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ABSTRACT

High-quality dielectric films could enable GaN normally off high-electron-mobility transistors (HEMTs). Plasma atomic layer deposition
(ALD) is known to allow for controlled high-quality thin-film deposition, and in order to not exceed energy and flux levels leading to
device damage, the plasma used should preferably be remote for many applications. This article outlines ion energy flux distribution func-
tions and flux levels for a new remote plasma ALD system, Oxford Instruments Atomfab™, which includes an innovative, RF-driven,
remote plasma source. The source design is optimized for ALD for GaN HEMTs for substrates up to 200 mm in diameter and allows for
Al2O3 ALD cycles of less than 1 s. Modest ion energies of <50 eV and very low ion flux levels of <1013 cm−2 s−1 were found at low-damage
conditions. The ion flux can be increased to the high 1014 cm−2 s−1 range if desired for other applications. Using low-damage conditions,
fast ALD saturation behavior and good uniformity were demonstrated for Al2O3. For films of 20 nm thickness, a breakdown voltage value of
8.9 MV/cm was obtained and the Al2O3 films were demonstrated to be suitable for GaN HEMT devices where the combination with plasma
pretreatment and postdeposition anneals resulted in the best device parameters.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0001318

I. INTRODUCTION

GaN is an ideal material for power conversion and delivery,
and within this field of power electronics, there is a strong drive to
develop “E-mode” or “normally off” GaN high-electron-mobility
transistors (HEMTs).1 One of the prominent strategies to achieve
such HEMTs is to use recess etching of the gate and to apply gate
passivation by thin dielectric layers. Here, film and interface quality
are essential, while at the same time, surfaces are sensitive to oxida-
tion and damage. Al2O3 is one of the materials commonly investi-
gated as a dielectric for GaN HEMTs.2 To deposit a high-quality
Al2O3 dielectric layer, plasma atomic layer deposition (ALD) could
be a key solution. Plasma ALD has been demonstrated to be benefi-
cial for GaN devices as plasma approaches enable high-quality film

growth and allow plasma pretreatment prior to film deposition.
Furthermore, the self-limiting nature of ALD allows for conformal
coverage of the gate recess by the gate dielectric, which holds also
for plasma ALD.3 To limit damage to the sensitive GaN surface,
the plasma used should result in no or low damage. This can gen-
erally be achieved by using a remote plasma source.4 However, up
to now, low-damage remote plasma ALD has been difficult to do at
large scale and at a sufficiently high rate to enable adoption for
high-volume manufacturing applications.

This article discusses a new remote plasma ALD system,
Oxford Instruments Atomfab™ [Fig. 1(a)], which includes an
innovative, RF-driven, remote plasma source [Fig. 1(b)].5 To inves-
tigate whether this source allows for low-damage processing, the
plasma species have to be investigated. The energies and fluxes of
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certain species (namely, the ions, but also photons) have to be
limited to avoid damage to device interfaces. Furthermore, in ALD,
one would like to have high radical density to get high reactivity for
fast saturation. In particular, the ion energy and flux values have to
be compared to existing remote plasma ALD systems, e.g., those
with inductively coupled plasma (ICP) sources.

Even though plasma parameters are important for the process
and device results, there are only few reports of ion flux and energy
under ALD conditions.6–9 Also, the role of ions in plasma ALD has
only recently seen an increase in reported studies.4,7,10,11 Profijt
et al. indicated that for ion flux density, the values are typically in
the 1013–1015 cm−2 s−1 range for plasma ALD.12 Due to the plasma
sheath that develops at surfaces in contact with the plasma, the
energy of ions impinging on the surface can be significant.12 For
plasma ALD, it is reported that ion energy values of <50 eV are
generally present. For low-damage ALD on GaN surfaces, the
plasma step in the ALD cycle probably would benefit from being in
the low range of these flux and energy values. While it has been

reported several times that high-energy ions (e.g., >100 eV) can
influence ALD processes,13–15 it has recently been demonstrated
that low-energy ions (e.g., <30 eV) can affect and also benefit
plasma ALD.7,9

