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A B S T R A C T

In situ wafer curvature investigations were employed to measure film and surface stress during Al2O3 and AlF3 
atomic layer deposition (ALD). Isothermal in situ measurements can monitor intrinsic stress because they avoid 
the extrinsic stress resulting from thermal expansion coefficient mismatch between the film and substrate when 
conducting ex situ measurements at room temperature. The Al2O3 ALD films grown with trimethylaluminum 
(TMA) and H2O had tensile film stress that decreased with temperature from ~ 500 MPa at 125 ◦C to ~ 100 MPa 
at 285 ◦C. The tensile stress was attributed to more hydrogen incorporation in the Al2O3 films at lower tem
peratures. In contrast, the AlF3 ALD films grown with trimethylaluminum (TMA) and HF had no film stress. This 
lack of film stress was attributed to either the molecular nature of the AlF3 films or the growth mechanism where 
TMA reacts with HF adsorbed on the AlF3 surface. The in situ measurements could also observe the surface stress 
changes associated with the individual Al2O3 and AlF3 ALD reactions. During Al2O3 ALD, the TMA reactions led 
to increasing compressive stress-thickness changes of − 0.2 to − 0.6 N/m from 125 ◦C to 285 ◦C, respectively. The 
H2O reactions produced increasing tensile stress-thickness changes corresponding to the removal of the 
compressive stress-thickness changes. The compressive stress was attributed to repulsive interactions between 
the AlCH3 surface species. During AlF3 ALD, the TMA reactions also produced compressive stress-thickness 
changes of − 0.4 N/m at 150 ◦C. The HF reactions then led to tensile stress-thickness changes corresponding 
to the removal of the compressive stress-thickness changes.

1. Introduction

Semiconductor and nanoelectromechanical (NEMS) devices have 
continued to shrink and are now at the nanometer scale. The effects of 
film stress on these devices has become more pronounced with 
continued miniaturization [1]. In addition, tensile stresses can cause 
film cracking [2]. Compressive stresses can also lead to film buckling, 
cracking and delamination [2]. For three dimensional or suspended 
structures with large surface-to-volume ratios, film stresses can also 
result in feature distortion and even collapse [3]. Understanding the 
stresses that arise during thin film deposition is important to combat 
stress-induced failure and to control potentially beneficial stresses [4].

Atomic layer deposition (ALD) is the premiere thin film deposition 
technique for ultrathin, conformal films [5]. ALD is characterized by 
sequential, self-limiting surface reactions that result in Angstrom-level 
thickness control and conformality even for extremely high aspect 

ratio [5,6]. Although ALD has already been adopted into many indus
trial fabrication processes, there is very little known about stresses 
during ALD film growth.

There have been previous ex situ studies of stress in ALD films. These 
measurements include investigations of Al2O3 [7–12], TiO2 [13,14], 
ZrO2 [15], and plasma-enhanced AlN ALD films [16,17]. These ex situ 
stress measurements of ALD films have been performed at room tem
perature and generally observe tensile stress. A portion of the tensile 
stress is attributed to thermal stress resulting from the temperature 
difference between the deposition temperature and room temperature.

Extrinsic stresses are stresses that are external to the film, such as the 
abovementioned thermal stress arising from thermal expansion 
mismatch between the film and substrate [1]. In contrast, intrinsic 
stresses are stresses related to film growth or film microstructure [1]. 
Differentiating between intrinsic stresses and extrinsic stresses is diffi
cult in the presence of large coefficient of thermal expansion 
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mismatches. In addition, ex situ stress measurements are unable to 
capture the surface stresses that result from different chemical species 
on the surface during individual ALD reactions. Surface stress cannot be 
monitored because the measurements are performed at the end of the 
ALD growth process.

In situ stress measurements allow for real-time monitoring of stress 
evolution during the film growth. Since the in situ measurements are 
performed at the deposition temperature, there are no thermal stresses. 
Additionally, in situ measurements can isolate surface stresses that can 
reveal the interactions between surface species during film growth. 
There have been no previous in situ stress measurements during ALD. 
There have been some in situ stress measurements during chemical vapor 
deposition (CVD) [18,19]. Surface stress has previously been measured 
during O2 exposures on silicon surfaces [20,21]. Adsorbate-induced 
surface stress has also been monitored on Ni and Pt single crystals 
[22–25].

