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Use of atomic layer deposition (ALD) in microelectromechanical systems (MEMS) 

has increased as ALD enables conformal growth on 3-dimensional structures at 

relatively low temperatures. For MEMS device design and fabrication, the 

understanding of stress and mechanical properties such as elastic modulus, hardness 

and adhesion of thin film is crucial. In this work a comprehensive characterization of 

the stress, elastic modulus, hardness and adhesion of ALD aluminum oxide (Al2O3) 
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films grown at 110 – 300 °C from trimethylaluminum and water is presented. Film 

stress was analyzed by wafer curvature measurements, elastic modulus by 

nanoindentation and surface-acoustic wave measurements, hardness by 

nanoindentation and adhesion by microscratch test and scanning nanowear. The films 

were also analyzed by ellipsometry, optical reflectometry, x-ray reflectivity and time-

of-flight elastic recoil detection for refractive index, thickness, density and impurities. 

The ALD Al2O3 films were under tensile stress in the scale of hundreds of MPa. The 

magnitude of the stress decreased strongly with increasing ALD temperature. The 

stress was stable during storage in air. Elastic modulus and hardness of ALD Al2O3 

saturated to a fairly constant value for growth at 150 to 300°C, while ALD at 110°C 

gave softer films with lower modulus. ALD Al2O3 films adhered strongly on cleaned 

silicon with SiOx termination. 

Keywords 

Atomic layer deposition, ALD, residual stress, elastic modulus, hardness, adhesion, 

Al2O3, aluminum oxide  

I. INTRODUCTION 

Atomic layer deposition (ALD) is based on the sequential use of self-limiting 

surface reactions [1][2][3]. The self-limiting nature of ALD enables growth of a film 

with a fraction of monolayer thicknesses [1][2]. Besides the precise thickness control, 

major advantages of ALD are the low growth temperature compared to chemical 

vapor deposition (CVD), uniformity [4] and conformality [5] of the film over high 

aspect ratio structures, and the ability to deposit functional ultrathin pinhole free films 

[6]. These properties and the versatile selection of precursors [1,7,8] has made ALD 

an attractive growth method in microelectromechanical systems (MEMS) devices 
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where membranes and cavities with high aspect ratio 3D structures are often present, 

and highly conformal films with tailored optical, mechanical or electrical properties 

are desired [9]. The use of ALD has been demonstrated in different applications, such 

as in RF-MEMS capacitive switches with Al2O3/ZnO nanolaminate [10] or HfO2 [11] 

as a dielectric layer, in Fabry-Perot interferometers with Al2O3/TiO2 Bragg mirror 

stacks [12,13], in micromachined resonators with Al2O3 as a structural layer [14], as 

well as in a buried layer of Al2O3 and TiO2 in wafer bonding [15] or as a protective 

coating [16].  

Deposited thin film has residual stress, which can be either tensile or 

compressive. The magnitude and distribution of the stress depends on the deposition 

method (CVD, sputtering, ALD etc.) and process conditions (temperature, pressure, 

etc.). The thermal stress component originates from thermal expansion mismatch 

between the substrate and the deposited thin film; films are often deposited above 

room temperature and temperature change causes volume change [17]. Growth-

induced stress in polycrystalline film is caused by phase transformations and 

composition changes for example due to film densification [18][19]. For amorphous 

films, residual stress is often observed but its origin is not generally understood. Small 

tensile residual stress is often preferred in MEMS, as this keeps the membranes flat. 

Tensile residual stress increases the bending stiffness while compressive stress 

reduces it and can lead to buckling [20]. Al2O3 is amongst the ALD material most 

used for MEMS applications. Stress behavior of ALD Al2O3 made from AlMe3 and 

H2O has been studied [21][22][23][24] and a trend of decreasing magnitude of tensile 

residual stress with increasing growth temperature has been detected. In plasma-

assisted ALD of Al2O3 impact of ions can result in compressive stress, which can be 

tuned even to tensile with substrate biasing [25].  
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Elastic modulus is an intrinsic material property and fundamentally related to 

atomic bonding. Therefore, elastic modulus does not depend on the shape or 

dimensions of the material; it characterizes the material stiffness and is one of the 

most used material constants in MEMS design [26]. Hardness, on the other hand, is a 

measure of the ability of a solid material to resist permanent deformation [27] and 

thus is an engineering property with its scale depending on measuring system. Since 

hardness signifies the plastic response of a solid material under external loads, it can 

be a good indicator for material resistance to wear, scratch and deformation failure. 

The elastic modulus and hardness of ALD Al2O3 has been measured by 

nanoindentation [10][22][28][24][29] and modulus by extraction from oscillator 

resonance frequency [30]. Both the modulus and hardness have been reported to 

increase with increasing growth temperature [10][29].  

Interfacial phenomenon such as adhesion has great influence on the 

performance and reliability of the MEMS devices [31]. Adhesion failure is often the 

primary failure mechanism of the film, limiting its applicability and lifetime. The thin 

film adhesion is often tested using a Scotch tape method where a pressure sensitive 

tape is pressed on to the film and rapidly stripped [32]. This method gives qualitative 

―go—no go‖ information; if a film fails; adhesion is generally too poor for practical 

applications. For fine-tuning processes for better adhesion, more accurate 

measurement methods are needed. The scratch adhesion testing has been extensively 

used to assess the adhesion strength of coated surfaces [33][34][35]. The adhesion of 

ALD Al2O3 on Si, SiO2, and polymer substrates has been recently studied by scratch 

testing for films made from Me3Al and H2O at 200 °C [36] and Me3Al and O3 at 60 –

 65 °C [37]. The adhesion was found to be the highest on SiO2 [36]. Additionally, on 

the basis of four-point bending analysis, increased amount of ALD Al2O3 cycles in an 
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ALD Al2O3–Ru laminate grown at 225 °C has been observed to promote adhesion 

[38]. The adhesion energy furthermore correlated with the amount of interfacial Al–

O–Si bonds formed [38]. 

