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ABSTRACT

Self-limiting, purge-separated, cyclic reactions enable atomic layer deposition (ALD) to produce highly uniform and conformal films with
precise thickness control. However, the typical relatively low deposition temperatures can lead to residual impurities, defects, and suboptimal
material properties. To address this, we introduce microwave enhanced ALD (MW-ALD), an energy enhanced ALD technique in which
in situ microwave exposure is included in each ALD cycle. The design of the microwave antenna and exposure system and integration into a
commercial ALD chamber are first described. The benefits of MW-ALD are then demonstrated using Al2O3, a material that in bulk form is
not expected to strongly interact with microwaves. Through ellipsometry and electrical measurements, we show that in situ MW irradiation
annealing can reduce thickness, improve film properties such as refractive index, reduce high field current leakage, and improve breakdown
strength. In all cases, MW-ALD produced a greater change in properties than was produced by an equivalent microwave exposure
performed post deposition.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0004633

I. INTRODUCTION

Atomic layer deposition (ALD) is based on alternating purge-
separated self-limiting surface reactions so that films are deposited in
a layer-by-layer fashion. Inherent advantages of ALD include the
atomic scale controlled growth of highly uniform and conformal thin
films at relatively low temperatures (<300 °C). A low thermal budget
is often critical in semiconductor fabrication for back-end-of-line pro-
cessing, 3D integration, avoiding unwanted diffusion, and maintain-
ing stable device parameters in metal/insulator/metal (MIM) and
metal/oxide/semiconductor (MOS) devices. Low thermal budget is
also necessary for deposition on glass or flexible substrates for large
area electronics. While advantageous for these applications, the low
deposition temperatures typical of ALD can lead to incorporation of
excess –OH groups or other residual impurities from unreacted

ligands.1 These impurities can result in poor stoichiometry and sub-
optimal physical, optical, and electrical properties.2 Increasing the
deposition temperature can reduce impurities, improve stoichiometry,
and improve properties, but may move a process out of the ALD
window and into the chemical vapor deposition (CVD) regime,
negating many of the benefits of ALD.3 Therefore, postdeposition
annealing (PDA) at elevated temperatures is often necessary to
improve ALD films.4 However, the PDA temperatures that are typi-
cally required can exceed the maximum temperature limitations of
the substrate or previously formed electronics.

To maintain the advantages of self-limiting ALD while maxi-
mizing film properties, in situ treatments, such as annealing or
adding other forms of energy during each (or every few) ALD dep-
osition cycle(s) or supercycle(s), can help drive/speed reactions and
reduce impurity/ligand incorporation. The first demonstration of
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this approach incorporated in situ rapid thermal anneals into a
standard ALD cycle and was called modulated temperature
ALD.5–8 Improvements in film density, refractive index, leakage,
and relative dielectric constant were demonstrated that could not
be achieved by postdeposition annealing alone, even at a higher
temperature. Since then, in addition to in situ annealing (also
known as dep/anneal/dep/anneal or DADA),9–14 much work has
explored other approaches such as flashlamp annealing15,16 and
periodic exposure plasma (a.k.a. atomic layer annealing or
DSDS),17–26 UV (a.k.a. DUDU) exposure,12,27–32 lasers,33 and elec-
tric fields.34 We will collectively refer to techniques in which the
addition of energy during ALD enhances, rather than enables (such
as electron beam enabled ALD,35 etc.), an ALD process as energy
enhanced ALD (EE-ALD). Note that these EE-ALD methods are
distinct from plasma enhanced ALD (PEALD), an excellent review
of which can be found in Ref. 36.

Documented benefits from the various methods of EE-ALD
include increased density, increased dielectric constant, increased
refractive index, higher GPC, reduced leakage, reduced residual
impurities, reduced defects, and improved crystallinity, all at a lower
thermal budget than and often not achievable by PDA, even PDA at
higher temperatures.6,8,10–15,17–19,23,28,31,37 The reason that EE-ALD
films show improved properties is that the in situ treatments (RTA,
UV, plasma, etc.) are able to remove impurities and defects from the
surface of the growing film before they can become buried, resulting
in a more complete densification or purification.6,17,22,23 PDA, on
the other hand, can only partially densify a film by driving off resid-
ual impurities within a diffusion length or so of the surface.
Impurities beyond a diffusion length from the surface can become
effectively trapped so that they cannot be completely removed by
postdeposition treatments. One downside of current EE-ALD tech-
niques is the additional time these extra steps add to the ALD cycle,
particularly the cooldown time when in situ thermal annealing is
used.6,8 Other potential downsides, depending on the EE-ALD
method, include plasma damage and UV damage, which can both
result in defects and charge trapping.20,38

