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TMA and forming gas: study of
plasma reaction mechanisms

Mengmeng Miao †* and Ken Cadien†

The effect of deposition temperature and plasma dose on plasma-enhanced atomic layer deposition

(PEALD) of AlN thin films with forming gas plasma and trimethylaluminum (TMA) has been studied. The

temperature has a strong effect on TMA absorption considering the d-TMA absorptions at low

deposition temperatures. The plasma effect on AlN growth was studied in terms of three aspects: (1)

plasma effect on TMA absorption, (2) plasma effect on the insertion of plasma species and creation of

chemical bonds with absorbed surface species, (3) plasma effect on the removal of organic ligands and

weakly-bonded surface species. Plasma over-dosing and under-dosing not only affect the film growth

rate but also the AlN film properties. A three-effect mathematical model of the plasma effect was built

based on the three plasma effects, which is consistent with the AlN experimental growth results. The

FTIR and dielectric studies of the PEALD AlN films support the model.
Introduction

Regarded as one of the promising materials for semiconductor
systems, aluminum nitride (AlN) with a direct wide bandgap of
6.2 eV, good thermal, and chemical stability and low thermal
expansion coefficient is a unique member of the III–V group of
nitrides family. AlN is widely used in electronic and optoelec-
tronic devices, for example, Deep-UV light-emitting diodes1 and
Metal–Insulator–Semiconductor (MIS) devices.2 High-quality
AlN fabrication has been reported with MOCVD.3,4 However,
the growth temperature is generally over 1000 �C, which limits
the use of low-temperature substrates. Other growth methods
such as DCmagnetron sputtering5 and molecular beam epitaxy6

have been used to deposit AlN. More recently, atomic layer
deposition (ALD) has been used to deposit AlN. The self-limiting
nature of ALD surface reactions enables ALD lms with high
uniformity, precise thickness control, low defects, and confor-
mity. Another feature of ALD is the relatively low process
temperatures, compared with other traditional vacuum depo-
sition methods like MOCVD. Consequently, ALD has been
applied extensively in growing a wide range of materials such as
gate oxides and semiconductors,7,8 transition metals,9 catal-
ysis,10,11 and used in energy-related elds.12–14 During the ALD
process, reactants are introduced one aer the other with gas
purges separating them. As a consecutive deposition process,
each ALD cycle has two surface-controlled reactions with the
following key parameters: precursor dose time, plasma dose
time, purge time, and the substrate temperature. All these
rsity of Alberta, Edmonton, Alberta, T6G

the Royal Society of Chemistry
parameters will affect the self-limiting reactions and therefore
affect the growth and properties of ALD lms.

Trimethylaluminum (TMA) is the most widely used precursor for
both aluminumnitrides and aluminumoxides used in ALD andCVD
processes, while different types of reactant gases, including NH3

plasma,15 H2/N2 plasma,16 and N2 plasma,17 have been used as the
reactant. Crystalline thin lmmaterials have been grownwith Plasma
Enhanced Atomic Layer Deposition (PEALD).18,19 Post-ALD process
annealing has been shown to reduce lm defects and impurities.20

The inuence of the plasmaand the temperature onPEALDgrowthof
AlN has been reported independently,21 however, the effect of depo-
sition temperature and plasma on ALD growth should be inherently
dependent since they are both forms of energy. There is no reported
systematic study or model developed of the temperature and plasma
dose effects on the AlN growth mechanism and lm properties.

In this work, the authors studied the temperature and
plasma dose time effects on the growth and the optical prop-
erties of PEALD AlN deposited with TMA and forming gas (H2

5%/N2 95%) plasma. The Experimental section reports on the
deposition process in detail. The following sections discuss the
features of the ALD AlN growth and a proposed model of the
temperature and plasma effects on AlN growth.
Experimental

The AlN lms were deposited in the Kurt Lesker 150 LX ALD
reactor with an inductively coupled (600 W and 13.56 MHz)
remote-plasma (ICP) source as shown in Fig. 1. Gases and
reactants are introduced via a showerhead into the ALD reactor.
The reactor pressure was maintained at approximately 1 torr.

Si(100) wafers were used as substrates and pre-cleaned in
a piranha solution (H2SO4 : H2O2 ¼ 3 : 1) for 15 minutes to
RSC Adv., 2021, 11, 12235–12248 | 12235
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Fig. 1 Schematic diagram of Kurt Lesker 150 LX ALD reactor: section view of the process chamber.
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remove the surface organic contaminations. A thin layer of
native oxide (1–2 nm) is expected on the surface. AlN lms were
deposited using trimethylaluminum (TMA, Sigma-Aldrich) and
forming gas (H2 5%/N2 95%, 0.99999 purity, Praxair) plasma. Ar
(0.99999 purity, Praxair) was used as the purge and carrier gas
while forming gas was used only during the plasma dose in each
cycle. The TMA ampoule was not heated while the ALD valves
were kept at 90 �C and the reaction lines at 110 �C. The actual
ampoule temperature was �40 �C due to thermal conduction
from the heated ALD valve to the ampoule. The vapor pressure
of TMA at room temperature (25 �C)22 is higher than the base
pressure of the ALD process chamber. Each ALD cycle consists
of a dose of TMA, t1; purge, t2; plasma dose, t3; and, purge, t4,
with the ALD recipe annotated as t1–t2–t3–t4 in seconds (s). IR
spectra of the deposited lms were obtained using a Fourier-
transformed Infrared Spectroscopy (FT-IR) spectrometer
(Bruker Vertex V70) with a room temperature detector. Spectra
of the AlN lms were acquired by averaging 100 scans with
a resolution of 4 cm�1 over the range of 400–2500 cm�1 under
vacuum. Data was measured in transmission mode: trans-

mittance T ¼ I
I0

and absorbance spectra was calculated from

A ¼ �ln
�
I
I0

�
: I and I0 are intensity measurements from the AlN/

Si sample and the bare Si substrate, respectively.
The lm growth was monitored in situ by a J.A. Woollan