This study focuses on in situ stress measurements during Al2O3 ALD 
on silicon wafers. Al2O3 ALD is considered the model ALD system [26]. 
Al2O3 ALD uses trimethylaluminum (TMA) and water (H2O) as reactants 
and proceeds according to [26–28]: 

(A) AlOH* + Al(CH3)3 → AlOAl(CH3)2* + CH4                               (1)

(B) AlCH3* + H2O → AlOH* + CH4                                                (2)

where the asterisk indicates the surface species. TMA reacts with surface 
hydroxyl groups (AlOH*) and leaves the surface covered with methyl 
groups (AlCH3*). H2O reacts with the AlCH3* species and rehydrox
ylates the surface.

To probe the effects of a different co-reactant, additional measure
ments were performed during AlF3 ALD using TMA and hydrogen 
fluoride (HF) as the reactants. This reaction proceeds according to [29]: 

(A) AlF3:HF* + Al(CH3)3 → AlF3:AlF(CH3)2* + CH4                        (3)

(B) AlF3:AlF(CH3)2* + 3HF → AlF3:HF* + 2CH4                             (4)

Similar to the Al2O3 ALD reactions, the TMA reaction leaves the surface 
covered with AlCH3* methyl species. HF then reacts with AlCH3* species 
and forms AlF* species. The similarities and differences between the 
Al2O3 and AlF3 ALD reactions provide a comparison between surface 
reactions and stress in the respective films.

This study measured in situ stress during Al2O3 and AlF3 ALD on 
silicon wafers using wafer curvature techniques. The Al2O3 ALD films 
exhibited tensile intrinsic residual stress at all deposition temperatures. 
The magnitude of the tensile stress decreased with increasing deposition 
temperature. In contrast, the AlF3 ALD films exhibited no intrinsic re
sidual stress. Surface stresses corresponding to the surface reactions 
were measured for both ALD processes. A compressive surface stress was 
observed after the TMA reactions and a release of this compressive 
surface stress was observed after reaction with either H2O or HF.

2. Experimental methods

2.1. Wafer curvature technique

The in situ stress measurements were performed using wafer curva
ture techniques [30,31]. A thin substrate will bend in response to stress 
in the film on the substrate. The relative change in the position of spots 
in a laser beam array reflected off the substrate can be used to determine 
the substrate curvature. The Stoney equation relates the stress in the film 
to the curvature of the substrate [32]. 
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κ is the curvature (1/m), R is the radius of curvature (m), Bs is the biaxial 
modulus of the substrate (Pa), ts is the substrate thickness (m), tf is the 
film thickness (m), and σf is the average stress in the film (Pa). The 
product σf tf is known as the stress-thickness. This stress-thickness can be 
calculated from the measured curvature and substrate properties 
without any prior knowledge about the deposited film.

The in situ curvature measurements were accomplished using a 
multibeam optical stress sensor (MOSS) [30] from k-space Associates. 
The MOSS instrument was set up in conjunction with a custom, hot wall, 
radial flow reactor as shown in Fig. 1. The silicon wafer used as a sub
strate lies horizontally on a platform as illustrated in Fig. 1a. The silicon 
wafer is only held in position by gravity. A carrier gas and the ALD re
actants are introduced directly above the wafer and flow radially from 
the center to the edges as shown in Fig. 1b.

Film deposition can easily occur on the backside of the wafer under 
normal ALD conditions. If a film is deposited on both sides of the sub
strate, the stresses on one side cancel the stresses on the other side. 
Therefore, the ALD must be limited to the top side of the substrate for 
accurate curvature measurements. To stop backside deposition, a second 
stream of inert gas flows upwards from under the wafer and purges 
around the wafer edge to prevent reactants from reaching the backside 
of the wafer as depicted in Fig. 1b. The carrier gas flow on the frontside 
and the purge gas flow on the backside of the wafer are constant 
throughout the ALD process. Due to the radial flow design, the ALD 
reactions will saturate in the center of the wafer before the edges. 
However, the self-limiting nature of the ALD reactions leads to unifor
mity across the wafer after long reactant exposures.

2.2. Silicon wafers and curvature measurements

As illustrated in Fig. 1a, the laser beam array for the curvature 
measurement enters through a viewport at the bottom of the reactor and 
reflects off the backside of the wafer. The wafers were double-side 
polished, 200 μm thick silicon (100) wafers from Seigert Wafer. They 
were 76.2 mm in diameter and had a p-type resistivity between 1–20 Ω 
cm. These thinner-than-normal wafers result in a larger curvature for a 
given stress and produce a more sensitive measurement. Additionally, 
the wafers have no flats or notches for compatibility with the radially 
symmetric design of the reactor. Each wafer was cleaned and prepared 
for deposition by first flowing a low concentration of ozone over the 
wafer for 30 min at the deposition temperature. Nitrogen gas (UHP, 
99.999 % purity, Airgas) heated to the deposition temperature was used 
for both the carrier gas and backside purge.