An alternative way of supplying energy for EE-ALD is micro-
waves. Microwaves heat materials through ohmic (resistive) con-
duction and dielectric polarization loss, but can also interact
through nonthermal mechanisms.39 Resistive heating is the
primary mechanism in conductive materials and can also be used
to heat adjacent nonconductive films. Polarization heating occurs
in dielectrics. The loss tangent, tan δ ¼ ε00/ε0, where ε0 and ε00 are
the real and imaginary components of the dielectric constant,
describes how well MWs couple with a given material, where δ rep-
resents the phase lag between the applied electric field of the MW
and the electric dipoles present in dielectric materials. This phase
lag occurs when dipoles are unable to reorient sufficiently quickly
in response to the frequency of the applied electric field. A large
loss tangent indicates strong coupling and energy absorption by the
material.40 The nonthermal mechanisms are still a subject of
research and debate,39 but studies have shown improved results
using microwave annealing at nominally the same (or lower tem-
peratures) as (than) thermal heating, possibly due to the direct
interaction of microwaves with defects, including point defects. For
example, microwaves have demonstrated advantages over conven-
tional thermal PDA such as reduced temperatures for dopant

activation without diffusion, recrystallization, healing plasma
damage, and even for growing nanowires.41–46 Postdeposition and
postmetallization microwave annealing (without plasma generation)
have also been shown to improve thin film material quality and
device performance at lower thermal budget.39,45–53 The mechanism
of microwave interaction in these studies has been attributed not
only to thermal effects but also nonthermal effects (not involving
bulk heating) such as direct interaction of microwave radiation with
defect dipoles in the film.54 Postdeposition microwave annealing has
even been applied to fully formed ALD films and devices.51,55,56

However, there are no reports of using a microwave source in the
deposition chamber for in situ annealing during deposition.

To address the limitations and shortcomings of the existing
EE-ALD methods, we introduce microwave enhanced ALD
(MW-ALD) in which MW exposures are performed during each
deposition cycle. A key potential benefit of MW-ALD is the selec-
tive targeting of polarizable defects and impurities, which should
allow their removal from the growing film without excessive sub-
strate heating, maintaining a low thermal budget and minimizing
impact to cycle times. In this work, we describe the design of a
MW exposure system and its implementation into a commercial
ALD chamber. We then demonstrate the effect of MW-ALD on
Al2O3, a material with a low loss tangent that in bulk form is not
expected to interact strongly with microwaves. Preliminary results
are presented on the impact of in situ MW exposures on thickness,
refractive index, and electrical properties and are compared with
equivalent MW exposures performed post deposition.

II. MICROWAVE DESIGN AND INTEGRATION

The MW system and custom antenna was designed and devel-
oped with MKS instruments, and initial functional testing was per-
formed at MKS. The design considerations included geometric
constraints, power requirements, and environmental conditions.
Prior to the construction of a prototype, proprietary COMSOL simu-
lations were performed to guide the design. Based on the internal
geometry of the Picosun SUNALE R-200 ALD chamber, a frequency
range of 2.4–2.5 GHz was identified for maximum MW power cou-
pling with a target substrate. The wavelength, λ, of 12.23 cm was
several times less than the internal diameter of the chamber and
allowed for energy propagation, despite any standing waves created
by reflection from the chamber walls. A critical factor in this process
was ensuring uniform MW exposure across the substrate size range
using a physically compatible antenna. A helical antenna design was
selected (over alternatives such as horn and dipole antennae) based
on three major considerations: (1) helical antennae have a narrow
and elongated cylindrical form factor at the 2.45 GHz operating fre-
quency, making them well suited for fitting in the vacuum access
port of the R200 chamber, (2) they enable greater directional radia-
tion precision over the other designs with radiation directivity and
gain determined by the number of turns, and (3) they have only a
real or resistive component of input impedance with no reactive
element to tune out, permitting system tuning directly through
adjustment of the operating frequency. This last consideration is
highly important when coaxial cables are employed within the
power delivery system to avoid standing waves and, therefore, exces-
sive and nonuniform heating.57–60
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The primary design elements of the helical antenna consisted
of a frequency of 2.450 GHz, copper material for the ease of
mechanical formation and high electrical conductivity, five turns
with a diameter of 1.540 in. per turn and a total height of 6.025 in.,
an effective gain of 15.17, and a half-power band width of 46.32°
providing sufficient angular exposure. The distance, d, between the
end of the helical antenna and the surface of the deposition sub-
strate was approximately 43 cm. This distance assured far-field radi-
ation over the processing sample [where the wave propagation
becomes an identifiable TEM (transverse electro-magnetic) mode]
and enabled more uniform exposure of the sample. For far-field, d
should be greater than 2D2/λ, where D is the largest dimension of
the antenna and λ is the wavelength of the microwave radiation.