The total ion energy dose per ALD cycle has been identified
as a key parameter,6,7 which means that the product of ion energy
and ion dose often determines the effect that ions have. Since the
ion energy dose relates to both the ion flux and ion energy but also
the used plasma exposure per ALD cycle, it is important to know
the minimum plasma exposure time needed for saturated ALD
growth. Ideally, the required plasma exposure is short with a low
enough ion flux to limit the ion dose and at the same time with a
high enough reactivity to allow for short cycle times and, therefore,
high throughput. As we will show, when a remote plasma source
allows very short saturation times for the plasma exposure, the ion
energy dose can be minimal.

This article is structured as follows. First, the system is
described with its key features. The plasma source is characterized

FIG. 1. Image of the Oxford Instruments Atomfab system (a) used in this work. A conceptual schematic (b) of the plasma source with powered (light gray) and grounded
(dark gray) surfaces indicated. This plasma source was also put on a testbed system (c), which was used for the ion measurements and OES, the RFEA for probing the
ion energy, and the flux was placed at the wafer level. Besides the RFEA, the testbed system was designed to allow for a range of optical diagnostics in the future (d).
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in terms of ion flux and ion energy values to assess whether these
are in the regime suitable for low-damage processing and if this is
also the case for the conditions needed for short cycle times.
Precursor and plasma saturation and purge curves are obtained to
confirm that ALD behavior is observed even with the short cycle
time. This is accompanied with thickness and refractive index uni-
formity data and electrical properties. These results demonstrate
indirectly that the plasma is intense enough to have short cycle
time and achieve good uniformity and film quality. The paper is
concluded by an analysis of the expected electrical properties for
GaN HEMT devices at these fast cycle times.

II. EXPERIMENT

Atomfab has been designed to be a remote plasma ALD
system for high-volume manufacturing. It contains a plasma source
in which RF power is capacitively coupled into the source using an
automated matching unit. Powered and grounded counter elec-
trodes form an electrode array above the grounded substrate
surface. The grounded substrate is not part of the plasma genera-
tion zone due to the dimensioning of the powered and grounded
parts of the array [Fig. 1(b), patent application PCT/GB2019/
052763].5 The source is designed to have the character of a remote
plasma source although being close to the substrate (source to table
distance ∼6 cm). It is compact to limit the effective chamber
volume for rapid gas exchange (i.e., short residence time), and it is
effective over the full 200mm wafer diameter. The wafer-facing surfa-
ces of the source are heated to avoid precursor and reaction product
condensation. Operation occurs at a pressure of ∼375mTorr unless
otherwise stated. This pressure is between those typically used in ICP
and capacitively coupled plasma systems, and it allows usage of
industry-standard roughing pumps.

The typical plasma gas mixture used in the Al2O3 process is
an O2/Ar gas mixture, and Ar is also used for the purging. This Ar
purge flow is also present during the plasma step. The chamber gas
mixture used here has a gas flow ratio of 3:2:2 being the ratio
between plasma O2 gas, plasma Ar gas, and precursor purge Ar
gas. Since Ar-diluted O2 plasmas are often referred to as O2

plasma, we will do the same here although it should be noted that
changing Ar/O2 plasmas to pure O2 plasmas can significantly affect
the plasma characteristics and hence also the film properties.8,16

Plasma power usage is moderate and in the range of 100–300W. In
this work, 100W is the standard operating power for the deposition
experiments.