(M2000DI) Spectroscopic Ellipsometer (SE, xed angle at 70�).
SE is a non-destructive surface analysis technique and has been
extensively applied in ALD materials research.23,24 Optical
12236 | RSC Adv., 2021, 11, 12235–12248
constants and thicknesses of the AlN lms were analyzed by
CompleteEASE soware based on in situ measurements in the
phonon energy range of 0.734 eV to 6.355 eV. Optical constants
are described by a Tauc-Lorentz oscillator within the scan
phonon energy range. It measures and analyzes the light re-
ected from the sample surface with two parameters: D and 4,
based on two polarized light (p-polarized and s-polarized,
parallel and perpendicular to the plane of incidence
respectively).25

rp

rs
¼ tanð4Þ expðiDÞ

where, rp and rs are the complex reection coefficients for p- and
s-polarized light; 4 is the amplitude ratio and D is the relative
phase change. The thickness, roughness, and dielectric func-
tion of the lm can be determined from the computer-based
modeling of these parameters measured from SE. Three layers
comprise the model as shown in Fig. 2: Si wafer (about 500 mm
thick) as the substrate, Si native oxide layer (about 1–2 nm
thick), and PEALD AlN lm. The surface oxidation of AlN is
excluded in this model because the SE data is collected in situ
during the deposition before the sample is exposed to air. The
lm thickness is analyzed with a Tauc-Lorentz dielectric
model,26,27 considering the asymmetric shape of 32 (imagery
part of dielectric function) peak. The bandgap of AlN was
characterized by the Tauc gap. 31 of the dielectric model was
derived from the Kramer–Kronig equations. The lm growth
rate was calculated by tting lm thickness and the Tauc-
Lorentz parameters.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optical model of in situ SE AlN growth measurement. The
sample is constructed as multi-layers of AlN/Si native oxide/Si(100)
substrate.

Fig. 3 (a) Growth curve of AlN PEALD at 250 �C with 0.02 s–10.0 s–
10.0 s–10.0 s recipe on Si(100) substrate. A straight line was fitted in
a range of 20–60 cycles (b) GPC as a function of TMA dose time at
250 �C. Each growth rate data point is averaged from 3 repetitive
deposition experiments and the error range is �0.01 Å per cycle.
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ALD recipe optimization

With a high vapor pressure, TMA is highly reactive and widely
used for the deposition of aluminum nitride and aluminum
oxide thin lms. Since ALD reactions are self-limiting and
surface-controlled, the optimization of the TMA dose deter-
mines the minimum precursor dose required to saturate the
precursor half-reaction, which will reduce precursor waste. The
saturation of TMA dose time was optimized at 250 �C in the
range of 0.02–0.08 s using the cycle recipe: t1–10 s–10 s–10 s.
Fig. 3(a) shows the AlN growth with 0.02 s TMA dose and the
growth per cycle (GPC) is determined from the slope of
a straight line tted to the 20-cycle to 60-cycle thickness. The
rst 20 cycles were not used to calculate the GPC because the
initial growth of AlN (rst 20 cycles) tends to have a higher
growth rate due to the substrate surface effect.28 The surface
structure and chemistry of the substrate have been reported to
affect the initial growth of ALD lms.29 Aer 20 cycles, the
growth is independent of the substrate surface and becomes
homogeneous, resulting in linear growth. Fig. 3(b) shows GPC
versus TMA dose at 250 �C. The GPC stabilizes at �0.06 nm per
cycle aer the 0.04 s TMA dose. The growth rate of AlN PEALD
lms with TMA and forming gas plasma are reported in a wide
range and different from publications. Alevli and co-authors
reported the growth rate is 0.054 nm per cycle for AlN lms
grown in Cambridge Nanotech Fiji F200 remote RF-Plasma ALD
reactor when deposition temperature is lower than 200 �C and
reported TMA decomposes at temperature higher than 230 �C.30

GPC of 0.068 nm per cycle was reported by Motamedi, etc. for
AlN PEALD with TMA and forming gas plasma deposition at
250 �C.31 Goerke, etc. reported GPC of 0.088 nm per cycle at
150 �C.21 Considering TMA is a known active ALD precursor and
plasma species are energetic reactant, it is reasonable that the
PEALD AlN reaction is complex and sensitive to the deposition
conditions. The wide range of PEALD AlN growth rate among
publications indicates it is important to optimize the growth
recipe based on the growing condition.

TMA is reported to absorb exothermically in the ALD
process.32 Therefore, higher temperature ALD processes will
need a longer precursor dose to achieve saturation of the TMA
absorption. Consequently, for the deposition processes at
process temperatures less than 250 �C, 0.06 s TMA dose should
© 2021 The Author(s). Published by the Royal Society of Chemistry
be able to saturate the substrate surface. The detailed effects of
temperature will be discussed in the next section. All PEALD AlN
lms in this report are fabricated with 0.06 s TMA dose unless
noted differently.
Effects of temperature and plasma on
growth
Overall effect of plasma dose and temperature on AlN growth

The combined effect of plasma dose time and process temper-
ature on the AlN PEALD growth rate is shown in Fig. 4. 0.06 s
TMAs dose and 10 s purges between TMA dose and plasma dose
are kept identical for all deposition temperatures (50 �C, 100 �C,
200 �C, and 250 �C). The plasma dose time is controlled from 0 s
to 70 s. The growth rate is calculated in the same method dis-
cussed in Fig. 3(a). When plasma dose time is higher than 50 s,
the growth curves at those 4 deposition temperatures group into
two distinct steady-state regions: the high GPC region for 50 �C
and 100 �C growth, the low GPC region which includes the
200 �C and 250 �C growth.

