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Equivalent-circuit model for vacuum ultraviolet irradiation of dielectric films
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University of Wisconsin-Madison, Madison, Wisconsin 53706

(Received 31 August 2011; accepted 23 January 2012; published 3 April 2012)

Vacuum ultraviolet (VUV) irradiation, which occurs during plasma processing, causes photoemission
of electrons from the dielectrics. Photoemission primarily occurs from defect states in the band gap of
the dielectric and results in trapped positive charges. The trapped positive charges are negated by
photoinjection of electrons from the underlying substrate into the dielectric. The authors propose an
equivalent-circuit model using with which, once the circuit parameters are determined, charging of
dielectric materials under VUV irradiation can be predicted. The circuit includes a dielectric capacitor,
the intrinsic and photo conductivities of the dielectric and substrate, and the processes of photoemission
and photoinjection. © 2012 American Vacuum Society. [http://dx.doi.org/10.1116/1.3693602]

. INTRODUCTION

The trapped positive charge generated in dielectrics from
vacuum ultraviolet (VUV) irradiation present in processing
plasmas often results in a positive surface potential. Monitor-
ing the surface potential is one of the ways to analyze the
effect of irradiation on the dielectrics. To separate VUV irra-
diation from charged particle flux, a synchrotron can be used
instead of a processing plasma. However, the entire procedure
to determine the response of dielectrics to VUV can be experi-
mentally cumbersome. Through the equivalent-circuit model
presented here, once the circuit parameters are determined,
the model can be used to analytically compute charging of
dielectric films under VUV irradiation. In this work, we
describe the model and explain how the circuit parameters
can be found from experimental data of VUV irradiation of
organosilicate glass (SiCOH). To validate the circuit model,
we show the experimental correlation with the calculated
photoemission current for a number of dielectric thicknesses.

Il. BACKGROUND

VUV irradiation of dielectrics can cause electron-hole pair
generation, photoconduction, photoemission, and photoinjec-
tion of electrons from the substrate into the dielectric.'™
These processes depend on the incident photon energy and
the dielectric thickness and composition. Electron-hole pairs
will be formed if electrons are excited into the conduction
band from the valence band or from defect states within the
dielectric. Depending on their energy, the electrons and holes
can travel in the dielectric with a number of them being pho-
toemitted.” Electrons dominate photoconduction, photoemis-
sion, and photoinjection, since the mobility of electrons is
larger than the mobility of holes.®

Photoemission can occur from the dielectric when the
energy supplied by irradiation is greater than the sum of the
bandgap energy and the electron affinity.’ In addition, photo-
emission can also occur from defect states in the dielectric.
These lead to depopulation of electrons within the dielectric.
Thus, after photoemission, a dielectric develops a net positive
charge.

Conversely, photoinjection reduces the number of trapped
positive charges in the dielectric. This is the case because
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electrons injected from the substrate into the dielectric can
repopulate the defect states.” It should be noted that photoin-
jection is a function of the thickness of the dielectric because
VUYV photons must penetrate through the dielectric to gener-
ate electron-hole pairs in the substrate. These electrons are
then photoinjected into the dielectric.

It is plausible that photoinjected electrons drift from the
substrate-dielectric interface to the dielectric-vacuum inter-
face and are photoemitted.” Thus, at any given time during
VUV irradiation, the photoemitted electrons will consist of
(1) depopulated electrons from the defect states and (2) pho-
toinjected electrons. Trapped positive charge resulting from
the depopulation of the defect states will continue to build
up until a steady state is achieved. In steady state, the net
number of trapped charges in the dielectric reaches a con-
stant and the photoemitted electron flux matches the flux of
photoinjected electrons. In order to have a complete circuit,
charge conservation dictates that when the substrate is con-
nected to ground, the photoemitted electrons are returned to
the substrate. Thus, in steady state, the photoinjection current
is equal to the substrate/photoemission current.’

The processes of photoemission, photoinjection, and pho-
toconduction can be seen visually in Fig. 1, which represents
a dielectric film exposed to synchrotron radiation.

Equivalent circuit models for such VUV irradiation have
been proposed earlier.® The model in Ref. 9 has value in that
it predicts the photoemission current, although it has two dis-
advantages. First, the model does not physically differentiate
between the dielectric and substrate layers. This means that
all the circuit-parameter values would change even if only the
dielectric or substrate properties are altered. Second, the
model utilizes current sources in series with other passive cir-
cuit elements. Thus, the current flowing through the circuit is
independent of the values of the passive circuit elements. The
model described in this work eliminates these drawbacks.

lll. EQUIVALENT-CIRCUIT MODEL

The equivalent-circuit model for the experimental config-
uration shown in Fig. 1 is shown in Fig. 2. The back of the
substrate is grounded through an ammeter to the vacuum
chamber. The ammeter reads the substrate current (/g,p)-
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FiG. 1. (Color online) Substrate/photoemission currents during VUV irradia-
tion of dielectrics.

