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Plasma-induced charging of patterned-dielectric structures during device fabrication can
cause structural and electrical damage to devices. In this work, we report on vacuum-ultraviolet
(VUV) radiation-induced charge depletion in plasma-charged patterned-silicon-oxide
dielectric wafers. Charge depletion is studied as a function of photon energy and the aspect ratio of
hole structures. The wafers were charged in a plasma and subsequently exposed to
monochromatic-synchrotron-VUV. Surface-potential measurements after VUV exposure showed
that photon energies less than 11 eV were beneficial in depleting the plasma-induced charge from
the patterned-dielectric wafers. In addition, for a given photon-flux density and for photon energies
less than 11 eV, VUV-induced charge depletion decreases with increasing hole aspect ratio. The
results are explained with a physically plausible equivalent-circuit model, which suggests that both
electron photoinjection from Si into the oxide and oxide surface conductivity play an important role
in the charge-depletion process. © 2009 American Institute of Physics. [DOI: 10.1063/1.3088889]

I. INTRODUCTION

Plasmas are used extensively in the semiconductor in-
dustry for film deposition, ashing, and etching of materials.’
It is anticipated that, as technology progresses, the require-
ments for fabrication that involve plasma exposure will keep
increasing.2 However, plasma processing also has disadvan-
tages. The plasma is a harsh environment since it contains
high-energy electrons, ions, photons, and radicals that bom-
bard the surface of the material to be processed. This can
lead to charging of surfaces exposed to the plasma as well as
charging of unexposed locations in the microstructure. In
particular, during plasma etching, charging of the bottom or
top edges of a high-aspect-ratio (depth/diameter) hole can
alter the trajectories of the ions impinging on the material
and etch the bottom corners of a pit/trench/hole (undercut-
ting) thereby physically weakening the structure. Conse-
quently, the overall yield as well as the reliability of semi-
conductor devices can be adversely affected.” As a result,
controlling and mediating plasma-process-induced charging
damage has become a crucial issue in assuring high process
yields.

In this work, it will be shown that the plasma-induced
charging of patterned-silicon-oxide dielectric wafers can be
limited or completely neutralized by using vacuum-
ultraviolet (VUV) radiation with photon energies less than 11
eV. In addition, using an equivalent-circuit model, we infer
that both VUV-induced electron photoinjection from the Si
substrate and the oxide surface conductivity play an impor-
tant role in depleting the plasma-induced charge in patterned-
dielectric wafers.
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Il. FABRICATION AND PLASMA CHARGING
OF PATTERNED WAFERS

Here we present a description of the patterned-test struc-
tures used in this work and the plasma-charging methodol-
ogy. The wafers used in this work are 100 mm in diameter Si
wafers with 22 patterned dice. The dice have dimensions of
8 X 8 mm? as shown in Fig. 1(a). Each patterned die consists
of holes that have a diameter of 0.8 um with a hole spacing
(pitch) of approximately 1.6 um. The holes were fabricated
on a bare-Si wafer by first etching into the Si using an HBr
plasma. Holes were created with depths that varied from 1 to
11 pm, while keeping the hole diameter fixed, in order to
study charging as a function of hole aspect ratio (AR). Fol-
lowing etching, a silicon-oxide layer was thermally grown on
top of Si by wet oxidation at 1100 °C. The hole shown in
Fig. 1(b) has a depth of 2 um.

The entire patterned wafer with multiple dice, without
cleaving, was exposed to a dc N, plasma discharge at 60
mtorr. A dc plasma was used instead of an rf plasma because

0.24 pm

Patterned
dies

100 mm
(a)

FIG. 1. (Color online) (a) Schematic of the 100 mm patterned wafer with 22
individual dice each with dimensions of ~8 X8 mm?. (b) SEM image of
the cross section of a sample patterned wafer with an AR of ~2.5:1.
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FIG. 2. (Color online) Surface-potential map of a 100 mm diameter pat-
terned wafer exposed to 9 eV VUV radiation. The 2.5 mm resolution of the
probe is interpolated by the software to create the map shown in the figure.
The elliptical region in the figure shows the synchrotron beam size and
location. The beam is peaked in the center.