Besides an Atomfab system for deposition [Fig. 1(a)], an
Atomfab plasma source testbed system was used in this work
[Fig. 1(c)]. This testbed was designed for plasma studies such as
ion analysis and optical emission spectroscopy (OES). The system
uses the same plasma source and source to table distance. An
Impedans Semion Single retarding field energy analyzer (RFEA) is
placed at the center of the grounded substrate table for the ion
energy and flux measurements as shown in Fig. 1(d). To represent
the distribution in ion flux as a function of ion energy, we will use
the ion flux-energy distribution function (IFEDF) as also explained
in a previous work.6 In short, this distribution function indicates
the distribution of ion energy for the ions reaching the substrate
and the area below the distribution represents the ion flux. To

calculate ion flux from the probe current, we used the default factor
of the SEMION software (which is 860 000 m−2), corresponding to an
effective probe area of 1.16 × 10−6 m2.6,7 For assessing the error in
the ion flux, we have assumed a nonsystematic error of roughly
20%. This error is, for instance, caused by the effective collector
area of the probe being dependent on the plasma pressure.
Additionally, at high pressures, the relative uncertainty is higher
since the signal to noise ratio is lower, which is also outside the
specified pressure range of the RFEA of <300 mTorr. To account
for this uncertainty, we added as a base error level, the noise level.
As an estimate of the noise level, we have used the IFEDF area
below zero electron volts, which typically corresponds to an ion
flux of ∼5 × 1012 cm−2 s−1. Note that there is also a systematic error
that can be roughly a factor two due to calibration uncertainties.
This error is not accounted for in the error bars shown. Eion,max is
defined as the maximum energy, where the ion flux-energy distri-
bution function is above the noise level (determined as
∼10−3 nm−2 s−1 eV−1). Note that even though an O2/Ar mixture
was used, the ions impinging on the surface are expected to be
mostly the molecular ion O2

+ due to the reported rapid reactions of
Ar+ via charge transfer with molecular O2.

10 Pure Ar plasmas were
used for comparison to see the effect of the gas composition on the
ion flux and ion energy flux distribution (see the supplementary
material).34

OES measurements were also carried out in the dedicated
testbed system [Fig. 1(d)]. The light emitted by the plasma is col-
lected through optical-grade UV fused silica windows by an
off-axis UV-VIS parabolic mirror and focused into an optical fiber
bundle. An Avantes multichannel spectrometer was used to record
time-integrated emission spectra in the range between 200 and
1100 nm. Before each OES experiment, the plasma system was
evacuated to a pressure lower than 10−5 Torr by means of a turbo-
molecular pump to reduce background species levels.

Film depositions on blank silicon wafers and device test struc-
tures were performed on the Atomfab system at 300 °C. Saturation
curves and thickness and refractive index uniformity maps were
obtained using a Woollam Alpha SE with a mapping station.

To assess the electrical performance, metal-oxide-semiconductor
(MOS) capacitor structures for GaN on Si substrates were fabricated
and characterized at the Glasgow University. The test structure fabrica-
tion flow and a schematic of the used device structure are available
in the supplementary material.34 Breakdown and capacitance-voltage
(C–V) measurements were performed using a Keysight B1500A semi-
conductor parameter analyzer in conjunction with a microchamber
probe station (Cascade Summit 12971B).

III. RESULTS AND DISCUSSION

A. Ion energy flux distribution and flux levels

The ion characteristics of the plasma source have been evalu-
ated using the RFEA. To understand the behavior of the source and
to obtain ion fluxes and ion energies that are easily measured, the
standard pressure (∼375 mTorr) is chosen as the maximum pres-
sure in these experiments. The ion characteristics are shown in
Figs. 2 and 3. Comparing these values to those from literature can
be challenging as ion characteristics for ALD systems are not com-
monly available. In the discussion, we will use ion measurements
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from previous work for a remote ICP system, FlexAL.6,17 The
FlexAL source is a remote ICP source and serves as an example of
a remote plasma source used in plasma ALD, which is also known
to allow for low-damage conditions.18

