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The interest in applying thin films on Si-wafer substrate for microelectromechanical systems

devices by using atomic layer deposition (ALD) has raised the demand on reliable mechanical

property data of the films. This study aims to find a quick method for obtaining nanoindentation

hardness of thin films on silicon with improved reliability. This is achieved by ensuring that the

film hardness is determined under the condition that no plastic deformation occurs in the substrate.

In the study, ALD Al2O3 films having thickness varying from 10 to 600 nm were deposited on a

single-side polished silicon wafer at 300 �C. A sharp cube-corner indenter was used for the

nanoindentation measurements. A thorough study on the Si-wafer reference revealed that at a

specific contact depth of about 8 nm the wafer deformation in loading transferred from elastic to

elastic–plastic state. Furthermore, the occurrence of this transition was associated with a sharp

increase of the power-law exponent, m, when the unloading data were fitted to a power-law

relation. Since m is only slightly material dependent and should fall between 1.2 and 1.6 for

different indenter geometry having elastic contact to common materials, it is proposed that the high

m values are the results from the inelastic events during unloading. This inelasticity is linked to

phase transformations during pressure releasing, a unique phenomenon widely observed in single

crystal silicon. Therefore, it is concluded that m could be used to monitor the mechanical state of

the Si substrate when the whole coating system is loaded. A suggested indentation depth range can

then be assigned to each film thickness to provide guidelines for obtaining reliable property data.

The results show good consistence for films thicker than 20 nm and the nanoindentation hardness is

about 11 GPa independent of film thickness. VC 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4842655]

I. INTRODUCTION

Atomic layer deposition (ALD) is a thin film deposition

method belonging to the general class of chemical vapour

deposition methods. ALD operates by exposing a solid sur-

face alternately to reactive gaseous chemicals, the exposures

being separated by purge/evacuation.1–3 The self-terminating

reaction chemistry makes ALD films exceptionally uniform

in thickness, irrespective of surface shape, and even highly

complex 3-D structures can be conformably coated. The

processes are known also as robust and reproducible. As a

consequence, there is rising interest toward ALD in many

industrial sectors (e.g., microelectronics and paper) as well as

in highly versatile research and development an area (e.g., ca-

talysis, nanostructures, and nanoelectronics).

One sector, where ALD is seen as one of the future tech-

nologies, is microelectromechanical systems (MEMS). The

major benefit of ALD for MEMS is the combination of low

deposition temperatures (often <300 �C) with conformal

coatings that is not achieved by conventional fabrication

technologies.4 Mechanical properties are crucial for the

function of MEMS devices. For example, elastic modulus

directly influences the resonating frequency of MEMS

cantilevers. In general, mechanical properties such as elastic

modulus, hardness, fracture toughness, and Poisson’s ratio

are needed as input parameters when modelling MEMS

structures with ALD layers.

From a recently published overview on ALD,3 it appears

that the majority of the research work has been focused ei-

ther on the basics of the ALD process or on its industrial

applications, especially in microelectronics. In comparison,

much less studies have been devoted to the mechanical

behavior of ALD films under external loading.5–10 Most of

the mechanical characterization has been done on Al2O3,

HfO2, and TiO2 thin film systems on silicon substrate by

instrumented nanoindentation. The limited information

found in literature presents uncertainties in assessing the me-

chanical behavior of thin ALD films. For example, the

reported hardness values of ALD Al2O3 films are scattered

between 6 and 12 GPa.5–8 In the studies, the deposition tem-

perature apparently has an influence on this variation but not

in a consistent way. Therefore, the hardness variation does

not necessarily reflect the intrinsic film property change.

Other factors including nanoindentation setup and data anal-

ysis must be accounted for in order to understand the me-

chanical response of the films. A recent study11 highlights

the reliability issue of nanoindentation data on ALD Al2O3

films. It concludes that the hardness of ALD Al2O3 films ona)Electronic mail: xuwen.liu@aalto.fi
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a stiff substrate (e.g., silicon and glass) can be reliably

obtained providing sufficient data can be selected for extrap-

olation. The standard procedure requires a linear extrapola-

tion, which generally means that only low penetration data

should be used to obtain reliable information on coating

properties. This limitation imparts even more difficulties

when thin films are to be characterized. This is because at

shallow indent depths the indentation size effect (ISE), the

inaccurate indenter area function, and the high noise-to-data

ratio as well as the surface roughness all make valid data for

extrapolation limited.

