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In situ electrical characterization of dielectric thin films directly exposed
to plasma vacuum-ultraviolet radiation
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~Received 5 January 2000; accepted for publication 8 May 2000!

In this article we report a method forin situ electrical characterization of dielectric thin films under
direct exposure to plasma in an electron-cyclotron-resonance etcher. This method is based on the
development of a special test structure that allows for the measurement of the influence of plasma
vacuum-ultraviolet~VUV ! radiation on the electrical conductivity of thin dielectric layers. Results
show that the measured conductivity of SiO2 layers temporarily increases during exposure to argon
and oxygen plasmas, with controlled VUV emission. Based on the measurements made through this
method, a model of the VUV-induced conductivity of SiO2 is developed. These measurements are
very important for plasma processing of semiconductor devices, because the temporary increase in
the conductivity of these layers upon exposure to processing plasmas can decrease the
plasma-induced charging of these dielectric layers depending on the intensity of the plasma VUV
emission. This can have an impact on the properties and reliability of processed devices. ©2000
American Institute of Physics.@S0021-8979~00!03016-4#
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I. INTRODUCTION

Today, plasma processing accounts for over 30% of
total processing steps involved in very large scale integra
~VLSI! and ultra large scale integration~ULSI! semiconduc-
tor device manufacturing.1 During plasma processing, th
electrical characteristics~e.g., conductivity! of dielectrics
that are directly exposed to the plasma are influenced
plasma-emitted vacuum-ultraviolet~VUV ! radiation.2–4 It
was determined that most high-density plasmas emit ra
tion in the VUV energy band between 4 and 30 eV, w
most of the radiation above 9 eV,5 the latter of which is
approximately the energy band gap of SiO2. This radiation
can be absorbed in exposed dielectric layers, and it resul
the generation of electron-hole pairs.6 The extra charge car
riers can induce a temporary increase in the conductivity
these layers, which will have an impact on the properties
reliability of processed devices.

Although this is an issue of great importance for sem
conductor device manufacturing, there are no studies to
that report monitoring of the changes in the electrical ch
acteristics of dielectricsin situ, during exposure to plasma
The reason is that it is impossible to measure voltages ac
thin dielectric layers and the electric currents pass
through them directly. Such measurements require met
electrodes above and below the thin dielectric layer, wh
then block the plasma VUV radiation, rendering the me
surements irrelevant. To overcome this problem, thin~100
Å! aluminum layers were used in some studies7 as measuring
electrodes, which are semitransparent at this thicknes
VUV radiation in the range of 15 to 70 eV. However, the
measurements were not performedin situ and, in addition,
only the effects of plasma VUV radiation on the electric

a!Currently with Conexant Systems, Inc., Newport Beach, CA.
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characteristics of SiO2 for photons between 15 and 70 e
were determined, while most of the plasma VUV emission
between 9 and 15 eV.5 In addition, any temporary effect
that could result inin situ changes in the electrical chara
teristics of the dielectric layers were not measured.

The purpose of this article is to demonstrate a meth
for the in situ measurement of the changes in the electri
characteristics~e.g., electric conductivity! of thin dielectric
layers. Based on this method, measurements of the elect
conductivity of thin ~less than 3000 Å! SiO2 layers during
exposure to argon and oxygen plasma in an electr
cyclotron-resonance~ECR! etcher will be demonstrated.

II. EXPERIMENTAL METHOD

The method was implemented in the ECR plasm
etching system shown in Fig. 1. The system incorporate
1.5 kW microwave plasma source and a pair of magn
arranged in a vertical magnetic-mirror configuration.8 The
test structures necessary for these measurements were p
on the wafer stage that is located 19 cm below the electr
cyclotron-resonance region. For this work, the neutral pr
sure and microwave power were held constant at 2 mT
and 1000 W, respectively. Either argon or oxygen was u
as the feed gas. Under these conditions, plasmas with de
ties in the 1011 to 1012cm23 range were obtained. No wafe
bias was applied.

