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ABSTRACT

Plasma enhanced atomic layer deposition (PEALD) is a cyclic atomic layer deposition (ALD) process that incorporates plasma-generated
species into one of the cycle substeps. The addition of plasma is advantageous as it generally provides unique reactants and a substantially
reduced growth temperature compared to thermal approaches. However, the inclusion of plasma, coupled with the increasing variety of
plasma sources used in PEALD, can make these systems challenging to understand and control. This work focuses on the use of plasma
diagnostics to examine the plasma characteristics of a remote inductively coupled plasma (ICP) source, a type of plasma source that is com-
monly used for PEALD. Ultraviolet to near-infrared spectroscopy and spatially resolved Langmuir probe measurements are employed to
characterize a remote ICP system using nitrogen-based gas chemistries typical for III-nitride growth processes. Spectroscopy is used to char-
acterize the relative concentrations of important reactive and energetic neutral species generated in the remote ICP as a function of gas flow
rate, Ar/N2 flow fraction, and gas pressure. In addition, the plasma potential and plasma density for the same process parameters are exam-
ined using an RF compensated Langmuir probe downstream from the ICP source. The results are also discussed in terms of their impact on
materials growth.

https://doi.org/10.1116/6.0003538

I. INTRODUCTION

Over the last two decades, plasma enhanced atomic layer dep-
osition has played an increasingly important role in the advanced
manufacturing and semiconductor sectors, in large part because
the technique enables low temperature growth of thin films with
atomic scale precision on a wide variety of substrates.1–3 While
there are significant advantages to the plasma-based approach for
atomic layer deposition (ALD), the use of plasma also comes with
substantial complexity.3

While a variety of plasma sources can be used for plasma
enhanced atomic layer deposition (PEALD), the remote inductively
coupled plasma (ICP) is one of the most common types of sources
due to its ability to effectively dissociate and excite the gas used in
the reactant step, while spatially separating the production of ions

from the growth substrate. At high reactor pressures, this allows
one to deliver reactive neutral species to the surface while limiting
the flux of ions to the surface, a potential source of film damage.
Alternatively, the pressure can be reduced, and ions can be used as
a means to drive the surface out of thermal equilibrium with the
bulk substrate, encouraging the growth of crystalline films at low
temperature.3

A significant body of work has been dedicated to understand-
ing the operation of inductively coupled plasma sources.4–13 Less
has been done examining the details of remote ICPs used in
PEALD configurations,14–18 where the ICP source is powered by a
helical antenna encompassing a dielectric tube with a diameter
much smaller than that of the downstream growth reactor. This
type of geometry has been shown to display nonlocal electron
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kinetics (in which the electron energy relaxation length exceeds the
device dimensions),16,19 particularly under low pressure conditions,
which affect the plasma density, electron energy distribution func-
tion (EEDF), and plasma potential. These effects will have conse-
quences for the energy flux density delivered by the ions to
substrate surfaces. As such, understanding and managing the oper-
ation of such systems is critically important, particularly when
remote ICPs are operated with the intent of growing crystalline
films.3,17,18,20,21

The manner in which electromagnetic fields generated by the
RF antenna heat the EEDF is an important aspect governing how
remote ICP sources function. Generally, ICP sources couple power
from the antenna into the plasma via two electron heating modes:
the electrostatic mode (E-mode) and the electromagnetic mode
(H-mode). The E-mode is characterized by capacitive coupling
between the electric field generated by the antenna inductance and
the plasma electrons, and the H-mode is characterized by inductive
coupling between the antenna and plasma electrons. ICP sources
operating in a steady state condition will generally adopt one of
these two modes. In the case of H-mode operation, there will
usually be a transition from the E-mode to the H-mode during the
start-up phase of the discharge.13 The H-mode is broadly charac-
terized by a higher power transfer efficiency to the plasma and
higher plasma density, which should result in a higher density of
reactive neutrals and ions within the plasma source volume. The
significant difference between these two modes of operation makes
it of interest to characterize remote ICP sources in terms of how
different operating conditions influence electron heating modes
and their influence on downstream reactive neutral and charged
particle characteristics near the growth substrate.

This work focuses on the evolution of plasma conditions in
nitrogen-based chemistries as this gas mixture is commonly used
in the reactant step of nitride PEALD recipes.22–25 The effect of
ICP source geometry is also examined by employing two different
commercial ICP sources with different orifice diameters and
antenna diameters. The sources examined in this work are the Fiji
G1 and Fiji G2 remote ICP sources manufactured by Veeco. The
details of these systems are provided in Sec. II A. Generally, the
conditions examined in this work will be confined to those obtain-
able in commercial PEALD systems. As such, the measurements
will focus on pressure ranges between about 1 and 300 mTorr.
Reactors fitted with turbo-molecular pumps are able to reach low
pressure regimes (∼few mTorr), where crystalline film growth has
been observed using PEALD protocols.21,26 In contrast, reactors
without turbo-molecular pumps are typically limited to higher
pressure regimes (>150 mTorr). Operating pressures between these
two regimes would require the use of a conductance limited valve
or other pumping speed throttles.