All curvature measurements were referenced to the curvature of the 
sample measured over a 5 min period at reaction conditions immedi
ately prior to beginning film deposition. Curvature measurements were 
then recorded continuously throughout the ALD film growth at a rate of 
about 30 points per min. This measurement time is much shorter than 
the average ALD cycle time of 6.5 min. Each data point consists of the 
average of 16 laser beams in a 4 × 4 array reflecting from a 12 mm x 12 
mm square area in the center of the wafer.

To validate the in situ curvature measurements, in situ measurements 
were directly compared with ex situ measurements on the same samples. 
Stress in Al2O3 films was measured under a variety of conditions. Ex situ 
measurements consisted of room temperature curvature measurements 
before and after the ALD process. These ex situ measurements were 
performed on a k-space MOS Ultrascan instrument housed at the Na
tional Institute for Standards & Technology (NIST) in Boulder, CO. Good 
agreement between the two measurements was observed after ac
counting for the thermal stress inherent in the ex situ measurements. 
This agreement established the validity of the in situ measurements.

2.3. ALD film growth

ALD was performed with a constant nitrogen flow of 180 sccm as the 
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top-side carrier gas and a constant nitrogen flow of 1000 sccm as the 
backside purge gas. The pressure differential from these nitrogen flows 
causes some curvature of the wafer. This pressure differential does not 
affect the measurements since the induced curvature is constant.

The Al2O3 ALD sequence consisted of 15 consecutive trimethylalu
minum (TMA, 97 %, Sigma-Aldrich) mini-doses for 1 s. Multiple mini- 
dose sequences were used to minimize the pressure transients during 
precursor exposures. These smaller pressure transients were needed to 
eliminate backside deposition on the wafer during ALD. Each TMA mini- 
dose was followed by a 4 s purge. A 90 s purge followed the conclusion of 
the TMA mini-doses. Subsequently, there were 15 consecutive H2O mini- 
doses for 1 s. Each H2O mini-dose was followed by a 5 s purge. Another 
90 s purge followed the conclusion of the H2O mini-doses. Each TMA 
and H2O mini-dose peaked at a partial pressure of ~ 0.1 Torr as 
measured by a Baratron® capacitance manometer on the gas manifold. 
Al2O3 ALD experiments were performed on the clean silicon wafers that 
were covered in a native silicon oxide with a nominal thickness of 1.8 
nm.

The AlF3 ALD sequence similarly consisted of 15 consecutive mini- 
doses of hydrogen fluoride (HF) for 1 s where each HF mini-dose was 
followed by an 8 s purge with a concluding 90 s purge. The HF mini- 
doses peaked at a partial pressure of ~ 0.25 Torr as measured by the 
Baratron® capacitance manometer on the gas manifold. Subsequently, 
there were 20 consecutive mini-doses of TMA for 1 s where each TMA 
mini-dose was followed by an 8 s purge with a concluding 90 s purge. 
AlF3 ALD experiments were performed on wafers covered by 50 cycles of 
Al2O3 ALD.

The 15 consecutive mini-doses of precursor were determined to be 
adequate to reach saturation conditions across the wafer. Saturation was 
defined by a constant film growth over the entire wafer. Film thickness 
measurements at various positions across the wafer revealed that the 
film thicknesses were within 2 % of the average thickness. This uniform 
deposition occurred in the presence of the counterflow of N2 inert gas 
purge on the backside of the wafer.

HF vapor for AlF3 ALD was obtained from HF-pyridine (70 wt% HF, 
Sigma-Aldrich). HF-pyridine is a liquid at room temperature and is a 
safer option compared to anhydrous HF. The HF vapor in equilibrium 
above the HF-pyridine liquid has a vapor pressure of 90–100 Torr [33]. 
In contrast, the pyridine partial pressure is negligible [29]. HF abate
ment is performed by bubbling the reactor exhaust through an aqueous 
calcium oxide (CaO) solution. Excess HF is neutralized by the reaction of 
HF with CaO to form CaF2.