The method we report here is based on the developm
of a special test structure, which allows for thein situ mea-
surement of theJ–E ~current density vs electric field! curves
for thin dielectric layers that are directly exposed to t
plasma. The test structure and its required electrical circu
are shown in Fig. 2. We will show that this test structure a
its associated measurement procedure allow us to obtain
current–voltage relationship between the current pass
2 © 2000 American Institute of Physics
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through the thin oxide layer and the voltage drop across
even though we do not make a direct measurement of
voltage drop.

The test structure development procedure is as follo
A 5.835.8 mm Al pad is deposited on top of a 1-mm thick
thermally grown oxide on a Si wafer~n-type, 1Vcm!. The
Al pad is covered with a thin layer of PECVD-deposite
~plasma-enhanced-chemical-vapor-deposition! SiO2 of vary-
ing thicknesses, which is the layer to be tested. It is labe
‘‘covered pad’’ in Fig. 2. In addition, a second pad, wi
identical shape and area, is located 6 mm away from the fi
but is not covered by oxide~labeled ‘‘uncovered pad’’ in
Fig. 2!. For the purpose of this article, three separate set
test structures of this kind were built~on separate wafers!,
with PECVD oxide thicknesses~as measured after depos
tion! of 570, 690, and 2925 Å. The nonuniformity of eac
thickness was less than65% across the surface of the w
fers.

FIG. 1. Schematic of the ECR plasma etching system.

FIG. 2. Diagram of the test structure and the associated measuremen
cuitry.
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III. THEORETICAL MODELING

The equivalent electrical circuit of the setup shown
Fig. 2 is displayed in Fig. 3. In this circuit, the thin oxid
covering the pad has been modeled as a nonlinear res
Rox , with a voltage dropVox across it. The floating potentia
on the surface of the oxide with respect to ground isVf* .
Similarly, the floating potential with respect to ground on t
uncovered pad isVf . Vp is the plasma potential above th
two pads measured with respect to ground, and it is assu
uniform and constant during the measurement. Subseq
measurements will show that the current flowing through
circuit in Fig. 3 is small~less than the ion current arriving a
the pads! and thus, the previous assumption is valid.Vs is the
externally applied voltage of theI –V ~current vs voltage!
tracer ~which can be varied between230 and130 V!. I i*
and I i are the ion currents impinging on the surface of t
covered and the uncovered pads, respectively. SimilarlyI e*
and I e are the corresponding electron currents, which
represented as nonlinear voltage-dependent current sou
by considering a Maxwellian distribution of electrons9 ~an
assumption under these plasma conditions!, such that

I e* 5I sate
~Vj* 2Vp!/Te @A#, ~1!

I e5I sate
~Vf2Vp!/Te @A#, ~2!

where

I sat5
1
4Aenve @A#, ~3!

whereve is the average electron velocity,10 A is the pad area,
andn is the plasma density. Temperatures are in units of
We assume that both pads have the same area. The pote
Vf andVf* can be determined by balancing all the currents
the circuit. For the equivalent electrical circuit in Fig. 3, w
can write the following equations:

I e* 5I 1I i* , ~4!

I i2I e5I , ~5!

Vs2Vox2Vf* 1Vf50. ~6!
cir-

FIG. 3. Equivalent electric circuit for the measurement setup in Fig. 2
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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In addition, because the pads have the same area, we as
that the ion currents arriving at the surface of both the c
ered and the uncovered pads are equal and defined by
Bohm criterion and the ion flux continuity requirement f
collisionless plasma sheaths10 as shown in Eq.~7!

I i5I i* 50.6AenuB @A#, ~7!

whereA is the area of the pads,e is the electronic charge,n
is the plasma density, anduB is the ion Bohm velocity.10

Thus, under these assumptions, we can add Eqs.~4! and ~5!
to give

2I 5I e* 2I e . ~8!