However, to model the circuit between the dielectric sample
and the vacuum chamber, which collects photoemitted elec-
trons, we use a photodiode (D). When the radiation is off, no
electrons can travel from the dielectric to the vacuum cham-
ber so it is equivalent to an open circuit. Electrons can only
be photoemitted, i.e., a current can flow, from the dielectric
sample to the vacuum chamber when the VUV radiation is
on. The surface potential (V) is the potential measured at
the dielectric-vacuum surface of the dielectric with respect
to ground and is marked on the circuit diagram in Fig. 2.

The sample itself, i.e., the dielectric deposited on a Si
substrate, is represented by a combination of capacitors,
resistors and dependent voltage sources as follows. First, we
know that an ideal dielectric can be modeled as a parallel-
plate capacitor (which is represented by C,) if fringing fields
are neglected. The capacitance can be approximated as
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Fic. 2. Circuit model for the dielectric and the substrate.

Substrate

J. Vac. Sci. Technol. A, Vol. 30, No. 3, May/Jun 2012

031505-2

&r-6,A
Ca= 7 (D)

where ¢, is the dielectric constant, ¢, is the vacuum permit-
tivity, A is the area of the dielectric, and d is the dielectric
thickness. However, in case of a real dielectric, both bulk
and interfacial defect states are present. These defect states
can cause Fowler—Nordheim tunneling currents.' %! Thus,
we include a resistor (R,) in parallel to the capacitor to repre-
sent the intrinsic conductivity of the dielectric. In addition to
intrinsic conductivity, photoconductivity is introduced in the
dielectric during VUV radiation. This is shown by a resistor
(Rgp) also in parallel with the capacitance. R, will be inver-
sely proportional to photon flux, becoming infinite when the
VUV photon flux is zero. Both resistors R; and R, will be
directly proportional to the thickness of the dielectric.

In addition to Cy, R4, and R, electron depopulation from
the defect states due to VUV irradiation also needs to be
included. This means that the dielectric acts as a source of
electrons and results in a flow of current. A source of elec-
trons can be shown by a dependent voltage source (V). The
rate of depopulation of electrons at a given photon energy is
proportional to the photon flux (f) of VUV irradiation and the
number of populated defect states remaining. The rate of
change of the surface potential is thus proportional to the rate
of change of the populated defect-state density. Hence the
value of the dependent voltage source is given in both the
time domain and the Laplace-transform frequency domain by

dv.
Vi=Kf 7”’ —KfsVy, = KV, )

where K is a constant that depends on the material property,
fis the VUV photon flux, and Vj, is the dielectric surface
potential. Since the flux is constant at a given time for a given
energy, K times flux can be replaced by a new constant K.
The substrate also needs to be included to have a com-
plete model. We represent the substrate, which is a semicon-
ductor, by a resistor (Ry). This resistor signifies the intrinsic
resistance of the substrate. In addition, as VUV photons
cause electron-hole pair generation in substrate, a photore-
sistance component is added in parallel to the intrinsic resist-
ance. This is shown as a resistor (R,,). Again, Ry, will be
inversely proportional to the VUV photon flux and will be
infinite when flux is zero. As stated earlier, electron-hole-
pair generation can occur in the substrate. This results in
photoinjection of electrons across the substrate-dielectric
energy barrier. The photoinjection can be represented by a
dependent voltage (V,) source. This dependent voltage
source will be a function of photon flux and is written as

Vs = K2f7 (3)

where K, is also a constant that depends on the material
property and fis the VUV photon flux.

Thus, the circuit in Fig. 2 is a set of two Thevenin-
equivalent circuits in series. By use of an appropriate source
transformation, the circuit can be transformed into two
Norton-equivalent sources, in which current sources are in
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parallel with the same equivalent impedances shown in Fig.
3. The Norton-equivalent current sources in the Laplace-
transform frequency domain are 7y for the dielectric and Iy
for the substrate and can be found to be

Va
Iy = 557 » )
N T RARa)I ()]
Vs
Iy = ———, 5
V= Ra | Rap) ©)

where the symbol || represents the parallel combination of
the resistors on each side of the symbol. The circuit can be
simplified to three separate circuits for the following cases:
(1) before steady state is achieved, (2) during VUV irradia-
tion after steady state is achieved, and (3) after the VUV is
turned off.

Just after VUV irradiation begins, the capacitance C, is
equivalent to a short circuit. This is because the capacitor
has no charge and hence all the current will flow directly
into the capacitor. In addition, the diode can be represented
by a short circuit while VUV irradiation is on.

In Fig. 4, the circuit during steady state is shown. Since
no further depopulation will occur in steady state, the deriva-
tive of the surface potential (Vgp) with time is zero. Hence,
the dependent voltage source V,; becomes zero and is repre-
sented by a short circuit. Also, the capacitor C, is completely
charged and thus acts as an open circuit. In addition to these
conditions, the diode remains a short circuit while the VUV
irradiation is on.

