

In complementary metal–oxide–semiconductor~CMOS!
device fabrication, plasma processing plays an important
since it has many advantages in terms of process co
nience, directionality, and high resolution. However, cond
tors and dielectrics that are directly exposed to the plas
environment can charge up due to an imbalance of elec
and ion flux to the conductor~e.g., electron shading1,2 and
nonuniform plasma3 mechanisms!. If a charged conductor is
connected to the gate electrode of a CMOS device, this
lead to dielectric breakdown4 of the gate dielectric through
Fowler–Nordheim5 tunneling. During the last decade
plasma-induced damage research has focused on the ro
charged particles. Little or no consideration has been gi
to photon bombardment. To comply with the higher et
rates required for single wafer plasma processing, there i
increasing use and demand for high-density plas
tools.6,7,27 The intensity of vacuum ultraviolet~VUV ! radia-
tion often becomes enhanced with high-density plasmas
cause the high-energy electron density is also increa
which often is responsible for producing VUV photons.

Two damage-measurement techniques for monitor
charged particle and photon irradiation damage in proces
plasmas used today are~1! surface potential measurement8

and ~2! electrically erasable read-only memory transisto9

~CHARM2 wafers!. Surface potential measurements, o
tained with the Kelvin method,10,11 have been used to mea
sure the net charge as a function of position that resides i
insulating film after it was exposed to a processing plas
CHARM-2 wafers are EEPROM sensors that are specific
designed to record either the voltage, current flux, or ul
violet ~UV! dose during the plasma process. Many auth
have examined and compared4,12 both measurement tech
niques’ abilities to monitor the plasma-processing envir

a!Electronic mail: shohet@engr.wisc.edu
b!Present address: Synchrotron Radiation Center, University of Wiscon

Madison, Madison, WI 53706.
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ment and relate this information to the possibility of dama
in real devices. Most authors conclude that, while each te
nique has its strengths, no single measurement can c
pletely characterize all possible damage mechanisms.
stead, a combination of measurement approaches
needed,4,12 with each measurement providing insight o
which damage mechanism is the most dominant, and thus
most likely cause of plasma damage. Still, the frequent l
of correlation between damage monitors and product yie
continues to nurture skepticism that perhaps not all mec
nisms contributing to charging damage have be
identified.13 It is the purpose of this work to evaluate th
ability of surface potential measurements and CHARM
wafers to respond to VUV irradiation and to determi
whether VUV irradiation can produce or ameliorate plas
damage that has typically been interpreted as resulting f
charged-particle bombardment.

II. BACKGROUND

In order to examine the effect of VUV irradiation to, an
the potential degradation of, electronic materials it is nec
sary to discuss in some detail the basic mechanisms
result in charge being deposited or generated in both con
tors and dielectrics from exposure to photon irradiation. I
also important to determine where within dielectric materi
the charge accumulates.

During plasma processing, all surfaces within the vacu
chamber that are in the direct line of view of the plasm
including the wafer being processed, are bombarded wi
flux of photons in addition to the fluxes of charges and n
tral particles. The intensity and energy of the photon flux
dependent on the plasma processing conditions~i.e., pres-
sure, rf power, feed gas, etc.!. The plasma-emitted photon
interact differently with the surfaces they irradiate depend
on the energy of the photons and the electrical propertie
the material they bombard. Four processes can occur:~1!
photoemission from a conducting material,~2! photoemis-

n-
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1254 Lauer, Shohet, and Hansen: Vacuum ultraviolet radiation-induced damage 1254
sion from a dielectric material,~3! charge carrier generatio
in dielectric materials, and~4! photoinjection of charge car
riers into a dielectric from an underlying conductor.

It is well known that photon bombardment of conducto
can cause the ejection of electrons from a conducting sur
~photoemission!. For pure conductors, photoemission d
pends on the work functioneF of the conductor, with a
threshold for emission14 of hc/l5eF, whereh is Planck’s
constant,c is the speed of light, andl is the wavelength of
the photon. When a floating conductor is exposed to a flu
photons, with energies greater than the threshold for em
sion, it develops a net positive charge that continues to
crease until the photoemitted electrons no longer h
enough energy to overcome the resulting positive elec
static potential on the conductor. In a processing plas
positive charging of conductors exposed to the plasma
been typically interpreted as resulting from ion bomba
ment, but photoemission of electrons may also contribute
this potential.