The ALD process to deposit Al2O3 from Me3Al and H2O is perhaps the most 

studied ALD process, which—due to its practically ideal ALD behavior—has been 

adopted as a model system for understanding ALD growth and chemistry in general 

[1][3][8][39]. Second only to the choice of the ALD reactants, the ALD temperature 

is the most important parameter influencing the film properties [8]. Despite the fact 

that several studies have reported on the mechanical properties of ALD Al2O3 films, a 

systematic study reporting on the mechanical properties as a function of ALD 

temperature has been missing. Consequently, the goal of this work was to fill the gap 

in the existing knowledge, by creating a consistent set of data—as a function of the 

ALD temperature as well as other relevant process parameters, including the reactor 

type—on the film stress, elastic modulus, hardness and adhesion of ALD Al2O3 films 

made from Me3Al and H2O on silicon. To support the measurements, extensive 

physicochemical characterization of the films was carried out. The results were 

compared with existing literature, and conclusions were drawn and, if needed, 

updated, on the trends in the mechanical properties of ALD Al2O3 films as a function 

of the ALD temperature.  

II. EXPERIMENTAL DETAILS 

A. Sample preparation 

ALD films were grown on 150 mm p-type (100) silicon wafers in a ISO 4 

cleanroom. Double side polished (DSP) wafers with thickness of 380 ± 5 µm were 

used for stress measurements, and single side polished (SSP) wafers with thickness of 
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675 ± 15 µm for other characterization. The wafers were wet cleaned before the film 

growth using RCA -cleaning sequence (SC-1, diluted HF and SC-2) followed by 

deionized water rinses between the cleaning baths and spin-drying at the end of 

cleaning cycle. SC-1 is a mixture of deionized water, ammonia and hydrogen 

peroxide (H2O:NH3:H2O2 5:1:1) where wafers were for 10 minutes at 65 °C with 

megasonic on. Hereupon the wafers were dipped in HF (H2O:HF(50%) 50:1) for 30 

seconds at room temperature and finally cleaned in SC-2, mixture of deionized water, 

ammonium hydroxide and hydrogen peroxide (H2O:NH4OH:H2O2 5:1:1), for 

10 minutes at 65 °C. After cleaning, the wafers were covered with a thin, about 1 -

 2 nm thick chemical oxide (SiOx). 

Films were grown in a Picosun
TM

 R-150 top-flow ALD reactor. The 

intermediate space pressure was about 7 hPa and there was a constant 200 sccm 

nitrogen (purity > 99.999%) flow through reactant lines. Trimethylaluminum (Me3Al) 

from SAFC Hitech with electronic grade and deionized water (H2O) were used as the 

precursors for the Al2O3 film. Me3Al bubbler was cooled with Peltier element to about 

17 °C. Water was used at room temperature. The precursor dose and purge times were 

0.1 and 4.0 s, respectively. For some samples grown at 300 °C, a faster, optimized 

recipe was used, where the dose and purge sequence for precursors was (0.1-1.0-0.1-

1.0) s. The temperature range for film growth was from 110 to 300 °C. The number of 

growth cycles was varied from 10 to 6000 corresponding film thicknesses of roughly 

10 to 600 nm. For stress measurements, films were grown on the front side of the 

DSP wafers. Growth to the backside of the wafer was prevented by protecting the 

backside with 150 mm SSP wafer, rough side against the backside. Despite the 

backside protection, a visible 1 to 5 mm edge ring was grown on the backside of the 

wafers. 
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For comparison of the film stress, some films were grown in a Beneq TFS-500 

cross-flow ALD reactor. Temperatures were 120, 150, 200, 250 and 300 °C, and the 

cycle numbers 1050, 1025, 950, 900 and 900, respectively, targeted to give film 

thickness of 100 nm. The pulsing sequence was kept constant (0.25-0.75-0.20-0.75) s. 

Actual film thicknesses were 103.5, 107.1, 105.5, 101.0 and 93.3 nm, and the standard 

deviations based on 49-point reflectometer measurements were 

2.3, 0.4, 0.5, 1.0 and 0.3 nm, for the films grown at 120, 150, 200, 250 and 300 °C, 

respectively. Growth was one sided, with a visible 1 to 5 mm edge ring grown on the 

backside of the wafers. 

B. Characterization 

1. Physicochemical characterization 

Film thicknesses were measured with FilmTek 2000M spectroscopic 

reflectometry in a 49-point automated measurement. Dispersion of refractive index 

for the Al2O3 recipe was measured by equipment manufacturer SCI FilmTek for a 

film grown at 300 °C in 5000 cycles. For some wafers, thickness and refractive index 

were measured with a Plasmos spectroscopic ellipsometer using 633 nm wavelength 

(HeNe laser) and 70° incident angle with floating refractive index. 

The film composition and impurities were analyzed with time-of-flight elastic 

recoil detection analysis (TOF-ERDA). The self-built equipment uses 10.2 MeV 
35

Cl 

and 11.9 MeV 
63

Cu ions from a 1.7 MV Pelletron accelerator [40]. The major 

advantage of TOF-ERDA is that it enables quantitative detection and depth profiling 

of hydrogen and other light elements in addition to the heavy ones. 

Density was measured with X-ray reflectivity (XRR). The measurement 

instrument was a Philips X’Pert Pro diffractometer using Cu Kα wavelength with 
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40 kV and 40 mA voltage and current, respectively. The XRR analysis generated 

information also on film thickness and surface roughness. The XRR results are based 

on the simulations and thus the accuracy in each case is case dependent. The accuracy 

values are in range of ±0.05 g/cm
3
 for the density, ±0.2 – 2 nm for the film thickness 

and ±0.3 nm for the roughness. 

2. Wafer curvature measurement 

Residual stress was determined by wafer curvature method. Curvature was 

measured before and after film growth with a Veeco DEKTAK V200-Si stylus 

profilometer. Wafers were scanned parallel and perpendicular to the wafer flat using a 

120 mm scan length. Wafer curvature was analyzed through the scan area and the 

stress was determined with Veeco’s Stress Measurement Analysis software that uses 

Stoney’s equation [41] 

 

2

1 0

1 1

6 1

s s
f

s f

E t

t R R




 
   

  
,      (1) 

where σf is the thin film stress [Pa] (negative for compressive stress), Es is the elastic 

modulus of the substrate [Pa], υs the Poisson’s ratio of the substrate, R0 and R1 are the 

radius of curvature before and after the film growth [m], respectively, and ts and tf are 

the thicknesses of the substrate and the film [m].  1s sE   is a biaxial modulus 

having a constant value of 1.805x10
11

 Pa for (100) Si [42]. 

