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ABSTRACT
Designs for two automated atomic layer deposition (ALD) flow reactors are presented, and their capabilities for coating additively manufac-
tured (AM) metal prints are described. One instrument allows the coating of several AM parts in batches, while the other is useful for single
part experiments. To demonstrate reactor capabilities, alumina (Al2O3) was deposited onto AM 316L stainless steel by dosing with water
(H2O) vapor and trimethylaluminum (TMA) and purging with nitrogen gas (N2). Both instruments are controlled by custom-programmed
LabVIEW software that enables in situ logging of temperature, total pressure, and film thickness using a quartz crystal microbalance. An
initial result shows that 150 ALD cycles led to a film thickness of ∼55 nm, which was verified with Rutherford backscattering spectroscopy.
This indicates that the reactors were indeed depositing single atomic layers of Al2O3 per ALD cycle, as intended.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0222271

I. INTRODUCTION

Coatings have long been an effective method of metal sur-
face finishing. However, recent advances in metal manufacturing,
in particular the development of additive manufacturing (AM), have
necessitated new surface finishing approaches that can address inter-
nal/embedded surfaces as well as the complex surface roughness
that deviates from traditionally wrought surface structures.1–3 For
example, AM 316L stainless steel (SS) parts have reported rough-
ness values of 10–50 μm compared to machined surfaces, which
fall in the range of 0.5–2.0 μm.4 Because of this, protective coat-
ings deposited by electroplating or other immersion-based chemical
treatments often result in poor adhesion between the coating and the
substrate. To improve adhesion, electropolishing is able to reduce
AM 316L SS roughness to 1.0 μm,5 but in order to effectively coat
higher surface area AM parts, the use of conformal coating methods
needs to be explored.

Of these, traditional gas–solid methods, such as physical
vapor deposition (PVD), are useful but require line-of-sight to the

substrate, leading to non-uniform coating application and poor cov-
erage on internal surfaces. Chemical vapor deposition (CVD) is
conformal but requires deposition temperatures exceeding the tol-
erances of stainless steel in order to thermally decompose gaseous
precursors. On the other hand, atomic layer deposition (ALD) is
a subclass of CVD that uses layer-by-layer growth of material via
repeated chemical surface reactions at significantly lower tempera-
tures. ALD was originally popularized by the semiconductor field to
grow atomically precise, conductive thin films and remains widely
applicable to the broader materials science community, particularly
in the finishing of AM components. Because precursor chemicals
are dosed to one monolayer of surface saturation per ALD half
cycle, internal surfaces receive the same coating thickness as external
surfaces.6,7 However, the limiting factor to the ALD growth rate is
the precursor–surface interaction. To achieve single monolayer cov-
erage, factors such as the surface’s chemical state and the sticking
coefficients of precursor gases need to be considered. Typically, this
involves surface activation (e.g., plasma cleaning) and then optimiz-
ing the sticking rate of gases by adjusting pressure and temperature
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during deposition. Overall, these properties of ALD position it
as a viable method of metal surface finishing, especially for the
complex geometries possible with AM. However, before implement-
ing ALD into an industrial setting, experiments that demonstrate
proof-of-concept coatings onto AM parts should be tested.

Here, we present designs for two types of ALD flow reactors:
One is useful for coating several complex-shaped AM metal parts
(pilot scale), whereas the other enables experiments for individual
parts (bench scale). We tested the performance of these reactors by
depositing alumina (Al2O3) coatings formed by surface reactions
between trimethylaluminum (TMA) and water (H2O) vapor.6–19

The design of these flow reactors was developed to be modular
and compatible with integration of other precursor materials into
the gas delivery system and various pieces of vacuum hardware, in
order to be able to monitor and control film deposition conditions.
In this paper, we discuss the two reactor designs, including their
gas delivery systems, as well as an improved software architecture

FIG. 1. (a) A rendering of the pilot ALD flow reactor. (b) The benchtop ALD flow
reactor.

for parallel operations that enables automated control and tracking
of ALD cycles, pressure, and temperature. Finally, we demonstrate
their performance by controlling the deposition of Al2O3 onto AM
316L SS, followed by film thickness measurements using Rutherford
Backscattering Spectroscopy (RBS).