Due to a typical chamber processing pressure of around
6 Torr and microwave frequency of around 2.45 GHz, unwanted
plasma formation around the antenna was a concern.61 To suppress
plasma formation, the MW antenna was housed in a quartz jar that
was sealed against the vacuum chamber and backed to atmosphere
through a small vent. The final antenna prototype is shown in
Fig. 1(a). A simulation of the typical radiation pattern from a
helical antenna is shown in Fig. 1(b).

The R200 was originally designed with a remote plasma
source and included plasma guiding cones in the interior chamber
[Fig. 1(c)]. To accommodate the MW antenna, the plasma source
and plasma guiding cones were removed. Figure 1(d) shows the

placement of MW antenna in the vacated plasma port. The
removal of the cones opened the small, previously contained depo-
sition space to the entire vacuum chamber. Even with extended
purging times, there were signs of nonideal ALD film growth that
proved difficult to completely remove.

A block diagram of the MW system is shown in Fig. 2. The path
from the 1 kW solid state microwave generator (MKS SG1024) to the
antenna includes an integrated coax to waveguide isolator designed
by MKS, a typical three-stub tuner, a waveguide to coaxial transition,
and a dual coaxial directional coupler (Werlatone). The microwave
generator was connected to the R200’s console, enabling precise and
synchronized software controlled MW exposure windows. Power
sensors were connected to both the dual directional coupler and the
integrated isolator for monitoring forward and reflected power,
respectively. The integrated isolator protects the microwave generator
by absorbing reflected power from the antenna in case there is a large
impedance mismatch. The stub tuner is a redundant tuning method
that was included in case frequency tuning alone was insufficient.
The dual directional coupler provides a connection point for both
power sensors, though the integrated isolator was more accurate for
monitoring the reflected power since the reverse traveling wave was
terminated in a matched load and, therefore, the measurements were
not influenced by the directivity of the coupler. Where components
were not directly connected to one another, coaxial cables (CAVO
5228) with 7/16 in. connectors were used.

The final step in integrating the MW source was tuning the
MW system after installation in the R200 chamber. Though
COMSOL modeling had provided an ideal estimated frequency
range, the actual optimum operating frequency had to be determined

FIG. 1. (a) Photograph of the actual microwave antenna enclosed in a quartz
jar backed to the atmosphere and (b) typical simulated radiation pattern.
Cartoon schematic illustrations of the Picosun R200 Advanced ALD chamber
(c) with original plasma cones and (d) modified with an MW antenna. The dis-
tance from the antenna to the sample surface is indicated.

FIG. 2. MW system block diagram identifying the components comprising the
pathway from the MW generator to the antenna. Color of box indicates computer
control (green, bottom right box), R200 ALD chamber (blue, large box, top
right), power sensors (orange, left column), and MW generation and transmis-
sion to antenna (gray, central column).
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empirically by measuring the forward and reflected power across a
range of frequencies and selecting the point at which the reflected to
forward power ratio was minimized. During the tuning process, the
generator output, Pout, was fixed at 50W. However, due to the 50 dB
scaling factor present in a dual directional coupler, the actual mea-
sured forward power was only around 500 μW. Tuning was carried
out by adjusting frequency output of the SG1024 solid-state genera-
tor from 2.4 to 2.5 GHz. As expected, the manual 3-stub tuner was
not required for tuning, validating the choice to use a helical
antenna. The measured forward power, reflected power, and
forward/reflected power ratio versus microwave frequency are shown
in Fig. 3. The global maximum at 2.414 GHz identified the optimal
frequency. This frequency was then used for all MW exposures to
limit energy loss in the MW delivery circuit and reduce overheating
of the transmission components.