At lower plasma dose time (<50 s), overall GPC decreases
with higher deposition temperatures. Comparing the growth
rate curves at all temperatures, the growth rate as a function of
plasma dose time at a given temperature follows a similar trend
as the plasma dose time increases. The growth trend can be
divided into 4 stages: (1) at time ¼ 0 GPC ¼ 0, therefore initially
there is a rapid rise in plasma dose time at stage 1, (2) at stage 2
all GPC decrease to a minimum as plasma dose time increases,
RSC Adv., 2021, 11, 12235–12248 | 12237
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Fig. 4 The effect of plasma dose time on PEALD AlN GPC at different
growth temperatures. The recipe used for depositions is 0.06 s–10.0
s–t3–10.0 s with plasma dose time (t3) varied from 5 s to 70 s. The
temperature range: 50 �C, 100 �C, 200 �C, 250 �C. Each growth rate
data point is averaged from 3 separate deposition experiments and the
error range is �0.01 Å per cycle.
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(3) then GPC increases slowly until it levels off at stage 3, (4) GPC
reaches a plateau at stage 4.

Temperature effects on AlN PEALD growth

To further study the temperature effect on the growth rate, the
growth rate with the same plasma dose time at different
temperatures is compared in Fig. 5. When the plasma dose time
of each cycle is kept at 10 s (Fig. 5(a)), the growth rate decreases
with the deposition temperature. Fig. 5(b) compares the growth
within two consecutive cycles at different temperatures. The
thickness at the beginning of the rst cycle is offset to 0 for
Fig. 5 (a) The AlN growth rate at different process temperatures with
the same recipe (0.06 s–10.0 s–10.0 s–10.0 s). (b) AlN film thickness
increase versus time for two PEALD AlN cycles at different tempera-
tures. Each growth rate data point is average from 3 separate depo-
sition experiments and the error range is �0.01 Å per cycle.

12238 | RSC Adv., 2021, 11, 12235–12248
comparison. The growth rate at low temperature is generally
higher than at high temperature. The thickness increase aer
TMA dose (marked by the purple arrow in Fig. 5(b)) at low
temperature is higher, indicating the deposition temperature
inuences the TMA absorption. ALD of aluminum compounds
has been reported to have a similar growth rate decrease
tendency with increasing deposition temperatures even with
different reactant species, for example, alumina ALD with H2O
and O3,33 alumina ALD with H2O and O2 plasma.34

To conrm the plasma and temperature effect on TMA dose
and absorption, Fig. 6 shows the thickness change aer TMA
dose (DtTMA_dose) in one cycle of reactions with different plasma
dose time. DtTMA_dose is calculated by averaging DtTMA_dose from
10 ALD cycles. Notice that the DtTMA_dose is generally higher at
lower temperatures for the same plasma dose time. Also, the
monotonous increase of DtTMA_dose with longer plasma dose
time suggests plasma reaction facilitates TMA adsorption of the
next cycle. The difference between DtTMA_dose at 50 �C and
DtTMA_dose at 100 �C are noticeable while DtTMA_dose at 200 �C
and 250 �C almost overlap. This can be explained by the d-TMA
(forms of TMA dimers) absorption at lower temperatures (50 �C
and 100 �C). The absorption of d-TMA is greatly reduced by
higher process temperatures.22 It is also noticed that the difference
between DtTMA_dose at 50 �C and DtTMA_dose at 100 �C decreases
with increasing plasma dose time. As shown in Fig. 6, with 10 s
plasma dose time, the difference between DtTMA_dose at 50 �C (0.22
nm) and DtTMA_dose at 100 �C (0.19 nm) is about 0.03 nm, while
with 60 s plasma dose time DtTMA_dose at 50 �C and DtTMA_dose at
100 �C overlapped. This decreased DtTMA_dose difference effect
indicates the combined effect of plasma dose time and tempera-
ture effect on the TMA absorption. The plasma effect on lm
growth will be discussed in detail in the next section.

As discussed in Fig. 6, the temperature effect on AlN growth
can partially be attributed to the effect on TMA absorption. A
model is built to discuss the effect of temperature on AlN
growth in terms of TMA absorption. Fig. 7 shows a schematic
diagram of TMA molecules absorption on the substrate under
different deposition temperatures. The precursor molecules can
bond to the surface by physisorption and chemisorption. At low
Fig. 6 The change of film thickness after TMA dose (DtTMA_dose) in one
cycle of depositions with various plasma dose time. Recipe used: 0.06
s–10.0 s–t3–10.0 s. Plasma dose time is varied from 5 s to 60 s.
DtTMA_dose was calculated by averaging DtTMA_dose of 10 cycles (50-
cycle to 60-cycle).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The total amount of TMA (arbitrary scale) changes with increasing temperature.
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temperatures, condensation is also possible since the vapor
pressure of TMA at 50 �C is much higher than the deposition
chamber pressure (about 1 torr). The high thickness change
aer TMA dose at low temperatures (DtTMA_dose at 50 �C with
10 s plasma dose: 0.22 nm) can be explained by the absorption
of d-TMAs. Carlsson et al.22 showed that at temperatures lower
than 150 �C and with a gas phase pressure of 1 torr (ALD reactor
pressure), there are both d-TMAs and m-TMAs in the gas phase.
Therefore, it is reasonable that the TMAmolecules are absorbed as
d-TMAs on the surface when the deposition temperature is lower
than 150 �C. TMA absorption at 200 �C and 250 �C is mainly
chemisorption, rather than in the forms of d-TMA, given enough
purge time where TMA molecules are chemically bonded to the
surface. Therefore, the lm thickness increase aer TMA dose at
high temperatures (>200 �C) is expected to be smaller than that at
lower temperatures (<150 �C). The chemisorption is limited by the
surface active sites of the substrate surface. The lm thickness
increase aer TMA dose at 200 �C and 250 �C is similar since the
surface active site density is similar.
Plasma effects on AlN PEALD growth

A plot of PEALD AlN GPC as a function of the plasma dose time
t3 at the deposition temperature range from 50 �C to 250 �C with
ALD recipe of 0.06 s–10.0 s–t3–10.0 s is shown in Fig. 4. At t3 ¼
0 s, GPC is 0 since no deposition occurs. As shown in Fig. 4, GPC
increases aer 0 s of plasma dose, then decreases with
Table 1 The growth stage of AlN at different temperatures in terms of p

Temperature (�C)

Stage 1 (s) Stage 2

GPC: increase GPC: d

50 <10 10–40
100 <10 10–30
200 <7 7–20
250 <5 5–10

© 2021 The Author(s). Published by the Royal Society of Chemistry
increasing plasma dose time, reaches a minimum, then
increases until the GPC stabilizes. At all deposition tempera-
tures, the GPC as a function of the plasma dose time curve can
be divided into 4 stages based on the experimental growth rate
data, as summarized in Table 1.

