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ABSTRACT

The energy of ions bombarding the wafer is proportional to the po-
tential difference between the plasma and the powered electrode in
Reactive Ion Etching (RIE) systems. This work seeks to control the
ion energy without altering the applied RF power or the chamber pres-
sure since these variables are closely tied to other important quanti-
ties, such as reactive chemical species concentrations in the plasma and
wafer etch uniformity. A variable resistor placed in parallel with the
blocking capacitor allows the plasma self bias voltage (Viias) to be ar-
bitrarily varied between its nominal value and zero. Optical emission
spectroscopy for a CF4 plasma reveals that the nominal plasma chem-
ical concentrations do not change under this control method. The use
of a Langmuir probe to measure the plasma potential shows that the
ion energy changes by approximately one half of the change in Vj;,;.
The potential uses of this ion energy control technique to plasma self
bias voltage regulation, etch selectivity and plasma cleaning of cham-
ber walls are demonstrated. A potential drawback, namely decreased

plasma stability, is also indicated.
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1 Introduction and Background

Reactive Ton Etching (RIE) is the dominant etching process for the transfer
of fine features from masks to wafers. It is well known that ion bombardment plays
an important role in the creation of anisotropic profiles, etch rate enhancement and
surface damage [1-3] and hence significant research has been dedicated to the control
of the ion bombardment energy in RIE systems [4-8]. In standard capacitively
coupled RIE systems, the conventional approach to ion energy control has been
through chamber pressure or applied RF power. The drawbacks are that changing
power also alters the chemical concentrations in the plasma and changing pressure
will affect the uniformity of the etching process across the wafer [9,10]. In part,
to overcome these drawbacks, new types of plasma sources have been developed
so that ion energy can be controlled independently of the chemical concentration
and chamber pressure. These include Electron Cyclotron Resonance (ECR), helicon,
helical resonator, Transformer Coupled Plasma (TCP), and Inductive Plasma Source

(IPS), which operate in low pressure and high plasma density range [11-14].

This paper is exclusively concerned with ion energy control in classical capac-
itively coupled RIE systems. Figure 1 is a schematic of a typical parallel plate RIE
system along with a corresponding electrical potential from anode to cathode. In an
asymmetric RIE system (smaller powered electrode area than grounded electrode
area), the presence of a blocking capacitor leads to a large negative plasma self bias
voltage (Viias) being induced on the powered electrode. The time-averaged plasma

potential (V) can be estimated as [15]

‘/’/’f —I"/bias
AL ALY (1



where V,; is the peak amplitude of the applied voltage of the RF generator power.
Ions bombard the wafer surface due to the potential difference between the plasma
and the powered electrode, and this potential difference defines the average ion

energy (Eon) in a collisionless sheath via

gion = 4q- (‘/p - ‘/bias)a (2)

where ¢ is the charge of an ion [16]. The plasma potential (V,) is an equipotential
across the bulk plasma. In comparison to Vjqs, V), is rather small in magnitude, and

therefore, Vi, 1s traditionally used to represent ion energy.

Several different techniques can be found in the literature for the control of ion
energy to increase etch rate [4, 5], or selectivity [6, 7], to produce a positively tapered
etch profile [8] or to minimize radiation damage [17]. The most common approach
for the control of ion energy has been DC-biasing of the powered electrode. Nagy [4]
increased the ion energy by adding a negative DC bias to the powered electrode,
resulting in increased etch rate of polysilicon and SiO,. In his experiment, the
plasma potential was slightly decreased with the addition of the negative DC bias;
however, the ion energy, V, — Vj;,5, increased proportionally to the applied DC bias
voltage after the applied DC voltage exceeds a few tens of volts. Tai et al. used a
zener diode tied to the blocking capacitor to control the ion energy [6]. Tai achieved
a H0% selectivity improvement of SiOs to HPR-206 photoresist by increasing (i.e.
decreasing its magnitude) of the V.5 from -470 V to -250 V in CHF3 plasma.