the synchrotron facility restricted the use of rf sources. The
dc plasma was generated by applying 400 V on the cathode,
which was separated by ~3 cm from the grounded anode.
The patterned wafer was placed on the cathode and exposed
to the plasma for ~6 s. Kelvin-probe3 measurements of the
patterned wafer after plasma exposure indicated that, in the
patterned regions of the wafer, it was charged up to large
positive potentials (>15 V). Furthermore, the surface poten-
tial increased with AR of the holes in the patterned wafer,
consistent with the electron-shading theory.4 However, these
potentials were beyond the measurement range of the Kelvin
probe. In order to reduce the plasma-induced charging of the
patterned dice to a measurable range, the plasma-charged
patterned wafers were exposed to UV radiation (hv
=4.9 eV) from a Hg-Ar pen lamp with the lamp placed at a
distance of ~5 cm from the wafer surface. The UV-
exposure time was adjusted so that the surface potential on
the patterned dice was reduced to approximately 12 V for all
samples prior to VUV exposure. The plasma-charged wafers
were then exposed to VUV radiation with photon energies
less than 11 eV at the University of Wisconsin-Synchrotron
Radiation Center. Details about the VUV-exposure setup can
be found in a previous publication.5

lll. VUV EXPOSURE OF PLASMA-CHARGED
PATTERNED WAFERS

A two-dimensional surface-potential map of a dc
plasma-charged patterned wafer (rectangular hole AR of
2.5:1) as measured by a standard Kelvin probe (spatial reso-
lution of ~2.5 mm) is shown in Fig. 2. The patterned dice
appear as islands of charge in the surface-potential map. The
plotting software generates the smooth contours as shown in
the figure by interpolation. The resolution of this probe is too
large to resolve the potentials inside the holes, but we have
previously used an atomic force microscope to find these
potentials.8 In this work, we are primarily concerned with the
spatial potentials at the 2.5 mm resolution level.

The elliptical region in Fig. 2 was exposed to 9 eV VUV
radiation with a time-integrated photon density of 7
X 10" photons/cm? before the Kelvin-probe measurement
was made. After plasma and subsequent UV exposure, as
described above, Fig. 2 shows that the unpatterned regions
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on the wafer (between the dice) were completely discharged
while the potential in the patterned regions was ~10-12 V
for all dice except for the region that was exposed to VUV.

In this region, a significant decrease in surface potential
is observed. In those dice immediately adjacent to the VUV-
irradiated area, there are regions where the potential is 10-15
V, while in the VUV irradiated area only a minimum surface
potential of ~2.5 V was measured.

It must be noted that although UV photons are beneficial
in depleting the plasma-induced charge, the charge-depletion
efficiency for UV photons is significantly less than that for
VUV radiation.® We experimentally verified that a signifi-
cantly greater flux of UV photons is required to deplete the
same amount of plasma-induced charge in the oxide as com-
pared with VUV radiation (7-11 eV). The decrease in the
charge-depletion efficiency for UV photons can be attributed
to a decrease in the electron-photoinjection yield (defined as
the ratio of the number of photoinjected electrons to the total
number of photons incident on Si) from Si into the oxide as
compared with the VUV photons.

The depletion dependence of the plasma-induced charge
on photon energy of patterned-dielectric wafers was exam-
ined by exposing plasma-charged patterned wafers with a
hole AR of 1.25:1 to VUV photon energies in the range from
8 to 11 eV. These energies were selected because significant
depletion of the plasma-deposited charge has been observed
at these photon energies for unpatterned oxide-coated Si wa-
fers. The VUV-exposure system was aligned such that most
of the VUV radiation was normally incident on a single pat-
terned die on the wafer. A total time-integrated dose of 7
X 10" photons/cm? was used for all VUV exposures. This
dose was selected to ensure that the dielectric surface-
potential reached its final steady-state value before the end of
the VUV exposure. It was experimentally verified that expos-
ing the samples for longer times did not produce any further
decrease in the surface potential of the dielectric. Finally, the
minimum surface potential in the region of VUV exposure of
the patterned wafers was measured and is shown in Fig. 3(b)
as a function of AR.

From Fig. 3(a), we observe that maximum charge deple-
tion was obtained for irradiation with 8 eV photons. We also
see that depletion is inversely proportional to photon energy
and no measurable charge depletion was observed for 11 eV
exposure of the plasma-charged patterned wafer. Subse-
quently, we develop an equivalent circuit model to indicate
how this effect might take place.

VUV-induced charge depletion for a fixed photon flux
was also measured as a function of AR of the holes in the
patterned structure for four different photon energies and the
results are shown in Fig. 3(b). Samples with ARs of 1.25:1,
2.5:1, and 3.75:1 were selected to study the dependence of
charge depletion on AR. The experimentally measured sur-
face potentials as a function of AR for four different photon
energies are plotted in Fig. 3(b). Figure 3(b) shows that, with
the exception of the 11 eV photons, for a fixed photon-flux
density and photon energy, the measured surface potential is
proportional to the AR.
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FIG. 3. (Color online) (a) Dependence of VUV-induced charge depletion in
plasma-charged patterned wafers as a function of VUV photon energy for
the same total photon flux. Note that the error bars shown in the graph above
is representative of the measurement error introduced by the Kelvin probe.
(b) VUV-induced charge depletion in patterned dielectric wafers as a func-
tion of AR for four different photon energies.