If we solve Eq.~6! for Vf* and we substitute it into Eq.~1!,
we find

I e* 5I ee
~Vs2Vox!/Te. ~9!

SubstitutingI e* from Eq. ~8! into Eq. ~9!, and taking the log
of both sides, we can then find a relationship betweenVox

and I as

Vox5Vs2Te lnS 11
2I

I e
D . ~10!

Therefore, we obtain theJox vs Eox relationship through
the dielectric layer by making the following measuremen
First, a measurement of the currentI as a function ofVs is
made, by varyingVs between210 and 10 V in the setup
shown in Figs. 1 and 2. One example of this measureme
shown in Fig. 4. Next, a Langmuir probe measuremen11

using the uncovered pad is made so as to extract the ele
temperatureTe and the electron currentI e . The electron cur-
rent is extracted as a function of the pad’s floating poten
Vf . An example of the Langmuir probe measurement
given in Fig. 5. To relate the electron currentI e to the source
voltageVs as in Eq.~10!, a measurement ofVf during the
sweep ofVs is also made. The measurement ofVf vs Vs is
made by using a high-voltage probe, with an impedance
100 MV, connected to the uncovered Al pad. This gives
all the terms on the right-hand side of Eq.~10! except for the
current I and therefore we can determine theI –V relation-
ship for the oxide layer and theJox–Eox relationship by sub-
sequently dividing the currentI by the pad area and the oxid
voltage dropVox by the oxide thickness.

FIG. 4. I –V measurement on the 690 Å oxide-covered Al pad for an2

plasma at 1000 W microwave power and 2 mTorr neutral pressure.
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IV. MEASUREMENTS OF THE J – V
CHARACTERISTICS OF THIN SiO 2 LAYERS
DIRECTLY EXPOSED TO PLASMA RADIATION

Based on the measurement method detailed above, m
surements of theJ–V characteristics of thin SiO2 layers
were made during exposure to argon and oxygen plasma
1000 W microwave power and 2 mTorr neutral pressu
Examples of these measurements using an argon plasm
provided in Fig. 6 for different oxide thicknesses. Since
significant differences were observed with respect to the
larity of the oxide voltage drop, only unidirectional chara
teristics are shown. These measurements will be used
the model previously discussed to find the conductivity
the oxide layers.

The measured data can be fitted to a simple photoc
ductor model12 to determine the conductivity of SiO2 layers
under exposure to plasma radiation. This model is defined
the following expression:

Jox5C
w

tox
Eox @A/cm2#, ~11!

FIG. 5. Langmuir probe measurement on the uncovered Al pad for an2

plasma at 1000 W microwave power and 2 mTorr neutral pressure.

FIG. 6. VUV-induced leakage current density~patterned solid lines! and
fitted values~dashed lines! as a function of applied voltage across the oxi
layer for different oxide thicknesses. Plasma conditions were Ar, 2 mT
neutral pressure, and 1000 W microwave power.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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wherew is the ionizing radiation flux with energies highe
than the energy bandgap of SiO2 ~approximately 9 eV!, Eox

is the electric field across the oxide layer (Eox5Vox /tox), tox

is the oxide thickness, andC is a fitting parameter. The ra
diation flux was measured previously to be 3
31014photons/cm2 s for argon and 5.131013photons/cm2 s
for oxygen,5 in the ECR etcher, at 2 mTorr neutral pressu
and 1000 W microwave power.

For the oxide thicknesses used in this work, the h
electric field, in connection with the density of impuritie
and imperfections in the oxide layer, results in an expon
tial trend of the current density with the applied electric fie
It is similar to the current in a regular forward-biased diod13

or a metal-semiconductor ohmic contact.14 Therefore, Eq.
~11! was modified by substituting the expressionEoxe

jEox for
the electric fieldEox , which adds a second fitting paramet
j. The current density expression is then

Jox5C
w

tox
Eoxe

jEox, ~12!

or, in terms of the applied oxide voltage

Jox5C
w

tox
2 Voxe

j~Vox /tox!. ~13!