The method used in this paper to control ion bombardment energy is related
to [6]. As shown in Fig. 1, in a conventional RIE system, the net Direct Current

(DC) through the powered electrode must be zero due to the DC blocking capacitor.



However, if a variable resistor is connected to the powered electrode as shown in
Fig. 2, then the net DC is no longer forced to be zero. We observed that the Vs
developed at the powered electrode increases (i.e. decreases in magnitude) as the
DC settles to a nonzero value. The result is that the Vs can be controlled by
regulating the amount of DC and thus can be manipulated by a variable resistor.
From the definition of ion energy (2), an increase of Vj;,s by the use of a variable
resistor will decrease the ion energy if the V, is not varied during the control of the

variable resistor.

To better understand the effects of this variable resistor on ion energy, it is
helpful to analyze two extreme cases illustrated in Fig. 3: a) If the variable DC
resistance is set to oo, then the system reduces to a conventional RIE system with
Viias = Viier" and o = q - (V" = Vi27); b) If the DC resistance is zero, then the
system turns into a DC coupled RIE system with Vj;ps = 0 and &, = ¢ - V,. In the
latter case, the higher mobility of the electrons leads to electron current dominating
the DC through the electrodes. The higher efflux of electrons than ions from the
plasma will lead to an increase in the plasma potential. This is illustrated in Fig. 3,
where the plasma potential in a DC coupled RIE system is much higher than in a
capacitively coupled system, and its lowest value does not approach zero [15, 18].
Therefore, the increase in the plasma potential acts as a limiting factor in ion energy

control by this method. The amount of change in ion energy that can be obtained

by this method is investigated in Section 4.1.

Two applications of ion energy control by the use of a variable resistor are
explored in this paper. In the first one, the selectivity of polysilicon with respect to
Si0; is investigated. It is known that the etch rate of polysilicon depends more on

the concentration of the reactive chemical species (chemical etching) than the ion



energy (physical etching); in contrast to this, the etch rate of SiOy depends more
strongly on the ion energy than the chemical reaction [16,19,20]. Therefore, in order
to increase the selectivity of polysilicon to 5105, the ion energy should be decreased
while the reacting chemical concentration is either increased or kept constant. This
work is presented in Section 4.2. Section 4.3 investigates an application of the ion
energy control technique to an ion enhanced cleaning process. Polymer buildup
on the etching chamber wall is regarded as a significant disturbance to the etching
process and has been correlated to reduced device performance and yield [21-23]. By
increasing the plasma potential, the ion bombardment energy toward the grounded

wall will be increased, possibly enhancing a plasma cleaning process.

2 Experimental Setup

The experiment to measure the plasma potential with a Langmuir probe and
the selectivity enhancement experiment were performed on a Gaseous Electronics
Conference (GEC) reference cell that is described in detail in [24,25]. The schematic
of the experimental apparatus is shown in Fig. 4. The GEC is an RIE system having
parallel, four-inch diameter, one-inch spaced, water-cooled stainless steel electrodes,
housed in a stainless steel chamber. Vacuum is established by a mechanical pump
and a turbo pump connected to the bottom of the chamber and pressure is controlled

through a butterfly throttle valve.

Pressure is measured by an MKS type 127A baratron capacitive manometer.
RF power at 13.56 MHz is supplied by an ENI ACG-5 power supply to the bottom
electrode through an ENI MW-5 matching network. A Werlatone C1373 directional



coupler placed between the matching network and the powered electrode is used to
measure forward (V1) and reverse voltage (V) from which the power deposited

into the plasma can be determined as

Picposited = Prorward — Preverse = W (3)
where Pjyepositea 18 the actual power deposited in the RIE system, Pjoppara 18 the
power supplied to the RIE system by the power supply, P.cierse 1s the reflected
power from the RIE system due to the impedance mismatch, and Z, is a constant
characteristic impedance, which is 50 € in our experiment [26]. The upper electrode
and chamber wall are grounded. The flow rate of plasma feed gas is controlled by
an MKS mass flow controller and distributed through a showerhead arrangement in

the upper electrode.