Nanoindentation has been widely used to characterize the

mechanical properties of film/substrate systems due to its

convenience, high efficiency, and inexpensiveness. In this

technique, a depth-sensing instrument having a subnanome-

ter resolution is used to indent into sample surface. The me-

chanical properties of the indented material can be extracted

from a series of load versus depth data. An indirect method

based on the knowledge of penetration depths and tip geom-

etry is used to estimate the area of contact at peak load, from

which the mean contact pressure–hardness can be deter-

mined. The elastic modulus is estimated based on the

unloading data, assuming that there is always some degree

of recovery due to elastic strain relaxation.12 One of the

most commonly used methods in extracting elastic modulus

and hardness is the Oliver and Pharr method.13 According to

this method, the unloading data are well-described by a

power-law relation

P ¼ a h� hfð Þm; (1)

where P is the indentation load, hf is the final displacement

after complete unloading, and a and m are material constants.

Moreover, according to Pharr’s effective-indenter-shape con-

cept,14 the power-law exponent, m, is only slightly material

dependent and should fall between 1.2 and 1.6 for different in-

denter geometry having elastic contact to common materials.

It has been stated15 that m> 2 has no physical meaning

since the corresponding effective indenter shape would be

unrealistic. Large m values encountered in nanoindentation

are often linked to inelastic events or reverse plasticity during

unloading.

In characterization of film properties via nanoindentation

method, it is common to restrict the indentation depth to a

small fraction of film thickness, typically about 10%. For

thin films (<100 nm), the applicability of this rule becomes

problematic as the 10% restriction makes the indentation

depth fall in the range where ISE, surface roughness as well

as high noise-to-data ratio all complicate the results.

Different methods have been developed to extract film-only

property on systems having different types of film–substrate

interactions. Several treatments16–19 are based on Joslin and

Oliver’s idea20 of utilizing the material characteristic of

P/S2. Here, P is the indentation load and S is the contact

stiffness. For elastically homogeneous systems, hardness (H)

and contact modulus (Er) are usually constant with indent

depth. It follows then P/S2 should be also constant from the

relation21

P

S2
¼ 1

b
p
4

H

Er
2
: (2)

For a film/substrate system, P/S2 will vary depending on H
and E of the film and substrate. Therefore, by plotting P/S2

as a function of indentation depth one can have a more com-

plete picture of the properties of an elastically mismatched

film/substrate system. In general, all of the aforementioned

treatments can, to some extent and with different accuracy,

extract film elastic modulus from a corrected contact modulus

by considering the contribution of the substrate. However,

they all require that certain elastic properties of the film are

separately determined when predicting the film-only hardness

on either elastic homogeneous or elastic mismatched

film-substrate systems. Moreover, all of them will fail when

substrate yields. In a recent study,22 an analytic model has

been developed to extract substrate-independent modulus of

thin films that work well for both compliant films on stiff sub-

strates and stiff films on compliant substrates. However, it is

not clear how this mode can be used in determining the

film-only hardness since though the model can calculate the

“true value” of the contact area through a sophisticated

method by finite-element analysis, it is not specified in what

deformation state the substrate is under the contact condi-

tions. Therefore, there is no a ready solution that allows quick

assessment of true film hardness. While, such a solution may

be needed for ALD processed thin films on silicon not only

for new film development but also for quality control and

process re-engineering. It is often that the thin films’ elastic

property is unknown and processing parameter dependent.22

This study aims to find a quick method for obtaining

nanoindentation hardness of thin films on silicon with

improved reliability. Our work is not to develop a thorough

solution covering all film–substrate systems, but an effort to

draw attention on silicon based and ALD processed film sys-

tems, for single-crystal silicon is such an important substrate

material for thin film systems in MEMS applications. The

focus is placed on monitoring the deformation state of the

substrate to ensure that no plastic deformation occurs in the

substrate, which only provides an elastic support to a small

fraction of the indenting loads. In addition to the importance

of film property in modeling MEMS’ structure, our special

interests in obtaining reliable film hardness value are also

originated from the correlation of contact resistance to tribo-

logical behavior of thin films23 as the contact resistance can

be indexed by the hardness to the contact modulus ratio in

the form of H3/Er
2. Therefore, small changes in film hard-

ness may result in large variations in its tribological perform-

ance. The ultimate film thicknesses that we are targeting are

well under 100 nm, which are challenging for nanoindenta-

tion as the characterization technique.