Photoemission can also occur in dielectric materials.15 In
this case the photon energy threshold for photoemission
pends on the energy band gapeVgap and the electron affinity
eVaffinity of the dielectric material. This is expressed
hc/l5eVgap1eVaffinity . When a dielectric is exposed to
flux of photons with the above energy, it will develop what
essentially a positive surface-charge layer, which contin
to build up, just as the case of the conductor, until the p
toemitted electrons no longer have enough energy to o
come the surface potential created by the surface ch
layer.15 The charge carriers~holes! that make up the surface
charge layer can redistribute within the dielectric, but th
movement is limited by their mobility and the magnitude
the local electric field that may exist within the dielectr
material. In general, charges produced on the surface
migrate into the bulk of the solid and form a volume spa
charge, unless caught in very deep surface traps.16 As the
dielectric surface is charging, so that fewer and fewer e
trons are being photoemitted, the photon radiation will a
generate electron–hole pairs that remain in the dielectric

Dielectric materials bombarded with photons that have
energy larger than the band gap of the dielectric can a
generate electron–hole pairs within the dielectric. The p
tons release their energy to electrons in the valence band
excite them into the conduction band, leaving a hole in
valence band. Irradiation of a dielectric with strongly a
sorbed radiation causes the generation of electron–hole
only in a very thin surface layer and produces what is eff
tively a surface charge. On the other hand, weakly absor
radiation causes the generation of carriers throughout
bulk of the dielectric and thus creates a volume space cha

Free electrons in the conduction band and free holes in
valence band that escape initial recombination can travel
der the action of an electric field towards the boundaries
the dielectric, resulting in charge separation. The displa
ment of charge carriers and the resulting photocurrent dr
through the dielectric due to the electric field is depend
upon charge carrier mobility and recombination characte
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
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tics in the bulk of the dielectric.17 If the dielectric is depos-
ited on a conductor, the height of the dielectric–conduc
barrier also plays an important role in this process. If t
bulk mobilities of both carrier types are large and t
dielectric–conductor barrier is high for the holes, then fo
positive dielectric potential as is shown in Fig. 1, holes w
accumulate at the dielectric–conductor interface and e
trons will accumulate at the surface of the dielectric, prod
ing what is called barrier polarization.17 A compensating
charge may be induced on the conductive material, unabl
cross the energy barrier between the conductor and the
electric, as shown in Fig. 1. When the height of t
dielectric–conductor barrier is small enough so that the c
ductor will accept carriers from the dielectric, a floating co
ductor would then develop a net electrostatic charge, wh
can also contribute18 to or reduce19 gate dielectric damage.

If the bulk mobility of the electrons is significantly large
than that of the holes, then for a positive dielectric poten
the electrons will accumulate at the surface of the dielec
and a space-charge layer of immobile holes will deve
within the absorption region of the bombarding photons~Fig.
1!, producing what is called bulk polarization.17 In this case,
the thickness and depth of the fixed space-charge layer
depend on the penetration depth of the incoming phot
within the dielectric, since the holes are relatively immob
and remain near their point of generation. After irradiatio
the charge distribution is greatly immobilized, but still su
ject to a dark current decay~typically over periods of the
order of days!.17

Irradiation by subband-gap photons is incapable of cre
ing electron–hole pairs in the oxide, but is capable of ex
ing electrons from the silicon substrate into the oxide. Wh
some studies show that the electron or hole injection fr
the silicon substrate into the oxide increases the interf
trapped-charge density at the Si/SiO2 interface,20,21 others
report that this photocarrier injection is beneficial, where
‘‘anneals’’ the interface charge22,23 through a recombination
process.