During the integration process, safety was a primary concern
as the R200 chamber was not designed for MW containment.
While vacuum tight, the chamber was not perfectly MW tight. To
prepare for MW annealing, the stainless-steel vacuum chamber was
sealed and grounded, viewports were replaced with blank stainless-
steel flanges, junctions were wrapped in an RF shielding tape, and
aluminum foil was used for persistent MW leaks. Thus modified, it
was able to prevent most radiation leakage. According to the
National Institute of Standards and Technology, the maximum
MW occupational exposure limit is around 8 mW/cm2 for a
2.4 GHz signal.62 A handheld RF meter (Extech Instruments) indi-
cated that MW leakage was below this limit at Pout = 400W. At
Pout = 400W, the calculated power density at the sample surface,
Psample ¼ Pout � G /4π � d2, where G is the linear gain of 15.17 and
the distance, d, is 43 cm, was approximately 250 mW/cm2.

III. EXPERIMENTAL DETAILS

Al2O3 was deposited using both standard thermal ALD and
MW-ALD. Both were performed on a modified 200mm plasma

enhanced PE-ALD hot wall system (Picosun SUNALE R-200).
Trimethylaluminum (TMA) (Sigma Aldrich, 97%) was used as the
metal precursor with de-ionized H2O as the coreactant. Depositions
were carried out at chamber setpoints of 100 and 300 °C, resulting in
actual wafer temperatures of 88 and 238 °C measured using a
SensArray Corporation Thermocouple Instrumented Wafer P/N
1530A-6-0201 (see the supplementary material). The process gas
was N2, flowing at a total rate of 900 SCCM. The base chamber pres-
sure during deposition was between approximately 5 and 6 Torr.
The minimum system pulse time of 0.1 s was used for both TMA
and H2O. Due to chamber configuration modifications necessitated
by the installation of the MW antenna (discussion above), long
purge times were required. For the 238 °C depositions, a N2 purge
time of 60 s was used for both TMA and H2O. Deposition at 88 °C
required extending both purge times to 120 s.

MW exposure was performed in situ using a custom helical
antenna driven by a 1 kW solid state microwave generator (MKS
SG1024) through a matching network consisting of an integrated
coax to a waveguide isolator designed by MKS, a typical three-stub
tuner, a waveguide to coaxial transition, and a dual directional
coupler (Werlatone). MW exposure was performed in situ, either
during or immediately after (post) ALD deposition. When per-
formed during ALD, 400W MW exposures of 30 s duration were
incorporated into either the TMA or H2O purging step of every
ALD cycle, beginning approximately 5 s after the end of the precur-
sor pulse. This is referred to as MW-ALD. The 5 s delay was
included to allow purging so as to avoid direct interaction with
gaseous species. The data presented focus on MW exposure incor-
porated during the TMA purges as this showed a larger impact on
film properties than MW exposure during the water purge.

On other samples, postdeposition MW exposures were per-
formed at the end of the deposition, without breaking vacuum, and
referred to as MW-PDA. To replicate the same total MW exposure
and timing and avoid differences in heating, MW-PDA exposures
comprised a train of 30 s MW pulses with one pulse for each cycle
spaced every 120 s or 240 s for depositions at 238 and 88 °C,
respectively. ALD deposition sequences are illustrated in Fig. 4.

Al2O3 films were deposited on n-type (88) Si substrates with
2.4 nm of native SiO2. Film thickness and refractive index (RI) were
mapped across 125 mm wafers using a multiwavelength mapping
ellipsometer with an XY stage (Filmsense FS-1).

Metal-oxide-semiconductor (MOS) devices were fabricated by
thermally evaporating aluminum through a shadow mask to create
top gate electrical contacts (Veeco 7700). The bottom contact (Si
substrate) was fabricated using an indium solder on the corner of
each coupon. Current–voltage measurements were taken using a
semiconductor parameter analyzer (Agilent B1500 A) and conducted
using a probe station (Cascade Alessi REL-4800) in a dark box.

