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PLASMA ENHANCED ATOMIC LAYER DEPOSITION (PEALD) TECHNOLOGY
AND RADIO FREQUENCY SIGNAL GENERATOR AND MATCH NETWORKS
Atomic layer deposition (ALD) utilizes a technique that collects a
variety of thin film materials resulting from a vapor phase. A very
thin film of atomic layers accumulates in multiple deposition cycles
The ALD process is performed in a sealed reactor. During ALD’s
initial process, gas floods its chamber, resulting in absorption of the
precursor molecules onto substrate surfaces. The chamber purges
the first processing gas leaving behind only those molecules
adsorbed in the wafer surface. A second batch of gas cascades into
the same chamber to react with the absorbed molecules to form a
molecular layer of compound materials on the water surface. Once
the first precursor molecules are consumed, the chemical reaction
self-terminates; in addition, a purging mechanism removes the
second batch of processing gas and byproducts of the chemical
reaction from the chamber. Multiple cycles may be performed until
desired compound film thickness is reached (see figure 1). (Knoops
et al., 2015).
Figure 1:
An ALD cycle:
a) first half-cycle,
precursor dosing,
b) chamber purge,
c) second half-cycle,
reactant dosing,
d) chamber purge

The advantages of ALD processes are stoichiometric film formations
with large area uniformity, accurate composition control, conformal
coating even in high aspect ratio structures, and precise control of
film thickness with high density due to ALD’s relatively low
deposition rates (typically 1 Å/cycle) compared to both CVD and
physical vapor deposition (PVD). ALD can deposit a film at low
temperatures, and the deposition process works well with sensitive
substrates (Hultqvist et al., 2011). A disadvantage of ALD technique
is its low output rate. Because of low deposition rates compared
with 130 Å/sec of PECVD oxide, ALD processes are mainly applied
to thin films with thicknesses less than 10 nm.
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ALD offers diverse applications can be used to deposit semiconductors compounds (e.g. GaAs, InP, GaP, AlN, GaN, and InN)
dielectrics (e.g. Al2O3, TiO2, ZrO2, HfO2, Ta2O5, and La2O3, etc), and
metallic nitrides, including those used in the metal gates of MOSFETs
such as TiN, TaN, Ta3N5, NbN, and MoN. ALD processes are also
implemented in depositing gate dielectrics of MOSFETs, high
dielectrics of DRAM storage capacitors, metal compounds of MOSFET
gates, and some barrier layers of copper/low-inter-connection.
More recently, conventional atomic layer deposition (CALD), a
thermo-chemical process, is widely used in ultrathin film productions.
Also, various forms of other ALD processes are being developed,
with plasma discharges or light supplies necessary auxiliary energy.
The motivation to develop these variants can be attributed to the
need to reduce the overall thermal budget during processing or the
possibility of using precursors that would be otherwise unreactive
at the deposition temperature being used (Henke et al., 2015).

Plasma Enhanced Atomic Layer Deposition
(PEALD)
In plasma enhanced ALD or (PEALD), the reactant can be preactivated through a plasma source (Dendooven and Detavernier,
n.d.). Most plasmas are generated by the strong electric field at low
gas pressure, typically under 10 Torr. Electrons present in the gas are
accelerated to high kinetic energies. When these electrons collide
with the atoms and/or molecules of the background gas, they can
ionize, excite, or dissociate these gas species, thus yielding electrons,
ions, reactive atomic and/or molecular neutrals (radicals), and
photons. PEALD uses the species generated in plasma as reactants.
Mainly O2, N2, NH3, and H2 plasmas (or mixtures thereof) have
been used for the growth of oxides, nitrides, and metal films.
The key to PEALD is to remove passivating atoms without using
thermal spike before depositing target films. For example, cleaving
Si-H bonds in Si-H passivation, the energy from Argon plasma can
be used. Argon ions and excited atoms have higher potential
energies than Si-H bond energy so that the plasma species can
break the Si-H bond even at low substrate temperature. Once the
plasma has chemically activated the surface, the next monolayer of
precursors can be introduced, completing the ALD cycle.
There are disadvantages to using plasma for ALD process. First,
recombination of the radicals on the sidewalls limits the conformality
in high AR structures. Secondly, the ions and UV photons from the
plasma may generate specific defects in the growing layer. Last the
use of a plasma requires more complicated and, therefore, expensive
reactor designs.
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However, the advantages of PEALD far-outweigh its drawbacks. The
benefits include a higher film density, lower impurity content, better
stoichiometry, and improved electronic properties. From a processing
perspective, the use of radicals-enabled deposition at lower substrate
temperatures is a key when depositing films on semiconductor
devices. Also, PEALD typically promotes a slightly higher growth
rate, shortening the overall deposition time compared to other ALD
method. More importantly, the use of radicals from a plasma increases
the choice of precursors for deposition of a specific coating.