II. EXPERIMENTAL METHODS

Aluminum oxide films were deposited on 150 mm p-type

(001) silicon wafers by ALD. The single side polished (SSP)

wafers were cleaned before deposition using RCA-cleaning

(SC-1, hydrogen fluoride, and SC-2) and thus covered with
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1–2 nm thick chemical oxide. The ALD reactor was a

PicosunTM R-150. Precursors were trimethylaluminum

Me3Al and deionized water. The process pressure was about

5–30 bar with constant 200 sccm nitrogen flow through reac-

tant lines. The pulse sequences for depositions were 0.1 s for

reactions and 1 s for purges. The deposition temperature was

at 300 �C, and film thickness was from 10 to 600 nm.

Nanoindentation measurements were carried out with a

TriboIndenterVR TI-900 (Hysitron, Inc.) nanomechanical test-

ing system. The whole instrument set-up was fine-tuned to

eliminate the mechanical, acoustic, and electric noise. The

instrument was placed inside a semiclean room with constant

laminar airflow to minimize the possible thermal drift during

measurement. Indentations were performed under load-

control mode with the loading, holding at peak-load and

unloading segment time of 10, 5, and 5 s, respectively. The

instrument stability and indentation repeatability were moni-

tored by performing a series of 16 indents into a piece of Si

wafer over a period of time with the peak load varying from

5 to 500 lN. This silicon piece was taken from the same wa-

fer batch that was used as the substrate of the ALD Al2O3

films.

The mechanical response of the silicon wafer substrate

was first investigated by carefully studying the characteris-

tics of the initial part of the load-displacement plot and the

variation of the power-law exponent, m, as a function of

indent depth. In collecting m values, all of the indentation

events were inspected at first to eliminate those for which

the load-displacement curves were abnormally shaped and

those for which excessive/reversed thermal drift were

recorded. Then, unloading data in the range of 95–20% were

used in the fitting. This way, it is expected that “m” would

characterize all-and-only the mechanical responses occurring

in the silicon during unloading. The investigation revealed a

specific depth range, over which the corresponding m value

experienced a sharp increase, indicating inelastic events

occurred during unloading. Since the deformation was fully

recoverable for indents made shallower than the specific

depth, the sharp rise of m was linked to a transition of defor-

mation state from pure elastic to elastic–plastic. Therefore,

plastic deformation seemed to be a precondition for onset

inelastic event in the silicon during unloading. It was then

postulated that when the ALD coatings were measured there

would be a similar sharp rise of m, but at deeper indent

depths, provided that such inelastic events did not occur in

the amorphous Al2O3. Consequently, this sharp rise of m
would be a sign of inelastic events occurring solely in the

substrate, which must be then in an elastic–plastic stage.

Therefore, by monitoring the variation of m as a function of

indent depth reliable hardness values that no plastic defor-

mation occurs in the substrate could be obtained for the

ALD films.

A cube-corner indenter with a 90� total include angle and

a tip radius below 40 nm was used in the study. The idea of

using a 90� shaped sharp indenter was to trigger the elastic

to elastic–plastic transition at the vicinity of the silicon sur-

face in order for any substrate effects being sensitively

detected when thin films were applied. Our experiences tells

that at large indent depths this tip shape might produce lower

hardness values than those generated by a Berkovich tip on

fused quartz, perhaps due to the large friction between the

tip and the material. However, at a medium indent depth

range up to 80 nm, the cube-corner tip gives good elastic

modulus and hardness values on fused quartz as well as other

materials. Moreover, previous works have also shown that

the indenter sharpness and geometry can have a profound

influence to the mechanical response of the uppermost sur-

face layers in certain materials. In one study,24 a cube-corner

indenter is able to detect an ultrathin air-borne oxide layer

on a low-k thin film. While in another study,25 the same

sharp tip induces an elastic to elastic–plastic transition in a

single crystal alloy at the very beginning of indent. In both

cases, the more commonly used Berkovich tip has either

failed to identify the oxide layer or to induce the transition

only at much deeper indent depths. The reason is that the

sharp cube-corner indenter can generate much severer plastic

strains in a more confined volume of material at the very top

of the surface.