Al2O3 ALD experiments were performed at temperatures between 
125 ◦C and 285 ◦C with at least three and as many as 15 samples being 
measured at each temperature. Tabulated results showing temperatures, 

numbers of samples, mean values and error limits can be found in 
Tables S1 and S2 of the Supplementary Material. At 130 ◦C, each Al2O3 
ALD cycle deposits an Al2O3 thickness of ~ 1.2 Å. Nominal film thick
nesses deposited ranged from 10 nm to 30 nm. Thicknesses up to 100 nm 
were deposited for certain samples to determine if the stress changed for 
thicker films. AlF3 ALD experiments were performed at 150 ◦C. Each 
AlF3 ALD cycle deposits an AlF3 thickness of ~ 1.0 Å. Film thicknesses 
were measured ex situ by variable-angle spectroscopic ellipsometry 
(M2000, JA Woolam). These spectroscopic ellipsometry measurements 
also confirmed that no film growth occurred on the backside of each 
wafer sample. Typical results are shown for all experiments.

3. Results and discussion

3.1. Al2O3 film stress

Fig. 2 shows the stress-thickness product, σf tf , as a function of ALD 
cycles during Al2O3 ALD at 130 ◦C. There are two main features 
observed in the stress-thickness product. First, there is a more slowly 
varying change of the stress-thickness product versus ALD cycles that 
reveals the film stress. Second, there is rapid oscillatory change of the 

Fig. 1. (a) Side view of wafer curvature apparatus showing vacuum reactor containing wafer, multibeam optical stress sensor (MOSS), and laser path. (b) On 
frontside of the wafer, gas flows radially from the center to the edges. On the backside, gas flows around the wafer to prevent backside deposition.

Fig. 2. Stress-thickness product versus number of ALD cycles during Al2O3 ALD 
on an ozone-cleaned silicon wafer at 130 ◦C. An initial compressive stress is 
indicated by negative values of the stress-thickness. Subsequent tensile stress of 
the film is shown by positive values of the stress-thickness. Constant positive 
slope indicates that amount of tensile stress is steady throughout film growth 
after the nucleation process.
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stress-thickness product that coincides with each ALD cycle and is 
associated with surface stress.

During the first 10–15 ALD cycles, there is compressive stress as 
revealed by the negative values of the stress-thickness product. This 
initial compressive stress may result from the nucleation process that 
occurs during these ALD cycles. Once the film has reached the steady- 
state growth regime after about 5–10 ALD cycles, the stress becomes a 
constant tensile stress. This unchanging tensile stress results from the 
steady positive slope in Fig. 2. This tensile stress stays constant for the 
entire film growth for films up to 100 nm thick. The positive slope of the 
stress-thickness product in Fig. 2 is consistent with a stress of 400 MPa at 
130 ◦C. By comparison, the critical tensile stress for the cracking of 
thicker Al2O3 ALD films is ~ 1000 MPa [2].

Fig. 3 shows the average film stress as a function of film thickness for 
the same results as in Fig. 2 at 130 ◦C. Film thickness was determined by 
measuring the total film thickness post-deposition and extrapolating to 
zero thickness at the start of the ALD growth. The average film stress was 
calculated by dividing the stress-thickness product by the film thickness. 
The average film stress again reveals the rapid oscillatory change that is 
synchronous with the ALD cycles.

The initial compressive stress is indicated by negative average film 
stress values. Subsequent tensile stress is revealed by positive average 
film stress values. Although the incremental stress becomes tensile after 
about 5 ALD cycles, the average film stress does not become tensile until 
about 12 ALD cycles. At this point, the film has a thickness just over 1 
nm. The film does not reach its steady-state tensile stress value until the 
film is about 3 nm thick. Steady-state tensile stress must build up to 
overcome the effects of the initial compressive stress.

Fig. 4 shows the steady-state residual film stress for Al2O3 ALD films 
grown at different deposition temperatures. The error bars in Fig. 4
represent one standard deviation from the average stress measured at 
each temperature. The tensile residual stress in the Al2O3 ALD films 
decreases from 508 MPa at a deposition temperature of 125 ◦C to 113 
MPa at a deposition temperature of 285 ◦C. This trend versus tempera
ture is consistent with previous ex situ measurements for Al2O3 ALD film 
stress [12].

The in situ measured values of film stress are slightly lower than ex 
situ measured values of film stress for Al2O3 ALD films deposited at 
similar temperatures [12]. The ex situ measurements were performed at 
room temperature rather than the deposition temperature [12]. Under 
these conditions, the total stress measured is the combination of the 
residual film stress and the thermal stress. For an Al2O3 film on a silicon 
substrate, cooling the sample from the deposition temperature to room 
temperature will result in additional tensile stress. This additional 

tensile stress occurs because Al2O3 has a larger coefficient of thermal 
expansion (CTE) than silicon [34].