RF Generator and Match Network for
PEALD process
This section describes a plasma enhanced atomic layer deposition
system, the method of operation, and its relation to the RF signal
generator and match network systems.
Figure 2 shows a schematic view of a PEALD system. The deposition
system comprises a processing chamber having a substrate holder
configured to support a substrate, which thin film is formed. The
system also consists a first power source (RF generator) and matcher
coupled to the process chamber, 2nd bias power source configured
to generate plasma in the process chamber, and a substrate
temperature control system coupled to the substrate holder. The
frequency of the RF signal sources can range from approximately
100 kHz to approximately 100 MHz.

Figure 2: Schematic view of single stage PEALD system

Figure 3 shows a timing diagram for PEALD process. As seen in this
figure, precursor gas is introduced to the process chamber during
the first period, to cause absorption of the film precursor on
exposed surfaces of substrate, followed by the process chamber
purging gas during its second period (US Patent - US20070042577A1,
n.d.). Thereafter, reduction gas (second-processed gas) is introduced
to the process chamber for its third period, while the RF power is
being coupled through the upper assembly from the first power
source to the reducing agent. The coupling of power heats the
reducing agent, causing ionization and/or dissociation of the
reducing agent to form a radical that chemically reacts with the first
precursor accumulated on the substrate. When the substrate is
heated to a higher temperature, the surface chemical reaction
facilitates the formation of the desired film. The process chamber
purges gas in the fourth period. The introduction of the first and
second process gases and the formation of plasma can be repeated
any number of times to produce films of desired thickness on the
substrates.

Figure 3: A PEALD process timing diagram
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The average value of power fed to the load is controlled by turning
the switch between supply and load on and off at a fast rate. The
rate at which the power supply must switch varies greatly depending
on film deposition speed. In present-day PEALD process, the step
time, Tp, moves as fast as hundreds of milliseconds; meanwhile,
total process time, which is the sum of each step, runs at tens of
seconds (see Figure 4). The short step time requires fast power
ramping, Tr. and the RF signal match time, Tm to obtain good
quality of deposited films by reducing periods of unstable plasma
reaction in each step. Current requirement of PEALD process’ ratio
for the RF power ramp time to step time (Tr /Tp) is less than 1%, and
the ratio of RF match time to step time (Tm /Tp) needs to be less than
10% for the same reason. The requirement for fast match time calls
for high speed solid state rf matcher, which has attracted less
interests in deposition technology. The variety of RF frequency
sources have been tested for ALD process, other than 13.56 MHz
for getting high density of plasma electrons that can increase the
rate of atomic level chemical reaction.
Figure 4:
A PEALD process steps
and RF related times
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Summary
Each PEALD process cycle includes the followings: supplying the first
process gas such as a film precursor (within the processing chamber);
supplying the second processing gas such as a reduction agent
(within the processing chamber); and coupling of electromagnetic
power to the processing chamber during the introduction of the
second reduction gas. The predetermined number of cycles
corresponds to a point where the film growth substantially changes
from “island film growth” to layer by-layer growth. The predetermined number of cycles may be changed based on the process
parameters such as RF power, temperature, and pressure. Especially,
RF parameters, such as match time and ramping time, play critical
role with film deposition speed and its quality.
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