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Photoemission and conduction currents in vacuum ultraviolet irradiated
aluminum oxide

J. L. Lauer, J. L. Shohet,a) C. Cismaru,b) R. W. Hansen,c) M. Y. Foo, and T. J. Henn
Center for Plasma-Aided Manufacturing and Department of Electrical & Computer Engineering,
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~Received 6 July 2001; accepted for publication 25 October 2001!

A temporary increase in the conductivity of aluminum oxide sputter deposited on the surface of
aluminum wafers was made by exposure to vacuum ultraviolet~VUV ! radiation produced by a
synchrotron light source. The oxide was charged, either positively or negatively, by exposure to a
nonreactive inductively coupled plasma, under typical plasma processing conditions. We show the
dependence of the conductivity on the energy of the incoming radiation, and conclude that only
those photons whose energy is above the band gap of the oxide are capable of producing a
temporary increase in the conductivity. Two processes, photoemission and enhanced conductivity,
create currents flowing across the oxide layer. A circuit model was developed to show the
contributions from both processes to the total current. We conclude that VUV radiation may be used
to significantly decrease plasma-induced surface charging of dielectrics. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1428790#
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I. INTRODUCTION

During plasma processing, charging of dielectrics pla
a leading role within the damage mechanisms of semic
ductor devices and plasma-processed materials in gen
This damage mechanism is greatly influenced by plas
emitted x-ray, vacuum ultraviolet~VUV !, and ultraviolet
radiation.1–3 It was determined that most processing plasm
emit radiation in the VUV energy band of 4–30 eV, wi
most of the radiation above 9 eV, the latter of which is a
proximately the energy band gap of SiO2 ,4 and more than
the energy band gap of other dielectrics used in semicon
tor device manufacturing~e.g., 6 eV for SixNy and 8.3 eV for
Al2O3!. The radiation is absorbed in the exposed oxide l
ers and it results in the generation of electron–hole pa
Although it has been established that electron–hole-pair g
eration in the oxide increases the SiO2 bulk and interface
trapped-charge density, which may affect device reliability5,6

plasma VUV irradiation of oxides can have a beneficial
fect by inducing a temporarily enhanced oxide conductiv
This can reduce dielectric charging, especially that indu
by electron-shading effects7 during plasma etching of high
aspect-ratio devices, by providing a safe way to discha
these structures and, thus, minimize charging damage.
enhanced conductivity can also have beneficial effects on
etching properties of oxides such as reduction of notch
sidewall bowing, and trenching. In opposition to this effe
VUV photons incident on the surface of the dielectric m
concomitantly cause photoemission of electrons and/or
larization of the dielectric,8 resulting in a net positive charg
on the surface.
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It has been previously shown, by exposure to synch
tron radiation in the above energy range, that a tempor
increase in oxide surface conductivity was produced wh
the oxide was exposed to VUV radiation.9 The purpose of
this work is to show the energy dependence of the surf
conductivity in Al2O3 and that a net current is drawn throug
the oxide—caused by a combination of the photoemiss
polarization and the temporarily enhanced conductivity.
suitably biasing the substrate, we can decrease the ph
emission current and retain the conduction current, thus
mitting depletion of the previously stored charge in a
around the VUV exposed region.

First, we demonstrate the dependence of the Al2O3 sur-
face conductivity on the energy of the incoming radiati
and we show that the peak conductivity occurs for irradiat
with photons with an energy of approximately 18 eV. Se
ond, by exposing precharged oxide samples to VUV,
show that the regions exposed to VUV radiation exhi
charge depletion in and around the exposed areas. Fin
we measure the current drawn by the oxide-coated wafer
function of time for various biasing arrangements und
VUV exposure.