In contrast, the in situ stress measurements do not include thermal 
stress. Consequently, the in situ stress measurements show lower tensile 
stress than the ex situ stress measurements. A comparison of the in situ 
measurements and the previous ex situ measurements [8–12,35,36] is 
shown in Fig. 5a. The differences are greater at higher deposition tem
peratures. The thermal stress inherent to the ex situ measurements can 
be estimated by Equation (6). 

σthermal =
Ef

1 − νf

(
αs − αf

)
ΔT (6) 

Previously published values for the Al2O3 elastic modulus and 
Poisson ratio, as well as Al2O3 and silicon coefficients of thermal 
expansion are: Ef = 170GPa, νf = 0.24, αs = 3.45 ppm/◦C, αf = 4.2 
ppm/◦C [12,34]. In addition, ΔT is the difference between ambient 
temperature (assumed to be 20 ◦C) and the deposition temperature. 
Using these values, Equation (6) indicates that the ex situ stress mea
surements will overestimate the tensile stress by 18 MPa at 125 ◦C and 
45 MPa at 285 ◦C. The in situ and ex situ film stress measurements are in 
close agreement when the thermal stress is taken into account.

The tensile stress in Al2O3 ALD films may result from hydrogen 
contained in the films. A significant amount of hydrogen in the form of 
O–H species is added to Al2O3 ALD films during deposition [37,38]. This 
hydrogen incorporation results in lower density Al2O3 ALD films [37]. 
The O–H species break the Al-O-Al network and may strain the sur
rounding Al-O bonds resulting in tensile stress. In similarity with the 
tensile stress in Al2O3 ALD films shown in Fig. 4, the hydrogen con
centration decreases with increasing deposition temperature as dis
played in Fig. 5b [37–40].

3.2. Al2O3 surface stress

Fig. 6 expands the stress-thickness plot versus time and shows the 
stress-thickness changes that occur during three Al2O3 ALD cycles at 
200 ◦C (ALD cycles 33, 34 and 35). These stress-thickness changes are 
coincident with each group of 15 consecutive TMA and H2O mini-doses. 
There are distinct oscillatory back-and-forth variations of the stress- 
thickness with each group of 15 consecutive TMA and H2O mini- 
doses. The variations are interpreted as surface stress changes result
ing from the different surface ligands present after the TMA and H2O 
reactions. The saturation of the surface stress change occurs prior to the 
conclusion of 15 consecutive TMA and H2O mini-doses for each surface 
reaction. This behavior indicates the saturation of the surface reactions.

Fig. 7 shows the relationship between the 15 consecutive TMA and 

Fig. 3. Average film stress versus film thickness over 100 Al2O3 ALD cycles at 
130 ◦C on an ozone-cleaned silicon wafer. Initial stress is compressive but be
comes a constant tensile stress for thicknesses ≥ 3 nm.

Fig. 4. Average steady-state film stress versus ALD temperature.
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H2O mini-doses and the stress-thickness for one Al2O3 ALD cycle at 
200 ◦C. The manifold pressure is measured by a Baratron® capacitance 
manometer on the gas manifold. There is little change in the stress- 
thickness for the first 3 mini-doses. Subsequently, the change in the 
stress-thickness occurs over the next 3–4 mini-doses. Then the stress- 
thickness is constant for the remainder of the 15 mini-doses when the 
surface reaction has reached saturation. The negligible change in the 
stress-thickness for the first 3 mini-doses is believed to result from the 
precursors being consumed in the gas lines before they reach the wafer 
in the reactor.

The Al2O3 ALD reactions are illustrated in Fig. 8 [27]. TMA will react 
with surface hydroxyl groups and leave a surface covered with methyl 
ligands as displayed in Fig. 8a. Water vapor then reacts with the surface 
methyl ligands and replaces them with hydroxyl ligands as shown in 
Fig. 8b.

To explain the stress-thickness changes, the surface methyl groups 
may experience crowding and steric repulsion. This repulsion may 
produce the compressive surface stress observed in Fig. 6 and Fig. 7
during the TMA reaction. Similar compressive surface stress is observed 
during the formation of self-assembled monolayers (SAMs) of alka
nethiols on gold surfaces [41,42]. This compressive stress is believed to 
result from the repulsive interactions between the neighboring alka
nethiol chains.