We combine optical emission spectroscopy (OES) and
Langmuir probe measurements to determine how the plasma char-
acteristics respond to changes in critical operating parameters such
as neutral pressure, total gas flow, and relative gas flows of Ar and
N2. OES is utilized to characterize the relative concentrations of
atomic N generated in ICP systems. Plasma density, ne, electron
temperature, Te, and plasma potential, Vp, for the same process
parameters are examined using an RF compensated Langmuir
probe. Changes in species densities and the associated flux of either

reactive and/or energetic species have been established as key
drivers of the PEALD growth process.17,27 Therefore, the plasma
density and plasma potential are of particular interest in that they
are the key parameters in determining the flux and energy of
charged species at the growth surface.

II. EXPERIMENT

The custom-built plasma diagnostics reactor, shown in Fig. 1,
consists of an 8 in. Conflat 6 way cross, pumped by a 250 l/s
Varian turbo-pump. The base pressure in this system is
≈5 × 10−7 Torr. A conductance-limiting valve is used to adjust the
pressure and allowed plasma generation in pressure regimes
ranging from ∼1 mTorr to ∼1 Torr. The multiple ports on this
reactor enable diagnostic access (visual and physical) to a volume
extending from the orifice of the ICP source to about 25 cm down-
stream, a range that corresponds reasonably well to the
source-to-substrate distance in typical growth tools utilizing the
remote ICP sources. The diagnostics available on this reactor
include UV-NIR spectroscopy as well as spatially resolved
Langmuir probe measurements.

A. Plasma sources

In this work, we examined two plasma sources: the Veeco Fiji
G1 and Fiji G2 remote ICP sources, designated as G1 and G2,
respectively. Notable differences between the sources include source
length, dielectric tube diameter, antenna geometry, and the orifice
diameter at the chamber end. Both are powered by a Seren R301
RF amplifier, which is connected through a Seren AT Series match-
ing network in an L-type network topology. The antenna geome-
tries differ between the systems: the G1 source antenna has 8 turns
over approximately 13 cm, while the G2’s spans 10 turns over
about 17 cm. Importantly, in the G1 case, the ground termination
for the antenna is near the orifice of the source leading into the
reactor, conversely, in the G2 case the ground termination of the
antenna is far from the reactor orifice near the gas inlet. The diam-
eter of the antenna coils also differs significantly along with the
diameters of the dielectric tubes around which the antennas are
wrapped. The G1 coil encompasses a quartz tube with an inner
diameter of 1.6 cm (0.625 in.) and an outer diameter of 1.9 cm
(0.75 in.), while the G2 coil surrounds a quartz tube with an inner
diameter of 3.49 cm (1.38 in.) and an outer diameter of 3.81 cm
(1.5 in.). This leads to significantly different plasma generation
volumes with the G2 source volume being approximately six times
larger than the G1. Accordingly, the power deposition per unit
volume differs for a given operating power.

B. Optical emission spectroscopy

Visible to near-infrared (Vis-NIR) spectral measurements
in the range of 630–830 nm were taken using an Ocean
Optics HR2000+ spectrometer. The spectrometer, equipped with a
1200 g/mm grating, offers a 0.1 nm spectral resolution and allows
for rapid measurements with broadband spectral information. In
Fig. 1(b), the survey spectrum is acquired using plasma conditions
of 300W RF power, 40 mTorr neutral pressure in a 10% Ar, 90%
N2 gas mixture with a total flow of 44 SCCM. The figure shows the

ARTICLE pubs.aip.org/avs/jva

J. Vac. Sci. Technol. A 42(3) May/Jun 2024; doi: 10.1116/6.0003538 42, 033008-2

 25 April 2024 03:49:28

https://pubs.aip.org/avs/jva


relevant N(I) line at 747 nm used for measuring the concentration
of atomic N relative to the Ar concentration.28 The Ar 750 nm line
is also highlighted along with a number of prominent vibrational
bands in the first positive system of N2 (B

3Πg −A3Σu
+). These data

and all others monitoring atomic line emission for the purpose of
obtaining atomic N densities were performed perpendicular to the
axis of the ICP near the exit orifice, as shown in Fig. 1(a).

The spectral response of the spectrometer was determined
using an OL-550 (Optronic Laboratories, Inc.) calibrated tungsten
halogen light source, and the spectra were corrected to account for
the obtained transmission function. Applying the transmission
function to the OES data allows for the use of the line ratio method
to obtain an absolute measure of atomic N densities. N atom
density was monitored as a function of N2/(N2+ Ar) flow fraction,
total pressure in the reactor, and total flow in the reactor.

C. Line ratio method

OES provides both a qualitative and quantitative description
of species present in a plasma. Species are identified via their emis-
sion at a given wavelength, generated when a given species

undergoes a high-to-low energy electron state transition.
Comparing the emission line intensity of a specific line against the
line intensity of a species with a known density allows one to deter-
mine the density of that species. As such, a ratio of emission lines
was used to determine the concentration of N within the plasma.
The line ratio technique was used to measure the ratio of excited
atomic N*, undergoing the 2s22p2(3P)3p ! 2s22p2(3P)3s
(746.8 nm) transition, to excited Ar* undergoing the
3s23p5(2P�

1/2)4p ! 3s23p5(2P�
1/2)4s (750.4 nm) transition and then

calculate the density of ground state N in the system based on the
known density of the ground state Ar population. This technique
has been used previously in Ar/N2 mixtures in ICPs by this
author17 and by Czerwiec et al.29 We have chosen the Ar*
750.4 nm line and the N* 746.8 nm line because all states are pre-
dominantly populated by direct excitation from their respective
ground states and should thus be relatively unperturbed by changes
in the low energy (<5 eV) electron population.29 In addition, the
excited states from which the transitions originate have similar
thresholds [13.48 eV for the Ar–3s23p5(2P�

1/2)4p state and 11.9 eV
for the N–2s22p2(3P)3p state]. This makes the excitation rates less
sensitive to the portion of the electron energy distribution function

FIG. 1. (a) Plasma diagnostics reactor (drawing not to scale) showing the available diagnostics suite including UV-NIR spectroscopy and a movable, RF compensated
Langmuir probe. (b) A survey spectrum using the Visible-NIR spectrometer with prominent atomic Ar and atomic N lines denoted. Note the spectral range includes the first
positive system of electronically excited N2. Conditions are 30 mTorr with 40 SCCM N2 and 4 SCCM Ar flow at 300 W RF power. (c) An exemplary Langmuir probe trace
was taken at 20 cm from the orifice of the Fiji G1 plasma source using the same operating conditions. All Langmuir probe measurements were performed on the centerline
of the chamber.
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(EEDF) near the threshold energies. Since positioning of the
Langmuir probe for electron temperature measurements was
limited to the region outside the ICP orifice, estimates of the elec-
tron temperature within the ICP were based on the work by Kang
et al.,12 and used to calculate excitation rate constants. Further
details on this measurement technique can be found elsewhere.17,30

D. Langmuir probe

Measurements of plasma density, ne, electron temperature, Te,
plasma potential, and Vp were performed using an RF compensated
Langmuir probe. Voltage sweeps and current monitoring were per-
formed using a Keithley 2400 source meter with data acquisition
controlled using a custom LABVIEW interface. The position of the
Langmuir probe in the system is shown in Fig. 1. The probe was
kept small to minimize perturbation to the plasma. Single bore
1.27 mm OD alumina tubing was used for the end of the Langmuir
probe with the tip consisting of 10 mm of 0.1 mm diameter plati-
num wire. Further details on the probe setup can be found
elsewhere.30

E. RF power monitoring

For the G2, the RF power to the ICP was monitored using a
combination of the inline RF power meter in the amplifier unit and
a Rogowski coil (Tektronix TRCP 0600 Current Transducer) to
independently monitor current. These diagnostics allow for the
measurement of the RF power absorbed by the plasma, Ppl, using
the method outlined by Godyak and Alexandrovich.31 Briefly, mea-
suring Ppl requires measuring the ratio of the RF antenna current
with the plasma ignited, Ic, to the RF antenna current without the
plasma ignited, Ic0. Plasma ignition in this case is controlled by
modulating gas flow into the ICP. The power lost to the antenna
with the plasma ignited, PA, is found via the following

PA ¼ PA0(Ic/Ic0). In this equation, PA0 represents the power lost to
the antenna in the absence of plasma. Using the fact that the total
power, PT ¼ Ppl þ PA, allows for the calculation of the power
transfer efficiency to the plasma, η ¼ Ppl/PT . Since η is dependent
on the electron heating mode, monitoring η in relation to process
parameters provides a means to observe changes in the electron
heating mode as process parameters are varied.

In addition to the power and current monitoring outlined
above, the voltage on the antenna coil nearest the ICP orifice was
also monitored using a high frequency voltage probe (1000:1
Tektronix 6015). The time dependent measurements were all col-
lected using a Tektronix MDO 34, 200MHz oscilloscope.
Unfortunately, due to the smaller size of the G1 system and the
assembly of its RF shielding, it was not possible to attach these
diagnostic tools to the G1 antenna without the risk of damaging
the unit. A diagram of this setup is shown in Fig. 2 along with a
comparison between changes in η and total wavelength integrated
emission from the ICP. These data illustrate how total emission
and η are correlated as electron heating mode changes in an ICP.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, we explore the effect of varying process control
parameters (varying neutral pressure as well as the total and relative
mass flow rate) on the plasma properties (relative neutral density,
gas temperature, electron density, ne, electron temperature, Te, and
plasma potential, Vp) of the remote ICP sources. For select cases,
the spatial variation of the aforementioned plasma properties is
also examined. The effects of varying these process control parame-
ters on the plasma properties are then discussed in terms of their
relationship to power coupling and the respective influence of the
plasma-surface interactions that drive thin-film growth and film
properties during the plasma step during PEALD processes.

FIG. 2. (a) RF power measurement setup for the G2 setup with V indicating the location of the high speed voltage probe, I indicating the location of the Rogowski coil,
and P indicating the built-in RF power monitor on the amplifier unit. (b) Comparison of power coupling efficiency, η, to total emission from the ICP as a function of pressure
with the reduction in emission at high pressures being correlated with a reduction in η.
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A. Optical emission spectroscopy measurements

The optical characterization of the plasma sources is an effec-
tive way to recognize changes in plasma electron heating modes, as
the mode transitions between E-mode and H-mode are accompa-
nied by changes in light emission intensity and color. These
changes, when monitored with optical emission spectroscopy, can
inform the user about the relative concentrations of reactive and
excited neutrals within the plasma source. In N2 containing
plasmas, the relative concentration of atomic N in the gas phase is
of particular interest. A volume-averaged measure of this density
can be found using the actinometrical procedures outlined above in
the experimental details, Sec. II C.