IV. EXPERIMENTAL RESULTS

A. Impact of MW exposure on physical properties

Figure 5 shows maps of ellipsometric film thickness for 100
cycle Al2O3 films deposited on 25 × 25 mm2 coupons at 88 or
238 °C using three different MW exposure conditions: (1) standard
thermal ALD control (no MW exposure), (2) MW-ALD (in situ
MW exposure during every ALD cycle), and (3) MW-PDA

FIG. 3. Plot of forward (blue, top data) and reflected (gray, bottom data) MW
power vs frequency power on the left axis and the reflected/forward power ratio
(red, peaked data) on the right axis.
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(thermal ALD + postdeposition MW exposure). A cumulative dis-
tribution plot of all the thickness points from these maps is shown
in Fig. 6(a). Figure 6(b) shows a similar plot of thickness points for
200 cycle films deposited at 238 °C. In addition to displaying all
data points, cumulative distribution plots allow visual identification
of uniformity (indicated by slope) and distinction of small differ-
ences in average thickness for even overlapping distributions.
For the 100 cycle standard thermal ALD control film deposited at
238 °C [Fig. 6(a)], the median thickness was 9.6 nm. (Thickness
maps and thickness variation of control wafers are shown in
Figs. S1 and S2 in the supplementary material.) The median thick-
ness of the MW-ALD film, incorporating in situ MW exposure
during every TMA purge step, was 8.6 nm, a reduction in thickness
of ∼10% versus standard thermal ALD. For the MW-PDA film, in

which the same aggregate MW exposure was performed immedi-
ately after the end of the deposition without breaking vacuum,
there was little change in median thickness. When the MW expo-
sure was included during the H2O purge rather than the TMA
purge, a much reduced impact on film thickness was observed
(∼2.5% vs ∼10% reduction, respectively).

Similar results were seen for 200 cycle depositions at 238 °C
[Fig. 6(b)]. The median thickness of the 200 cycle control film was
20.0 nm with a refractive index of 1.72, approximately what was
expected for these process conditions.2 For the MW-ALD process,
there was again a ∼10% reduction in median thickness to 18.0 nm
and a slight increase in refractive index to 1.74. Both the reduction
in thickness and increase in RI are consistent with film densifica-
tion. The median thickness of the MW-PDA film was slightly

FIG. 5. Ellipsometric film thickness maps for 100 cycle films deposited at either
88 or 238 °C via either standard thermal ALD (control), MW-ALD, or standard
thermal ALD + MW-PDA.

FIG. 6. Cumulative percentage plots of Al2O3 film thickness for (a) 100 cycle
films deposited at 88 °C (open circles) and 238 °C (filled circles) and (b) 200
cycle films deposited at 238 °C. Each data set comprises 49 sites mapped
across a 25 mm × 25 cm wafer. Shown for each deposition condition are control
(no MW exposure, blue), MW-PDA (postdeposition MW exposure, yellow), and
MW-ALD (in situ every cycle MW exposure, orange).

FIG. 4. Illustration of ALD pulse sequences and MW exposures for control,
MW-ALD, and MW-PDA conditions.

ARTICLE pubs.aip.org/avs/jva

J. Vac. Sci. Technol. A 43(5) Sep/Oct 2025; doi: 10.1116/6.0004633 43, 052403-5

Published under an exclusive license by the AVS

 05 Septem
ber 2025 19:42:03

https://doi.org/10.60893/figshare.jva.c.7972574
https://pubs.aip.org/avs/jva


lower than the control at 19.5 nm, a 2.5% reduction, but the refrac-
tive index was essentially unchanged at 1.72.

A qualitatively similar impact of MW exposure was seen for
depositions at 88 °C [Fig. 6(a)]. At 88 °C, the median thickness of
the 100 cycle control film was 7.8 nm while the MW-ALD film was
7.3 nm, a thickness reduction of ∼6.5%. The MW-PDA had a
median thickness of 7.9 nm, little change versus the control.
Ellipsometry results are summarized in Table I.

B. Impact of MW exposure on current leakage and
dielectric breakdown

Shown in Fig. 7 are (a) current density (J) vs electric field (E)
curves and (b) extracted breakdown fields for Al/Al2O3/Si MOS
devices with 100 cycle Al2O3 layers deposited at 88 °C using the
control, MW-ALD, and MW-PDA sequences. Ten devices of each
type were tested. Relative to the control, the MW-ALD treatment
resulted in a slight increase in low field leakage but reduced the high
field leakage by more than an order of magnitude and increased the
median breakdown field strength by almost 0.5MV/cm. The
MW-PDA device, despite showing little change in film thickness
and refractive index, also showed improvement over the control,
with leakage and breakdown generally between the control and
MW-ALD films. This exemplifies the sensitivity of electronic proper-
ties to even small changes in material morphology/composition.