IV. EQUIVALENT-CIRCUIT MODEL

To help explain these results, an equivalent circuit was
developed to model the VUV-radiation-induced charge
depletion in the patterned dielectric wafers as a function of
photon energy and AR. In particular, using the equivalent-
circuit model, we can infer that the decrease in charge deple-
tion with increasing photon energy can be due to (1) the
decrease in electron photoinjection from Si into the oxide
and (2) the increase in electron photoemission due to
electron-hole pair creation in the oxide. Furthermore, we will
also show that the decrease in charge depletion with increas-
ing AR for a fixed photon flux and photon energy can be due
to (1) the presence of a larger amount of plasma-induced
charge along the hole sidewalls with increasing AR and (2)
an increase in sidewall surface resistance with increasing
AR.

Figure 4(a) shows the equivalent-circuit model for VUV
exposure overlaid on a section of the patterned wafer. In Fig.
4(a), the oxide is represented by the capacitors C1, C2, and
C3 along with the resistances indicated in regions A, B, and
C of the figure, respectively. Photoemission due to electron-
hole pair creation in the oxide and photoinjection from Si
into the oxide (with subsequent photoemission into vacuum)
are represented by the current sources Iy, and I, respec-
tively. The radiation-induced conductivity of the oxide layer
due to electron-hole pair creation in the oxide as well as
electron photoinjection from the silicon substrate into SiO,
are represented by the resistors Ry, and R, respectively. The
surface resistance of the oxide layer is represented by the
resistor R,. Finally, the resistor R represents the current-
return path through vacuum.
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FIG. 4. (Color online) (a) Equivalent-circuit model for the patterned wafer
during VUV exposure. (b) Equivalent-circuit model of the patterned wafer
upon cessation of VUV irradiation.

After VUV exposure, the capacitors in Fig. 4(a) that rep-
resent the oxide can be charged to different potentials. To
further investigate the behavior of the charge on the pat-
terned wafer, a second equivalent-circuit model shown in
Fig. 4(b) is used to represent the system after VUV exposure.
The circuit of Fig. 4(b) suggests that, in the presence of a
finite surface resistance, the voltage across the capacitors C1,
C2, and C3 will equalize and reach a final steady-state value.
At first glance, it appears that the voltages across the indi-
vidual capacitors will fall to zero. This is not the case, since
no current will flow through the resistances when the volt-
ages across the capacitors are equal even if the individual
capacitances are not equal.7 This is consistent with our pre-
vious finding that the surface potentials everywhere on the
wafer surface equalize to a steady-state potential after VUV
exposure has ceased.® Since we are able to measure this
steady-state voltage with the Kelvin probe, the calculated
steady-state capacitor voltage in the model can be compared
with the actual surface-potential measurements.

Next, the values of the individual circuit elements in
Figs. 4(a) and 4(b) are estimated. In Fig. 4(a), three different
regions (Regions A, B, and C) of the oxide layer are high-
lighted. In these regions, the oxide is represented by the
parallel-plate capacitors C1, C2 and C3 (along with their
appropriate resistances), respectively. The modeling of the
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oxide layer with parallel-plate capacitors was justified by
making electric-field calculations, which showed that the
electric fields in Regions A, B, and C in Fig. 4(a) are very
close to that of a parallel-plate capacitor with no fringing
fields. Thus, we can represent the capacitors C1 and C3 as

Agg
d

Cl=C3= , (1)

where A (m?) is the plate area, d (m) is the spacing between
the two plates of the capacitor, and ¢ is the oxide relative
permittivity. The plate area was determined from the dimen-
sions of the hole bottom, which is circular with a radius of
0.4 um. The area of this capacitor plate can then be com-
puted as, A=7 X (0.4 um)>=0.5X 1072 m2. d is set to the
oxide thickness (240 nm). Finally, €=3.9 is the relative per-
mittivity of silicon oxide. By substituting the values of A, d,
and ¢ in Eq. (1), C1 and C3 were calculated to be ~0.07 fF.