In this section, the effects of varying pressure, varying flow
fractions of Ar and N2, and varying total flow within the ICP are
examined in terms of how these process parameters affect the
atomic N density generated within the ICP source. The G1 and G2
configurations are also compared in this context. In Fig. 3, the total
emission intensity of the ICP sources is measured as a function of
operating pressure for a high N2 flow fraction (≈90% N2 by flow in
all cases). The G1 source exhibited a sharp reduction in emission
as pressure is increased between 50 and 100 mTorr when the total
flow into the ICP was 33 SCCM. Indeed, for this low flow condi-
tion, over this relatively modest range of pressures, the emission
intensity drops by ≈20× for this lower mass flow condition, a clear
indicator of an H-mode to E-mode transition. In contrast, the G1
source did not exhibit this sharp mode transition when the total
mass flow rate was higher, 110 SCCM. However, the total emission
from the ICP remained comparatively low over the entire pressure
range examined for the 110 SCCM mass flow condition. This
seems to indicate that for these high N2 flow fractions the ability of

the G1 ICP source to reach H-mode is dependent on the mass flow
rate. A similar sharp transition from H-mode to E-mode with
increasing pressure was not observed in the G2 configuration.
Rather, the emission first rises with increasing pressure before grad-
ually falling at pressures above 75–100 mTorr for both of the flow
conditions examined (33 and 110 SCCM).

Figure 4 shows the atomic N density in both the G1 and G2
sources as a function of pressure, illustrating their differing behav-
ior. Examining atomic N density in the G1 source again shows a
significant difference between the low flow and high flow cases
with the low flow case exhibiting the highest atomic N density at
low pressures (<100 mTorr), with a notable 10× drop in atomic N
density between 50 and 100 mTorr. This contrasts with the high
flow G1 case and the G2 case where the highest atomic N densities
are measured at the highest pressures (>100 mTorr). The difference
in behavior between the low flow G1 condition and the high flow
G1 and G2 conditions indicates that gas residence time could play
a role in the H-mode behavior observed for the low flow condition
of the G1 source. This would make sense as a lower mass flow rate
through the ICP source would allow more time for the high energy
electrons to interact with a given quantity of gas.

Figure 5 shows the atomic N density in the G2 source when
the pressure is held constant at 30 mTorr and the mass flow rate is
varied. Interestingly, only gradual changes are observed in the
atomic N density. In addition, there is no abrupt change in total
photon emission from the G2 ICP, indicating that no heating mode
transitions occur with varying mass flow in the G2 configuration.
However, the data also show that at lower mass flow rates higher
densities of atomic N are produced. This is again consistent with
the notion that longer gas residence time within the ICP allows for

FIG. 3. Normalized total emission measurements from the Fiji G1 (a) and Fiji G2 (b). The ICPs were operated at two flow conditions 30 SCCM N2/3 SCCM Ar and
100 SCCM N2/10 SCCM Ar. In both the G1 and G2 cases, the data are normalized to the maximum emission observed across both flow regimes. Note the abrupt change
in total emission observed between 50 and 100 mTorr in the G1 at low flow (33 SCCM) is indicative of an H- to E-mode transition.
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more effective dissociation of N2. In Fig. 5, the mass flow ratio of
N2 to Ar was held constant at 10. Under these low Ar content con-
ditions, the dissociation fraction of the gas generally varied between
≈3% at the lowest mass flow rates to ≈0.3% at the highest mass

flow rates. It is also notable that across these changes in mass flow
rate RF power coupling to the plasma remained effectively
unchanged with power coupling efficiency decreasing by only 2%
between the low flow and high flow cases.

As Ar content within the plasma is varied, the atomic N
density and the dissociation fraction of N2 were found to increase
significantly with increasing Ar flow fraction. This effect is illus-
trated in Fig. 6(a), which shows the atomic N density within the G1
system and G2 system as a function of N2/(N2+ Ar) flow fraction.
The G1 data were taken at a total flow rate of 175 SCCM, whereas
the G2 data were taken at a slightly higher total flow rate of
200 SCCM. In the case of the G1 data, the atomic N 747 nm emis-
sion line became too dim to measure at N2 flow fractions greater
than 25%. This is consistent with previous results17 and indicates
an H-mode to E-mode transition with increasing N2 flow fraction
in the G1 system. The G2 system also showed decreasing atomic N
density with increasing N2 flow fraction but the decrease was more
gradual and the 747 nm emission line from N was detectable even
at high N2 flow fractions. In Fig. 6(b), the variation of atomic N
density with pressure is shown for two bounding cases of high N2

flow fraction (90% by flow) and low N2 flow fraction (12% by
flow). It is clear from the figure that atomic N density is greater
and increases much more rapidly with pressure when there is high
Ar content in the ICP. This is consistent with previous observations
and modeling of ICP behavior in Ar/N2 mixtures12,17,30 and is an
important consideration if one wishes to control atomic N flux at a
downstream growth surface.