The replacement of the surface methyl groups by OH species may 
relax the compressive stress and yield an effective tensile stress change. 
Alternatively, hydrogen bonding between surface hydroxyl groups may 
lead to the tensile stress observed in Fig. 6 during the H2O reaction. The 
replacement of the surface hydroxyl groups by the methyl species may 
relax the tensile stress.

Fig. 9 shows the stress-thickness change as a function of Al2O3 ALD 
cycle number at 150 ◦C. Each point is obtained by averaging the stress- 
thickness change measurements during the purge step before and after 
each surface reaction and then taking the difference between the two 
averages. The stress-thicknesses changes are negative (compressive) 
during the TMA exposures. The stress-thickness changes are positive 
(tensile or release of compressive) during the H2O exposures.

The initial Al2O3 ALD cycles in Fig. 9 show a transition period of 
about 20 cycles. During this time, the stress-thickness changes are 
smaller than the steady-state values observed between 40–150 ALD 
cycles. This transition period can be attributed to the nucleation of the 
Al2O3 film on the ozone-cleaned silicon wafer. The transition period 
could be dependent on the hydroxyl coverage on the initial ozone- 
cleaned surface.

After ozone cleaning of the initial silicon wafer, there is a native 

Fig. 5. (a) Ex situ average film stress measurements versus different deposition temperatures and in situ measurements from this work. (b) Hydrogen concentration in 
Al2O3 thermal ALD films as measured by elastic recoil detection analysis.

Fig. 6. Stress-thickness product during three Al2O3 ALD cycles at 200 ◦C. TMA 
reaction results in a compressive surface stress change and H2O reaction yields 
a tensile (or release of compressive) surface stress change.

Fig. 7. Relationship between the 15 consecutive TMA and H2O mini-doses 
during one Al2O3 ALD cycle at 200 ◦C and the stress-thickness product.
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oxide present. In addition, some hydroxyl groups are present that will 
facilitate the nucleation of the Al2O3 ALD film. More immediate nucle
ation of Al2O3 ALD on SiO2 was reported in earlier studies [28,43]. 
These investigations employed silicon samples that were either oxidized 
in situ using a H2O plasma, or were covered by SiO2 films formed using 
SiO2 plasma-enhanced CVD (PECVD) [28,43]. The rapid nucleation on 
these initial surfaces is attributed to a higher hydroxyl coverage than 
present on the ozone-cleaned silicon native oxide surface in these 
experiments.

The steady-state stress-thickness change also varies with the depo
sition temperature during Al2O3 ALD. Fig. 10 shows the stress-thickness 
changes as a function of deposition temperature for the H2O and TMA 
reactions. The stress-thickness changes are approximately +/- 0.2 N/m 
at 125 ◦C. The stress-thickness changes are about +/- 0.6 N/m at 285 ◦C. 
The stress-thickness changes are larger at higher temperatures. This 
change in surface stress versus temperature is different than the change 
in film stress versus temperature shown in Fig. 4. The film stress is 
smaller at higher temperatures.

The temperature dependence of surface stress changes may help 
explain the origin of the surface stress. If the surface stress results from 
hydrogen bonding between hydroxyl groups, then the surface stress 
should decrease at lower hydroxyl coverages. Dehydroxylation of the 

Al2O3 surface occurs at higher deposition temperatures [27,44]. Dehy
droxylation would lead to lower hydroxyl coverages and lower surface 
stress if the surface stress is caused by hydrogen bonding. However, the 
results in Fig. 10 display larger stress-thickness changes at higher 
temperatures.

The stress-thickness changes could also originate from repulsive in
teractions between methyl groups that lead to compressive stress. 
However, the absolute methyl coverage on Al2O3 surfaces is known to be 
lower at higher deposition temperatures [27]. This temperature 
dependence is apparently inconsistent with the stress-thickness change 
measurements in Fig. 10 that display larger changes at higher 
temperatures.

Although the methyl coverage is higher at lower temperatures, the 
change in surface stress may depend only on the change in methyl 
coverage. Even though there are more methyl groups at lower temper
atures, the number of methyl groups that react at lower temperatures 
may be less than the number of methyl groups that react at higher 
temperatures. Previous studies have shown that water does not react 
with all the methyl groups on the methylated Al2O3 surface at low Al2O3 
ALD temperatures [45]. At temperatures below 250 ◦C, water is not 
reactive enough to remove all the methyl groups and a significant 
amount of persistent methyl groups remain on the surface [45]. No 
surface stress change would be expected from the persistent methyl 

Fig. 8. Surface species during Al2O3 ALD. (a) TMA reaction leaves a surface covered with –CH3 ligands. (b) H2O reaction replaces the methyl ligands with hy
droxyl groups.