II. EXPERIMENTAL
A. ALD flow reactors for pilot and bench experiments

As shown in Fig. 1(a), the main chamber of the pilot-scale ALD
flow reactor consists of a 6 in. ConFlat (CF), ultra-high-vacuum-
compatible stainless-steel cube (Ideal Vacuum, Inc., Albuquerque,
NM). This reactor is housed inside a temperature-regulated labo-
ratory oven (VenticellTM, Münich, Germany), which permits baking
to temperatures (T) up to 200 ○C. The Venticell is also customized
with insulated side-wall ports to allow a feedthrough of electronic
cabling and plumbing. Inside the cube reactor, multiple small AM
test parts can be held in a layered stainless-steel mesh basket, or
a single large component can be processed by removing the bas-
ket. The reactor is further integrated with gas delivery equipment,
an internal type-K thermocouple positioned in the path of the gas
stream, a turbomolecular pumping station, a residual gas analyzer
(RGA 200, Stanford Research Systems), a capacitance pressure trans-
ducer, an O-ring sealed sample loading door, and a quartz crystal
microbalance (QCM), all of which are used to perform and monitor
thin film deposition. As shown in Fig. 1(a), the gas enters the reac-
tor through a VCR multiplexer (Kimball Physics, Wilton, NH) on
the reactor left and exits on the right, where the reactor is connected
to an ALD QCM (INFICON, Bad Ragaz, Switzerland), a mechan-
ical pump, and a turbomolecular pumping station. Under typical
ALD operation, the reactor is pumped using a rotary scroll (Varian
TriScroll 600, 500 l/min, Agilent, Santa Clara, CA), achieving a base
pressure (Pbase) of ∼1 mTorr in the absence of precursor flow. The
gas exit port is also plumbed to a turbomolecular pump (HiCube
80 Eco, 67 l/s, Pfeiffer, Aßlar, Germany), which achieves a Pbase of
∼1 × 10−6 Torr. At this pressure, an external residual gas analyzer
(RGA) (100 Series, SRS, Sunnyvale, CA) can be used for leak detec-
tion and background gas analysis. The typical gaseous background
at 25 ○C was composed of trace amounts of H2O, N2, and CO2. The
reactor bottom port is sealed off with a 6” blank CF, and the front-
port has a 200 ○C rated, 0–1 Torr capacitance monometer (DA03B,
MKS Instruments, Andover, MA), which is used for monitoring gas
partial pressures in the range of 10−3 to 1 Torr with an accuracy of
±0.25%. Finally, the back-port contains the entry point for a type-K
thermocouple feedthrough.

In Fig. 1(b), a smaller benchtop version of the ALD flow reactor
is shown, and its design is similar to the pilot version with the excep-
tion of a few minor differences. For example, its VCR multiplexer
is attached to a type-K thermocouple feedthrough, and the capac-
itance monometer was placed on top of a zero-length reducer CF,
which acts as the sample loading door. Finally, the main chamber
of the benchtop reactor is a CF tee, making it easier to add heating
tapes and bands. This enables the ability to isolate high temperature
heating to just the tee. To reach temperatures >200 ○C, two heat-
ing bands (ThinBand Nozzle Heater, Ideal Vacuum) were added to
the tee’s CF connection ports between the top loading door and the
VCR multiplexer. In addition, ultra-high temperature heating tape
(McMaster-Carr) is wrapped around the tee’s body to fully cover it.
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Wire leads from both the bands and the tape are merged into a cable
that is connected to a temperature controller (PID Heater Control
System, Ideal Vacuum). The internal TC is then used as a feedback
control to reach setpoints and is positioned in the vicinity of the
samples and QCM.

B. Gas delivery system
Both ALD flow reactors were constructed so that precursor and

purge gases could be easily changed to accommodate different depo-
sition chemistries. Figure 2 shows an illustration of the gas delivery
system used for both reactor types. Here, a cylinder of ultra-high
purity (UHP) grade N2 (99.9999%) is used to purge the reactor
and its lines. The UHP N2 flows from the gas cylinder through
stainless steel lines that attach to a pneumatically controlled shutoff
valve (VMFC) and a 0–500 SCCM mass flow controller (MFC). From
the MFC, N2 flows through another shutoff valve (V0), which pre-
vents filling of the lines downstream when closed. Additional shutoff
valves (V1 and V2) are located between the two bubblers and the
reactor, and when opened under vacuum, the direct pull of the H2O
and TMA bubblers permits partial pressures (PTMA and PH2O) at
their vapor pressures of ∼11 and ∼20 Torr at 25 ○C. The pressures
are decreased downward into a viscous flow range6 by throttling the
gas flow using metering valves (SS-4BWG-V51, Swagelok) between
V1, V2, and the reactor. During ALD cycles, the mechanical pump
and its throttle valve are used to regulate the reactor pressure so
that Pbase = 25 mTorr without precursor or purge gas flow. For
the QCM to operate, an N2 backfill is required, which is done at
Pbackfill = 450 mTorr. Therefore, the reactor’s total pressure, Ptotal,
is equal to Pbase + Pbackfill + Pdose, where Pdose is either PN2, PTMA,
or PH2O. Generally, PN2 is ∼400 mTorr, while PTMA and PH2O are
<100 mTorr.