The OES data compiled in this section show both similarities
and differences between the G1 and G2 sources for the operating
conditions examined in this work. Both sources exhibit increased
atomic N production at lower total mass flow rates with the G1
source showing a dramatic increase indicative of an E-mode to

FIG. 4. Atomic N density measured via actinometry as a function of pressure
for both the G1 and G2 sources. The G1 data are shown for both a high mass
flow (110 SCCM) and a low mass flow (33 SCCM) condition. The G2 data are
shown only for the high mass flow (110 SCCM) condition. Note the abrupt
change in the N density in the G1 at low flows (33 SCCM) corresponds to a
similar change in total emission shown in Fig. 3.

FIG. 5. G2 source (a) atomic N density as a function of mass flow at a background pressure of 30 mTorr and an N2/(N2 + Ar) flow ratio of 0.9. (b) Total emission intensity
as a function of mass flow rate for the same conditions.
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H-mode transition as mass flow rate decreased and pressures were
below 100 mTorr. Also similar was the atomic N production as a
function of the N2/Ar flow fraction at high total flow and pressure,
where both sources showed significantly increased atomic N pro-
duction at low N2/Ar flow fractions. Again, however, the G1 source
exhibited a large increase in N atom density as relative N2 flow
decreased below 30%, suggesting a change from E-mode to
H-mode. The G2 source did not exhibit the jump in light emission
associated with such a heating mode change. This trend was also
observed in the pressure scan data where an abrupt E-mode to
H-mode transition was observed with increasing total pressure in
the G1 source but only a gradual change was observed with increas-
ing pressure for the G2 case. In Sec. III B, the charged particle
characteristics of these two sources are examined for the same set
of process parameters.

The OES data compiled in this section show both similarities
and differences in the production of atomic nitrogen between the
G1 and G2 sources for the operating conditions examined in this
work. Broadly, the N density in both sources is found to increase
when increasing operating pressure, decreasing total flow, and
decreasing the nitrogen flow fraction. However, the relative increase
and/or decrease can be strongly impacted in the G1 due to heating
mode changes. For example, an abrupt order of magnitude decrease
in atomic N density is observed when the pressure increases
between 50 and 100 mTorr at low total flow rates. A similarly
abrupt change is seen in the G1 when decreasing the nitrogen flow
fraction below 30% at high pressures. While the magnitude of the
atomic nitrogen density can be varied significantly in the G2
source over the range of parameters explored here, there were no
abrupt changes like those observed in the G1. Although the down-
stream emission in the system was not sufficient to reliably

determine the amount of atomic nitrogen, it is reasonable to
assume an increase or decrease near the exit of the source will lead
to a corresponding change in density near a substrate in configura-
tions used for processing.

B. Langmuir probe measurements

Using an RF compensated Langmuir probe allows for changes
to plasma potential and plasma density to be examined as process
parameters are varied. These two plasma parameters determine the
maximum ion energy and the flux of ions at surfaces, which are
invaluable for understanding the changes observed in film growth
as a function of varying process conditions.

In this section, we again begin with a comparison of the G1
and G2 sources as pressure is varied within the reactor. In Fig. 7, it
is shown that the G2 source generates significantly different plasma
densities and plasma potentials downstream of the ICP (location
200 mm downstream of ICP orifice) compared to the G1 source. It
is also notable that while there are some slight differences in
density and plasma potential between the low flow (30 SCCM N2/
3 SCCM Ar) and high flow (100 SCCM N2/10 SCCM Ar) condi-
tions, there were no abrupt changes in downstream plasma condi-
tions with increasing pressure. This contrasts with the observations
discussed earlier regarding the upstream atomic N production
within the ICP, suggesting that mode changes impact the charged
particle characteristic near the substrate less.

The general trends with increasing pressure show a decreasing
plasma density and increasing plasma potential. This is consistent
with previous observations of remote, capacitively coupled plasma
(CCP) systems,32–34 which indicated that while the mean ion
energy decreases at grounded surfaces, due to increasing

FIG. 6. (a) Atomic N density within the G1 system and G2 system as a function of N2/(N2 + Ar) flow fraction. The G1 data were taken at a total flow rate of 175 SCCM,
and the G2 data were taken at a total flow rate of 200 SCCM. (b) Atomic N density as a function of pressure for a low N2 condition (12% by flow) and a high N2 condition
(90% by flow). The total flow in both cases was 100 SCCM.
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collisionality within the sheath, the maximum ion energy can
increase with increasing pressure. This effect is driven by a decrease
in current flow to the larger grounded electrode surface in the
asymmetric CCP system,4 which tends to decrease the asymmetry
of current flow in the system and thus leads to an increased average
plasma potential. This is due to the fact that RF oscillations are
shared between the active and grounded electrodes in proportion to
the capacitance of the plasma sheaths at these electrodes, which is
determined mainly by the surface areas of the grounded and active
electrodes. This interpretation is consistent with increasing plasma
potential observed as pressure increases in the remote ICP configu-
ration of this work, where capacitive coupling is playing an impor-
tant role in the plasma behavior downstream from the ICP. Here,
however, the small orifice connecting the ICP to the main chamber
acts as a virtual driven electrode and the downstream chamber
walls form the ground electrode. The capacitance of the ICP
antenna promotes plasma potential oscillations within the ICP
tube, which acts as a small, highly asymmetric powered electrode.
Indeed, the hypothesis that the ICP antenna promotes an asymmet-
ric capacitively coupled voltage oscillation in the downstream
plasma is consistent with the lower average plasma potentials mea-
sured in the G1 system. This would be expected since the surface
area encompassed by the G1 antenna is significantly smaller than
the surface area encompassed by the G2 antenna and would thus
lead to an even more asymmetric electrode configuration and, thus,
RF potential at grounded electrodes. It is interesting to note that in
addition to the effects described above from decreased current flow
to grounded surfaces, there are also changes to the RF voltage on
the ICP antenna to consider. From the voltage probe measurements
described in Sec. II E, it was found that increasing pressure had a
significant effect on the antenna voltage measured near the ICP