The temperature effect on TMA absorption during the TMA
dose has been discussed earlier. In the plasma reaction, surface-
absorbed TMAmolecules (the product of the TMA half-reaction)
act as the reactants for the plasma species. Hence, the plasma
effect on the lm growth rate is based on TMA absorption.
Plasma is known to have a complex effect on the ALD reaction.
For example, a heating effect has been reported.18,35

In this paper, the plasma effect on AlN PEALD growth is
discussed in three aspects: (1) plasma dose shows the effect on
the TMA absorption in the next cycle as shown by Fig. 6; (2)
plasma reaction inserts or adds new species, creating new
bonds; (3) plasma reaction removes the surface organic ligands
and weakly absorbed species and reconstructs the surface.
Considering the temperature also affects the lm growth, the
analysis of the effect of plasma dose on lm thickness is con-
ducted in two process temperature regions: low-temperature
region (50 �C and 100 �C) and high-temperature region
(200 �C and 250 �C). The growth at low temperatures of two
successive cycles is shown in Fig. 8 (50 �C and 100 �C) with
plasma dose time of 10 s, 30 s, and 60 s. The growth at high
temperatures is shown in Fig. 9 (200 �C and 250 �C). ALD growth
is known to be uniform and the growth has been conrmed to
lasma dose time (s)

(s) Stage 3 (s) Stage 4 (s)

ecrease GPC: increase GPC: stabilize

40–60 >60
30–60 >60
20–50 >50
10–40 >40

RSC Adv., 2021, 11, 12235–12248 | 12239

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05134a


Fig. 8 AlN film growth of 2 ALD cycles 50 �C and 100 �C with different plasma dose time. (a)–(c) At 50 �C with 10 s, 30 s, 60 s plasma dose time
respectively. (e) and (f) At 100 �C with 10 s, 30 s, 60 s plasma dose time respectively. The x-axis normalized to show the progress of the 2 PEALD
cycles, with 0.0 and 1.0 representing the beginning of TMA dose of each cycle respectively. Recipe applied is 0.06 s–10.0 s–t3–10.0 s. The red
and green cycles highlight the initial thickness increase (Dtplasma_initial) during the plasma reaction.
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be linear as shown in Fig. 1. Therefore, it is reasonable to use
the growth of 2 cycles to represent the deposition process. The
thickness at the beginning of therst cycle is offset to 0 to compare
the single-cycle growth among different deposition conditions.
The x-axis represents the duration of two cycles in terms of
percentage. The actual time duration between two successive data
points in the gure is about 3 seconds which is determined by the
Ellipsometer signal collection frequency setup.

The plasma reaction region is indicated by the two vertical
blue dash lines. As shown in Fig. 8(a), the lm thickness
increases during the 10 s plasma dose, highlighted by the red
circle. Comparing the lm thickness increase in Fig. 8(a)–(c) for
deposition at 50 �C, when the plasma dose time varied from 10 s
to 60 s, this initial thickness increase (Dtplasma_initial) during the
12240 | RSC Adv., 2021, 11, 12235–12248
rst 10 s of plasma dose increases. A similar initial lm thick-
ness increase is also observed in depositions at 100 �C, shown
by Fig. 8(d)–(f) and highlighted in the green cycle. Given the
same plasma dose time in the ALD recipe, Dtplasma_initial at 50 �C
is larger than at 100 �C, for example, Dtplasma_initial in Fig. 8(c) is
larger than that in Fig. 8(f), where 60 s plasma dose was used for
both depositions. Aer the initial thickness increase, the lm
thickness decreases as a result of the plasma reaction. It is
noticeable that the initial lm thickness increase process takes
about 10 s (3 data points in Fig. 8(a)–(c)) at 50 �C depositions
while at 100 �C depositions, it takes a short plasma dose time,
where only about 6 s needed (2 data points in Fig. 8(d)–(f)).

However, for all depositions at high temperatures (200 �C
and 250 �C) in Fig. 9, there is no initial lm thickness increase
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 AlN film growth of 2 ALD cycles 200 �C and 250 �Cwith different plasma dose time (a)–(c): at 200 �Cwith 10 s, 30 s, 60 s plasma dose time
respectively (e) and (f) at 250 �C with 5 s, 10 s, 60 s plasma dose time. The x-axis normalized to show the progress of the 2 PEALD cycles, with
0 and 1 representing the TMA dose of each cycle, respectively. Recipe used is 0.06 s–10.0 s–t3–10.0 s.
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observed during the plasma reaction. The lm thickness
decreases immediately with the start of the plasma dose. This
initial thickness change difference during the AlN plasma
reaction between low and high deposition temperatures is
consistent with the d-TMA absorption difference at different
deposition temperatures and plasma dose time. As discussed
earlier, TMA precursors can be absorbed as d-TMAs at low
deposition temperatures (50 �C and 100 �C), and the absorption
amount of precursor molecules at 50 �C is larger than that at
100 �C; while TMA is mainly chemisorbed on the surface as
monomers at high temperatures (200 �C and 250 �C). Plasma
effect on ALD lm surface reconstruction has been reported
before.18 It is reasonable that the plasma reaction might change
the structure of the surface absorbed d-TMA or insert species,
which could result in the lm thickness increase at the begin-
ning of plasma dose at low deposition temperatures. Since there
© 2021 The Author(s). Published by the Royal Society of Chemistry
is no d-TMA absorption at 200 �C and 250 �C, no initial thick-
ness increase could be observed. The plasma's chemical reac-
tion mechanism with surface absorbed d-TMAs needs more
study. In the following plasma effect model, this plasma effect
on initial thickness change is combined with the plasma effect
on TMA absorption to simplify the model.