In addition trapping, detrapping, and retrapping may o

FIG. 1. Barrier (mh ,me@1) or bulk (mh!1,me@1) polarization that occurs
when a dielectric is irradiated with ionizing radiation.
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1255 Lauer, Shohet, and Hansen: Vacuum ultraviolet radiation-induced damage 1255
cur when charge carriers are created or injected into the
electric. These trap sites may be due to a wide range
crystal defects, such as impurities, stacking faults, dislo
tions, and other lattice defects, which give rise to additio
but highly localized energy levels within the energy ba
gap. The traps may be deep or shallow in energy. If
difference in energy between the electron trapping level
the bottom of the conduction band is large compared tokT,
wherek is Boltzmann’s constant andT is the temperature, the
traps are considered deep, and vice versa. Shallow trap
duce the mobility of the carriers, since the induced therm
energy suffices to redissociate a carrier from such a t
Note that in a processing plasma the value ofkT at the sur-
face of the wafer can be fairly large. However, the excitat
of carriers from deep traps is a rare event that depends
tirely on the value ofkT and on the depth~in energy! of the
trap.16 The dominant type of SiO2 defect~hole trap! respon-
sible for radiation-induced trapped oxide charge has b
identified by electron spin resonance techniques as theE8
center, a trivalent silicon atom that has an unpaired elec
in a dangling orbital and is back-bonded to three oxyg
atoms.23

Since all of these photoinduced mechanisms are hap
ing simultaneously in a plasma-processing environment,
many of them are confounded with plasma charging effe
it is difficult to pinpoint the role VUV irradiation plays in
plasma damage to CMOS devices. Recent experime
work has shown that exposure to VUV as opposed to
radiation has the possibility of producing either~1! further
damage18 or ~2! a synergistic effect that decreases the da
age produced by plasma-processing-induced charging.19,24 In
general, most plasma-processing systems generate signi
amounts of VUV radiation concomitantly with UV an
fluxes of charged particles. As a result, it is important
determine whether any plasma-damage monitors would
affected by the presence of VUV radiation.

III. EXPERIMENTAL CONFIGURATION

To separate the plasma induced damage effects of V
radiation from charged-particle bombardment, we us
monochromatic synchrotron radiation in the same photon
ergy range that is typically found in most processi
plasmas.25–29 The synchrotron source at the University
Wisconsin, Madison was used as a source of VUV photo
Radiation from the synchrotron was passed through
normal-incidence Seya-Namioka monochromator with 4
mm slits that has an output energy in the range of 4–30
and a bandpass of 3 Å. The beam was then passed dir
into a vacuum chamber which was evacuated to 1028 Torr.

The experimental system inserted in the vacuum cham
is shown in Fig. 2. It was used to measure how a float
oxide-coated semiconductor wafer charges up during V
irradiation. The incident beam was oriented normally to
surface of the wafer. The photoemission current from
surface of the wafer, as well as the voltage on the silic
substrate, was monitored during VUV exposure. This w
accomplished by placing an aluminum plate 3.5 cm in fro
JVST A - Vacuum, Surfaces, and Films
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of, but electrically insulated from, the wafer, as is shown
Fig. 2. The aluminum plate has a hole in it to allow the VU
photons to be normally incident upon the oxide-coated wa
The photon beam was elliptical and measured to be ab
25310 mm2 on the wafer surface. A dc bias voltage of 48
was placed on the aluminum plate to insure that most of
photoemitted electrons would be collected. This also allo
us to simulate a positive plasma potential above the wa
surface. The photoemission current was measured wit
Keithley 486 picoammeter and the voltage on the subst
was measured with a Keithley 617 electrometer.

A. Surface potential

Three hours after VUV exposure, the sample was ta
out of the vacuum chamber and the surface potential
measured with a Kelvin probe.8,30 When a vibrating elec-
trode ~Kelvin probe! is placed near the surface of a charg
dielectric, the varying capacitance induces a time-vary
voltage at the tip of the vibrating Kelvin probe. By compe
sating the field in the air gap between the charged dielec
and electrode with a dc voltageVSP until the ac voltage~and
thus the electric field above the dielectric! vanishes, an esti-
mate can be made for the VUV-induced charge density us
the expressions52«0« r VSP/d. «0 is the permittivity of
free space,« r is the relative permittivity of the dielectric, an
d is the thickness of the dielectric. The Kelvin probe is
noncontacting device and has the additional advantage th
measurement of the air-gap thickness is not necessary to
termine the effective surface-charge density.