Next, although the sidewall capacitor C2 is also assumed
to be a parallel-plate capacitor, the plate area for capacitor
C2 is proportional to the depth of the hole. Thus, for the
1.25:1 AR sample with a hole depth of 1 um and hole di-
ameter of 0.8 um, the plate area was estimated to be 0.8
X 1072 m?. The same plate area and the same values of &
and d were used as those for the capacitors C1 and C3. A
value of 0.1 fF was calculated for capacitor C2 by using Eq.
(1). With increasing hole depth, only the plate area of capaci-
tor C2 changes, while the plate-separation distance given by
the oxide thickness (240 nm) remains the same. Therefore,
for the 2.5:1 AR sample with a hole depth of 2 um, the plate
area was 1.6X107'2 m?, which leads to a capacitance of
~0.2 fF. Finally for the 3.75:1 AR sample with a hole depth
of 3 um, the capacitance C2 was calculated to be ~0.3 fF
using the same method.

We now estimate the magnitudes of the current sources
in the equivalent circuit of Fig. 4(a). To do this, we note that
VUV exposure of oxide-coated wafers (thickness ~200 nm)
with photon energies less than 11 eV can cause (1) electron
injection from Si into the oxide and subsequently into
vacuum and/or (2) electron emission due to electron-hole
pair creation in the oxide. Thus, electron photoinjection and
photoemission by electron-hole pair creation in the oxide can
be represented in the equivalent circuit by the constant cur-
rent sources /,; and I, as shown in Fig. 4(a).

Following previous work,” we can estimate the magni-
tudes of I,; and I,. First, we note that the externally mea-
sured substrate current during the 8§ eV VUV exposure is
primarily due to photoinjection because the 8 eV photons do
not possess enough energy to generate electron-hole pairs in
the oxide. Consequently, we assume that /; decreases expo-
nentially with increasing photon energy. We use the expo-
nential photoinjection-decay constant as a fitting parameter.
Similarly, I, was estimated by assuming that the substrate
current measured at 11 eV is caused primarily by electron
photoemission from electron-hole-pair creation in the oxide.
Then, we assume that I, increases exponentially with pho-
ton energy with a separate exponential constant also used as
a fitting parameter. The two exponents are not assumed to be
equal. The fitted photoinjection and photoemission currents
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FIG. 5. (Color online) Photoinjection current (/,) and photoemission cur-
rent (I,) due to electron-hole pair creation in the oxide as a function of
photon energy.

as a function of photon energy are shown in Fig. 5 along
with the experimental data.

We now proceed to estimate the surface and bulk resis-
tances of the oxide layer in the three regions shown in the
equivalent-circuit model. We begin by considering the resis-
tor R2, which represents the resistance in region B of Fig.
4(a). We hypothesize that the conductivity in region B of Fig.
4(a) can only be increased by introducing electrons into this
region. To determine R2 in Fig. 4(a), electric-field calcula-
tions were made by solving Laplace’s equation for the po-
tential inside the patterned wafer using finite differences. The
calculations show that the electric field lines entering from
the substrate boundary do not reach region B. Hence, we can
assume that the bulk resistance of the oxide, R2, is a function
of the oxide geometry only and is not affected by any VUV
irradiation. Thus, R2 is assumed to be the intrinsic resistance
of the oxide and can be determined by using the expression

pd

R2 = X, (2)

where p () m) is the intrinsic resistivity of the oxide, d (m)
is the oxide thickness, and A (m?) is the area of the sidewalls.
Thus for A=0.8 X 1072 m?, d=240 nm and p=10'® QO m,
R2 was estimated to be ~3 X 10> Q.

The surface resistance R, of the oxide layer is difficult to
estimate accurately as it is strongly influenced by impurities
in the oxide, imperfections near the oxide surface, as well as
atmospheric pressure and humidity. Therefore, the resistor R;
was also used as a fitting parameter. We assume that the
surface resistance increases linearly with the hole depth be-
cause, as the hole becomes deeper, the electrons have to
travel a greater distance along the hole sidewalls before they
can neutralize the plasma-deposited charge. In addition, we
propose that R, is independent of the VUV photon energy
and is not significantly influenced by electron injection from
the Si in regions A and C into the oxide. This is the case
because, under these assumptions, the photoinjected elec-
trons cannot reach region B in Fig. 4(a) due to the presence
of the fringing electric fields in the oxide.

Finally, we examine the VUV radiation-induced conduc-
tivity in regions A and C of the patterned structure. During

Downloaded 17 Mar 2009 to 128.104.181.42. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



053308-5 Upadhyaya, Kruger, and Shohet

U

— 3
> Iy a"‘i i e i g§ 6 L
R : ) § T VWY * =

5 Tl

OO

,,6,‘ L
r»@' .

FIG. 6. (Color online) Redrawn equivalent circuit of Fig. 4(a) to determine
the circuit equations at nodes 1—4.