Reliability of the wafer curvature measurement was evaluated with repeated 

measurements. Three persons measured three wafers having 100 nm Al2O3 layer 

grown at 300 °C in 1000 cycles (0.1-1.0-0.1-1.0) s. Measurements were repeated three 

times before and after ALD. Stresses were calculated and average and standard 

deviation were determined on the basis of 27 measurements. Average residual stress 
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of 214 ± 18 MPa (tensile) was measured giving a relative standard deviation of 8 % 

for 120 mm scan of 100 nm Al2O3 grown at 300 °C in 1000 cycles [pulse sequence 

(0.1-1.0-0.1-1.0) s]. Maximum measurement error was approximated using total 

differential of Equation 1. As the radius of curvature, R can be expressed as 2 8R l h  

[43], the Equation 1 can be presented as follows 

   
 

2 2

01
1 02 2 2

88 8

6 1 6 1

s s s s
f

s f f

E t h E th
h h

t l l t l


 

 
      

  
,   (2) 

where h0 is the initial wafer deflection [m], h1 is the wafer deflection after the film 

growth [m] and l is the scan length [m]. The maximum measurement error was 

determined using total differential of  . 

1 0

1 0

s f

s f

t t h h
t t h h

   


   
        

   
,    (3) 

where 
0h  and 

1h are the measurement error in wafer deflection before and after the 

film growth, while 
ft  and 

st are the error in film and substrate thickness. 

Numerical values for the Equation 3 were obtained from repeated measurements 

made for 100 nm Al2O3 grown at 300 °C in 1000 cycles on 380 µm wafers. Error 

values used in calculation were 
0 1200h nm  , 

1 1200h nm  , 1.3ft nm   and 

5st µm  . Maximum measurement error of 65 MPa was calculated for the 100 nm 

film. This was 30% of average residual stress value, 214 MPa. The maximum 

measurement error is larger for thinner films. 

The effect of the backside edge ring on the stress was examined on wafer 

having 600 nm thick Al2O3 layer grown at 300 °C in 6000 cycles (0.1-1.0-0.1-1.0) s. 

The front side of the wafer was protected with photoresist and the backside was 

etched in buffered hydrofluoric acid (BHF). Residual stress was 4 % higher after 
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backside ring removal. The influence of backside growth was considered to be within 

the experimental accuracy. 

3. Nanoindentation 

Nanoindentation measurements were carried out with a Hysitron 

TriboIndenter
®
 TI-900 nano-mechanical testing system. Measurements were done in a 

semi-clean room with constant laminar airflow to minimize the possible thermal drift 

during the measurements. Indentations were performed under load-control mode with 

the loading, holding at peak-load and unloading segment times of 10, 5 and 5 seconds, 

respectively.  

A cube-corner indenter with a 90° total induced angle and a tip radius under 

40 nm was used in the study. The purpose of using a sharp tip was to trigger plastic 

deformation at shallow indents, less than 10% of the film thickness, in order to 

measure the film hardness with minimal substrate effects. 

The mechanical properties of the indented material were extracted from a 

series of load and depth data using the Oliver and Pharr method [44], where the elastic 

modulus of the film, Ef and the diamond tip, Ei are related to the contact modulus, E
*
, 

through the following equation 

22

*

111 fi

i fE E E

 
  ,  (4) 

where 
i  and 

f  are the Poisson´s ratio for the diamond tip and grown film (or the Si 

reference), respectively. For diamond tip 1140 GPa and 0.07 were used for Ei and 
i , 

respectively. Poisson´s ratio of 0.24f   [24] was used for the Al2O3 films and 0.25 

for silicon (Ref. [45] gives a wide range of Poisson’s ratios for Si, 0.048 - 0.403, due 
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to the anisotropic nature of Si; our average value should be reasonable considering the 

orientation of our Si). The hardness of the film is defined as the maximum indentation 

load divided by the contact area corresponding to the load [46] 

maxP
H

A
 .  (5) 

The instrument stability and indentation repeatability were monitored by 

performing a series of 16 indents into a piece of silicon wafer over a period of time 

with the peak load varying from 5 to 500 µN. The silicon reference sample was taken 

from the same wafer batch that was used as the substrate for the Al2O3 films. The 

indenter conditions (tip rounding) were also checked throughout the measurement by 

indenting on the standard fused quartz to see the need of the tip area function for 

recalibration.  

4. Laser-generated surface acoustic wave measurement 

For comparison to the nanoindentation technique, laser-generated surface 

acoustic wave (LSAW) measurements [47] were performed on ALD Al2O3 films 

grown at 300 °C on silicon. The technique uses short pulses of a nitrogen laser 

focused into a line to create wide-band surface acoustic waves detected by 

piezoelectric transducer. The device measures the dispersion spectrum. The material 

parameters of the film were calculated by fitting a dispersion curve deduced from a 

theory of surface acoustic wave dispersion. The spot of the measurement was 

3 × 10 mm. Three measurements per sample were performed along (110) direction of 

the (100) silicon wafer. For Al2O3 grown at 300 °C Poisson’s ratio of 0.24 [24] and 

XRR measured average density of 3.1 g/cm
3
 were used. And for silicon density of 

2.33 g/cm
3
, and elastic stiffness values of C12 = 63.5 GPa and C44 = 79.6 GPa. For all 

the samples, stiffness of C11 of 165.5 ± 0.2 GPa was fitted by extrapolating the 
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dispersion curve to 0 MHz frequency. In comparison to the nanoindentation, the 

LSAW technique has a higher precision, but a poorer lateral resolution. In case of 

porous materials nanoindentation and LSAW may give systematically different results 

but for isotropic compact films and bulk materials, both methods yield the same 

values. 

5. Microscratch testing 

Adhesion performance of about 300 nm ALD Al2O3 films grown at 110 -

 300 °C on RCA-cleaned silicon was evaluated with microscratch testing [35] using 

CSM Micro combi tester. The experiments were carried out in a controlled 

temperature and humidity, 22 ± 1 °C and 50 ± 5 %, respectively. Scratches were 

generated with a Rockwell C diamond tip with the radius of 20 µm and with 

continuously increasing normal force, from 0.05 to 1.0 N. The scratch length was 

3 mm and scratching speed 10 mm/min. Three scratches were done for each sample 

while scratches being 0.5 mm apart from each other. The normal force, tangential 

force, friction coefficient, acoustic emission and penetration depth were monitored 

during testing.  

