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Plasma-Aided Manufacturing
for Microelectronics

by Eric LernerF E AT U R E

he science underlying the design of microcircuits

rests on solid-state physics, but to an increasing

extent, the fabrication of microcircuits relies on the

physics and chemistry of plasmas. Plasma

etching and deposition processes are indis-

pensable in some semiconductor manufactur-

ing steps, and are better than wet-chemistry

alternatives for others.

Now, as circuit size continues to decrease,

the low-density plasmas used in chip-making

are beginning to be replaced by high-density

plasmas. These plasmas involve new phenom-

ena and require more sophisticated simulation

and analysis, which pose challenges for plas-

ma physicists and plasma chemists. More-

over, the drive to use materials such as copper

for conductors and diamond for electron emitters has

required innovative uses of plasma processing.

Plasma etching and deposition
Plasma processes are desirable in microelectronics

production, largely because plasmas can produce

anisotropic etching and deposition,

while wet chemistry tends to pro-

duce more damaging isotropic

processes. Making microcircuits

requires several cycles of layer

deposition and the etching away of

parts of these layers. Etching is

controlled by etchant-resistant pho-

toresists, which protect the under-

lying layers or, in some cases,

allow only the underlying layers to

be etched. Photoresists, in turn,

are patterned by exposing them to

radiation shined through a mask.

The problem with isotropic etching

is that the etchant can undercut

the photoresist, making the etched

pattern different from the one in

tended (Figure 1).

Anisot ropic  plasma etch ing

solves this problem, because etch-

ing occurs only as ions are  accel-

erated vertically towards the wafer;

side etching is suppressed. The

potential that accelerates  the ions

is generated by a plasma sheath, a

common phenomenon in plasmas. The sheath is

formed because the electrons move much faster than

the ions, due to their far smaller mass. As fast-moving

electrons enter the wafer, the plasma develops a posi-

tive potential. Ions are then accelerated by this poten-

tial, trying to catch up with the electrons. The result is

that the ions move straight down toward the wafer, and

side etching is almost entirely eliminated.

By giving energy to ions, this plasma process allows

surface chemical reactions that could not otherwise

take place for lack of enough energy. The energetic

plasma electrons also make possible new chemical

reactions in the bulk plasma.

Until about 5 years ago, the basic method of feeding

energy into a plasma was by capacitive coupling to a

radio-frequency (RF) source (Figure 4). In this technique,

the chamber contains two electrodes, one of which is

the wafer with the substrates. A driving voltage of 100

to 1,000 V is used with relatively high-pressure feed

gases (10 to 100 mtorr); typical ion densi-

ties are relatively low, around 10
9
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. Electron temperatures are

around 3 eV, but the accelerating potential

for the ions in the sheaths is much higher,

around 200 V. Gas is fed in one end of the

chamber, and the reaction products, which

for etching must be volatile, are pumped

out the other end.

Although RF processors are well under-

stood and still used in industry for most

manufacturing steps, they have limitations

that become more troublesome as micro-

circuit sizes shrink. “The most serious

problem is that in low-density plasmas, col-

lisions with neutral atoms in the plasma

sheath tend to drive ions against the side

walls of a trench being etched,” explains

Noah Hershkowitz of the Center for Plas-

ma-Aided Manufacturing at the University

of Wisconsin–Madison. In addition, in con-

ventional capacitive-coupling devices, only

the RF power controls the input energy,

and this, in turn, determines both the ion

flux and the accelerating potential. The

inability to independently control these two

variables poses a problem. Too high an

accelerating potential can damage thin wafer layers, but

lowering the ion flux slows the process.
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Figure 1. In isotropic etching, typi-

cal of wet chemistry, severe under-

cutting can occur (a); in anisotropic

etching, typical of plasma etching

(b), the problem is reduced.
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High-density regimes
To overcome these difficulties,

plasma processing has increasingly

moved toward high-density, low-pressure regimes, in which

ion densities are in the range of 10
1 1

to 10
1 2

/ c m
3

a n d

pressures are below 50 mtorr. This allows more ions per

neutral atom. With lower pressures, collisions with neutral

atoms are less common. Higher ion densities shrink the

size of the plasma sheath, reducing the collisions and the

side-wall erosion of the etched trench.

In these high-density plasma systems, the energy can

be delivered either through RF electromagnetic radiation

or inductively. However, inductive coupling is more effi-

cient because the power required increases linearly with

plasma density; in capacitive coupling, power needs

increase as the square of the density. At the same time,

an RF bias potential is applied to the wafers, so that the

accelerating voltage is independently controlled, while

the input power controls the ion flux. Ion acceleration

voltage is generally kept lower in high-density plasmas,

around 20 to 30 V, which optimizes the energy delivery

to the etching reactions. As a result, a higher fraction of

the gas atoms become ionized, which conserves feed-

stock by using it more efficiently to supply reactive ions.

There are several ways of inductively coupling energy

into the high-density plasmas. In electron cyclotron res-

onance (ECR) devices (Figure 2), electromagnet coils

around part of the chamber generate an axially varying

dc magnetic field. At the same time, microwave power

is fed in at the electron cyclotron frequency—the fre-

quency at which the electrons gyrate around the mag-

netic field lines. For the 2.450-GHz frequency generally

used, the applied magnetic field is 875 G. An inductive

source simply couples power from the RF coils, typ-

ically at 13.5 MHz, into the plasmas without relying

on any resonances.

Helicon and helical resonators also couple ener-

gy. Both act to excite resonant waves within the

plasmas, which then heat the electrons. The helicon

resonator uses an external magnetic field, while the

helical resonator does not. Generally, results are

very similar regardless of the method of inductive

energy input.

Chemical reactions generated by the plasma dur-

ing etching or deposition can be complex, as they

involve neutral atoms, ions, and free radicals. “We

have a good understanding of the plasma chemistry

of fluorocarbon and chlorine plasmas, which are used

widely in semiconductor etching” comments Her-

shkowitz, “but the broad discipline of plasma chem-

istry is still in its infancy. We don’t yet know how to

take advantage of the novel combination of atomic

species present or the energy control that we can

have. Chemists tend to ignore the ions, and plasma

physicists tend to ignore the free radicals. We don’t

understand the important reactions that go on at the

walls of the chamber—recombining or disassociating

species creating impurities and dust particles.”

For those designing the plasma-processing devices

and controlling their parameters, a key goal is unifor-

mity of etch rate and assuring correct etching across the

entire wafer. Although ion energy controlled directly by the
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Figure 3. Plasma in a

cylinder can be mod-

eled by a density plot

(a), showing contours

of plasma density with

magnetic field lines

superimposed, and a

potential plot (b),

showing contours of

potential with arrows

for the flux of ions. 

Figure 2. The column edges are most visible in 

this electron cyclotron resonance plasma used for

depositing silicon dioxide and silicon nitride. 
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