VUV radiation, with photon energies less than 11 eV, the
conductivity of the oxide layers in regions A and C of Fig.
4(a) can increase due to the introduction of free-charge car-
riers in the oxide either by electron photoinjection from the
Si or by electron-hole pair creation in the oxide. Thus, we
infer that the conductivity of the oxide is a function of the
photoinjection and photoemission currents. Therefore, the re-
sistances R,; and R, are modeled to be inversely propor-
tional to /,; and Iy, respectively. Hence,

K1
R.=— (3)
p1 ’
L
K2
Reh: s (4)
Ieh

where K1 and K2 are constants of proportionality and are
used as fitting parameters in the model. Note that, for the
equivalent-circuit models shown in Figs. 4(a) and 4(b), the
resistors Ry, and R, are the only circuit elements that depend
on photon energy. In addition, the capacitor C2, representing
the sidewall capacitance, and the resistor R; that represents
the surface resistance are the only circuit components that
are a function of the hole AR.

V. CIRCUIT EQUATIONS

The equivalent-circuit model of Fig. 4(a) (valid during
VUV exposure) is redrawn in Fig. 6 with the addition of
voltages at nodes 1, 2, 3, and 4, which are V,, V,, V3, and V4
respectively. In addition, R;llR.,=R,, and 2/;+2[,=1. The
node equations at nodes 1, 2, 3, and 4 can now be written as

av, 1[-v v, V=V, V=V
i | Zh @ Nz Ve M- 2]’ )
dt _Cl| R di R, R,
av, 1[ Vy Vi=Vy _dvy V,-Vy Va-Vs
e P S e Lt ,
dt C2| R Ry dt R2 R

(6)
v, 1|v,—v v, Vi Vi—V
_3:_ g+c3_4—_3 3 4 s (7)
dt C3| R, dt R R,
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dv v, 2(V,-V. dav. v,
21t g e 2=V dYs AV
dt dt R,, dt dt
V-V
+—=—2_1=0. (8)
R2

Equations (5)—(8) can be solved for the node voltages
Vi, Vo, V3, and V, using the resistor, capacitor, and current
values listed earlier. We further note that (V,-V,), (V,—V,),
and (V,—V,) represent the voltages across the capacitors C1,
C2, and C3, respectively. Equations (5)—(8) were solved us-
ing the initial conditions V(C1)=V(C2)=V(C3)=12 V,
which is the measured surface potential on the oxide pro-
duced by plasma exposure. The potentials were allowed to
evolve with time and the calculation was terminated after ¢
=1800 s, which is a typical VUV exposure time for the
plasma-charged patterned wafers.

As will be shown shortly, for particular VUV irradiation
conditions and the smallest AR (1.25:1) used in this work,
the model shows that all capacitors reach a constant, but not
equal, potential at the end of the 1800 s VUV irradiation
period. The potential values at the end of the 1800 s irradia-
tion period for the lowest AR sample are referred to as
Visoo,j» Where j is an integer that identifies a particular ca-
pacitor. Under other VUV irradiation conditions, the capaci-
tors might not reach a constant voltage at the end of the VUV
irradiation period. However, as explained earlier, irrespective
of the what the capacitor voltages at the end of irradiation
might be, they will equalize after VUV radiation has ceased
and yield a final steady-state voltage, which we refer to as
VEemnaL- Vemnar 18 the voltage that we measure experimentally
with the Kelvin probe.

To model this behavior. the capacitor voltages, V(C1),
V(C2), and V(C3), at the end of VUV irradiation were used
as the initial conditions for the equivalent circuit of Fig. 4(b)
(valid after VUV exposure). The circuit of Fig. 4(b) suggests
that in the presence of a finite surface resistance, the voltage
across the capacitors C1, C2, and C3 will equalize and reach
the final-state value Vgnar. The capacitor voltages for the
circuit in Fig. 4(b) can be found as follows:

1 [

V(Cl)le(O)—afo 1,dt, (9)
1 [

V(C2)=V2(0)—afo (I,-1I)dt, (10)
1 t

V(C3)=V3(0)—afo Idt. (11)

In Egs. (9)-(11), V1(0), V2(0), and V3(0) are the volt-
ages on the capacitors C1, C2, and C3 at the end of the
VU V-irradiation period. The surface resistances permit
charge to flow between the capacitors and equalize in steady
state. Thus, V(C1)=V(C2)=V(C3)=VgNaL-

VI. ESTIMATION OF FITTING PARAMETERS

Here we describe the fitting process that was used to fit
the model to the experimental surface-potential data shown
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in Fig. 3(a). Note that there are five fitting parameters in the
equivalent-circuit model. They are (1) the photoinjection cur-
rent (7;), (2) the photoemission current induced by electron-
hole pair creation in the oxide (Z,), (3) the photoinjection-
induced conductivity (K1/I), (4) the electron-hole-pair
induced conductivity (K2/1,,), and (5) the oxide surface re-
sistance (R,).