For the measurements the ALD Al2O3 coated silicon samples were glued with 

an adhesive (Henkel’s Loctite 401) onto aluminum (Al 6082) discs (thickness 10 mm 

and diameter 40 mm), which were attached to the tester. After the scratch testing a 

panorama image was taken and the scratch channel was investigated with optical 

microscopy to determine the critical loads. Generally the critical loads for surface 

coatings are defined according to the crack generation and delamination criteria as 

described in the C1624-05 standard [48]. However, for the thin ALD films deposited 

on Si wafers, these criteria were not applicable. Therefore, in this work, a criterium 
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for coating/substrate system behavior in scratch testing has been developed. The 

observed continuous Si breakage point was determined as the first critical load (LCSi) 

and the observed ALD coating adhesion failure was the second critical load (LCALD). 

After scratching selected samples were also analyzed using the scanning electron 

microscope (SEM) with an energy-dispersive X-ray spectrometry (EDS); 

FEI XL 30 ESEM. EDS analysis was carried out at 15 kV accelerating voltage. 

6. Scanning nanowear 

Scanning nanowear was carried out with the nanoindentation instrument, 

presented earlier, on a 100 nm thick ALD Al2O3 film grown at 300 °C. At first, a 

5 x 5 µm area on the film surface was selected and the area was scanned at a set-load 

of 1.5 µN. Then, nanowear was performed in a 3 x 3 µm area within the scanned 

region in a single path with stepwise increased set-loads of 10, 20, 30 and 40 µN. The 

idea was to establish the knowledge on the material removal behavior to gain better 

understanding on the failure mechanism of the film in wear and to observe possible 

adhesion failure and delamination of the film. Finally, nanowear at a 50 µN set-load 

and in a 3 x 3 µm area was performed in a single path, aimed to observe film adhesion 

behavior and to remove the film and reveal the Si substrate. The frequency in the 

scanning wear was 1 Hz and the tip velocity was 6 µm/s. After the nanowear, the 

worn region was characterized using SEM. 

III. RESULTS 

A. Thin film characterization 

Thickness of ALD Al2O3 increased linearly as a function of growth cycles. In 

Figure 1a, the thickness of Al2O3 film grown at 300 °C [pulse sequence of (0.1-1.0-

0.1-1.0) s] is presented as a function of ALD cycles. A fitted line intersects y-axis at 
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about 1 nm, revealing the presence of the SiOx layer on RCA-cleaned Si. The film 

thickness divided by the number of ALD cycles, thickness per cycle, first increased as 

a function of temperature, went through a maximum, and thereafter decreased with 

increasing ALD temperature (Figure 1b). The thickness per cycle trend with 

temperature was similar as reported in earlier studies [49][50][51][52][53][54][55].  

The effect of a repeated number of precursor doses was studied with 100 nm 

Al2O3 film grown at 110 and 300 °C. The Picosun
TM

 R-150 ALD reactor enables the 

separate adjustment of the precursor pulse and purge times and the number of repeats 

for precursor doses. Me3Al and H2O doses were increased about fivefold by repeated 

pulses. At 110 °C the film thickness increased as a result of multiplied precursor 

pulses (read increased dose) from 94 ± 3 to 152 ± 3 nm. This indicates that the ALD 

growth was not fully saturated; change in thickness per cycles with increased 

precursor dose was seen in Figure 1B. At 300 °C multiplication of pulses was tested 

using two recipes with two different pulse sequences (0.1-1.0-0.1-1.0) and (0.1-4.0-

0.1-4.0) s. In first case the film thickness increased from 95 ± 1 to 108 ± 1 nm with 

increased dosing and in latter case the film thickness increased from 

100 ± 1 to 111 ± 1 nm. The smaller increase of film thickness as compared to the 

growth made at 110 °C indicates that the ALD growth was closer to saturation at 

300 °C than it was at 110 °C. 

Al2O3 films were characterized in an ALD temperature range of 

110 to 300 °C. Spectroscopic reflectometer, ellipsometer and XRR thickness 

measurements were in close agreement, presented in Table 1. At highest growth 

temperature, at 300 °C, the measured standard deviation for thickness 

(49 measurement points) was smallest, around 1%, while the uniformity was 

acceptable also at the lowest temperatures (<3%). Refractive index, measured for 
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about 100 nm films, increased slightly with increasing ALD temperature, in 

accordance with earlier publications [52][55]. For the film grown at 110 °C the 

refractive index was 1.62 and at 300 °C it was increased to 1.66. The XRR film 

density increased almost linearly with increasing ALD temperature from 

2.85 to 3.10 g/cm
3
 for films grown at 110 to 250 °C. At 250 °C and higher 

temperatures the density saturated to 3.10 g/cm
3
, in line with literature [52][55]. 

Refractive index correlated linearly with density (R
2
=0.973). Constant film densities 

were measured with increasing film thickness, within the measurement accuracy of 

the XRR. Roughness’s measured by XRR for films deposited at 300 °C were 

relatively stable with increasing film thickness. 

The film impurities and oxide/aluminum ratio studied by TOF-ERDA in a 

temperature range from 110 to 300 °C for 300 nm Al2O3 are presented in Figure 2. 

The amount of hydrogen and carbon decreased with increasing growth temperature. 

The Al2O3 grown at 110 °C contained 11.3 at. % of residual hydrogen, and for film 

grown at 300 °C it decreased to 1 at. %. With increasing ALD temperature carbon 

content decreased from 0.94 to 0.18 at. %. The O/Al-ratio remained stoichiometric 

Al2O3 regardless of growth temperature. There was strong negative correlation 

between the density/refractive index of ALD Al2O3 and hydrogen and carbon content 

as the density/refractive index increased with decreasing impurity content; this 

accords with literature data [56].  