A volume-charged dielectric behaves, as far as its exte
field is concerned, as if it had surface-charge densities
both its top and bottom surfaces. These quantities are th
fore often referred to as ‘‘projected’’ or ‘‘effective’’ surface
charge densities,17 and any volume-charge density can
expressed in terms of these effective surface-charge de
ties. The Kelvin probe can only measure the effective cha
density; it cannot directly determine the charge distribut
within the thickness of the dielectric.

FIG. 2. Experimental system used to measure the photoemission curren
substrate voltage during VUV irradiation.
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1256 Lauer, Shohet, and Hansen: Vacuum ultraviolet radiation-induced damage 1256
B. CHARM2 wafers

CHARM2 wafers were also exposed to VUV radiation
the same experimental setup shown in Fig. 2 with the exc
tion that, due to the size of the CHARM2 wafer~15 cm!, the
aluminum plate could not be placed in front of the waf
Instead, the substrate of the CHARM2 wafer was biased w
a dc voltage and the current to the substrate was measu

Figure 3 shows the basic structure of the devices o
CHARM2 wafer.12,31 The sensor is an EEPROM transist
that consists of a program gate, a floating gate, a source,
a drain. An antenna is connected to the program gate, an
often called the charge collection electrode~CCE!.32 The
sensors on CHARM2 wafers come in various forms and m
include a diode and/or a resistor, as shown in Fig. 3. Re
tors are used to measure currents while diodes are use
choose the polarity of the charge to be measured. Elec
static charge deposited on the CCE gives rise to a pote
that is proportional to the amount of deposited charge and
capacitance between the CCE and the substrate. This p
tial programs the EEPROM memory transistors by alter
their threshold voltages in proportion to the potential on
CCE. Thus the monitor is a polarity-sensitive peak volta
detector with memory.33

The addition of a diode connected between the CCE
the wafer substrate creates what is called a ‘‘unipolar’’ d
vice, which provides for monitoring the peak negative
positive transient effects for the given polarity. Without t
diodes, the EEPROM records only the peak value of the
transient, if sufficiently large, while erasing any record o
transient of the opposite polarity that may have occur
earlier.33 This type of sensor is called a ‘‘simple’’ device
Design modifications to the EEPROM potential sensors
make them sensitive to UV radiation. A change in thresh
voltage of a UV monitor is proportional to the integrated U
dose reaching the wafer during the course of the expos
The three types of sensors are designed to record this in
mation separately so that each of these effects can be
sured without disturbing the other measurements.

IV. EXPERIMENTAL RESULTS

A. Surface potential measurements

The photoemission current measured during irradiation
a 3000 Å surface film of thermally grown SiO2 on a silicon
substrate by 12 eV photons at three different photon fl

FIG. 3. Schematic of a CHARM2 device. These devices come in vari
forms and may include a diode and/or a resistor, as pictured.
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
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densities (1011, 1010, 109 photons/cm2 s! is shown in Fig.
4~a! and the voltage of the silicon substrate during the sa
exposures is shown in Fig. 4~b!. Note the exposure with the
highest photon flux density has a very large transient pho
emission current rising to its maximum within a few mill
seconds and then dropping rapidly to zero. The voltage
the substrate also increases rapidly to nearly the bias vol
of the aluminum plate~48 V! in front of the irradiated di-
electric.