To illustrate, a full cycle of ALD for Al2O3 involves a gas dosing
sequence of N2–H2O–N2–TMA. During an N2 dose, VMFC and V0
are opened, which fills the reactor and its lines until the gas reaches
V1 and V2. For an H2O dose, opening V1 fills the reactor and its lines
up to V0 and V2, and for the TMA dose, opening V2 fills the reactor

and its lines up to V0 and V1. In all cases, closing the respective shut-
off valves after a dose leads to removal of either purge or precursor
gas through the throttle valve.

C. Control software and hardware for automated ALD
Typically, ALD is performed by the successive and self-limited

exposure of two precursor gases (e.g., A and B), separated by an
inert gas purge. To automate the two ALD flow reactors, hard-
ware (cDAQ-9174) obtained from National Instruments was used
and controlled with LabVIEW. Figure 3 shows an illustration of the
software’s logic, inspired from previous instruments discussed in the
literature.20–23 Compared to other ALD and thin film control sys-
tems in LabVIEW,20,21 where the highest layers of code are a single
loop or nested loops, this software reduces complexity by using a
queued message handler (QMH).24 The advantage of a QMH is that
it facilitates multiple sections of code to run in parallel, while still
being able to communicate data to and from one another. For exam-
ple, the code for time sensitive operations, such as controlling valves,
is separate from the code that monitors the chamber (e.g., thermo-
couples, pressure sensors, and the QCM) but, if desired, could be
used to influence the ALD recipe. In addition, the software allows
unlimited ALD cycles to be run without interruption or human
input.

At the start of the program (Fig. 3, step 1), initialization of
device drivers (e.g., the QCM) and creation of the program’s local
queues (LQs) are performed. Then, the program creates an event
handler and several message handling loops (MHLs). The basic prin-
ciple of operation is that a user event on the graphical user interface
(GUI), such as opening a valve, causes the event handler to respond,
where it creates and sends a “message” via an LQ to an MHL. In the
recipient MHL, the message command is opened and then executed.
Note that the LQs (colored circles) are specific to certain MHLs and
that some MHLs utilize multiple LQs for communication. It is also
important to specify that only the event handler has access to all
LQs. The LQs are labeled as follows: ALD Sequence, ALD Step, ALD
Logger, ALD Data, Thermocouple (TC), Analog Inputs (AI), AI and
TC Logger, and QCM.

FIG. 2. Gas delivery system for ALD.
N2 is used as a purging gas. To auto-
mate the gas dosing, pneumatically con-
trolled shutoff valves are used, which are
labeled as VMFC, V0, V1, and V2.
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FIG. 3. Illustration of software architec-
ture for the ALD flow reactor. A queued
message handler (QMH) was used and
programmed in LabVIEW.

General descriptions (Fig. 3, step 2) of the corresponding MHLs
are provided as insets. To give an example, an ALD sequence is
inputted into the GUI by adjusting the controls for the number of
ALD cycles; the time for precursor A (H2O), precursor B (TMA),
and purge (N2) doses; and the wait (W) time between each gas
dose. The ALD sequence is then formatted into a message array
when a “Start ALD” button is pressed on the GUI, which tells the
event handler to make the “ALD Sequence” MHL send an array of
messages to the “ALD Step” MHL. Within the “ALD Step” MHL,

each message is read sequentially and executed. For example, a
sequence may be N2–W–H2O–W–N2–W–TMA–W, i.e., one ALD
cycle. For each message, the “ALD Step” MHL opens and closes
the appropriate valves (VMFC, V0, V1, and V2), as illustrated in
Fig. 3. The “W” message is a command to wait for a set amount
of time. The purpose of a “W” message is to provide enough time
for the reactor’s main chamber to pump down so that Ptotal = Pbackfill
+ Pbase after a gas dose. Hardware for “N2,” “H2O,” and “TMA” doses
is controlled by toggling solenoids using digital outputs (NI-9474,
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National Instruments) that control each of the pneumatic shutoff
valves. After an ALD cycle is performed, the “ALD Step” MHL
checks to see if the total number of ALD cycles has been reached.
If more cycles are required, the entire ALD sequence is run again.