V. DISCUSSION

To estimate the thermal cycling during MW exposure, a ther-
mocouple (TC) instrumented wafer and temperature stickers were
used to monitor wafer temperature during MW exposure sequences
equivalent to those used above. These measurements are described
fully in the supplementary material. Although the TC wafer pro-
duced unreliable results during and for some time after MW expo-
sure, relevant data was obtained (see Fig. S1 in the supplementary
material). It was found that the wafer heats up a little during the
MW exposure and then cools down partially to fully between expo-
sures. Note that the conductivity of the TC wafer could not be deter-
mined, and as resistive MW heating depends on conductivity, the
coupons used for actual depositions may behave slightly differently.

For the 88 °C baseline depositions, the maximum wafer tem-
perature, reached immediately at end of MW exposure, was
between ∼6 to less than 10 °C above baseline (∼93–∼97 °C), likely
closer to ∼7 °C. The wafer was able to cool back to baseline after
each MW exposure and experienced a less than 1 °C overall
increase in wafer temperature after 20 cycles (see Fig. S2 in the
supplementary material). The 88 °C baseline MW-ALD deposition

was thus likely conducted at an average temperature of ∼3–5 °C
higher than the thermal ALD control.

For the 238 °C baseline depositions, the maximum wafer tem-
perature was between ∼17 to less than 23 °C above baseline (255 to

TABLE I. Summary of ellipsometry data.

Deposition temperature
(°C) Cycles

Control MW-ALD MW-PDA

Median thickness/std
(nm) RI

Median thickness
(nm) RI

Median thickness
(nm) RI

88 100 7.8/0.2 — 7.3 — 7.9 —
238 100 9.6 — 8.6 — 9.6 —

200 20.0 1.72 18.0 1.74 19.5 1.72

FIG. 7. (a) Log(J) vs Efield curves and (b) cumulative plot of extracted break-
down fields of Al/Al2O3/Si MOS devices for 100 cycle Al2O3 layers deposited at
88 °C using either the control, MW-ALD, or MW-PDA process sequence. Each
MW treatment condition is represented by ten devices. J–E curves are normal-
ized by thickness and contact area.
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less than 260 °C), but likely much closer to ∼17 °C (see Fig. S3 in
the supplementary material). As the cooling time was shorter, the
wafer temperature did not cool all the way to baseline between
MW exposures, resulting in an ∼8.5 °C overall increase in wafer
temperature after 100 cycles, saturating between 20 and 50 cycles
(see Fig. S3 in the supplementary material). The 238 °C baseline
MW-ALD deposition was thus likely conducted at an average tem-
perature of 10–12 °C higher than the thermal ALD control.

The overall heating of the TC wafer during the MW-ALD
process was thus fairly small, particularly for the 88 °C baseline depo-
sitions. Heating is dominated by resistive heating of the Si substrate
and is independent of the position of the MW exposure in the ALD
cycle. However, the peak and average wafer temperature will be
slightly higher during the purge that contains the MW exposure. The
average temperature during the TMA purge was likely higher than
the H2O purge by about 3 °C and 4–5 °C for the 88 and 238 °C base-
line depositions, respectively. Despite these very small temperature
differences, when the equivalent MW exposure was included during
the H2O purge rather than the TMA purge, a much reduced impact
on film thickness was observed (∼2.5% vs ∼10% reduction, respec-
tively). The clear influence of MW exposure on film properties,
despite these small temperature differences, makes it unlikely that
the mechanism of MW interaction is purely thermal. Instead, the dif-
ferences appear at least partially attributable to nonthermal effects
such as direct MW coupling with a (likely) polarizable species only
present during the TMA purge part of the cycle.39,44,45,63

In all cases, MW-ALD produced a greater change in film
properties than that produced by an equivalent microwave exposure
performed post deposition (MW-PDA). This also points to a
surface related interaction mechanism. This result is consistent
with what has typically been reported for other EE-ALD tech-
niques—that incorporation of in situ energy into the ALD cycle
produced benefits that could not be matched by postdeposition
treatment alone.6,8,10–15,17–19,23,28,31,37 As reported for other
EE-ALD techniques, it is likely that adding the microwave energy
during rather than after the ALD process may allow for more effi-
cient removal of defects and impurities/unreacted ligands from the
surface of the growing film before they can become buried by sub-
sequent layers. Future work will compare carbon content in
MW-ALD, MW-PDA, and standard thermal ALD films.