Throughout the measurement, the indenter conditions

were checked regularly by indenting on the standard fused

quartz to see if there were any changes of the tip rounding so

that the area function needed a recalibration.

III. RESULTS AND DISCUSSION

A. Mechanical response of the silicon substrate
reference

Repeated measurements on the Si-wafer reference

revealed a highly reproducible pop-in phenomenon at a spe-

cific contact depth, about 8 nm—i.e., sudden excursion of

indent depth occurred under constant load during loading.

Figure 1 shows part of the loading curves from five indents

performed at different times demonstrating that pop-ins

occurred in each indent at a very similar depth. Previous

studies24,25 have ascribed the pop-in events either to the sud-

den failure of the air-borne oxide layer or to the transition of

the deformation state from pure elastic to elastic-plastic.

Pop-ins in nanoindentation may reflect homogeneous,

FIG. 1. (Color online) Overlaid plots of the loading curves from five indents

on the film-free silicon wafer performed at different times.
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heterogeneous, or surface phenomena that can be linked ulti-

mately to material plasticity at the upmost surface layers.

For example, it has been found26 that pop-in in nanoindenta-

tion of single crystal metals may be connected to homogene-

ous nucleation of glissile dislocation loops. The occurrence

of the pop-in requires that the surface near the indenter has

only a few if any dislocations so that the “defect-free” crys-

tals will experience elastic deformation in the very beginning

of loading. As one can see in Fig. 2, the indent depth was

fully recovered when unloading (at the peak load of 37 lN)

was made before the pop-in, while there was a clear residual

depth when unloading was done after the pop-in (at a peak

load of 130 lN). The conditions of the SSP silicon (SSP-Si)

in this study seem to fit the transition explanation and it is

likely that the observed pop-in (Fig. 1) in the film-free sili-

con correlates to the transition from pure elastic to elastic-

plastic deformation. In Fig. 3, the load-displacement curves

generated by a Berkovich tip and the sharp cube-corner in-

denter are compared. The cube-corner tip induced a pop-in

at a contact depth of about 8 nm, while the Berkovich tip

resulted in a rather smooth and continuous curve with no

clear depth excursion.

When fitting the unloading data to a power-law relation

[Eq. (1)], it was found that the power-law exponent, m,

sharply increased when loading into the elastic–plastic

region (Table I). Each data range in Table I is established

from the results of 16 indents made at each corresponding

load at a different time. The small variations in contact

depths are normal for indentations performed under load-

control mode, depending on the instrument, environment, as

well as local surface conditions. It is widely observed that in

single crystal silicon phase transformations occur not only

during pressurizing but also at pressure releasing.27,28

Moreover, the transformations are associated with volume

changes and are treated as inelastic events. Therefore, the

sharp rise of m is likely to result from phase transformations

occurring during unloading, a unique phenomenon found in

single crystal silicon. In addition, the finding in this study

suggests that a precondition for the onset of the inelastic

events during unloading is the silicon being loaded to its

elastic–plastic deformation stage.

B. Mechanical characterization of the ALD Al2O3 films

Figure 4 shows the power-law exponent, m, from indenta-

tion measurements to various contact depths of ALD Al2O3

films having various thicknesses on the silicon wafer sub-

strate. For films thicker than 100 nm, all the m values fall in

the range of 1.2–1.6. A critical value of contact-depth to

film-thickness ratio is estimated as 0.85, corresponding to

the second point on the 10 nm film curve in Fig. 4. Higher

ratios than 0.85 leads to m> 1.6, indicating onset of inelastic

events in the substrate during unloading. The 50 nm thick

FIG. 2. (Color online) Unloading behavior of the film-free silicon wafer

after withdrawal of tip from the elastic region and from the elastic-plastic

region.

FIG. 3. (Color online) Characteristics of load vs indent depth plots generated

by the sharp cube-corner tip and a Berkovich tip on the film-free silicon

wafer.

TABLE I. Power-law exponent, m, at specific contact depths for the film-free

silicon.