Fig. 9. Stress-thickness changes during Al2O3 ALD on an ozone-cleaned silicon 
wafer at 150 ◦C versus number of ALD cycles. Initial increase in the stress- 
thickness change corresponds to nucleation of the Al2O3 film.

Fig. 10. Stress-thickness changes for Al2O3 ALD versus deposition 
temperatures.
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groups.
Wafer curvature stress measurements only monitor changes in film 

and surface stress. Consequently, the stress-thickness changes observed 
in Fig. 10 result from differences in the surface ligand coverage. At low 
deposition temperatures, the change in the coverage of surface methyl 
ligands is lower because of the persistent methyl groups. At higher 
deposition temperatures, the surface reactions are more favorable and 
the change in surface methyl ligands is higher. Consequently, the surface 
stress changes are smaller at lower temperatures and larger at higher 
temperatures as observed in Fig. 10.

The water reaction with the surface methyl ligands becomes more 
favorable and the methyl ligands can be more fully removed at higher 
temperatures. This increased favorability of the water reaction with 
methyl groups also affects the Al2O3 ALD growth rate. One investigation 
has shown that the Al2O3 ALD growth per cycle progressively increases 
with temperature from 100 ◦C to 250 ◦C [45]. Other studies have re
ported that the Al2O3 ALD growth rate increases and then decreases 
slightly over this temperature range [28,37].

Al2O3 ALD processes using higher reactivity co-reactants such as O2 
plasma are able to more fully react with surface methyl groups at lower 
temperatures. These co-reactants produce larger changes in methyl 
coverage at lower temperatures [45]. These co-reactants could alter the 
temperature dependence for the stress-thickness changes shown in 
Fig. 10. If the surface methyl groups were able to be fully reacted and 
removed at all temperatures, then the measured stress-thickness changes 
would decrease with increasing temperature resulting from the 
declining number of methyl groups at higher temperatures.

3.3. AlF3 film stress

Film stress in AlF3 ALD films shows very different behavior compared 
with Al2O3 ALD films. The stress-thickness versus ALD cycle number for 
AlF3 ALD at 150 ◦C on an Al2O3 ALD surface is displayed in Fig. 11. The 
first HF exposure causes a large compressive stress as the Al2O3 surface is 
fluorinated to form AlF3. Since AlF3 has a larger molar volume than ½ 
(Al2O3), the conversion from an oxide to a fluoride results in expansion 
and a compressive stress.

After the initial fluorination of the Al2O3 surface, the TMA and HF 
reactions result in oscillatory surface stress from the changing surface 
species. However, Fig. 11 reveals that there is no bulk film stress in the 
AlF3 ALD film. The lack of film stress is signified by the zero slope of the 
stress-thickness plot. The AlF3 films show no film stress even for much 
thicker films grown with up to 150 ALD cycles and thicknesses of 15 nm.

The lack of film stress in the AlF3 ALD film may be attributed to the 
nature of AlF3 as a molecular solid. The film is composed of AlF3 units 
bonded together through Al-F-Al bridge bonds. These bridge bonds may 
be flexible and allow the AlF3 units to rearrange within the film in 
response to any stress. The film is not constrained and no stress is locked 
into the film. In addition, the growth of AlF3 ALD films is dependent on 
the reaction of TMA with adsorbed HF species on the AlF3 surface [29]. 
Because the adsorbed HF species are not rigidly bound or constrained by 
the surface, there is very little stress transmitted to the underlying AlF3 
film when new AlF3 species are formed during the TMA reaction.

The AlF3 ALD films are also amorphous as previously confirmed by 
grazing-incidence x-ray diffraction (GI-XRD) measurements [29]. This 
amorphous nature may also play a role in the lack of stress in the AlF3 
ALD film. There is no long-range order that constrains the AlF3 mole
cules into specific positions in the AlF3 film.