Due to a less-ideal ALD deposition at the lower temperature
with potentially more defects and impurities available for MW cou-
pling,2 it was hypothesized that MW-ALD at 88 °C might yield
greater changes in film properties than for the corresponding deposi-
tion at 238 °C. However, this did not appear to be the case for the
ALD Al2O3 process here. One possible explanation is the slightly
greater MW heating at 238 °C due to less cooling for the 60 s vs
120 s purges at 238 °C vs 88 °C, respectively. More work will be nec-
essary to better characterize the relative contributions of thermal
versus nonthermal microwave effects, such as direct comparisons of
depositions performed at 88 vs 94 °C and 238 vs 255 °C.

VI. SUMMARY AND CONCLUSIONS

In this work, we described the design and development of a
MW antenna and exposure system and its integration into a standard
commercial ALD chamber. This system was shown to be capable of

providing precisely controlled, in situ MW exposure during every
ALD cycle, without generation of plasma. Microwave enhanced ALD
(MW-ALD) with in situ MW irradiation exposure in each ALD cycle
was performed using TMA and H2O. Using ellipsometry and electri-
cal measurements, it was demonstrated that MW-ALD can reduce
thickness and improve film qualities not only over standard thermal
ALD but also over an equivalent microwave exposure performed post
deposition. As compared to standard thermal ALD, adding an in situ
∼250mW/cm2 MW exposure (without plasma generation) during
the TMA purge part of each ALD cycle resulted in a reduction in
median Al2O3 film thickness by ∼6.5% and ∼10% across a
25mm× 25mm Si coupon for depositions at 88 and 238 °C, respec-
tively, accompanied by a slight increase in the optical refractive index.
Preliminary current versus voltage measurements on Al/Al2O3/Si
devices showed a reduction in high field leakage and an increase in
breakdown strength with a slight increase in low field leakage. In all
cases, MW-ALD produced greater changes than an equivalent MW
exposure performed after deposition (MW-PDA).

Thermocouple and temperature sticker measurements showed
that the MW exposure used for the 88 and 238 °C depositions
resulted in a <1 °C and ∼8.5 °C overall heating of the wafer and
that MW-ALD depositions were likely conducted at an average
temperature of 3–5 °C, 8–12 °C higher than the thermal ALD
control, respectively. The average temperature during the TMA
purge (containing the MW exposure), was likely higher than the
H2O purge by about 3 °C and 4–5 °C for the 88 and 238 °C baseline
depositions, respectively. Despite the small wafer temperature dif-
ferences, a much reduced impact on Al2O3 film thickness occurred
when the same MW exposure was included during the H2O purge,
rather than the TMA purge step, even for a low loss tangent mate-
rial like Al2O3 that is not expected to strongly interact with micro-
waves.64 This points to a role for direct non-thermal MW
interaction with species on the surface of the growing film.39,44,45,63

Although post-deposition MW annealing had previously been
demonstrated to positively impact material and device
properties,39,45–53 this is the first demonstration that MW exposures
performed during every ALD cycle can further improve Al2O3 film
properties. While the purge times used here may be untenable for
high throughput manufacturing, purpose-built chambers designed
to more efficiently deliver higher MW power could provide suffi-
cient MW exposure with the addition of minimal extra processing
time. It is also likely that due to the low growth per cycle of ALD,
microwave exposure in every cycle may not be necessary. Finally,
other materials (polarizable oxides such as ZnO) and precursor
chemistries may be more amenable to MW interaction than Al2O3.

The in situ addition of energy to relatively low temperature
ALD processes via EE-ALD techniques may be necessary to
approach ideal ALD more closely and fully unlock the benefits of
purge separated self-limiting reactions. With the potential for direct
interaction with polarizable defects and impurities and minimal
substrate heating, MW-ALD is a promising new form of EE-ALD
that merits further investigation.

SUPPLEMENTARY MATERIAL

Supplementary material contains a description of wafer tem-
perature measurements made using an instrumented thermocouple
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wafer and temperature stickers, before, during, and after various
microwave exposure sequences.
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