Figure 5 shows the equivalent circuit when the VUV is
turned off after reaching steady state. Because no radiation is
present, the resistances linked to photoconduction become
infinite. Hence, R, and R, are shown as open circuits. Also,
the zero photon flux causes the diode to be an open circuit.
For zero photon flux the two dependent voltage sources V;
and V are zero, i.e., short circuits.
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FiG. 3. Norton-equivalent circuit of the model.
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FiG. 4. Reduced-circuit for the dielectric-substrate layer when steady state is
achieved during VUV irradiation.

IV. DETERMINATION OF CIRCUIT MODEL
PARAMETERS AND EXPERIMENTAL
CORRELATION

The circuit parameters are found as follows. The capaci-
tance C,; can be approximated as a parallel plate capacitor
since the dielectric constant and thickness are known. As a
first example, a 500 nm thick UV-cured SiCOH dielectric
with a dielectric constant of 2.65 was used. Fora 1 cm x 1cm
area, the capacitance is

_&e,A 265 x8.85x 10712 x (1072)°
- d 500 x 109
= 4.69 x 107°[F]. (6)

Ca

To determine the intrinsic conductivity, we use the circuit
shown in Fig. 5 that models the case after irradiation from the
moment the VUV radiation has been turned off. Based on this
circuit, the intrinsic resistance of the dielectric can determined
from the time constant (t) for trapped charge decay. The
trapped charge decay when VUV is turned off (post irradia-
tion) can be modeled with an exponential.'* The surface-
potential decay rate was found experimentally to be'?

Videeay = 9.24e 3251071y, (7

Hence, the intrinsic dielectric resistance can then be com-
puted to be

T 3.1 x 10*

,EZW:M x 102[Q)]. (®)

d

Now, we move to the case when VUV irradiation is just turned
on. When VUV irradiation begins (Fig. 2), we can write
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Fic. 5. Reduced-circuit for the dielectric-substrate layer after VUV irradia-
tion is turned off.

Vi + K1 52 o ©)
Ry, '

Inax (t =0") =

This is based on the assumption that Ry, < Ry, therefore Ry,
~ Ry||R; when VUV irradiation is on. By data substitution
and simplification

V,+K; x 1.33 x 1072
R, '

max —

Now I« 1s known experimentally from the synchrotron ex-
posure measurements. Hence,

8.54 x 10710 =

Vi+ K, x 133 x 1072

R, (10)

Looking back at Fig. 2, the photoemission current at any
time while the VUV is on can be written as

Vs + Vd t
ng(t) - R—() .
sp + de
The above equation can also be rewritten as
Vet K52
R.vp + de .

Le(t=17)
Using the current value at + = 100 s, from the experimental

measurement shown in Fig. 6,

V,+K; x 1.152 x 1072
Ry + Rap

1.38 x 10719 =

(1)

Now, we use the condition when VUYV irradiation is on and
the substrate current has reached steady state. The expression
for current at steady state can be derived from the circuit
shown in Fig. 4:
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FiG. 6. (Color online) Calculated and experimental substrate/photoemission

currents for 500 nm of UV-cured SiCOH deposited on Si during VUV
irradiation.

Vs
o0) =

Li=lLe(t=00) = ———.
i = Ipe( Ry + R

Based on experimental measurements, /,,; was found to be

Vs

I;=5614x10"1=——*__
P Rxp +de

(12)

Using Egs. (10), (11), and (12), we determine
Vi = 1.107 x 107°Ry,
K| =6.431 x 107 °R
Ry = 18.71Ry,.

spy

Based on these values the photoemission current is calcu-
lated and is shown in Fig. 6 along with the experimentally
measured current. The results show a good correlation
between calculated and experimental data.

To further verify the model, the same model and calcula-
tion technique was used for 640nm thick as-deposited
SiCOH. The results are shown in Fig. 7.

The model can be extended to predict photoemission/sub-
strate currents flowing during VUV irradiation of dielectrics.
The constants K; and K, are dependent on material

6.0 1

= *Calculated
50 - |l ==Experimental
< [}
£ [}
2 401 1
[ |
£ \
3304 \
2
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g 2.0 1 N
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Fi. 7. (Color online) Calculated and experimental substrate/photoemission
current for 640 nm of as-deposited SiCOH deposited on Si during VUV
irradiation.
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properties, and the dielectric/substrate resistances (R, R,
R,, and R,,) are function of thickness. By determining the
correlations the circuit model will become a predictive
model.

V. CONCLUSIONS

The effect of VUV radiation on charging and currents in
dielectrics can be modeled with an equivalent circuit. The
circuit has been shown to effectively model the photoemis-
sion/substrate current flowing during VUV irradiation.
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