This leads to a conductivity that depends on the applied e
tric field of the form

sox5C
w

tox
ejEox @V21 cm21#. ~14!

The values of the parametersC and j were determined
for both argon and oxygen plasma conditions, by fitting
experimental data to the model defined in Eq.~13!. Figure 6
shows the measured current density across the oxide l
upon exposure to Ar plasma at 2 mTorr neutral pressure
1000 W microwave power, for different oxide thickness
together with the fitted curves. The standard error of
fitting parametersC and j was under 3%. Based on thes
measurements, the oxide conductivity was determined
shown in Fig. 7. Similar measurements were made for o
gen plasma, under the same neutral pressure and micro
power.

The resulting fitting parametersC andj are summarized
in Table I. The measurements of the oxide conductivity
sulted in values up in the 10210 to 1029 V21cm21 range
during exposure to argon and oxygen plasma, respectiv
We believe the higher oxide conductivity induced during e
posure to oxygen plasma is due to the stronger emissio
this plasma near the SiO2 bandgap energy~;9 eV!. In con-
trast, argon plasma has most of its VUV emission at hig
energies~;12 eV!.5 The lower energy photons emitted b
the oxygen plasma will penetrate deeper in the SiO2 layer,15

inducing the generation of electron-hole pairs throughout
oxide, while the higher energy photons emitted by the arg
plasma will penetrate only a few hundreds of angstroms
will generate electron-hole pairs in this outermost layer on
Therefore, it is expected that the conductivity of oxide lay
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of more than a few hundreds of angstroms thick will
higher under oxygen plasma exposure than under ar
plasma exposure.

The oxide conductivity measuredin situ during plasma
exposure was compared to the conductivity measured be
and after the exposure, under complete darkness. To m
these measurements after the plasma exposure, anothe
minum layer was added on top of the PECVD oxide lay
~‘‘covered pad’’! by magnetron sputtering, followed by
20-min metal-anneal step at 425 °C in forming gas. TheI –V
curves recorded between the upper and lower Al layers
fore and after plasma exposure showed conductivities ab
three orders of magnitude lower than that measured un
plasma exposure. These results brought us to the conclu
that, although the oxide conductivity depends strongly on
quality, it also increases dramatically under exposure to ty
cal high-density plasmas, which have densities and vacu
ultraviolet emissions comparable to modern semicondu
processing plasmas. VUV exposure can reduce dielec
charging, especially that induced by electron-shad
effects16 during plasma etching of high aspect-ratio devic
by providing a safe way to discharge these structures a
thus, minimize charging damage. The enhanced conduct
can also have beneficial effects on the etching propertie
SiO2 such as reduction of notching, sidewall bowing, a
trenching.17

FIG. 7. Measured electrical conductivity of PECVD SiO2 with different
oxide thicknesses under exposure to Ar plasma, at 2 mTorr neutral pre
and 1000 W microwave power.

TABLE I. Values of the fitting parametersC and j for argon and oxygen
plasmas, at 1000 W microwave power and 2 mTorr neutral pressure.

Feed gas C(cm2 s V21) j ~cm V21!

Ar 9.6310231 4.731027

O2 8.9310230 8 31027
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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V. CONCLUSIONS

In this article we demonstrate a method for the measu
ment of the electrical characteristics~e.g., electric conductiv-
ity! of thin dielectric layers exposed directly to high-dens
plasma radiation. This method does not require the us
metal electrodes directly attached to the dielectric lay
which block the incoming radiation from impinging on th
layer to be studied. Based on this method,in situ measure-
ments of the electrical conductivity of thin SiO2 layers are
made during exposure to argon and oxygen plasmas in
ECR etcher. A model of this conductivity as a function of t
applied electric field was also provided. Results show t
the conductivity of these layers temporarily increases dur
exposure to processing plasmas. This effect can produce
eficial changes in the plasma-induced charging of these
electric layers, which can influence the processing proper
and the reliability of the processed devices.
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