Figure 2(a) shows the IFEDFs for O2 plasma at 200W for a
range of chamber pressures (see the supplementary material34 for
data on a logarithmic scale). The highest value for the ion flux, as
indicated by the largest graph area for its distribution function, was
achieved at the lowest pressure used of 23 mTorr. A strong reduc-
tion of the ion flux was observed when increasing the pressure as
indicated by the decrease in the graph area for the curves. This

effect can be explained by a decreased plasma density as well as by
enhanced ion-neutral collisions in the plasma sheath at higher
pressures.17 Figure 2(c) shows the average ion energy (Eion,mean) for
these distribution curves of which the value generally decreases
with pressure. Furthermore, the maximum ion energy (Eion,max) of
the distribution is indicated, which increases as a function of pres-
sure but decreases for the highest pressure measured. This general
increase shows the broadening of the distribution, which indicates
a likely increase in the plasma potential as the maximum kinetic
energy of the ions reaching the substrate corresponds to the poten-
tial energy difference between the plasma potential and the

FIG. 2. IFEDFs for a range of chamber pressures for O2 plasma at 200 W (a) and for a range of plasma powers for O2 plasma at 94 mTorr (b). The average ion energy
(Eion,mean) and the maximum ion energy (Eion,mean) of the IFEDFs are plotted as a function of chamber pressure for O2 plasma at 200 W (c) and as a function of plasma
power for O2 plasma at 94 mTorr (d). Note the values for the distribution at ∼375 mTorr are close to the noise level of the RFEA, which leads to a larger error bar under
this particular condition.
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grounded substrate table. Such an increase in plasma potential was
also observed by Zeuner et al. for increasing pressure and was
related to a decrease in grounded area being in contact with the
plasma.19,20

Figure 2(b) shows the IFEDFs for a range of plasma powers
for O2 plasma at a pressure of 94 mTorr (see the supplementary
material34 for data on a logarithmic scale). As expected, an increase
of the ion flux was observed when increasing the power as indi-
cated by the increase in the graph area of the distribution curves.
Figure 2(d) shows the average ion energy (Eion,mean) as a function
of plasma power for these IFEDFs, which generally increases with
power. Furthermore, the maximum ion energy (Eion,max) of the dis-
tribution is indicated, which increases as a function of power
similar to the average energy. This similar increase of both the
average and maximum values agrees with the observation of the
distribution becoming broader with especially an increase in ion
flux density for higher energies. The same trends are observed for a
pure Ar plasma (see the supplementary material).34 Compared
with literature values, the ion energies are in the same range as
those reported for the standard operating range of ICP plasmas
(<50 eV).6 A clear difference is the effect of plasma power on the
ion energies. For ICP plasmas, this effect is generally minimal,6 but
for the Atomfab source, both Eion,mean and Eion,max scale with the
plasma power. This could be explained by the capacitive coupling
of the power, where capacitively coupled plasmas generally see an
increase in ion energies with plasma power due to an increase in
plasma potential and a reduction in plasma sheath thickness (due
to an increase in plasma density) leading to less ion-neutral colli-
sions.19 Furthermore, in this source design, an increase in plasma
power could make the plasma region larger and, therefore, less
remote. Some features in the form of additional peaks visible in the
IFEDF curves could be related to charge-exchange processes or
originate from having a variety of ion species.19

Figure 3 shows a comparison of ion flux as a function of
pressure for the Atomfab source and a FlexAL source (from the
literature) for O2 plasmas at 100 and 300W.17 For both plasma
powers indicated, a strong decrease in flux with pressure is
observed for both Atomfab and FlexAL values as expected for a
remote source. In spite of the relative proximity of the Atomfab
plasma source to the substrate, similarly low ion flux values can be
obtained with Atomfab as compared to ICP remote plasma
(FlexAL), if Atomfab is operated above 100 mTorr. There is a
stronger effect of plasma power on ion flux in Atomfab as com-
pared to the remote ICP of the FlexAL, as visible by the larger dif-
ference between the 100 and 300W curves. Regarding the standard
processing conditions, the Atomfab plasma source at 100W
plasma power and ∼375 mTorr pressure gives modest ion energies
(<50 eV) and very low ion flux (<1013 cm−2 s−1), similar to
50–100 mTorr conditions for the FlexAL ICP system.