orifice. An increase in voltage amplitude from 750 to 1325 V was
observed as pressure was increased from 5 to 270 mTorr. While
much of this voltage change will be dropped across the wall of the
dielectric tube, some will influence the plasma potential oscillations
within the ICP. This could consequently increase the RF potential
oscillations in the downstream portion of the reactor, which would
further increase the average plasma potential in that part of the
system.

In Fig. 8, the spatial distribution of plasma density and plasma
potential is shown for the case of 100 mTorr and mass flow condi-
tions of (100 SCCM N2/10 SCCM Ar). Here again, a notable differ-
ence is observed between G1 and G2 cases, with the G2 source
producing about 5–10× higher plasma density at all locations and a
significantly higher plasma potential. While the ion energy distri-
bution will likely be substantially degraded by ion–neutral colli-
sions at these pressures, such a difference in plasma potentials
could still have an effect on the high energy tail of the ions, which
could have effects on material growth. The different radii of the G1
and G2 ICP sources likely drive these significant differences in
plasma parameters between the two sources, as the G1 source with
its smaller radii will lose charged particles to the tube walls much
more rapidly than the larger radii G2 source. This reduced density
near the ICP orifice, in the G1 case, then propagates lower density
plasma into the downstream portion of the reactor. In addition, the
lower plasma potential in the G1 case is likely from the smaller
diameter orifice, which provides a more asymmetric ratio between
powered and grounded surface areas within the reactor.

While many PEALD processes are performed at reactor pres-
sures of 100 mTorr and higher, the growth of crystalline films is
often performed at low pressures where high fluxes of ions are inci-
dent on the substrate surface. To examine these conditions, spatial

FIG. 7. (a) Plasma density as a function of pressure at 200 mm downstream from ICP orifice. G1 data taken at two flow conditions (30 SCCM N2/3 SCCM Ar and
100 SCCM N2/10 SCCM Ar), and G2 data taken at one flow condition (100 SCCM N2/10 SCCM Ar). (b) Plasma potential as a function of operating pressure at 200 mm
downstream from ICP orifice for the same flow conditions.
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scans were performed at 5 mTorr reactor pressure with both the G1
and G2 sources affixed to the reactor. In these measurements,
shown in Fig. 9, it is again apparent that the G1 source produces
lower downstream plasma density and plasma potential than the
G2 source. In Fig. 9, the effect of varying mass flow is also exam-
ined in the context of downstream plasma density and potential.
Here, the spatial profiles of density and potential are shown for two
different mass flow rates with a low flow (30 SCCM N2/3 SCCM
Ar) and high flow (100 SCCM N2/10 SCCM Ar) condition. While
there is little difference between the low flow and high flow condi-
tions for the plasma density profiles in the G2 case, it is notable
that the G1 configuration seems to produce slightly higher plasma
density near the ICP orifice in the low flow condition compared
with the high flow condition. This could be an effect of the
H-mode to E-mode transition that occurs with an increasing mass
flow rate in the G1 source, as previously discussed in Sec. III A.
Interestingly, when plasma potential is examined, it is found that
the G1 plasma potential profiles change little between the high flow
and low flow conditions, whereas the G2 plasma potential profiles
are nearly 5 V higher in the low flow conditions compared to the
high flow conditions. At these pressure conditions, the ion energy
distribution at a downstream surface will surely trend higher with
this change in plasma potential. In turn, these results indicate a
potential means through which changing mass flow rate can affect
film growth and perhaps even film crystallization through effects
on the ion energy at surfaces.

In Fig. 10, the effect of mass flow on plasma potential and
density downstream from the G2 source is examined more closely.
In Fig. 10, flow rates from 20 to 140 SCCM are examined with the

pressure held constant at 5 mTorr and gas flow fractions kept cons-
tant at 90% N2 and 10% Ar. All the data were taken at 200 mm
from the ICP orifice. It was found that while plasma density
remained essentially constant across this range in mass flow rates,
plasma potential varied between 32 V at 140 SCCM and 40 V at
20 SCCM. Previously, this range in flows was found to affect the
atomic N density and dissociation fraction of the background gas
within the ICP. It is unclear how this effect is manifesting a change
in plasma potential downstream from the G2 source. It does not
appear that power-coupling efficiency to the plasma in the source
plays a role here as η varies by only 2% between the low flow and
high flow conditions. It is notable that mass flow rate had a small
effect on antenna RF voltage amplitude (increasing from 1650 to
1740 V from 20 to 140 SCCM) but it is unclear whether or not this
modest change in antenna voltage could drive the downstream
changes in plasma potential observed in the G2 system.