Aer the initial thickness increase during plasma reaction at
50 �C and 100 �C, the lm thickness starts to decrease as the
plasma reacts and removes the surface organic ligands and
weakly-bonded surface species while adding new species and
creating new bonds such as Al–N as a reaction product. The
removal of surface species decreases the lm thickness while
the insertion of new species increases the lm thickness. The
lm thickness overall decreases since the sizes of the organic
ligands and surface species are larger than the new species and
new bonds.
RSC Adv., 2021, 11, 12235–12248 | 12241
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The PEALD AlN growth of two cycles at 200 �C and 250 �C is
shown in Fig. 9. There is no clear initial thickness increase at
the beginning of the plasma reaction observed, compared to the
growth at 50 �C and 100 �C in Fig. 8. This agrees with the fact
that the absorption of TMA at 200 �C and 250 �C does not have
the form of d-TMAs. The plasma reaction affects the lm growth
by adding new species, creating bonds, and removing the
surface TMA ligands. During the plasma reaction at high
deposition temperatures, the thickness decrease resulted from
the plasma removal effect is larger than the lm thickness
increase resulted from the plasma adding effect. Therefore, the
optimized condition is when all the ligands are removed, and
instead, Al–N bonds are created, which results in the lowest
growth rate in terms of plasma dose time. Consequently, the
optimized plasma dose time should be the plasma dose time
that gives the lowest growth rate (�20 s at 200 �C, and �10 s at
250 �C) as shown in Fig. 4.
Model of plasma effect on ALD growth
Three-effect model

Considering the self-limiting feature of the ALD reaction, the effect
of the plasma reaction on ALD lm growth is limited by the
surface, which means the three parts of the plasma dose effect on
growth will gradually saturate with plasma dose time. Hereby,
a logistic function is used to build the growth model based on the
three plasma effects. The general form of a logistic function is
shown below where L is the maximum value, k is the logistic
growth rate, and x0 is the sigmoid midpoint. A plot of a standard
logistic function where L¼ 1, k¼ 1, and x0¼ 0 is shown in Fig. 10.

SðxÞ ¼ L

1þ e�kðx�x0Þ

As shown in Fig. 10, a standard logistic function has the
following properties (1) its value has a range from 0 to 1 with L
set to 1, which is consistent with the self-limiting growth
property of ALD; (2) the derivative of the logistic function is
symmetric and has a maximum at x ¼ x0, which means, when x
< x0, the slope of S(x) starts from 0 and gradually increases,
then, when x > x0, the derivative of S(x) gradually decreases to 0.
The growth rate as a function of plasma dose time has a similar
Fig. 10 A plot of a tandard logistic function (black) and the derivative
of the function (red).

12242 | RSC Adv., 2021, 11, 12235–12248
trend where the growth rate will be saturated when the plasma
dose time increases; (3) the steepness of the curve can be
adjusted by the parameter k. The plasma effect on the growth
rate is shown to be interrelated to the deposition temperature. k
can be considered to represent the effect of temperature. In the
literature, it is very popular to use the exponential function to
represent the ALD reactions.36–38 However, for the exponential
function, the slope (absolute value) monotonously decreases to
zero. Some ALD reactions experience an initial growth delay due
to the surface effect. For example, two-exponential decay func-
tions are used to model the redeposition effect when plasma
residence time is long and t well with short plasma dose time
for TaNx38 and SiNx.36 However, these theories cannot t PEALD
growth discussed in this paper as shown in Fig. 4 because the
model of two exponential decay functions cannot t the
increased growth rate at long plasma dose time due to the
monotonous changing slope of the functions. The logistic
function is more suitable to describe the growth condition.

Based on the assumptions of the plasma reaction effect and
logistic function, a mathematical growth model is created
considering the three plasma reaction effects on the lm growth
in one cycle, shown as below:

(1) Plasma has an effect on the TMA absorption in the next
cycle giving enough TMA dose as shown in Fig. 6. The effect of
precursor exposure was studied with a rst-order kinetic model
by Muneshwar and Cadien.39 According to the rst-order kinetic
model, this TMA_absorption effect on the lm thickness change
in a single cycle is modeled with exponential decay:

TMAabs ¼ A0 � {1 � exp[�B0 � (t � C0)]}

For depositions at low temperatures with d-TMA absorption,
there is an initial thickness increase at the start of plasma dose,
shown in Fig. 8. To simplify the model, the plasma effect on the
d-TMA absorption is considered to be a part of the TMA_ab-
sorption effect. For a given PEALD process, the TMAabs is
considered to be constant for all deposition cycles that are
independent of the initial substrate surface effect.

(2) The plasma reaction adds new species and creates new
bonds on the lm surface. As a result, the lm thickness is ex-
pected to increase, and this effect is noted as Plasma_add effect
in this paper. The plasma ALD reaction is known to be
complicated and behaves differently from the thermal ALD
reactions. Considering that the exponential decay function
cannot explain the increased growth rate with longer plasma
dose time, a logistic function is chosen to model the Plas-
ma_add effect. The resultant thickness change of the Plas-
ma_add effect depends on the amount of TMAs absorbed on the
surface as the plasma reacts with the surface TMAs. It should be
noticed that this effect also explains the growth rate increase
from potential contamination with longer plasma.

Plasmaadd ¼ TMAabs � CPlasmaadd

CPlasmaadd ¼
A1

1þ exp½ �B1ðt� C1Þ�
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Fitting of growth based on the three-effect model. Experi-
mental data points are represented by the large icons and the
modeling fitting curves are represented by the small icons.
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(3) The plasma reaction removes the surface organic ligands
and weakly bonded species and restructures the surface.18 The
lm thickness is expected to decrease as a result of this Plas-
ma_remove effect. Similar to the Plasma_add effect, the Plas-
ma_remove effect on the lm thickness change also depends on
the original amount of molecules absorbed on the surface and
is modeled with a logistic function.