II. EXPERIMENTAL ARRANGEMENTS

It was desired that the investigation of the VUV-induc
conductivity on an oxide-coated wafer, as a function of t
energy of the plasma VUV radiation, take place under ex
sure of the test structures to processing plasmas, while
VUV-emission intensity and wavelength is measured. Ho
ever, these measurements are not possible during plasm
posure because the plasma provides an additional cu
path that interferes with our measurements. To eliminate t
we used monochromatic synchrotron radiation in the sa
photon energy range to expose the test structures u
vacuum. The advantage of using monochromatic synchro

il:
2 © 2002 American Institute of Physics
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radiation is the ability to determine the dependence of m
sured quantities on the wavelength of the incoming radiat

To achieve our first goal, we exposed oxide-coated w
fers to synchrotron radiation at the Synchrotron Radiat
Center, at the University of Wisconsin-Madison. The mon
chromatic light was supplied by the Aladdin synchrotr
storage ring, passing through a VUV monochromator. T
electron beam used to generate the synchrotron radiation
a current of up to 250 mA, at an energy of 800 MeV. T
VUV monochromator that was connected to the beamlin
a normal-incidence Seya–Namioka monochromator, with
output energy range of 4–30 eV, and a bandpass of 3 Å

The oxide-coated samples were mounted in a vacu
chamber coupled to the beamline monochromator. T
mounting unit was positioned to the incident VUV bea
normal to the surface of the wafer. The monochromatic s
chrotron light was directed on the sample~the position of the
light spot is shown in Fig. 1!, with a spot dimension of
5 mm315mm. During the measurements, the chamber
evacuated to pressures in the 10-8 Torr range. Two stainless
steel electrodes were used to connect an outside curr
voltage circuit to the sample as also shown in Fig. 1.

The current across the surface of the oxide sample
measured with a bias voltage of 45 V, as the synchrot
light energy was varied between 5 and 20 eV. The oxide
this case Al2O3 , has an energy gap of approximately 8.3 e
which is very similar to that of SiO2 . The oxide was depos
ited by reactive sputtering and is 3000 Å thick. The da
current was measured by recording the currents while s
ning the same energy range with the light shutter closed. T
also assured that there were no light leaks or other coup
to the circuit. In all cases, the dark current was at leas
order of magnitude less than the conduction current. In
dition, making sure that the incoming radiation does not
the electrodes eliminates photoemission currents from b
induced in the circuitry. The net oxide surface current~mea-
sured current less dark current! was normalized to a constan
electron beam current~200 mA! and the photon flux at 15
eV. The normalized net steady-state current as a functio
incident photon energy is shown in Fig. 2. Note that no s
nificant increase in current occurs until the VUV photon e
ergy approaches the band gap of the oxide. The current

FIG. 1. Experimental setup used for the measurement of oxide surface
ductivity under illumination with monochromatic VUV light.
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to secondary emission of electrons by the stainless-steel e
trodes is small compared to the current produced
electron–hole pair creation or photoemission in the oxide

The effect of VUV radiation on depletion of charge
the key part of this work. In order to test this, samples w
charged by placing them in a nonreactive argon inductiv
coupled plasma~ICP! for several minutes. The ICP powe
was 1 kW and two different sample bias conditions we
used so as to produce a net positive or negative charge in
oxide. The former was achieved with 150 W rf bias pow
and the latter with zero bias power. Figure 3 shows a s
across the 11.5 cm sample using the contact potential di
ence~CPD! technique10 that was made before exposure
the VUV. The difference between positive and negat
charging is quite clear.

The CPD technique employed in this work to determi
the amount of charging induced by plasma exposure is
application of the Kelvin-probe technique,11 used for the

n-

FIG. 2. Photon energy dependence of the normalized net steady state c
along the Al2O3 surface.

FIG. 3. CPD scans of the plasma-exposed samples show positive ch
deposited for 150 W bias conditions and negative charge for no bias co
tions.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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measurement of work functions of different materials. T
Kelvin-probe method measures the contact potential dif
ence~difference in the work functions! between a vibrating
Kelvin probe and the surface under analysis. In our case
using oxide-coated wafers, the difference between meas
ments of plasma-exposed samples and nonexposed sam
is the change in the oxide surface barrier, a direct function
the charge placed on the oxide’s surface by plasma proc
ing. Therefore, plasma induced oxide surface charge~den-
sity! can be expressed asVCPD«ox /dox , whereVCPD is the
CPD potential measurement,«ox is the oxide permittivity,
anddox is the oxide thickness.