Recall that for the photon-energy dependence experi-
ments, the VUV irradiation time was chosen to be long
enough so that no further depletion in charge was measured
with VUV irradiation times longer than 1800 s for the 1.25:1
AR sample. Hence, in this case, V| g90=Vrmwar, Which is the
experimentally measured surface potential.

We first consider 8 eV photons. For these photons, the
two fitting parameters, /;; and I, can be eliminated. This is
because at 8 €V, I; can be determined directly from the
experimental substrate-current value, since we assumed that
photoemission due to electron-hole pair creation in the oxide
is negligible for 8 eV photons. Under this assumption, the
measured substrate current would entirely be due to photo-
injection. Thus I, the photoemission current due to
electron-hole pair creation in the oxide, is set to zero. In
addition, at 8 eV, the value of K2 can be set to zero because
the resistance Ry, is infinite since I, was set to zero for this
photon energy. Consequently, for 8§ eV photons, only two
fitting parameters (K1 and R,) remain to be determined.

K1, and hence Ry, is the parameter that effects the ca-
pacitor discharge time and also the final steady-state poten-
tial (Vggo or Viwar) for the capacitors C1 and C3 in the
equivalent circuit of Fig. 4(a) for 8 eV photons. Note that the
potential of C1 and C3 at the end of irradiation in the circuit
of Fig. 4(a) is a function of the charging current, the capaci-
tance, and the charge-decay time. Increasing K1 causes the
charge-decay time and the final steady-state potential of ca-
pacitors C1 and C3 to increase, while decreasing K1 causes
the voltage on the capacitors C1 and C3 to decay more rap-
idly and thus reach a lower steady-state potential. Thus, the
value of K1 can be determined, based on these consider-
ations, by solving Egs. (5)—(11) for the capacitor voltages
V(C1) and V(C2) and choosing that value of K1, which re-
sults in the capacitor potentials matching the experimentally
measured steady-state potential at 8 eV. The fitting of K1 is
independent of R, since the capacitors C1 and C3 do not
discharge through R,.

Next, we determine the value of R, the sidewall surface
resistance. R, determines the rate at which the capacitor C2
decays. Therefore, after K1 was determined, R, was chosen
such that the capacitor voltage on C2 reached the experimen-
tally determined steady-state potential after 1800 s, which
again is the time after which the experimental measurements
showed no further change in surface potential. The calcu-
lated time evolution of the capacitor voltages Vi, V), and
Vey for the 8 eV exposure of the 1.25:1 AR structure is
shown in Fig. 7. Note that the steady-state potential as mea-
sured by the Kelvin probe many hours after exposure does
change for VUV exposure times longer than 1800 s.

In order to determine K2, we look at the 11 eV expo-
sures. For these exposures, /., was assumed to be entirely
due to the experimentally measured substrate current. This is
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FIG. 7. (Color online) Time evolution of the capacitor potentials during 8
eV VUV irradiation of a plasma-charged patterned wafer with an AR of
1.25:1.

because we assumed that the substrate current is entirely due
to photoemission by electron-hole-pair creation at this pho-
ton energy. In addition, /,; was set to zero since photoinjec-
tion from Si can be neglected at 11 eV because the 11 eV
photons cannot penetrate the 240 nm thick oxide layer.10
Hence for the 11 eV case, there is no dependence of the
capacitor potentials V¢, Vi, and Vs on K1, since [; was
set to zero. Thus, the value of K3, which caused capacitors
C1 and C3 to reach the experimentally measured steady-state
potential for the 11-eV exposures, was selected by solving
Egs. (5)—(11). It was found that values of 0.01 V, 0.1 V, and
0.7% 10" Q for K1, K2, and R,, respectively, fit the experi-
mental surface-potential data for both the 8 and 11 eV expo-
sures.

Following the determination of the fitting parameters
K1, K2, and R, we consider the 9 and 10 eV exposures. To
allow the model to fit the data, as previously discussed, /;
was assumed to exponentially decrease with increasing pho-
ton energy, while 7, was assumed to exponentially increase
with photon energy. Values of I; and I, were found that
yielded a good fit with the experimental surface-potential
data shown in Fig. 3(a) for these exposures. The values of /,;
and I, obtained from this fitting process were used to deter-
mine the exponential constants (see Fig. 5) for these currents
as a function of photon energy. Thus, the five fitting param-
eters are now determined.