Plasmaremove ¼ TMAabs � CPlasmaremove

CPlasmaremove
¼ A2

1þ exp½ �B2ðt� C2Þ�

Combining the TMA_abs effect, Plasma_add effect, and
Plasma_remove effect, the lm thickness change in one cycle,
that is the GPC, can be represented by:

GPC ¼ TMAabs � (1 + CPlasmaadd
� CPlasmaremove

)

GPC ¼ ðA0 � f1� exp½ �B0 � ðt� C0Þ�gÞ

�
�
1þ A1

1þ exp½ �B1ðt� C1Þ� �
A2

1þ exp½ �B2ðt� C2Þ�
�

where t is plasma dose time; A, B, C are parameters that control
the plasma effect on TMA absorption (A0, B0, C0), Plasma_add
(A1, B1, C1), and Plasma_remove (A2, B2, C2). The model will be
noted as three-effect model in a future discussion. These
parameters can be tuned to t the growth curve of AlN PEALD at
different temperatures in Fig. 4.
Table 2 Three-effect model fitting parameters

T (�C)

TMA_abs Plasma_add Plasma_remove

A0 B0 A1 B1 C1 A2 B2 C2

50 0.4 0.26 0.1 0.16 37.5 0.8 0.16 14.5
100 0.3 0.28 0.2 0.17 39 0.8 0.13 12
200 0.19 0.3 0.29 0.17 34 0.8 0.11 3
250 0.12 0.7 0.51 0.135 26.5 0.8 0.09 1.2
Fitting of the three-effect model

Fig. 11 shows the three-effect model tting of AlN PEALD
growth rate as a function of the plasma dose time at different
temperatures. The model (represented by small dots in Fig. 11)
ts well with the experimental growth rate (represented by the
large dots in Fig. 11). Model tting parameters are summarized
in Table 2. The tting curves (black as deposited in 50 �C, red as
100 �C, green as 200 �C, and blue as 250 �C) at all deposition
temperatures show four growth stages in terms of the plasma
dose time, as discussed earlier in Table 1. Overall, the model
growth trend shis to lower plasma dose time with increased
deposition temperature. This will be discussed by the three-
effect in the following section.

Fig. 12 shows the tting of the growth rate at different
deposition temperatures based on the three effects in the three-
effect model. The TMA_absorption effect on lm growth is
shown in Fig. 12(a). The plasma reaction facilitates the
TMA_absorption effect as the lm thickness change (y-axis of
Fig. 12(a)) aer TMA dose increases with longer plasma dose
time. The TMA_abs effect eventually saturates with longer
plasma dose time and the saturated lm growth is higher at
lower deposition temperature. At 50 �C, the TMA_abs effect
saturates at about 0.4 nm per cycle, comparing to the saturation
© 2021 The Author(s). Published by the Royal Society of Chemistry
of 0.12 nm per cycle at 250 �C. The saturation property is
controlled by the A0 parameter in the TMA_abs model. As shown
in Table 2, as deposition temperature increases, the A0 param-
eter decreases from 0.4 to 0.12. A0 indicates the maximum
number of TMA absorption without the limitation of plasma
dose time and the value of A0 shows the absorption of TMA at
50 �C is 3 times higher than that at 250 �C. At low temperatures
such as 50 �C and 100 �C, TMAs can be absorbed as d-TMAs as
discussed in the temperature effect section. Studies using
density functional calculations for the initial surface reactions
of the trimethylaluminum–water ALD-process reported that
TMA absorbs on substrates exothermically.32 It is also possible
for TMA to condense on the surface due to the low temperature
and relatively high pressure of the ALD reactor. Therefore, the
absorption of TMAs decreases with increasing temperatures,
resulting in the decreased lm thickness increase from TMA
absorption. The tting curve shis to longer plasma dose time
at lower deposition temperature, comparing the tting curves at
200 �C and 250 �C (blue and green) to the tting curves at 50 �C
and 100 �C (black and red) in Fig. 12(a). The temperature
dependence is indicated by the B0 parameter in the TMA_abs
model. From Table 2, B0 increases monotonously with deposi-
tion temperature. From the rst-order kinetics model of
Muneshwar and Cadien,39 B0 stands for the reaction rate coef-
cient k. Therefore, high deposition temperature results in
larger B0. Comparing the size of the TMA molecules40,41 to the
lm thickness increase aer TMA dose, the surface coverage of
TMAmolecules aer absorption is less than 100%, which can be
explained by the steric hindrance effect.39

The ttings of the Plasma_add effect and the Plasma_remove
effect are shown in Fig. 12(c) and (d), respectively. The
RSC Adv., 2021, 11, 12235–12248 | 12243
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Fig. 12 Fitting three-effect model with experimental results. Deposition temperatures are represented by color. Black for 50 �C, red for 100 �C,
blue for 200 �C, and green for 250 �C. y-axis is the film thickness change in one cycle as a result of the three plasma effects. (a) Fitting of plasma
effect on TMA absorption; (b) fitting of the overall effect of Plasma_add and Plasma_remove; (c) fitting of Plasma_add effect; (d) fitting of
Plasma_remove effect.
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combined effect of these two effects is shown in Fig. 12(b). The
lm growth resulted from these two combined effects (y-axis of
Fig. 12(b)) is negative with a minimum point and shis to lower
plasma dose time s the deposition temperature increases. The
negative feature indicates that the Plasma_remove effect is
stronger than the Plasma_add effect on lm thickness change.
Comparing the size of organic ligands and Al–C bond length to
the added N species and Al–N bonds, it is reasonable that the
lm thickness change resulted from the removal effect is larger.
For ALD reactions, the ideal condition is that all the organic
ligands of the precursor should be removed, producing the
desired AlN lms. The insufficient plasma reaction could result in
lm contaminations due to the unremoved organic ligands.
Carbon is one of the common contamination elements resulting
from insufficient plasma reactions.16 On the other hand, longer
plasma time could bring in contaminants from the gas lines or the
plasma tube.42 The increase of the tting curve at longer plasma
dose time (dose time larger than the minimum point) of the
combined Plasma_add and Plasma_remove effect shown in
Fig. 12(b) indicates potential contamination from the plasma
source. Therefore, the plasma dose time of the minimum thick-
ness point in one cycle is preferred in terms of the ALD lm
composition. The over-dosing or under-dosing of plasma affects
the ALD lm composition and properties. FTIR and SE studies of
the AlNlm optical properties will be discussed in the next section.