B. Residual stress 

Residual stress of ALD Al2O3 was measured as a function of film thickness 

and growth temperature. The films were measured to be under tensile stress and there 

was no directionality detected parallel and perpendicular to the wafer flat. 
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The residual stress of ALD Al2O3 grown at 300 °C as a function of film 

thickness is presented in Figure 3a. Films were grown using (0.1-1.0-0.1-1.0) s pulse 

sequence. For films thicker than 100 nm, the residual stress was constant at about 

230 MPa irrespective of the film thickness. For thinner films, the measurement error 

increased strongly, making it impossible to determine whether the residual stress 

depends on the film thickness.  

Figure 3b presents the residual stress of 100 nm thick Al2O3 as a function of 

ALD temperature from 110 to 300 °C. The highest residual stress was measured on 

films grown at lowest temperature. Residual stress decreased from about 

520 to 180 MPa with increasing temperature. The results of the two ALD reactors 

were alike. 

To investigate the sensitivity of the residual stress of ALD Al2O3 to small 

changes in process conditions and post-processing steps, which might be encountered 

in MEMS fabrication, several parameters were varied: purge length, number of 

successive precursor doses, ageing time in the reactor at the growth temperature, and 

stability during storage in the cleanroom conditions at room temperature.  

The influence of purge time was investigated on 100 nm films grown at 

300 °C. By increasing the purge time from 1 to 4 s, the stress decreased from 

220 to 180 MPa. This amount of stress decrease was within the typical measurement 

error. 

The residual stress decreased with increased precursor dose, presented in 

Figure 4. For the film grown at 110 °C, the stress decreased from 520 to 430 MPa. 

Multiplication of pulses was also tested for films grown at 300 °C using two recipes 

with two different pulse sequences (0.1-1.0-0.1-1.0) and (0.1-4.0-0.1-4.0) s. The stress 
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decreased from 180 to 160 MPa with a fivefold pulsing sequence, [5x(0.1-4.0)-

5x(0.1-4.0)] s. Similarly, the stress decreased from 220 to 210 MPa with a [5x(0.1-

1.0)-5x(0.1-1.0)] s pulsing sequence. Although for each test series the observed 

decrease in residual stress was within the experimental accuracy of the measurement, 

the fact that a systematic decreasing trend was observed in each case, lead us to the 

conclusion, that the decrease in residual stress most likely had a real physical origin. 

The ageing of the Al2O3 film in nitrogen was studied at the growth 

temperature; these were the only samples where time, at the growth temperature, after 

the growth was recorded. Samples grown at 300 °C in 1000 cycles (pulse sequence 

(0.1-1.0-0.1-1.0) s) were aged in situ by leaving them in the growth chamber after 

growth. Residual stress decreased from 270 to 240 MPa, when sample was aged for 

18 hours at the growth temperature (reference sample was at growth temperature after 

processing for 20 minutes). However, this difference was within the typical 

measurement error.  

The stability of the ALD Al2O3 during storage was studied with 100 nm thick 

samples grown at 110, 200 and 300 °C. Samples were stored at cleanroom conditions 

and the residual stress was measured as a function of storage time. Initial stress 

measurements were made directly after growth and repeated after 1 day, two weeks, 

two, three, four and six months. The residual stress for 100 nm ALD Al2O3 was stable 

as a function of storage time (Figure 5). 

C. Elastic modulus and hardness 

The elastic modulus by nanoindentation was rather constant over the film 

thickness range from about 50 to 570 nm, presented in Table 2. The table shows also 

modulus value measured for the Si substrate, which was in line with literature [45]. 
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The modulus values from nanoindentation measurement are not presented for films 

thinner than about 50 nm since the results carried large amount of information of the 

substrate at shallow indent depths. As a function of growth temperature, the modulus 

increased strongly for films grown at 110 to 150 °C, and saturated to around 170 GPa 

for films grown at higher temperatures.  

The elastic modulus measured by LSAW, presented in Table 2, as a function 

of film thickness increased slightly over the film thickness range. Measured elastic 

modulus values by LSAW were in line with the nanoindentation results.  

The hardness values of the film as a function of the growth temperature show 

a similar trend as that of the elastic modulus (Table 2). Except the one grown at 

110 °C, the Al2O3 had a constant hardness value at around 10 GPa. For films thicker 

than 50 nm, the hardness was constant at about 10 GPa. Higher hardness values were 

measured for the two thinnest films. However, indentation at shallow depths can be 

erroneous due to tip rounding and high noise-to-data ratio and the high hardness 

recorded on the two thinnest films was likely due to measurement uncertainties. The 

hardness measured for the silicon substrate, about 10 GPa, is in line with the literature 

[57].  

D. Adhesion 

The adhesion of the 300 nm ALD Al2O3 films grown at temperatures from 

110 to 300 °C on RCA-cleaned silicon wafers was evaluated by scratch adhesion test. 

In all cases the ALD Al2O3 delamination was observed only after the cracking or 

breaking-up of the underlying silicon substrate, as presented in Figure 6a. The critical 

load for coating delamination (LCALD) was similar for most growth temperatures, the 

only exception was the film grown at 150°C having slightly higher critical load. The 



 20 

critical load for the Si substrate cracking, LCSi was lower for the uncoated reference 

compared to the wafers with ALD Al2O3, as presented in Figure 6b. The ALD film 

grown at 300 °C showed the lowest critical load value for the silicon breakage. The 

SEM-EDS analysis of the scratch of ALD Al2O3 grown at 300 °C (Figure 7) 

confirmed that Al2O3 existed on the scratch channel even after the substrate cracking 

took place. The SEM image also shows dark dots on Al2O3. These we suspect to 

originate from the blistering phenomenon also observed during annealing of ALD 

Al2O3 on Si [58] [59]. 

The SEM observation of the worn area from the scanning nanowear, on a 

100 nm Al2O3 film grown at 300 °C, is presented in Figure 8. The stepwise increased 

set-load caused no film cracking or delamination, but increased material removal. 

Finally, the film was removed completely by the tip, in a single scan path with a 

50 µN set-load, forming chips rather than delaminating the film. Observed chip 

formation indicates that the film’s adhesive strength was higher than its cohesive 

strength. Additionally, no delamination of the film can be seen outside the scanned 

frames signifying excellent adhesion. 