The final steady-state potential (V| g00=VpmnaL) across
the capacitors as a function of photon energy is shown in Fig.
8 for the 1.25:1 AR sample. The experimental measurements
of the surface potential are also shown in the same graph.
The good fit of the experimental data to the modeling results
helps validate the two parts of our hypothesis. First, the de-
crease in charge depletion with increasing photon energy is
due to a decrease in electron photoinjection. Second, the in-
crease in electron photoemission with increasing photon en-
ergy is due to electron-hole pair creation in the oxide. Recall
that electron photoemission is caused by photon-induced
electron-hole pair creation in the oxide with subsequent
emission of electrons from the dielectric into vacuum.

We now proceed to use these fitting parameters to show
that the model also satisfactorily explains VUV-induced
charge depletion as a function of the hole AR for a fixed
photon energy and photon flux.
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FIG. 8. (Color online) Simulation and experimental results for VUV-
induced charge depletion in patterned wafers as a function of photon energy.

VIl. EXTENSION OF RESULTS TO HIGHER ASPECT
RATIOS

Here, we extend the model to the 2.5:1 and 3.75:1 AR
cases. Recall that both the sidewall capacitance (C2) and the
surface resistance (R,) are strongly dependent on the hole
geometry and are assumed to be the only circuit elements
that are influenced by the AR. Thus, by scaling C2 and R; as
a function of the hole depth and by using the fitting param-
eters determined previously in Sec. VI, we can use the model
to estimate the capacitor voltages, V¢, Vo, and V3, at the
end of VUV radiation exposure for samples with ARs of
2.5:1 and 3.75:1.

The time evolution of the capacitor voltages (as deter-
mined by the model) is shown in Fig. 9 for a patterned wafer
with an AR of 3.75:1 irradiated with 8 eV photons. From Fig.
9, it can be seen that (in contrast with Fig. 7 for the 1.25:1
AR sample) the voltages on the capacitors C1 and C3 rapidly
decay to their steady-state value (~0.2 V) while capacitor
C2 is only discharged to ~7 V at the end of the irradiation
period. Thus, unlike that of the 1.25:1 AR sample, Vg
# Vimar- The larger value of Vi, as compared to Vi, and
Vs at the end of the VUV irradiation period is justified for
the following reasons.

Recall that after plasma charging, charges are distributed
everywhere on the wafer surface including the sidewalls.®
Furthermore, the shading of photons due to the hole geom-
etry causes fewer photons to reach the sidewalls than the top
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—— V(C1), VIC3)

Surface potential (V)
o

6 200 400 600 800 1000 1200 14001600 1800
Time (seconds)

FIG. 9. (Color online) Time evolution of the capacitor potentials during 8
eV VUV irradiation of a plasma-charged patterned wafer with an AR of
3.75:1.
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FIG. 10. (Color online) Calculated result showing the equalization of po-
tentials on all capacitors in the patterned dielectric with AR of 3.45:1 after 8
eV VUV radiation.

or bottom of the hole due to the collimated nature of the
VUV beam. Thus, it follows that C2, which models the hole
sidewall, would be discharged to a lesser extent than C1 or
C3 as fewer photoinjected electrons are available in this re-
gion to neutralize the plasma-deposited surface charge.

The capacitor voltages Vi, Vi, and V3 were used as
input parameters in the equivalent circuit of Fig. 4(b) and the
computed final steady-state voltage (Vgar) Was computed
and compared with the experimental surface-potential mea-
surement. Figure 10 shows the equalization of voltages
across the three capacitors for the case of the 3.75:1 AR
wafer subjected to 8 eV VUV radiation. The calculated
steady-state capacitor voltage (Veywar) of ~5 V compares
favorably with the experimental measurement of 4.7 V.

The capacitor voltages at the end of the 8 eV VUV-
irradiation period for patterned wafers are listed as a function
of AR in Table I along with the computed steady-state ca-
pacitor voltages (Vpnar) and the experimental final steady
state surface-potential values. The same calculations were
made for the cases of 9, 10, and 11 eV exposures for the
three ARs investigated in this work. The modeling results
(final steady-state capacitor voltage) of the AR dependence
of VUV-induced charge depletion for the 8, 9, 10, and 11 eV
VUYV exposures are shown in Fig. 11.

Note from Table I that the 8 eV VUV exposure of the
1.25:1 sample yields a negative measured surface potential
that is most likely due to measurement error associated with
the Kelvin-probe system. The error was estimated by apply-
ing a fixed voltage across a capacitor and monitoring the
Kelvin-probe output and is within 500 mV for potentials less
than 10 V.

The modeling results shown in Fig. 11 indicate that
VUV-induced charge depletion decreases with increasing AR

TABLE 1. Approximate calculated voltages across capacitors C1, C2, and
C3 at the end of 8 eV VUV irradiation. Also shown are the calculated final
steady-state voltage and experimentally determined surface potential.