Fig. 12(c) shows the tting of the Plasma_add effect. Overall,
the tting curve shis to shorter plasma dose time at higher
12244 | RSC Adv., 2021, 11, 12235–12248
deposition temperature. For depositions at low temperatures
(50 �C and 100 �C), the Plasma_add effect shows a delay in the
initiation, while the Plasma_add effect on lm thickness
change initiates from near 0 plasma dose time for deposition at
250 �C. For all temperatures the Plasma_add effect saturates
with plasma dose time and the saturated lm growth is overall
larger at higher deposition temperatures. The saturation is
determined by the A1 parameter in the Plasma_add model as A1
indicates the upper limit of the Plasma_add effect on lm
thickness change given enough plasma dose. A1 increases with
deposition temperature as shown in Table 2. The initiation of
the Plasma_add effect is determined by B1 and C1 factors.
Overall, both B1 and C1 decrease with increasing deposition
temperature. It is reasonable that high temperatures facilitate
Plasma_add reactions. At low temperatures, there might be
larger activation energy required for the Plasma_add reactions.
Consequently, longer plasma dose time is needed to initiate the
reaction.

Fig. 12(d) shows the tting Plasma_remove effect. There is
no initiation delay of the Plasma_remove effect as the tting
curve start to increase rapidly even at low plasma dose time
(near 0 s). All tting curves saturate with plasma dose time and
saturation shis to lower plasma dose time at high deposition
temperature. High temperature facilitates the Plasma_remove
effect, hence it takes a shorter plasma dose to saturate as
indicated by the C2 factor in Table 2. The A2 parameter is 0.8 for
all deposition temperatures, indicating that the Plasma_remove
© 2021 The Author(s). Published by the Royal Society of Chemistry
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effect is not limited by temperatures given enough plasma dose.
It is also clear that the saturated thickness change in one cycle
(y-axis in Fig. 12(d)) decreases as the deposition temperature
increases, which is a direct result of the amount of TMA mole-
cules absorbed. The amount of TMA absorbed at low tempera-
tures is larger than that at high deposition temperatures due to
d-TMA absorption on the surface at low temperatures.

From the Three_Effect model, the plasma reaction shows
clear effects on the lm growth rate. It further changes the lm
properties as a result. The effect on lm properties will be dis-
cussed in the next section.
Fig. 13 FTIR at 250 �C before the subtraction of baseline. The red line
Plasma and temperature effect on AlN
properties

The AlN PEALD lms are studied with FTIR and ellipsometer to
reveal the potential effect of plasma dose on AlN lm compo-
sition and optical properties.
represents AlN 20 nm deposited with 60 s plasma at 250 �C and the
black line represents AlN 40 nm deposition with 10 s at 250 �C.

Fig. 14 FTIR after subtraction of baseline of AlN deposited at 250 �C
with (a) 10 s plasma dose and (b) 60 s plasma dose.
FTIR and lm composition

The absorbance infrared spectra (400–2500 cm�1) of AlN
samples prepared with different plasma dose time is presented
in Fig. 13. Infrared spectra of 20 nm AlN PEALD thin lm
deposited with 60 s plasma dose time is indicated by the red
curve while the 40 nm AlN lm deposited with 10 s plasma dose
time is shown by the black curve. According to the three-effect
model and the experimental study of plasma dose effect on
growth rate in Fig. 4, 10 s is the optimized plasma dose time at
250 �C. The overall absorption intensity of the black curve is
higher than the red one, which is possibly due to the thickness
difference. The bending near 1107 cm�1 is observable and it has
been previously reported as a Si–O bond stretch.19,43 A broad
absorption band can be found at 2000–2200 cm�1.

It can be seen that the absorbance band of 60 s plasma lm is
much wider than that of 10 s plasma lm, which is resulted
from potential contamination from the over-dosing plasma as
suggested by the three-effect model. Literature has reported the
absorption of AlN–Al2O3 systems and showed that higher
oxygen content will broaden the absorption peak band of AlN at
around 500–900 cm�1.44,45

The absorbance spectra in the range of 400–1200 cm�1 was
studied in detail as shown in Fig. 14(a) and (b) respectively. The
broad absorption band between 500–900 cm�1 is deconvoluted
into 2 Gaussian subpeaks aer baseline subtraction. The posi-
tions of the two peaks of 10 s lms are at 653 cm�1 and
730 cm�1 while the positions of the 60 s lm are at 654 cm�1

and 770 cm�1. The tting peak at around 650–660 cm�1 was
assigned to Al–N stretches.45–49 The broad peak at 730–800 cm�1

is assigned to Al–O stretches.50 Comparing the relative intensity
of the Al–N band and Al–O band of the two spectra, the Al–O
content in the 60 s plasma dose time lm is higher than that in
the 10 s lm. The broadening of the peak with higher plasma
dose time is a good indication that longer plasma dose AlN
sample has more oxygen impurities. Since the AlN sample is
exposed to air before the FTIR test, there are two possible
sources of the oxygen impurities: oxygen impurities from the
© 2021 The Author(s). Published by the Royal Society of Chemistry
PEALD process and the oxygen impurities from the oxidation
due to air exposure. From the deconvoluted absorbance spectra,
the 10 s plasma dose time AlN sample shows lower oxygen
contamination aer air exposure.