IV. DISCUSSION 

A. ALD growth 

The growth of Al2O3 is based on the following net reaction: 2 Me3Al (g) + 3 

H2O (g)  Al2O3 (s) + 6 CH4 (g). This process is one of the most studied ALD 

processes [1][3][8] and many of the mechanistic details have been sorted out 

[60][61][62][63][51]. In the next two sections, the various aspects of the process are 

described in a qualitative way, and when different views are present in the literature, 
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these are pointed out. After that, our results are interpreted in terms of the basic 

mechanisms.  

In ALD, the net reaction is separated into two separate half-reactions. The first 

half-reaction is the reaction of gaseous Me3Al with an oxide surface, containing 

hydroxyl groups (–OH) and oxygen bridges (–O–). With –OH groups, Me3Al reacts 

through the ligand exchange reactions, where CH4 is released and a surface-bonded –

AlMe2 surface species is left behind [51][60][61][62][63]. On surfaces short on OH 

groups, Me3Al can also react dissociatively with oxygen bridges, giving adsorbed –

AlMe2 and Me bonded to surface Al (Al–Me), as shown experimentally [61] and 

through calculations [62]; –OH groups are not necessarily needed for the reaction to 

occur. The –AlMe2 can react further with either –OH groups or oxygen bridges, 

losing more methyl groups as methane or surface Al–Me [51][60][61][62][63]. As a 

result, the surface may contain –AlMex, with x = 0, 1, 2. The Me3Al reaction 

continues until practically all OH groups have been consumed (at low temperatures, 

not all OH may be able to react); the amount of Al bonded and thus the growth per 

cycle, GPC depends on the OH group concentration [63] [62] [64].  

Different views can be found in the literature on the role of the methyl groups 

in the Me3Al reaction on Al2O3. According to one view [61] [65] [63] [62] [66], the 

reaction stops when a dense methyl group shroud is formed, where steric repulsion 

between neighbouring Me groups blocks further Me3Al molecules from reacting. 

Experiments show that the amount of methyl groups after the Me3Al reaction is about 

5–6 nm
–2

 on alumina, independent of ALD temperature (within 80 to 300 °C) or the 

alumina substrate pre-treatment temperature (200 to 800 °C) [61][63][65]. According 

to another view [3], also the resulting methyl group coverage decreases strongly with 
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temperature, and this has also a decreasing effect on the GPC. This conclusion 

originates from a study where Me3Al was reacted with porous alumina at 27 °C and 

thereafter annealed up to about 550 °C, and linear decrease of the methyl group 

concentration with increasing annealing temperature was seen [60]. According to the 

first view [61][62][63][65][66], the release of –Me as methane during annealing 

would free space on the surface, and Me3Al adsorption would take place again, until 

the methyl group shroud covers the surface. With the exception of this detail, different 

sources in general agree on the reactions occur during the Me3Al reaction.  

The second half-reaction is the reaction of gaseous H2O reaction with the 

Al2O3 surface terminated with the –AlMex surface species. With –Al–Me groups, H2O 

reacts through the ligand exchange reactions, where CH4 is released and a surface-

bonded –Al–OH groups left behind. This reaction pathway obviously saturates when 

the –Al–Me groups have been consumed. The H2O reaction can continue thereafter in 

several ways: H2O can dissociate on oxygen bridges, to form two –OH groups; 

neighbouring –OH groups can condense to release H2O and leave behind an oxygen 

bridge; and H2O can adsorb associatively through a coordination bond to metals (–

Al:OH2). At a certain temperature, there is limit to how dense a packing of –OH 

groups is stable on the surface, and this –OH group density should be the maximum 

obtainable also in ALD processes. It is not self-evident, however, that this maximum 

obtainable –OH group density would always be obtained in the ALD process. Indeed, 

there is evidence that at least in some studies, the H2O reactions has remained partly 

unsaturated. Matero et al. [50] showed for this Al2O3 process—and several other 

metal oxide processes—that it is possible to achieve several apparent saturated GPC 

levels (―growth rates‖) for the same process at the same temperature by using 

different doses of H2O. Wind and George [64] made a low-temperature study 
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(125 °C) for the Me3Al/H2O process and concluded that both the Me3Al and the H2O 

reaction are difficult to completely saturate because of slow surface processes.  

In this work, it was noticed that the GPC of the Me3Al/H2O process increased 

when the purge time was shortened (4 to 1 s) at 300 °C. Too short purge times would 

lead to continuous CVD and decrease the layer uniformity, but that was not the case 

here, as the standard deviation of film thickness remained the same (1% for 100 nm 

films). Considering the possible reversibility of the H2O reaction, it is evident that a 

shorter purge time might increase the results amount of material deposited, if 

desorption of reversibly chemisorbed H2O occurs during purging. Such trend of 

increasing GPC with shorter cycle time was indeed observed in this work. On the 

basis of the stress measurements, the layer properties remained the same, despite the 

change in GPC. 

In this work, it was also noticed that GPC increased especially at low 

temperatures when the Me3Al and H2O doses were increased (made about fivefold by 

repeated pulsing). The increase in GPC was significant for growth at 110 °C (~60%) 

and less significant but still notable at 300 °C (~10%, for both the standard recipe and 

the fast recipe). At the same time, the film uniformity improved, especially at low 

temperatures: for growth at 110 °C, the non-uniformity decreased from about 

3% to 2%. Both the increasing GPC as well as the improved film uniformity indicate 

that the reactions had not in practice completely saturated with the basic set of dosing, 

especially at the lower temperature. We note that our current results do not reveal, 

which one of the reactions (Me3Al or H2O) was partly unsaturated, or were they 

perhaps both unsaturated. 

The fact that partly unsaturated growth was concluded to have occurred in this 

work especially at low temperatures (110 °C) may lead one to more general 
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conclusions. In this work, the GPC-vs-temperature curve for the Me3Al/H2O process 

was similar as observed in many other studies (GPC increases with temperature, goes 

through a maximum, and decreases again) [49][50][51][52].Also the absolute values 

were similar, around 0.1 nm and below. It is likely that in other works also, where a 

similar trend is seen in the GPC-vs-temperature as in this work, the points at least on 

the rising part of the GPC-vs-temperature curve correspond to partly unsaturated 

growth. Such a trend is easily obtained when a constant pulsing scheme is used for the 

entire ALD temperature range, as often used in ALD studies and also in this work.  