Very similar results are seen with the other exposures
cept that they do not charge up as quickly, as should
expected, since the photon flux density to the dielectric s
face is much smaller. In all cases, the silicon substr
charged up to nearly the voltage that is on the alumin
plate, and remained at this potential until the silicon substr
was grounded. A positive charge was measured at the e
trometer because of the compensation charge~see Fig. 2! that
is attracted to the SiO2/Si interface from the silicon substrat
by the residual charge in the dielectric that was produced
photoemission.

s

FIG. 4. ~a! Photoemission current collected by the aluminum plate in fron
the VUV irradiated SiO2 coated silicon wafer as a function of time.~b!
Voltage on the silicon substrate during the same exposure shown in~a!. The
photon fluxes as shown are 1011, 1010, and 109 photons/cm2 s. The photon
energy is 12 eV.
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1257 Lauer, Shohet, and Hansen: Vacuum ultraviolet radiation-induced damage 1257
If we consider that the aluminum collecting plate rep
sents a positive plasma potential, a dielectric-coated con
tor irradiated with ionizing photon radiation will attempt t
charge up to the plasma potential, although the electron
an actual plasma keep the surface of the dielectric at
plasma floating potential.34

By integrating the photoemission current in Fig. 4~a! over
the time duration of each VUV exposure, we can find t
total electron charge that was photoemitted and collected
the aluminum plate. In all three exposures for differe
photon-flux intensities, the total photoemitted charge w
found to be about 1.631028 C. Therefore, if photoemission
were the only effect, we would expect the surface poten
for all three cases shown in Fig. 4 to be the same. Figu
shows the effective surface-charge density measured
VUV exposure. It is clear that the surface potential is not
same in all three cases, and thus there must be some
effect taking place. We believe that the extra induced-cha
density is due to charge carriers that are created in the o
layer by the VUV photons. The charge carriers then drift
response to the electric field created by the photoemi
charge, causing charge separation. This produces a ph
emf that is set up in a direction perpendicular to the surf
of the dielectric. This emf is called the Dember voltage16

However, the Dember voltage only develops if there is
difference in mobility of the carriers created. After irradi
tion, the charge distribution is greatly immobilized and
fixed. Thus the Dember voltage remains and can be m
sured with the Kelvin probe. However, depending upon
field direction, additional charge motion can take place.

The trapped-charge buildup in thick oxides deposited o
a silicon substrate in areas between adjacent transistors
have detrimental effects on the performance of an integra
circuit. When enough positive charge builds up, the dop
silicon substrate can invert and become conductive, thus
sulting in ‘‘cross talk’’ between adjacent devices. Work b
Sze35 indicates that trapped oxide charge densities of
31010 /cm2 and 3.231011/cm2 will invert p-type silicon sub-
strates doped at 1015 /cm3 and 1016 /cm3, respectively.28

Therefore, as seen in Fig. 5, this charge density has b

FIG. 5. Effective surface-charge density map measured after VUV expos
JVST A - Vacuum, Surfaces, and Films
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achieved with a 600 s exposure to a 12 eV photon-flux d
sity greater than 1010 photons/cm2 s.

B. CHARM2 wafers

In order to determine the effects of VUV radiation o
CHARM2 wafers, they were mounted in the vacuum cha
ber at the synchrotron using the same experimental syste
that precise alignment of the VUV beam and the dies on
wafer surface could be obtained. This made it possible
quantify the charging effect of VUV irradiation. Figure
shows a photograph of a CHARM2 wafer with the locatio
of the VUV beam exposures indicated by the elliptic
circles. Halfway through each exposure, the CHARM2 wa
was moved down 6 mm~as shown by the overlapping ellip
tical circles! while the VUV beam remained on to insure th
at least one entire die would be exposed. It is importan
note that because of the overlap, some dies would be
posed twice as long as the surrounding dies. The substra
the CHARM2 wafer was biased at248,148,248, and148
V, for exposures A, B, C, and D respectively, while the cu
rent to the wafer substrate was measured. The photon
density for all four exposures was 531010 photons/cm2 s at
an energy of 15 eV. The total exposure times were 600, 6
300, and 300 s for exposures A, B, C, and D, respective