In order to mitigate any RF fluctuation when measuring the plasma potential
relative to ground with a Langmuir probe, a tuned probe was constructed so that
the impedance of the plasma to probe sheath is small in comparison to the probe to
ground impedance at 13.56 MHz. The probe to ground impedance was increased by
a pair of inductors which are self-resonant at 13.56 MHz along with the probe’s par-
asitic capacitance. The cylindrical probe tip is made of tungsten and is placed at the
midpoint between the two electrodes. The probe is controlled by an automated data
acquisition system which is connected to a computer. A more detailed description
can be found in [27-29]. The selectivity experiment was performed in a CF4 plasma
with 4% pre-mixed O, on unpatterned quarter slices of four-inch polysilicon and
510, wafers. The wafers slices were placed on the powered electrode and etched at
the same time. Film thicknesses before and after etching were determined by off-line

ellipsometry measurements. The etch rate was calculated by dividing the thickness



of the film removed by the etch time. A National Instrument’s Data Acquisition
(DAQ) card and LabVIEW software were used to acquire data and control the gen-
erator power, gas flow rate, pressure and the variable resistor at a 4 Hz sampling

frequency.

The fluorine concentration measurement and ion enhanced cleaning experi-
ments were performed on an Applied Materials 8300 (AME-8300) RIE system, de-
scribed in detail in [30,31]. The AME-8300 is a hexode type RIE system, where
wafers are placed vertically on a hexagonal powered electrode and an aluminum bell
jar acts as the grounded electrode. The AME-8300 is equipped with an Optical
Emission Spectroscopy (OES) system to monitor the intensity of the fluorine 703.7
nm emission line (/) and the intensity of the argon 750.4 nm emission line (14, ).
These emissions are used to estimate fluorine concentration as [F] = k- ([p/14,)- P,
where k is a proportionality constant and P is pressure. This RIE has also been
equipped with a spectral reflectometry sensor system for determining a real-time

film thickness and etch rate. Both of these systems are described in more detail

in [32].

3 Variable Resistor Implementation and

Control

The variable resistor illustrated in Fig. 5 was implemented by an enhancement
mode p-MOSFET (breakdown voltage: 500 V). In order to minimize RF power
dissipation through the variable resistor and to minimize RF “propagation noise,”

an L-C filter was employed. The filter provides 30 dB attenuation at 13.56 MHz.



Typically, the magnitude of Vj;,, is larger than 100 V, and thus, the enhancement
mode p-MOSFET 1is operating in its saturation region. Therefore, the drain-to-
source resistance (Rpg) of the MOSFET is

Vps Vps
R = = 4
P Ins k- (Vas — Vi)? @

where Vpg is the drain to source voltage, Ipgs is the drain to source current, k is
a device dependent constant, Vs is the gate bias voltage, and V7 is the threshold

voltage. The total resistance of the variable resistor (Ry ag) is

(R2+ R3) - [(R1+ Rps)(R2+ Rs) + Ry - Rps]
(Ry+ R3)(Ry + Ry + Ry +2- Rps) + Ry - Rps

(5)

Ryap =

With the assumption of Rps < (R2 4 Rs) and Ry < (Ry+ Rs), () can be approx-

imated as

‘/bias

Ryar ~ Bi + Rps >~ b (Vs — Vi (6)

Therefore, when Vpg is above the saturation voltage, the variable resistance can
be controlled by the gate bias voltage (Vizs). In this study, Ri=1 KQ, Ry=40 MQ
and R3=1 M) were used, which yield a variable resistance range of 1 K — 20.5 M()
for Ry ar. Viies can be measured through the resistive voltage divider, Ry and Rs,

which has a ratio 40:1.