3.4. AlF3 surface stress

Fig. 12 shows an expansion of the stress-thickness results in Fig. 11
during three AlF3 ALD cycles (ALD cycles 19, 20 and 21). The surface 
stress observed during AlF3 ALD is very similar to the surface stress 
monitored during Al2O3 ALD. Fig. 12 shows that the TMA reaction leads 
to a negative surface stress change and is consistent with a compressive 
stress. In contrast, the HF reaction yields a positive surface stress change 
and is consistent with the release of the compressive stress. The surface 
stress changes are both at the same magnitude at ±0.5 N/m.

Fig. 13 shows the relationship between the 20 consecutive TMA and 
the 15 consecutive HF mini-doses and the stress-thickness measure
ments for one AlF3 ALD cycle at 150 ◦C. The stress-thickness is altered 
almost immediately with the first HF and TMA mini-doses. Then the 
stress-thickness is constant for the remainder of the mini-doses when the 
surface reaction has reached saturation. The immediate change in the 
stress-thickness from the first mini-dose indicates that a smaller satu
ration exposure is necessary for the AlF3 ALD chemistry than is required 
during the Al2O3 ALD chemistry. The transients in the stress-thickness 
signal during the HF mini-doses are coincident with the HF mini- 
doses. These transients are attributed to the higher HF mini-dose pres
sures causing the bending of the wafer sample during the HF mini-doses.

The surface ligands during AlF3 ALD film growth are very similar to 
the surface ligands during Al2O3 ALD film growth. The TMA surface 
reaction given by Equation 3 leaves behind a surface covered with 
methyl ligands. The HF reaction given by Equation 4 removes the methyl 
ligands and replaces them with fluorine [29].

The surface methyl groups formed by the TMA surface reaction are 

Fig. 11. Stress-thickness product during AlF3 ALD at 150 ◦C. Initial compres
sive stress occurs during first HF exposure as underlying Al2O3 surface is 
fluorinated. Although surface reactions cause oscillatory stress-thickness values, 
there is no bulk stress in the AlF3 film.

Fig. 12. Stress-thickness product during three AlF3 ALD cycles at 150 ◦C. TMA 
reaction results in a compressive surface stress change and HF reaction yields a 
tensile (or release of compressive) surface stress change.
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the commonality between Al2O3 ALD and AlF3 ALD. Both TMA reactions 
lead to negative changes or compressive stress in the stress-thickness 
product. The similar effect of TMA during Al2O3 ALD and AlF3 ALD is 
additional evidence that the surface methyl groups are the source of the 
compressive surface stress. Both the H2O and HF co-reactants then 
remove the compressive surface stress by taking away the surface 
methyl groups during Al2O3 ALD and AlF3 ALD, respectively.

Fig. 14 shows the stress-thickness changes for the HF and TMA re
actions during AlF3 ALD. About 5 ALD cycles are required for the AlF3 
ALD film to nucleate and for the stress-thickness change to become 
constant during each AlF3 ALD cycle. The first HF exposure on the Al2O3 
ALD surface results in a very different stress than the stress during 
subsequent HF exposures. This difference is attributed to the initial 
conversion of Al2O3 to AlF3 as mentioned previously.

4. Conclusions

In situ stress measurements using the wafer curvature technique 
show that Al2O3 ALD films are under tensile stress during deposition at 
all temperatures. The magnitude of the tensile stress decreases from 508 
MPa at a deposition temperature of 125 ◦C to around 113 MPa at a 
deposition temperature of 285 ◦C. The tensile stress may be caused by 
hydrogen incorporation into the film with less hydrogen incorporated at 
higher temperatures. AlF3 ALD films show no film stress during depo
sition. Al-F-Al bridge bonds may be flexible enough to break and reform 
to not constrain the film and cause stress. The reaction between TMA 
and HF species on the surface may also proceed with little effect on the 
underlying AlF3 film leading to negligible stress.

For both Al2O3 and AlF3 ALD films, the TMA surface reaction leaves 
the surface covered with methyl groups. This methyl group coverage 
results in a compressive surface stress. The H2O and HF surface reactions 
both eliminate surface methyl groups and remove the compressive 
surface stress for Al2O3 ALD and AlF3 ALD, respectively. For Al2O3 ALD 
films, the magnitude of the stress-thickness change increases at higher 
deposition temperature. This larger change is attributed to more com
plete methyl group removal by the H2O reaction at higher temperatures. 
Nucleation of the Al2O3 and AlF3 ALD films can also be observed by the 
surface stress changes. The changes in surface stress during nucleation 
are smaller than the changes in surface stress during steady-state 
growth.
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cycles at 150 ◦C. First HF exposure shows very different behavior compared 
with subsequent HF reactions.
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