B. Stress 

The Al2O3 films were measured to be under tensile stress, in agreement with 

earlier results [14][21][22] [23][24]. Comparison of published Al2O3 stress results as a 

function of ALD temperature is presented in Figure 9. Stress behavior was alike; in all 

cases tensile residual stress of ALD Al2O3 decreased with increasing temperature. 

Krautheim et al. [21] has even reached a near zero residual stress value for a ALD 

Al2O3 grown at 500 °C. For Me3Al this temperature is problematic as it already 

decomposes at 330 °C [61].  

The influence of thermal stress was estimated, to figure out how much of the 

stress was of thermal origin, using earlier published values [24] for Poisson’s ratio 
f

and thermal expansion coefficients 
f  and 

s  for the ALD Al2O3 and silicon, 

respectively ( 0.24f  , 4.2f  ppm/°C and 3.0s  ppm/°C). For elastic modulus, 

Ef value of 171 GPa was used for films grown at 150 – 300 °C and 139 GPa for film 

grown at 110 °C. The wafer curvature is dependent on thermal expansion coefficients 

of the substrate and the film and the temperature difference between the ambient and 

growth temperature as follows [24] 
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The influence of the thermal stress was calculated by applying Equation 6 to Equation 
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The influence of thermal stress was estimated larger for films grown at higher 

temperatures, outlined in Figure 9. At a growth temperature of 300 °C, about half of 

the total stress was from thermal origin, as for films grown at 110 °C thermal stress 

explains only one tenth of the total stress.  

The stress of Al2O3 films remained stable during air exposure for several 

months, which is beneficial for MEMS processing as the film properties are (in this 

respect) insensitive to the time between the process steps. 

C. Elastic modulus and hardness 

The elastic modulus by nanoindentation was almost constant for films grown 

at temperatures from 150 to 300°C; growth at 110°C gave lower values. Comparison 

to the film density measured by XRR is shown in Figure 10a. Elastic modulus 

increased with increasing density. Elastic modulus increased also with decreasing 

hydrogen impurity content (see Tables 1 and 2). The results are consistent with the 

principle that elastic modulus of a material is depending on density of atomic bonds 

[67]. A comparison of our results to the published elastic modulus values, presented 

in Figure 11 shows in general good agreement (considering the measurement 

uncertainty). Unlike earlier publications, in which the modulus of the film was 

concluded to increase with increasing growth temperature [10][29], our results do not 
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show a continuously increasing elastic modulus but one that saturated to a certain 

level. The main reason for the different conclusion for the temperature dependency is 

most likely that our experiments covered a wider temperature range with more 

samples than in earlier studies, allowing more subtle changes to be observed.  

LSAW gave similar elastic modulus values as nanoindentation. Interestingly, 

elastic modulus measured by LSAW increased slightly with increasing film thickness, 

indicating that small changes in film properties occurred.  

Similarly as the elastic modulus, hardness was also nearly constant as a 

function of film thickness, increasing with increasing film density (Figure 10b) and 

decreasing with increasing hydrogen content (see Tables 1 and 2). There are more 

discrepancies of the film hardness between the results of this study and those from the 

literature (Figure 12). For films grown at temperatures from 150 to 300 °C we 

obtained hardness values about constant at 10 GPa, while literature shows values from 

6 to 12 GPa. Growth at 110 °C gave lower value of about 8 GPa. The possible reasons 

for the differences range from the differences in measurement setup to differences in 

ALD growth.  

D. Adhesion 

The results from both the scratch adhesion test and scanning nanowear suggest 

strong adhesion of the Al2O3 films to the RCA-cleaned silicon. In the scratch adhesion 

test, the coating delamination was observed only after the cracking and breaking-up of 

the silicon substrate (Figure 6a). Even after silicon cracking the coating was mostly 

detached onto the substrate even in the scratch channel. Since the observed 

delamination was related to silicon cracking, it was not clear to what extent the 

adhesion failure between the film and substrate was influenced by the silicon 
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breakage. On the other hand, the ALD films clearly increased the critical load for the 

silicon breakage and, therefore, enhanced the load carrying capacity of the silicon 

substrate system (Figure 6a and 6b).  

The influence of the ALD temperature to the substrate breakage and film 

delamination was inconsistent. The critical loads of the silicon breakage and film 

delamination for the films grown at 110, 200 and 250 °C were rather similar (Fig. 6A 

and B). However, the LCSi was slightly higher for the film grown at 150 °C and 

clearly lower for the one at 300 °C (Fig. 6A and B). The reason of this inconsistence 

is unclear at this stage and repeated tests are needed to ensure the phenomena and 

improve the statistics of the experiment data. 

The chip formation and no observable delamination of the film in the 

nanowear test indicated excellent film adhesion to the substrate. Peeling off in chips 

instead of spalling off by delamination suggests that the film adhesion to the substrate 

was higher than its cohesion. The origin of the strong adhesion of Al2O3 on thermally-

grown SiO2 or thin SiOx on Si has been observed and attributed to the formation of 

silicate-type bonding, Si–O–Al [36][38]. The growth of Al2O3 from AlMe3 and H2O 

has been widely studied and the reaction mechanism has been widely reviewed [1]. 

Most typically, Si–O–Al bonds form when AlMe3 reacts with Si–OH groups (one or 

several), to give Si–O–AlMex surface species (x = 0, 1, 2) and release one or several 

methane molecules [68][69]. In an alternative reaction path which should be active at 

least when Si–OH groups are less abundant (e.g. on thermally-grown SiO2), reaction 

occurs also with surface Si–O–Si bridges, also generating Si–O–AlMex surface 

species, but instead of releasing a gaseous reaction product, leaving behind surface 

Si–Mey species (y = 1, 2, 3) [68][69]. Evidently, the Si–O–Al bonds account for the 
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strong adhesion observed also in this work and the type of bonding seems 

independent of the growth temperature.  