In addition, other MHLs are used for data logging and plotting
during the experiment. For example, “ALD Logger” receives each
ALD step and formats them into a data file, and “ALD Plot” graphs
each ALD step vs time. Data important to the thin film’s growth are
also recorded during experiments, and the MHLs “Thermocouple,”
“Analog Inputs,” “AI and TC Logger,” and “QCM” are used for these
operations. The “Thermocouple” MHL measures the reactor’s tem-
perature using a TC module (NI-9212), and the “Analog Inputs”
MHL involves reading the analog input (AI) signal from the capac-
itance monometer and the QCM’s controller (Inficon, SQM-160)
for deposition rate (Å/s) and total thickness (Å). The AI mod-
ule (NI-9205) groups each AI into separate channels: rate (AI-0),
thickness (AI-1), pressure (AI-3), and a ground channel (AI-4) to
prevent crosstalk. “AI and TC Logger” is then used to record and
timestamp indicators in the program from the “Analog Inputs” and
“Thermocouple” MHLs every 100 ms to create a graph on the GUI
and also to save the data into a file. Finally, the “QCM” MHL is used
to the correlate the QCM’s thickness with the active ALD cycle. This
allows the instrument to be turned off once the desired film thick-
ness is reached. This feature requires utilization of a tooling factor,
which is determined by using a surface analysis technique such as
Rutherford backscattering spectroscopy (RBS) to confirm the film’s
actual thickness. Finally, the ALD sequence may be aborted during a
deposition, or the program can be shut down entirely (Fig. 3, step 3).
This is done by pressing an “Abort” or “Shutdown” button on the
GUI. During these actions, the event handler sends out a message to
all MHLs to either reset or stop themselves.

III. RESULTS
Using the pilot system to demonstrate, Al2O3 was deposited

onto an AM 316 L SS part using iterative gas dosing of TMA
and H2O vapor at T = 120 ○C. While the ALD of Al2O3 is most
optimized at 177 ○C,6 the growth rate is still sufficient at slightly
lower temperatures.10 Figure 4 shows the reactor’s Ptotal vs time
and the QCM’s signal vs time for a single ALD cycle. Note that in
Fig. 4(a), the pressure is measured using the capacitance monome-
ter. Because the QCM requires an N2 backfill, Pbase was increased to
∼460 mTorr. In this experiment, the ALD sequence used for cycling
was N2–W–H2O–N2–W–TMA–W with N2 purge = 10 s, wait = 20 s,
H2O = 5 s, and TMA = 5 s. The reason to use a long wait period was
to provide sufficient time for the dosing gases to pump out of the
chamber. This allows a better visualization between the capacitance
monometer and the QCM. However, by decreasing the wait period,
the reaction can immediately be stopped (QCM stabilizes) when
purged with N2. At the start of the deposition (t = 0), the reactor’s
chamber and its gas lines were first purged with N2 by opening up
both VMFC and V0. The pressure increased to ∼860 mTorr with the
N2 flow set to 100 SCCM. To visualize the period of VMFC and
V0 being opened, a green colored background is used in Fig. 4.
Note that some spikes occurred in Ptotal after the N2 purge. This is
caused by the dead volume between the MFC and VMFC (see Fig. 2),
causing the MFC to increase flow during the pressure drop when
VMFC closes. This can be fixed by either installing a normally open

shutoff valve so that the dead volume is pumped away or by inte-
grating a sub-virtual instrument in LabVIEW to control the MFC in
place of VMFC. Afterward, the “W” step (white background) forced
the reactor to be idle for 20 s to provide sufficient time for the
mechanical pump to remove all of PN2. Then, the H2O dose was
administered at 32 s by opening up V1, causing vacuum to be pulled
onto the H2O bubbler, thereby increasing PH2O in the reactor to
∼100 mTorr (blue region). Following the H2O dose, there was a wait
period (W), an N2 purge, and then another W-period before dosing
with TMA. The TMA dose (red region) opened up V2, pulling vac-
uum onto the TMA bubbler, which increased PTMA to ∼70 mTorr.
In both instances of the precursor gas doses, Ptotal was in the range
required for viscous flow.6,7 Next, the final wait period was com-
pleted, and the first step of the second ALD cycle is shown with its
initial N2 purge.