III. TRAPPED CHARGE MEASUREMENTS

Since most plasma processing occurs with a posi
charge being placed on the wafer, a CPD scan of a positi
charged wafer was made after exposure to VUV, which
shown in Fig. 4 for zero bias conditions. Three VUV exp
sures were made on the sample at 15 eV for 5, 30, and 3
The first exposure was made at the exact center of
sample, while the remaining two were displaced above
below the center by about 10 mm. Two CPD scans, at r
angles to each other, show a dramatic change in the ch
profiles.12 First, note that there is a significant decrease
charge at the center of the sample and an increase in ch
toward the outside of the wafer. This is as a result of
VUV exposure that produces a temporary conductivity
crease both on the surface of the oxide9 and in the bulk.13

The temporary increase in the conductivity in this area w
tend to make this region an equipotential and charge flo
outward from the central region to the outside, pushing ot
charges ahead of it and resulting in a pileup at the edge o
wafer. In order to achieve this condition, the electron–h
pairs produced by the VUV would have to be sufficien
dense so that ambipolar conditions exist, and thus the l
VUV exposures described above were made. An explana
of the conductivity mechanism was discussed previously13

When the VUV exposure is ended, the conductivity
turns to its pre-exposure state, thus trapping the charge
shown in Fig. 4. The symmetry in the scans is due to the
that the first exposure was in the center of the wafer and
majority of the charge movement occurs during the first
posure. In addition, the other exposures were made only
mm above and below the center due to mechanical c

FIG. 4. Horizontal and vertical CPD scans of VUV exposed plasma-cha
wafer.
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straints, a limited distance compared to the dimensions of
wafer. Subsequent exposures, although they can result
temporary conductivity increase, are incident in a char
depleted region, and thus do not significantly change
charge distribution. It is reasonable to conclude that, i
conducting path were placed on the edge of the VUV
posed region to ground, the charge would drain off as long
the VUV was turned on, thus providing a means to discha
the accumulated charge.

IV. CURRENT MEASUREMENTS

Figure 5 shows the current to the substrate of the wa
as a function of time and the photon flux for several VU
exposures. It can be seen that a slow decay of the cur
takes place, when the wafer is negatively biased, but that
steady state value of the current is not zero. We conclude
the transient part of the current is due to photoemissi
since eventually the oxide charges sufficiently positively
keep electrons from being emitted, and the remaining cur
combines both steady state photoemission and conduc
through the oxide~see also Fig. 10!. Note that the current
immediately drops to zero when the VUV is turned off.

The net charge on the dielectric was then measured w
the CPD method as shown in Fig. 6. The peaks of the cha
correspond beam locations for each of the various cur
measurements in Fig. 5. This was accomplished by mov
the wafer with respect to the photon beam. The lowest c
tact potential~lowest charge! occurs with the positive bias
Because the wafer was initially uncharged, the only cha
that appears here is localized and is only that due to ph
emission of the few electrons that escape the positive
potential.

d

FIG. 5. Photon flux and current flowing out of the wafer under VUV exp
sure for four biasing arrangements:~left to right!: 290 V, 0 V, 245 V, and
145V. The photon energy is 15 eV.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1245J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Lauer et al.
As an additional measurement, the substrate was flo
with respect to the chamber, and its potential was meas
before, during, and after VUV exposure. The potential ro
to approximately 7 V during VUV exposure and remain
constant until the VUV was turned off, when it decayed ba
toward zero. The 7 V potential is approximately the diffe
ence between the photon energy~15 eV! and the band gap
energy~8.3 eV!.

V. ELECTRIC CIRCUIT MODEL

In order to more fully understand the nature of the c
rent measured during VUV exposure, a circuit model w
developed. Figure 7 shows a drawing of the experime
arrangement.