The FTIR absorbance of a 40 nm AlN lm deposited with 10 s
plasma dose time at 50 �C aer baseline subtraction is shown in
Fig. 15. The absorption of 10 s plasma dose time sample in the
frequency range of 400–1200 cm�1 is very different from that of
the samples deposited at 250 �C. Three individual sub-peaks are
RSC Adv., 2021, 11, 12235–12248 | 12245
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Fig. 15 FTIR absorbance spectra of AlN 40 nm deposited with 10 s plasma dose time at 50 �C. Recipe: 0.06 s TMA dose – 10 s purge – 10 s
plasma dose – 10 s purge.
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tted. The absorbance band at 589 cm�1 is assigned to the
bridge CH3 rock and the one at 689 cm�1 is assigned to asym-
metric Al–C stretching of surface absorbed TMA dimers.51–54 Al–
N peak position should be around 650–680 cm�1 as discussed
before. The Al–N peaks may be overlapped with the Al–C
absorbance band. The week absorbance band at 854 cm�1 peak
is assigned to Al–C stretching.55 These bands indicate the exis-
tence of dimers of TMA in the lm, which agrees with the three-
effect model on the d-TMA absorption and the insufficient
plasma reaction to remove organic ligands when plasma is
under-dosing at 50 �C. The absorption band series at 1333,
1583, and 1668 cm�1 are assigned to Al–O stretching.56 These
peak series indicate the carbon and oxygen contamination of in
the AlN lm deposited with 10 s plasma at 50 �C. The oxygen could
also possibly come from the oxidation aer the air exposure of the
lm. The high growth rate, 0.27 nmper cycle of AlN lms indicated
a low density of the lm. This could result in defects in the lm
and increase the possibility of oxidation of the lm aer deposi-
tion.57 Overall, the infrared absorbance spectra showed the low
content of N in the lm deposited with 10 s plasma dose at 50 �C
and high content of C and O species. Overall, the FTIR study of the
AlN lm deposited at 50 �C with 10 s plasma dose supports the
three-effect model on the insufficient Plasma_remove effect when
plasma is under-dosing.
Fig. 16 Thickness effect on AlN film refractive index at different
photon energies from Tauc-Lorentz model. The AlN film was depos-
ited with 0.04–10.0 s–10.0 s–10.0 s at 250 �C.
Temperature and plasma effect on dielectric properties

The refractive index of AlN thin lm is shown in Fig. 16. A 40 nm
AlN lm was deposited with 10 s plasma dose at 250 �C and the
optical analysis is conducted by in situ Ellipsometer and tted
with one Tauc-Lorentz oscillator. Fig. 16 shows the refractive
index at different wavelengths of the AlN thin lm as a function
of the lm thickness. The representative refractive index at
wavelength 206 nm (phonon energy 6 eV) increases with the
lm thickness and stabilized at about 2.4 aer the lm thick-
ness reaches approximately 30 nm. The refractive index of the
AlN lm is consistent with the previous reports.19 For larger
12246 | RSC Adv., 2021, 11, 12235–12248
wavelengths, at phonon energies of 4 eV, 3 eV, and 2 eV for
example, the refractive index is independent of the lm thick-
ness. The refractive index at 2 eV and 4 eV wavelength of the AlN
lm deposited at 250 �C is 1.93 and 2.03, respectively, which are
consistent with standard AlN samples. Considering the complex
effect of measurement temperature on AlN lm bandgap, only
the refractive indexes at 2 eV and 4 eV are used in the following
discussion on the plasma effect on AlN lms.

The refractive index of AlN thin lms deposited at different
temperatures as a function of the plasma dose time is shown in
Fig. 17. The refractive index of AlN deposited at 50 �C and 100 �C
are shown in Fig. 17(a) and (b), respectively. At 50 �C, the
refractive index generally decreases with longer plasma dose
time and aer 40 s the refractive index shows the trend of
increasing with plasma dose. On the other hand, the refractive
index of the lm deposited at 100 �C monotonously decreases
with longer plasma dose. This complex plasma effect on the
refractive index at low temperatures might result from
embedded contaminant species (CH3 groups or C for example)
from under-dosing or over-dosing plasma. Fig. 17(c) and (d)
show the refractive index of lms deposited at 200 �C and 250 �C
respectively, without d-TMA absorption during ALD reactions. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Plasma dose time effect on film refractive index and band gap. Recipe: 0.06 s–10.0 s–t3–10.0 s.
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refractive index rst increases with plasma dose time, reaches
a maximum point between 10 s and 20 s, and then decreases to
stabilize aer 30 s. This agrees with the three-effect model as
shown in Fig. 12, that when the plasma dose is lower than the
minimum growth point the plasma reaction is not sufficient to
remove all the organic ligands of the surface TMAs; and when the
plasma dose is higher than the minimum growth point, the
plasma reaction might bring in contaminations from the gas line
or the plasma tube. Overall, the plasma dose time effect on the
refractive index of AlN lms agrees with the three-effect model.

Conclusion

The temperature and plasma effect on AlN PEALD growth and
optical properties are studied over a temperature range of 50 �C
to 250 �C and varying plasma dose time from 0 s to 60 s. The AlN
lm growth rate as a function of plasma dose time shows
a similar trend at different deposition temperatures. The
growth rate trend can be divided into 4 stages with a minimum
growth rate point which shis to lower plasma dose time at
higher deposition temperatures. The deposition temperature
has a strong effect on TMA absorption as TMAmolecules can be
absorbed in the form of d-TMAs at low deposition temperatures
while chemisorbed as monomers at high deposition tempera-
tures. The plasma effect on growth is modeled based on three
sub-effects: (1) TMA_absorption effect, where plasma dose
effects the amount of TMA molecules absorbed on the surface;
(2) Plasma_add effect, where plasma reaction adds new species
and creates bonds; (3) Plasma_remove effect, where plasma
reaction removes the organic ligands and weakly bonded
© 2021 The Author(s). Published by the Royal Society of Chemistry
species on the surface. Experimental data also shows that
plasma reaction can increase the lm thickness by restructuring
the surface absorbed d-TMAs at low deposition temperatures. A
mathematical model was built based on the three effects with
logistic functions and an exponential decay function. The model
can successfully t with the AlN growth rate curves of different
growth temperatures. The FTIR and SE study on the AlN lm
optical properties supports the plasma Three_Effect model.
Insufficient plasma dose time at low deposition temperatures
results in the –CH3 contaminations in the lm detected by FTIR
transmission scan. On the other hand, plasma over-dosing results
in potential contaminations such as C and O from the plasma
source. The minimum growth rate point is shown to be the best
growth condition for ALD lms. The study of the plasma effect
model can be applied to other PEALD processes.
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