In Fig. 4(b), the signal of the QCM is plotted with respect to
time. During the first purge, no mass was added, signaling that the
N2 line was free of contamination, followed by no change during
the wait period. At ∼32 s, there was a short delay of ∼2 s before
the QCM responded to PH2O. The signal increase happened to occur
just after PH2O > 10 mTorr, suggesting that there must be sufficient
PH2O to saturate the QCM’s surface sites,13 thereby causing a change
in its output frequency. During the second wait period, there was
a slow removal of mass from the QCM, signaling the desorption
of H2O.6 This desorption rate appears to be slowed down by the
second N2 purge, decreasing from the increase in Ptotal; however,
during the third wait period, the QCM continued to lose mass at
the previously observed rate. At ∼88 s, the TMA dose arrived, and
the QCM responded near the end of the period, causing the TMA
to react with the hydroxylated surface and forming a monolayer
of Al2O3.6–8,11 One observation is that the QCM responded signif-
icantly slower to the dose of TMA than to the dose of H2O. This
is attributed to the sticking coefficient at 121 ○C being low enough
to be sensitive to slight differences in PH2O and PTMA. For exam-
ple, Arts et al.19 determined that sticking rates of H2O and TMA are
∼10−3 at 275 ○C. At lower temperatures, sticking coefficients were
found to drop to ∼10−5 at 150 ○C. In our experiment, PTMA < PH2O,
leading the QCM to not respond until there was enough steady-
state adsorption of TMA to initiate a reaction with the H2O-bound
surfaces. The final N2 purge is shown in Fig. 4 and represents the
removal of any remaining H2O/TMA vapor from the chamber, thus
stopping the growth reaction and allowing another ALD cycle to
commence.

For the experiment shown in Fig. 4, a total of 150 ALD cycles
were conducted. Because the growth rate of Al2O3 is not expected
to be similar between 316 L SS and SiO2, the QCM is simply used
to verify that all ALD cycles were done to completion and that a lin-
ear growth across all cycles is maintained. To determine the actual
thickness of the coating, the Al2O3-coated AM 316L SS part was
characterized ex situ using RBS.25 Figure 5 shows the RBS spectrum
of the Al2O3-coated part. Here, we used a 2.0 MeV He+ ion beam
and a Si surface barrier detector (manufactured by EG&G ORTEC)
located at a backscattering angle of 167○. The positions of the surface
edge backscattering from Al and O atoms are labeled on the plot, and
the signal from the elements composing the coating resides on top of
the strong background due to other elements (Fe, Cr, Ni, and Mo) in
the stainless-steel substrate, which complicates the accurate determi-
nation of the stoichiometry and thickness of the coating. However,
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FIG. 4. (a) ALD reactor’s pressure
response vs time during an Al2O3 depo-
sition cycle. (b) Reactor’s QCM signal
vs time during the same time period.
Growth is achieved after the TMA dose.
Note that the white background is when
gases are pumped away using the
mechanical scroll pump.

the peak integration method26 and RUMP code27 were still applied
to determine coating parameters, and the Al and O areal densities
were determined from the total number of counts under the cor-
responding peaks and were found to be 1.81 × 1017 Al/cm2 and
2.50 × 1017 O/cm2, with statistical uncertainties of 7% and 11%,
respectively. Thus, the coating composition (normalized to the Al
fraction) can be given as Al2.00±0.26O2.76±0.36. To determine the

coating’s thickness, the areal density was converted into standard
units of 54.6 ± 7.1 nm by assuming an Al2O3 composition and
an atomic density of 2.80 g/cm3.18 Considering that 150 ALD
cycles were performed on this sample, we estimate a growth rate of
∼2.75 Å/cycle. Because a single monolayer of Al2O3 is ∼3.0 Å,10,28

this suggests that the flow reactor is operating as designed by
depositing atomically precise layers.

Rev. Sci. Instrum. 95, 113904 (2024); doi: 10.1063/5.0222271 95, 113904-6

© Author(s) 2024

 25 N
ovem

ber 2024 18:26:30

https://pubs.aip.org/aip/rsi


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

FIG. 5. RBS spectra of the Al2O3 coated part.

IV. CONCLUSION
We have designed and constructed two ALD flow reactors and

a modular gas delivery system, which are useful for coating AM
prints. Features for optimizing the ALD growth conditions include
temperature control, pressure control, and QCM integration. To
demonstrate their capabilities, the pilot version of the reactor was
used to deposit 150 full cycles of Al2O3 onto the surface of an AM
316L SS sample. Independent RBS measurements indicated a film
thickness of 54.6 ± 7.1 nm or ∼138 layers. Differences may be caused
from the high surface area of the AM sample, requiring different
reactor conditions to achieve monolayer saturation of the surface
with the precursors, or from complications of the substrate’s back-
ground in the RBS analysis. However, this difference is <10% and
is resolvable through further optimization. Finally, the automation
of these instruments allows unlimited ALD cycles to be carried out
without operator intervention, permitting precise control over the
film’s thickness.

SUPPLEMENTARY MATERIAL

See the supplementary material for data used to generate plots
within this article and may be used to recreate figures.
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