As can be seen, incident VUV radiation results in ph
temission from the oxide layer. The photoemitted electro
have an initial energy, which we estimate to be on the or
of 7 V and results in a photoemission current that we assu
follows the Child–Langmuir law for a vacuum diode. In a
dition, a conduction current,I ox flows through the oxide as
shown. The substrate can be biased with an external dc
ply, either positively or negatively. It should be emphasiz
that both currents cease when the VUV is turned off as
be seen in Fig. 5. In addition, Fig. 5 shows that reversing
substrate bias voltage effectively eliminates the photoem
sion current and no transient is observed, but conduc
current still remains.

Figure 8 shows the resulting circuit diagram with t
portions of the circuit that correspond to the aluminum ox
layer, the substrate, and the vacuum chamber identified.

FIG. 6. CPD scan of the VUV exposed wafer in Fig. 5.

FIG. 7. Physical experimental setup.
Downloaded 15 Feb 2002 to 128.104.48.140. Redistribution subject to A
ed
ed
e

k

-
s
al

-
s
r
e

p-
d
n
e
s-
n

e
e

assume that the photoemission characteristic corresp
roughly to a piecewise-linear diode, whose voltageVd and
resistanceRd are fitting parameters. Additional fitting param
eters areVa , the initial energy of the photoemitted electron
andRs , the current limiting resistance of the VUV generato
which is inversely proportional to the VUV intensity. Bot
electrons and holes can contribute to the conduction curr
but only electrons to the photoemission current.Rox is the
temporary resistance introduced by the VUV which is a fun
tion of the voltage across the oxide due to the Fowle
Nordheim tunneling effect. We model it as:

Rox5R0 exp@2j~V2Vb!#,

whereR0 and j are fitting parameters.Cox is the effective
capacitance across the oxide corresponding to the area o
VUV exposure.V is the voltage on the oxide surface wit
respect to ground.

Since we do not know the division between the pho
emission current and the conduction current, we find
Thevenin equivalent circuit for the diode and VUV circu
regions and then convert to a Norton equivalent circuit
find the oxide current. The circuit equation is:

dV

dt
1

V

Cox~Rd iRs iRox!
52I 0 , ~1!

whereV is the node voltage,Cox is the oxide capacitance,Rd

is the diode resistance,Rs is the VUV source resistance, an
I 0 is the Norton current source as shown below:

I 05

Vb1F S Vd

Rd
D1S Va

Rs
D G~RdiRs!

~RdiRs!
. ~2!

The symboli means the parallel combination of the resisto
listed. Equation~1! is solved numerically for the node volt
ageV. The oxide current is then the current passing throu
the parallel combination ofCox andRox as shown in Fig. 9.

Assuming values forVa , Vd , C, andVb , we can then
use the measured data to find algebraicallyRox and the par-
allel combination ofRs and Rd . We cannot separate thes

FIG. 8. Circuit model.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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two resistors because there is no separate measurement
photoemitted current. The values of the resistances we
tained are as shown in Table I.

Figure 10 shows the experimentally measured data w
a plot of the computed current for a bias voltage of290. The
agreement is quite good. We also can compute the effec
conductivity of the oxide from the computed value ofRox .
We assume that the conducting region appears directly be
the VUV beam, whose area is 5315 mm2. The Al2O3 oxide
is 3000 Å thick, and resulting bulk conductivity is: 1.4
310216 (V cm)-1.

VI. CONCLUSION

In summary, we showed the dependence of the Al2O3

surface conductivity on the energy of the incoming radiati
We found the peak surface conductivity to occur for irrad
tion with photons with an energy of approximately 18 e
Second, by exposing precharged oxide samples to VUV,
showed that the regions exposed to VUV radiation exh
charge depletion in and around the exposed areas. The o
was precharged, either positively or negatively, by expos
to nonreactive ICP, under typical plasma processing co

FIG. 9. Norton equivalent circuit model.

TABLE I. Fitting parameters of the electric circuit model.

Measured or assumed quantity Fit quantity

COX54.231029 F Rd //Rs52.4531010 V
Va53 V j50.012
Vd53 V Rox52.731011 V
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tions. We conclude that VUV radiation can significantly d
crease plasma-induced surface charging of dielectrics.
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