Before VUV exposure, the CHARM2 wafers were ca
brated and programmed to a threshold voltage of appr
mately25 V on a parametric tester. After VUV exposure, th
wafers were returned to Wafer Charging Monitors for ana
sis. Figure 7 shows a wafer map of the maximum thresh
voltage shift recorded on any positive ‘‘unipolar’’ devic
within each die. It can be seen that there is positive cha
only under the locations of the VUV beam when the wa
substrate is biased with248 V. Since no charge was depo
ited on the wafer from the synchrotron, the only possib
source for charge must be photoemission of electrons.
unipolar devices exposed to VUV radiation when the wa
substrate was biased with148 V showed no response to th
VUV beam exposure. This is also consistent with photoem
sion, since the 15 eV photons are unable to create photoe
ted electrons with energies greater than the bias voltage

e.FIG. 6. Photograph of a CHARM2 wafer with the locations of multiple VU
beam exposures indicated by the elliptical circles.
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1258 Lauer, Shohet, and Hansen: Vacuum ultraviolet radiation-induced damage 1258
the wafer substrate, and thus the electrons never leave
surface. Also note that the dies where the VUV exposu
overlapped show a larger voltage shift than the surround
dies.

Figure 8 shows a map of the maximum voltage sh
recorded on the ‘‘simple’’ devices~an EEPROM transisto
attached between the CCE and substrate, no diode! within
each die. Very similar results are seen to those in Fig
although the voltage shifts are slightly larger than the uni
lar devices~Fig. 6!, since the diodes would be expected
leak a little bit.

Figure 9 shows a map of the threshold voltage of the m
sensitive UV sensor36 within each die on the CHARM2 wa
fer. It can be seen that there is no evidence of VUV under
conditions. This is consistent with the notion that 15 eV ph

FIG. 7. Wafer map of positive ‘‘unipolar’’ devices: the maximum thresho
voltage shift recorded on any positive unipolar device within their respec
die.

FIG. 8. Wafer map of a ‘‘simple’’ devices: the maximum threshold volta
shift recorded on ‘‘simple’’ device within their respective die.
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
the
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tons would be absorbed in the 1mm oxide covering the UV
detector, and therefore would not reach the EEPRO
transistor.36 During VUV irradiation of the CHARM2 wafer,
the current flowing to the substrate for all four exposures w
measured and is shown in Fig. 10. When the wafer was
ased with248 V ~exposures A and C! there was a short puls
of current drawn when the VUV was turned on as well
when the wafer was moved half way through the exposu
The substrate current appears to be due to photoemis
When the CHARM2 wafer was biased with148 V ~expo-
sures B and D! no current is drawn except for a small lea
age current. The currents shown in Fig. 10 are consis
with results previously published15 for VUV-irradiated alu-
minum oxide with similar bias conditions and experimen
arrangements. Also, the negative ‘‘unipolar’’ devices on t
VUV exposed CHARM2 wafer did not show any response
the VUV beam.

e
FIG. 9. Wafer map of UV sensors: the most sensitive UV sensor in each

FIG. 10. Current to the substrate of the CHARM2 wafer during VUV irr
diation as a function of time.
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1259 Lauer, Shohet, and Hansen: Vacuum ultraviolet radiation-induced damage 1259
V. DISCUSSION AND CONCLUSION

This work has shown that when SiO2 is exposed to a
photon-flux density with an energy larger than its thresh
for photoemission, it can induce a positive charge density
the dielectric. The amount of charge deposited byphotoemis-
sion, for a fixed amount of time, depends on the photon fl
intensity, the bias voltage, the thickness of the dielectric,
the photon energy and for long times, reaches a fixed va
as long as the photon energy is above the threshold for p
toemission. However, the net charge in the dielectric res
from both photoemission of electrons from the surface
well as from the charge carriers that are generated within
oxide. This type of charge accumulation in the oxide reg
between adjacent transistors may result in ‘‘cross talk’’ b
tween devices.35

This work has also shown that the use of CHARM2 w
fers must be made carefully, especially in those situati
where VUV generation is significant, such as in process
plasmas. Positive-charge generation by VUV photoemiss
may result in CHARM2 wafers recording charge measu
ments that are higher than that produced by charged par
bombardment alone. In addition, the UV sensors on
CHARM2 wafers may not be able to detect that VUV rad
tion is present in the process chamber.
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