In Figs. 11 and 12, the effect of varying the flow fraction of
the Ar and N2 is examined on the plasma parameters measured
downstream from the G2 source. In Fig. 11, the variation in plasma
density [Fig. 11(a)] and plasma potential [Fig. 11(b)] with pressure
is shown for two flow fractions of Ar and N2: a high N2 flow frac-
tion case with 90% N2 by flow and a low N2 flow fraction case with
12% N2 by flow. In Fig. 11(a), plasma density is somewhat elevated
in the low N2 flow fraction case relative to the high N2 flow fraction
case, although the difference is most pronounced at low pressures,
at high pressures (>100mTorr) the difference is likely within mea-
surement error. In Fig. 11(b), plasma potential appears to be mark-
edly higher in the high N2 flow fraction case compared to the low
N2 flow fraction case with this difference becoming more

FIG. 8. (a) Plasma density as a function of position along the axis of the diagnostic reactor downstream from the orifice of the ICP (position = 0 mm). (b) Plasma potential
as a function of position along the axis of the diagnostic reactor downstream from the orifice of the ICP. All measurements were taken at 100 mTorr pressure and a mass
flow of 100 SCCM N2 and 10 SCCM Ar.
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pronounced as pressure is increased. For low pressure operation,
this will again likely have an effect on the ion energy distribution
as maximum ion energies at surfaces are closely tied to the plasma
potential. In Fig. 12, the pressure was held fixed at 150 mTorr and

the flow ratio N2/(N2+ Ar) was varied by adjusting the mass flow
ratios into the reactor while keeping the total mass flow constant.
Here again, the plasma potential increases with increasing N2

content in the reactor while plasma density remains relatively cons-
tant. This is consistent with the notion that increased N2 content
within the reactor leads to overall decreased current flow to
grounded surfaces within the system and results in a decrease in
the asymmetry between the capacitive RF voltage drop at the ICP
and RF voltage drop at grounded surfaces elsewhere in the reactor.
Since increased N2 content leads to higher electron-ion recombina-
tion within the plasma, it is possible that a more rapid spatial decay
of the plasma with distance from the ICP orifice is mediating this
reduced current flow to grounded surfaces and thus increased
average plasma potential within the reactor.

The Langmuir probe data compiled in this section illustrate a
number of important trends in plasma density and plasma poten-
tial with varying process parameters. First, with increasing pressure,
it was shown that plasma density decreases downstream from the
ICP orifice whereas plasma potential increased with increasing
pressure. This indicates that chamber pressure is a useful parameter
for controlling ion flux at growth surfaces. It is also important to
note that while both the G1 and G2 sources exhibited similar
trends with pressure, the G2 source generally exhibited substantially
higher plasma density and plasma potential downstream from the
ICP orifice. We speculate that this is due to changes in the relative
plasma fluxes at grounded surfaces downstream from the ICP
orifice, and to the ICP orifice. This assumes that capacitive cou-
pling from the ICP antenna to the ICP plasma results in the ICP
orifice acting like a powered electrode in an asymmetric CCP

FIG. 10. Effect of mass flow on plasma potential and density downstream from
the G2 source. Total mass flow rate is varied between 20 and 140 SCCM with
the pressure held constant at 5 mTorr and gas flow fractions held constant at
90% N2 and 10% Ar. All measurements were performed 200 mm from the
orifice of the G2 ICP.

FIG. 9. (a) Plasma density as a function of position along the axis of the diagnostic reactor downstream from the orifice of the ICP (position = 0 mm). (b) Plasma potential
as a function of position along the axis of the diagnostic reactor downstream from the orifice of the ICP. All measurements were taken at 5 mTorr pressure and mass flow
percentages of 90% N2 and 10% Ar.

ARTICLE pubs.aip.org/avs/jva

J. Vac. Sci. Technol. A 42(3) May/Jun 2024; doi: 10.1116/6.0003538 42, 033008-10

 25 April 2024 03:49:28

https://pubs.aip.org/avs/jva


system. As such, reductions in current flow to the grounded sur-
faces downstream from the ICP orifice would lead to more sym-
metric voltage distribution between the grounded and powered
sections of the reactor, and an overall increase in average plasma
potential. This is an important consideration in circumstances
when ion flux at the substrate needs to be carefully controlled.

While the aforementioned trends in pressure were somewhat
expected, a more surprising finding was the effect of varying mass
flow rate on the downstream plasma potential and density. While
density remained relatively fixed across variable flow mass flow rates,
plasma potential was significantly affected by adjustments in the
mass flow rate into the system. In fact, changes in plasma potential
on the order of 5–10 V were observed as the mass flow rate was
varied between 20 SCCM through 140 SCCM. This change is signifi-
cant in the context of atomic precision processing, especially for the
growth of materials sensitive to ion damage. It is notable that these
changes in the plasma potential were far more pronounced in the
G2 system compared to the G1 system. Since no significant change
in RF power coupling was observed with mass flow rate, and plasma
density was generally unchanged with varying mass flow rate, it is
less clear what drives this change in plasma potential.