The short plasma exposure time required for Atomfab to
reach saturation (<0.25 s of plasma) as demonstrated later, means
that the ion energy dose per ALD cycle is relatively low
(<1 eV nm−1 cycle−1). For instance, for plasma ALD of SiO2, it has
been reported that such an ion energy dose leads to no observable
effect of the ions and gives comparable results as to only having
radicals present.7 The determined low ion energy dose combined
with the knowledge that only a short plasma exposure time is
required for saturation suggests that this source can provide a high
radical dose. Alternatively, the maximum ion flux in Atomfab is
obtained at the lowest investigated plasma pressure and is approxi-
mately five times higher than the maximum flux obtained in the

FIG. 3. Ion flux as a function of pressure for FlexAL and Atomfab sources for
O2 plasmas of 100 and 300 W. Note that the results for FlexAL are taken from
previous work and were obtained using an ion probe (Ref. 17). The results are
plotted on a log-log scale for easy comparison. For the highest pressure value,
the pressure is above the officially specified range of the RFEA (>300 mTorr).

FIG. 4. Emission spectra for O2 plasma at 100 and 300 W power at
∼375 mTorr pressure. The emission recorded is mainly due to Ar (indicated
over full range in the inset). The selected range in the main graph clearly shows
emission from molecular and atomic oxygen as indicated.
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used ICP system, which shows that a wide range of ion fluxes can
be obtained if desired.

B. Optical emission spectra

Figure 4 shows optical emission spectra collected above the
substrate table surface for O2 plasma. The most prominent emis-
sions observed were from Ar and O,21 similar as observed in the lit-
erature for O2/Ar plasma mixtures at these pressures.22 Emission
from the atmospheric absorption system (0,0) band of O2 is also
visible and has been observed before in low pressure O2

plasmas.23,24 With an increase in plasma power, the emission inten-
sity increases, especially for the peak assigned to O radicals

suggesting a possible increase in O radical density. Furthermore, no
emission for metal wall species such as Al was observed, which sug-
gests no significant erosion of chamber and plasma source parts.

C. Saturation curves and film uniformity

To assess whether the density of reactive plasma species is suf-
ficient for fast processing at the chosen low-damage conditions, the
ALD behavior was characterized by varying the ALD cycle time
parameters. For these experiments, the standard conditions were at
300 °C and 100W plasma power. Figures 5(a) and 5(b) show that
fast saturation in the precursor and plasma dose times is obtained.
Figures 5(c) and 5(d) show that the purge times needed for stable

FIG. 5. Growth per cycle for ALD of Al2O3. Data are given as a function of precursor (a) and plasma (b) dose times and the respective purge times (c) and (d) at 300 °C.
Single and double exponential curve fits serve as a guide to the eye.
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growth per cycle (GPC) values are relatively short. Although pre-
cursor and plasma dose saturation times are important, only when
combined with short purge times, do they allow us to achieve a
short cycle time. Second, this saturation should be achieved over
the entire wafer surface to allow for low nonuniformity of thickness
and film properties. Here, using a <1 s cycle time, a film thickness
nonuniformity <±1.0% was obtained as can be observed in Fig. 6
(a). This uniformity suggests ALD behavior over the wafer surface,
which for remote plasma ALD systems generally requires at least
4 s cycle time.25 In terms of film quality as indicated by the refrac-
tive index, a small spread in the obtained values was obtained over
the entire wafer ranging from 1.643 to 1.647 [Fig. 6(b)]. Such short
cycle times combined with low nonuniformity can be expected for
direct plasma systems (due to the associated proximity of the
plasma and the small reactor volume) but have not been reported
to our knowledge for remote plasma systems. The saturated GPC
values are similar to those reported in the literature for plasma
ALD of Al2O3 at 300 °C.