Measured
Ve Ve Ves VENAL surface potential
AR V) V) V) V) V)
1.25:1 0.2 0.2 0.2 0.2 -04
2.5:1 0.2 3 0.2 2 1.7
3.75:1 0.2 7 0.2 5 4.7
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FIG. 11. (Color online) VUV-induced charge depletion in patterned dielec-
tric wafers as a function of AR for four photon energies.

for a fixed photon energy and photon flux and is in good
agreement with the experimental measurements shown ear-
lier in Fig. 3(b). This further validates the equivalent-circuit
model.

VIil. INTERPRETATION OF ASPECT-RATIO
DEPENDENCE OF VUV-INDUCED CHARGE
DEPLETION

A potential explanation for the VUV-induced charge
depletion as a function of the AR of the holes is now pre-
sented. First, we note that all the capacitors in the equivalent-
circuit model are charged to the same initial voltage after
plasma exposure. Hence, it follows that the total charge
along the sidewalls, represented by the potential on capacitor
C2, must increase with increasing capacitance for the same
potential across that capacitor. Since C2 increases with hole
AR, the amount of charge along the hole sidewalls also in-
creases with AR to maintain the same potential across the
capacitor. The increase in the charge on the hole sidewalls
with increasing AR suggests that, for a given photon energy,
more photoinjected electrons are required to neutralize the
charging along the sidewalls because there are now more
positive charges on the sidewall. Consequently, for a fixed
photon flux and photon energy, the decrease in surface po-
tential could be less for higher hole ARs.

In addition to the increase in charge along the hole side-
walls with AR, another quantity that causes a decrease in
charge depletion with increasing AR is the surface resistance
of the oxide. In order to determine the impact of the increase
in surface resistance on charge depletion, we need to exam-
ine the mechanism by which the plasma-deposited positive
charges along the sidewalls are neutralized. Neutralization of
the plasma-deposited charge along the hole sidewalls can
occur by transport of the photoinjected electrons to the side-
walls where they neutralize the positive charge remaining
from plasma exposure.

Then, during VUV exposure, the photoinjected electrons
could reach the wafer surface and subsequently move along
the sidewalls where they neutralize the plasma-deposited
positive charge. Thus, as the hole depth, and hence the AR,
increases, the electrons must travel a longer distance to neu-
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tralize the plasma charge. However, during their transit, the
electrons can lose energy by scattering from the dielectric
atoms. Thus, the probability that the electrons will reach the
plasma-deposited charge and neutralize it decreases with in-
creasing AR since the electrons might not possess sufficient
energy to reach the plasma charge because of scattering
losses and trapping. We therefore conjecture that, in addition
to the increase in charging along the hole sidewalls, the in-
crease in surface resistance with AR is also responsible for
the reduction in charge depletion with increasing AR.

Finally, we consider why the decrease in surface poten-
tial with increasing AR is smaller for higher photon energies.
At lower photon energies (8-9 eV), almost all of the incident
photons reach the Si substrate and can increase the dielectric
conductivity in regions A and C in Fig. 8 by injecting elec-
trons into the oxide. In this case, the VUV-induced depletion
can be limited by the increased charging and surface resis-
tance of the oxide sidewalls as explained previously. For
increasing VUV photon energy, the number of photoinjected
electrons that are available to neutralize the plasma charge
decreases. However, the sidewall surface resistance would
not be significantly influenced by the increase in photon en-
ergy. Consequently, this implies that, for the higher photon
energies, charge depletion can be limited by the number of
photoinjected electrons that are available to deplete the
plasma-deposited charge, thereby causing a reduction in the
depletion yield with increasing photon energy.

IX. SUMMARY

We evaluated the feasibility of using VUV radiation to
deplete the plasma-induced charge in patterned, oxide-coated
wafers. Surface-potential measurements on plasma-charged
patterned silicon oxide dielectrics after VUV exposure
clearly showed that photon energies less than 11 eV are ben-
eficial in depleting the plasma-induced charge in the dielec-
tric. Experimentally, it was determined that VUV-induced
charge depletion decreases with increasing AR of the holes
for a given photon energy and photon flux. In order to help
understand the results, equivalent-circuit models were devel-
oped for the patterned wafers. Similar to the case of the
unpatterned wafers, it was determined that the electron pho-
toinjection was the primary mechanism responsible for
VUV-induced charge depletion in plasma-charged patterned
oxide-coated wafers. Furthermore, it was determined that an
increase in the charging along the hole sidewalls as well as
the increase in surface resistance with AR can be responsible
for the decrease in VUV-charge depletion with increasing AR
of the samples.
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