Finally, plasma density and plasma potential were also found
to vary significantly as a function of N2/(N2+ Ar) flow fraction. At
high N2 flow fractions, plasma potential was significantly higher
(≈2× higher) than at low N2 flow fractions. This was attributed to
the effect of a higher electron-ion recombination rate with increas-
ing N2 flow fraction and thus reduced RF current flow to grounded
surfaces downstream from the ICP orifice. This effect leads to a
reduction in the overall current flow asymmetry between grounded
and powered surfaces within the downstream region of the reactor
and thus an increase in the plasma potential in this part of the
reactor.

IV. CONCLUSIONS

This work has focused on examining two important features
of PEALD reactor operation in Ar/N2 mixtures. First, it examined

FIG. 11. Effect of pressure on plasma potential and density 200 mm downstream from the G2 source. (a) Plasma density as a function of pressure for two flow conditions:
a high N2 flow fraction case with 90% N2 by flow and a low N2 flow fraction case with 12% N2 by flow. (b) Plasma potential as a function of pressure for the same flow
conditions.

FIG. 12. G2 Plasma density and plasma potential as a function of N2/(N2 + Ar)
flow fraction, all measurements taken at 200 mm distance from the ICP orifice.
Reactor pressure was held fixed at ≈150 mTorr for all measurements.
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how atomic nitrogen generation within the ICP source was
affected by changes in neutral pressure, total gas flow, and relative
gas flows of Ar and N2. Second, it examined how charged particle
characteristics in the downstream section of a PEALD reactor
respond to changes in these same critical operating parameters. In
addition, the effect of varying these operating parameters was
examined for two commonly used ICP plasma sources, a Veeco
G1 ICP and Veeco G2 ICP. The main differences between these
two sources are their dimensions and antenna designs. The
volume of the G2 is greater than the G1 and the G2 has a larger
exit orifice at the source–chamber interface. The G2 antenna has
more turns and is longer than the G1 antenna, while the G1
antenna is grounded near the exit orifice and the G2 antenna is
powered near the exit orifice. The findings of this work are out-
lined below.

(1) With increasing pressure in a gas mixture of 90% N2 by flow,
the G2 source generally exhibited an increasing atomic N
density with increasing pressure, although atomic N density
increased sublinearly. Conditions with higher Ar content by
flow exhibited more effective dissociation of N2 with atomic N
density increasing more rapidly with pressure under high Ar
content conditions (88% Ar by flow).

(2) With increasing pressure in a gas mixture of 90% N2 by flow
and 33 SCCM total mass flow rate, the G1 source exhibited a
H- to E-mode transition between 50 and 100 mTorr resulting
in very high (>1020 m−3) atomic N density at pressures below
100mTorr and generally lower atomic N density (<1020 m−3)
at higher pressures.

(3) In both the G1 and G2 sources, increasing pressure resulted in
reduced plasma density downstream from the ICP orifice at
measurement positions near the nominal location of growth
substrate. Increasing pressure also resulted in increased plasma
potential at this location, although this increased plasma
potential would generally not result in increased mean ion
energy due to increasing ion neutral collisions at increased
neutral pressures.

(4) As the total mass flow rate within the reactor was varied,
decreasing mass flow generally resulted in increased atomic N
density in both the G1 and G2 sources. In the G1 source, there
was a mode transition between E- and H-mode observed with
a decreasing mass flow rate that led to a large and rapid
increase in atomic N generation. The G2 source exhibited a
more gradual increase in atomic N as mass flow rate was
decreased. These findings indicate that increased gas
residence time within the ICP leads to higher dissociation
fractions of N2.

(5) As the total mass flow rate within the reactor was varied,
decreasing mass flow generally resulted in relatively constant
plasma density at distances 200 mm downstream from the ICP
orifice. This was the case in both the G1 and G2 configura-
tions. Where the G1 configuration exhibited relatively little
change in plasma potential with varying mass flow rate, the G2
configuration exhibited a 5–10 V increase in plasma potential
as mass flow rate was decreased from 140 to 20 SCCM.

(6) As N2/(N2+ Ar) flow fraction was varied, atomic N density
was found to decrease with increasing N2 flow fraction in both

the G1 and G2 sources. In the G1 source at high pressure
(≈300 mTorr), an H to E-mode transition was observed at
N2/(N2+ Ar) flow fractions >0.25. In the G2 source, the
reduction in atomic N density was gradual with increasing
N2/(N2+ Ar) flow fraction.

(7) Increasing N2/(N2+ Ar) flow fraction resulted in relatively
constant plasma density at 200 mm from the G2 ICP orifice;
however, plasma potential was found to increase significantly
(from 35 to 85 V) as N2/(N2+ Ar) flow fraction was increased.
These measurements were performed at high pressure
(150 mTorr).

(8) Overall, the G1 source exhibited lower plasma density and
plasma potential compared with the G2 source for measure-
ments performed at all locations within the reactor and at all
conditions.

(9) In general, the effects of capacitive coupling from the ICP
antenna appear to play an important role in the downstream
plasma potential in both the G1 and G2 systems. Particularly,
for low pressure operation, these capacitive coupling effects
could lead to elevated ion energies at the substrate. For certain
material systems, these effects may be undesirable. As such,
ICP antenna designs that minimize antenna capacitive cou-
pling31 could be useful in mitigating these capacitive coupling
effects and reducing downstream plasma potential.
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