26

D. Electrical data

To validate that these conditions were suitable for ALD of
Al2O3 on GaN HEMT devices, depositions were carried out using a
standard Atomfab configuration. In addition to good electronic
properties for the dielectric film, GaN HEMT devices also need a
good interface between the dielectric and the GaN below. To
achieve this, a low-damage plasma for surface pretreatment is
desired. In the literature, some form of H2, N2, or NH3 plasma
treatment is often used.27–30 In this work, we have chosen a 15 s,
100W NH3 plasma at ∼350 mTorr as a demonstrator treatment.
To assess the dielectric breakdown voltage, MOS capacitor struc-
tures for GaN on Si substrates were used. Figure 7 shows the
voltage breakdown for a MOS capacitor structure for a 19.9 nm

Al2O3 film deposited at 300 °C with NH3 plasma pretreatment. A
high breakdown voltage value of 8.9 MV/cm was obtained, which is
very similar to other values reported in the literature for remote
plasma ALD Al2O3.

31 The changes in the current density level
before breakdown could be related to changes in related current
conduction mechanisms (i.e., different tunneling emission pro-
cesses),32 but this discussion is outside the scope of this work.

FIG. 6. Uniformity of the film thickness (a) and refractive index (b) for Al2O3 over a 200 mm wafer using a <1 s cycle time at 300 °C. The data point locations are indicated.
A film thickness nonuniformity <±1.0% and a refractive index ranging from 1.643 to 1.647 were achieved over the entire wafer surface.

FIG. 7. Current density J as a function of the applied electric field E as
deduced from the J–V measurements over a 19.9 nm dielectric Al2O3 film.
Dielectric breakdown occurs at Ebd = 8.9 MV/cm.
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To further get insight into the suitability of these layers for
GaN devices, Al2O3 layers were grown on GaN HEMT test struc-
tures at 300 °C. The obtained capacitance-voltage curves are shown
in the supplementary material.34 Table I shows the key metrics
from this analysis and compares the effect of plasma treatment on
the hysteresis, the dispersion, and the leakage when using a plasma
power of 100W. We have also included the results after a 30-min
forming gas anneal (FGA) at 430 °C, which is part of a typical
process flow. As shown, the remote plasma Al2O3 in the Atomfab
combined with both an in situ pretreatment and an anneal pro-
duced devices with the best characteristics, indicative of an
improved interface. Note that these results were achieved using a
<1 s cycle time, while maintaining a high refractive index and film
uniformity as plotted in Fig. 6. Both the pretreatment and FGA reduce
the resulting hysteresis. The FGA affects mostly the dispersion values,
and the pretreatment seems to be especially important to reduce the
leakage current. Further optimization dedicated to a specific process
flow and device structure should allow for further improvement. Note
that a recent publication also demonstrated the low-damage nature of
this plasma source for graphene-based devices.33

IV. SUMMARY AND CONCLUSIONS

A new low-damage remote plasma ALD system for high-
volume manufacturing of Al2O3 for GaN devices was evaluated, the
Atomfab. The ion energy and flux values for the source were inves-
tigated and compared to those of a remote plasma inductively
coupled plasma ALD system. Modest ion energies of <50 eV and
very low ion flux values of <1013 cm−2 s−1 were obtained at stand-
ard operating conditions suggestive of low-damage operation. The
ion flux can be increased to the high 1014 cm−2 s−1 range if desired
for other applications. Saturation curves were determined, and satu-
ration was confirmed for both dose and purge steps with a high
uniformity in terms of film thickness and refractive index. The
short plasma exposure time required for Atomfab to reach satura-
tion (<0.25 s of plasma) means that the ion energy dose per ALD
cycle is relatively low (<1 eV nm−1 cycle−1). The low-damage nature
was confirmed in GaN device representative tests. At these condi-
tions, a breakdown voltage value of 8.9 MV/cm was obtained,
which is very similar to other values reported in the literature for
remote plasma ALD Al2O3. The combination with plasma pretreat-
ments and forming gas anneal gave the best device metrics in
terms of hysteresis, dispersion, and leakage.
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