V. CONCLUSIONS 

In this work, the stress, elastic modulus, hardness and adhesion of the ALD 

Al2O3 thin films made from Me3Al and H2O on RCA-cleaned Si were characterized 

as a function of growth temperature (110 to 300 °C) and film thickness 

(10 to 600 nm). Supporting physicochemical characterization was made to assist the 

interpretations. The ALD Al2O3 films were under tensile stress, in the scale of 

hundreds of MPa. The residual stress was alike for films grown in ALD reactors by 

different reactor manufacturers. The magnitude of the residual stress decreased 

strongly with increasing ALD temperature. At low temperatures, the residual stress 

was dominated by growth-related stress and this factor decreased with increasing 

temperature. The stress was stable during storage. Films grown at 150 to 300 °C had a 

fairly constant elastic modulus (ca. 170 GPa) and hardness (ca. 10 GPa). Films grown 

at 110 °C were softer with a lower elastic modulus. The softness at low growth 

temperature is at least partly explained by the higher residual hydrogen content and 

lower density of the films. The ALD Al2O3 films adhered strongly on the RCA-

cleaned silicon.  

These results provide input to MEMS design with ALD Al2O3 and will be 

useful to other applications of ALD Al2O3 films as well. Furthermore, as the process 

studied in this work is a commonly recognized model system for ALD, we hope that 

our results will also serve as a useful comparison point for future studies on the 

mechanical properties of ALD films. 
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The dashed line presents estimation of thermal stress component. References for earlier 
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Figure 10 (a). Elastic modulus as a function of ALD Al2O3 density. (b) Hardness 
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recorded in graph. 

Figure 11. Comparison of our results of elastic modulus values for ALD Al2O3 with 

published values. References for earlier published data are for Tripp et al. [22], Hermann 

et al. [10], Hahtela et al. [30], Tapily et al. [28], Miller et al. [24], Ding et al. [36] and 

Bull [29]. Our data presents error limits that are standard deviation values. 

Figure 12. Comparison of our hardness values measured by nanoindentation for ALD 

Al2O3 with published hardness values. References for earlier published data are for Tripp 
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et al. [22], Hermann et al. [10], Tapily et al. [28], Miller et al. [24], Ding et al. [36] and 
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Table 1. Reflectometer, ellipsometer and XRR results presented for Al2O3 grown in Picosun
TM

 R-150 ALD reactor. 

Growth 

temperature 

[°C ] 

Pulse sequence 

[s] 

Growth 

cycles 

Reflectometer 

thickness  

(49 pts) [nm] 

Thickness/ 

cycles 

[nm] 

St.dev. 

(49 pts) 

[nm] 

St. dev. 

(49 pts) 

[%] 

Ellipsometer 

thickness 

(5pts) [nm] 

Refractive 

index (5 

pts) 

XRR 

thickness 

[nm] 

XRR 

density 

[g/cm3]  

XRR 

roughness 

[nm]  

110 0.1-4.0-0.1-4.0 1283 93.9 0.073 2.6 2.8 95.4 1.615 - - - 

110 5(0.1-4.0)-5(0.1-4.0) 1283 152.4 0.119 2.9 1.9      

110 0.1-4.0-0.1-4.0 3933 288.3 0.073 7.7 2.7 - - - 2.85 - 

150 0.1-4.0-0.1-4.0 1137 95.6 0.084 2.3 2.4 96.1 1.638 - - - 

150 0.1-4.0-0.1-4.0 3411 285.4 0.084 6.2 2.2 - - - 2.95 - 

200 0.1-4.0-0.1-4.0 1037 96.2 0.093 1.7 1.8 96.0 1.649 - - - 

200 0.1-4.0-0.1-4.0 3120 286.7 0.092 4.9 1.7 - - - 3.05 - 

250 0.1-4.0-0.1-4.0 1037 97.1 0.094 1.5 1.5 96.4 1.655 - - - 

250 0.1-4.0-0.1-4.0 3115 291.9 0.094 3.9 1.3 - - - 3.10 - 

300 0.1-1.0-0.1-1.0 100 9.9 0.099 0.2 2.0 - - 9.8 3.10 0.6 

300 0.1-1.0-0.1-1.0 200 19.8 0.099 0.3 1.5 - - 19.5 3.15 0.6 

300 0.1-1.0-0.1-1.0 500 48.5 0.097 0.6 1.2 - - 48.5 3.10 0.5 

300 0.1-1.0-0.1-1.0 1000 96.1 0.096 1.0 1.0 - - 96.1 3.10 0.5 

300 5(0.1-1.0)-5(0.1-1.0) 1009 107.9 0.107 1.0 0.9      

300 0.1-4.0-0.1-4.0 1109 99.5 0.090 1.0 1.0 99.2 1.657 - - - 

300 5(0.1-4.0)-5(0.1-4.0) 1109 111.2 0.100 1.0 0.9      

300 0.1-1.0-0.1-1.0 3000 283.7 0.095 3.3 1.2 - - 295 3.10 0.8 

300 0.1-1.0-0.1-1.0 6000 566.9 0.094 6.5 1.1 - - - 3.10 - 

 

Table 1



Table 2. Elastic modulus and hardness results presented for Al2O3 grown in Picosun
TM

 R-150 ALD reactor. The error limits represent one 

standard deviation. 

Growth 

temperature 

[°C] 

Pulse 

sequence 

[s] 

Growth 

cycles 
Thickness [nm] 

Elastic modulus 

by 

nanoindentation 

[GPa] 

Elastic 

modulus 

by LSAW 

[GPa] 

Hardness 

[GPa] 

(Si ref) – – – 153.7±6.4 – 10.2±0.4 
110 0.1-4-0.1-4 3933 288.3 138.5±8.4 – 7.9±0.2 
150 0.1-4-0.1-4 3411 285.4 171.2±11.6 – 10.0±0.2 
200 0.1-4-0.1-4 3120 286.7 166.6±10.7 – 9.8±0.3 
250 0.1-4-0.1-4 3115 291.9 178.0±14.4 – 11.1±0.7 
300 0.1-1-0.1-1 100 9.9 – 170.2±2.8 13.8±0.9 
300 0.1-1-0.1-1 200 19.8 – 169.4±1.6 13.3±0.4 
300 0.1-1-0.1-1 500 48.5 166.2±10.3 173.1±0.6 10.1±0.3 
300 0.1-1-0.1-1 1000 96.1 172.9±9.4 174.7±0.2 10.4±0.4 
300 0.1-1-0.1-1 3000 283.7 169.8±9.8 175.0±0.8 10.5±0.5 
300 0.1-1-0.1-1 6000 566.9 172.8±10.8 176.0±1.0 10.3±0.6 

 

Table 2
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