A two-input two-output, decentralized controller was designed to regulate Vi,
and the deposited power in the plasma to desired, constant setpoints with zero

steady state error. As described in the experimental setup, the deposited power was



determined from a directional coupler placed near the powered electrode and Vi,
was measured by the voltage divider of the variable resistor circuit described above.
On the basis of these measurements, the controller adjusts the gate bias voltage of
the p-MOSFET (i.e. regulating the variable resistor) and the RF generator power
in order to control Vj;,; and deposited power to desired levels. Figure 6 shows an
actual run of the controller on the GEC, where the desired setpoints for V., and
deposited power were varied one at a time. The experiment was performed on the
GEC at 30 scem CFy with 4% pre-mixed Oy and the pressure was held constant at
4.0 Pa with the standard MKS pressure controller. Due to the process interaction
between deposited power and Vj;,,, it follows that an increase in deposited power
causes Vjs to decrease (i.e. increase in the magnitude of Vi,s). The gate bias
voltage regulating V4;,s reacts to compensate for the Vj;,s error by decreasing the
resistance. The other interaction, an increase of V;,;,s changing the deposited power,
is seen to be less significant. This controller was used in all of the experiments

reported in the next section.

4 Experimental Results

4.1 Vypias and Ion Energy vs. Plasma Potential

In order to determine the relative value of the plasma potential as a function of
the controlled Vi, Langmuir probe measurements were performed on the GEC.
Figure 7 is a plot of measured plasma potential as a function of Vj;,s under several
operating conditions. As described in the published literature, the plasma potential

increases slightly with increased deposited power under fixed pressure due to the



increased electron temperature [18] and as illustrated by Fig. 7 the plasma potential
shows a relatively large dependence on the pressure under fixed deposited power. As
previously discussed in Section 1, the plasma potential is increased with an increase
of Viies. The change in plasma potential from its nominal value (Vpnom) under Vi

control is seen in Fig. 7 to be a nearly linear function of the variation in Vj;,s from its

nom

nominal value (V;2°™). From (1) and Fig. 7, the plasma potential under ion energy

control is modified from (1) to

nom nom
~ ‘/bias + ‘/’/’f

Y 2

+ m(P) : A‘/biasv (7)
where,

Vo plasma potential

Virem nominal Vs without ion energy control

tas
™ nominal Vi without ion energy control
A‘/bias ‘/bias — Viigd"

bias

m(P) pressure dependent slope

From the Fig. 7, the slope m(P) is calculated as ~ 0.5 for 33.3 Pa and ~ 0.6 for 4.0
Pa. In this paper, we simply express the plasma potential under ion energy control

as (8) for simplicity and ease of manipulation.

nom nom
‘/bias + rf A‘/bias

Figure 8 shows the comparison of two models of the plasma potential: model I
based on (1); and model II based on (8). Since the plasma potential is increased

by approximately one half of the Vj;,s change, it follows that the ion energy (E;on),
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which is proportional to the potential difference between the plasma and the powered

electrode, is changed by about one half of the Vj;,s change.

_Avias
Agz’on - A‘/p - A‘/bias ~ Tb (9)

4.2  Vypias vs. Selectivity Enhancement

The goal for this part of the study was to investigate the selectivity enhancement
by reducing the ion energy. First, it was necessary to demonstrate that the reactive
radical species concentration in the plasma, and hence the chemical etching com-
ponent of the RIE, was not affected by the ion energy controller. An actinometry
sensor was used to record the fluorine concentration during Vj;,s control. Figure 9
shows that the fluorine concentration (arbitrary units) was unaffected by Vjqs con-
trol, when the flow rate, deposited power and pressure were held constant. It follows
that the chemical etching component should be essentially unchanged. The selectiv-
ity enhancement experiment was performed on the GEC cell at 30 scem CF4 with
4% pre-mixed O and 33.3 Pa pressure. The deposited power of 16 W, which corre-
sponds to a generator power of 50 W, was selected to provide -100 V plasma self bias
voltage. At this operating point, the polysilicon etch rate was 5.2 (nm/min) whereas
the etch rate of Si0O4 was 5.0 (nm/min), with a resulting selectivity of approximately
1.04. The Vs was then controlled to -60 V. The polysilicon etch rate remained
5.2 (nm/min) while the SiO; etch rate decreased to 4.0 (nm/min). This yielded
a selectivity of 1.30, and thus a 30% improvement in the selectivity of polysilicon
to S5i02. By (9), the 40 V change in Vj,s results in a net ion energy change of 20
eV. The decrease in 5103 etch rate can be explained from the change in ion energy:

an approximately 20% drop in ion energy without changing chemical concentration
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gives 20% decrease in SiO, etch rate. This is consistent with the results presented

in [33] for dual source systems.

To achieve higher selectivity, it is necessary to further increase Vi.s (i.e.,
decrease its magnitude). However, even if the Vi, is increased to zero, the ion
energy will only be cut in half. In addition, the amount by which the Vj;,s voltage
can be increased is limited by another factor. As the plasma potential is increased,
arcing can occur between the plasma and the grounded surfaces (grounded electrode
and wall). The point at which this occurs was observed to depend on the state
(cleanliness) of the chamber wall. The typical controllable range of Vi, without
any plasma instability was about 60 V in the GEC and 100 V in the AME-8300
from their nominal values. Finally, if the plasma potential becomes too high, the
energetic ion bombardment on the grounded wall surfaces during an etch may result

in contaminants being sputtered onto the wafer.

4.3 Ion Enhanced Cleaning Process

Recall that the Langmuir probe measurements revealed that increasing the Vs to
reduce ion bombardment energy at the wafer increases the plasma potential. This
in turn increases the ion bombardment energy to the grounded surfaces, potentially
creating a mechanism to enhance plasma cleaning efficiency. To test this hypothesis,
a wafer holder was mounted on the chamber wall of the AME-8300 RIE system. A
plasma with 30 sccm CHF3, 2.7 Pa and 500 W deposited power was used to deposit
polymer on a blanket silicon wafer inserted into the wall-mounted wafer holder. No
bias control was used. After 30 minutes, the wafer was removed from the chamber
and the polymer film thickness was measured on an ellipsometer. The wafer was

then replaced on the chamber wall, and a plasma clean was run, with no bias control,
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10 scem Oy, 10 scem Ar , 4.0 Pa and 250 W deposited power. The nominal Vi,
was -187 V. The wafer was then removed again from the chamber and the cleaning
rate was determined to be 65 A/min. The same procedure was then followed, this
time with various amounts of Vj;,s control applied. The results are summarized

in Fig. 10. The cleaning rate as a function of Vj;,s shows a 25% improvement in

cleaning rate with a 100 V increase in Vj;,s on the AME-8300 RIE system.

5 Conclusion

A novel ion energy control technique has been studied for capacitively coupled
RIE systems. A variable resistor placed in parallel with the blocking capacitor al-
lows the plasma self bias voltage, Vj;45, to be varied from its nominal value to zero.
The net change in ion energy that can be achieved with this method is approxi-
mately one half of the change in Vj;,5. This limitation is due to an increase in the
plasma potential as the net DC flow around the blocking capacitor is varied. Two
applications of controlling ion energy by this method were studied: polysilicon to
Si0; selectivity enhancement and an ion enhanced plasma cleaning process. In the
first case, a 30% improvement in selectivity was shown to be possible, and in the

second, a 25% improvement in cleaning rate was demonstrated.
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Fig. 1: Schematic of a capacitively coupled asymmetric RIE system and
its electrical potential across parallel electrodes when chamber wall and
upper electrode are grounded (V,: plasma potential, V,;,;: plasma self

bias voltage).
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Fig. 2: Schematic of ion energy control using a variable resistor.
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b) DC coupled RIE system (R = 0).
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The trajectories were scaled to fit on a single plot).
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Fig. 10: Cleaning rate with 10 sccm O, and 10 sccm argon plasma with
4.0 Pa, 250 W deposited power in AME-8300 RIE system. The solid and

dashed lines represent a linear fit to the data.
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