Contact depth (nm) 75.7–78.1 49.5–52.2 16.2–18.8 8.8–12.1 1.8–3.4

Power-low exponent (m) 3.2–3.6 2.8–3.8 2.6–3.5 2.3–3.0 1.2–1.6

FIG. 4. (Color) Power-law exponent, m, as a function of contact depth for

the ALD Al2O3 films of different thicknesses. Each point in the figure repre-

sents an average of nine indents.
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film is an exception, for which m remains under 1.6 even

when the contact-depth to film-thickness ratio is over 1.

The hardness at each specific contact depth is presented

in Table II. The figures at each specific depth range in the ta-

ble are the average of 16 indents. The figures in the gray-

colored area are eliminated since the corresponding m values

are larger than 2. As one can see, the hardness values

are fairly constant over a large indent depth range for differ-

ent film thicknesses. At the shallowest indent range

(4.1–4.7 nm), the meaning of hardness is questionable since

the plastic zone under the indenter was not fully developed

(see Fig. 2). In addition, the inaccurate indenter area function

due to bluntness, the surface roughness as well as the high

noise-to-data ratio at shallow indents all make the data less

reliable. However, for thicker than 20 nm films, it is rather

flexible to choose an indent depth range, within which reli-

able hardness value can be obtained. Moreover, the film

hardness seems to be independent of the film thickness or

ALD cycles, indicating a homogeneous structure throughout

the film bodies. The reason for the exceptional behavior of

the 50 nm thick film is unclear. However, it is noticed that

this film is also the hardest one among all at each depth

range.

The validity of the measured hardness is further verified

by comparing it to the indentation results of an ALD Al2O3

film on sapphire, a substantially harder substrate. It is seen

that for a 300 nm thick ALD Al2O3 film deposited on silicon

and sapphire substrates the hardness is fairly similar over a

contact-depth/film-thickness range of 2–17% irrespective to

substrate type and indent depth (Table III). Considering sap-

phire being significantly harder than silicon (Table IV), the

constant hardness suggests that the indenter induced no plas-

tic deformation in the substrates in the related indent depth

range. Therefore, the measured hardness is free of substrate

effect and reliable.

Based on this study, the 10% rule of thumb normally

required in nanoindentation for film hardness without sub-

strate effect can be relaxed on the ALD Al2O3 films on sin-

gle crystal silicon substrate when using a sharp cube-corner

indenter. This provides more freedom for indentation proce-

dure design in the case of ultrathin films while surface

roughness and high noise-to-signal ratio at shallow indent

depths have to be accounted. Here, one should bear in mind

that property data from excessive deep indent range should

be avoided for the potential pile-up and/or sink-in of surface

material around the tip that is more pronounced for film/sub-

strate systems.17 Material pile-up and/or sink-in may induce

error in calculating the contact depth at the peak-load when

using the Oliver-Pharr’s method.

The measured elastic modulus of the 300 nm thick Al2O3

film is also presented in Table III. Here, the modulus values

are determined from the reduced modulus or contact modu-

lus, Er, by using the equation13

1

Er
¼ 1� �2

i

Ei
þ 1� �2

i

Ef
; (3)

where Ei and Ef are the elastic modulus of the indenter and

the film and �i and �f are the corresponding Poisson’s ratio.

For diamond indenter, Ei¼ 1141 GPa, and �i¼ 0.07.13 The

Poisson’s ratio of the ALD Al2O3 film is taken as 0.24.6 The

changes of modulus value with deeper indents in Table III

demonstrate an opposite trend for the two substrates indicat-

ing substrate effect. Referring to the elastic modulus values

in Table IV, the measured film modulus (Table III) starts to

drop if the substrate is silicon and to rise if it is sapphire

when the ratio of contact-depth-to-film-thickness is over

17%. This is understandable since as the indenter penetrates

deeper into the film the information in the unloading data

will be more substrate dominant. From the results in Tables

III and IV, one may estimate that the real film modulus

should fall between 180 and 190 GPa. For the 300 nm thick

film, it requires that the indent depth is less than 18 nm or

6% of the film thickness for minimizing the substrate effects

on the measured film modulus. For a 100 nm thick film, the

depth should be under 6 nm, which is very challenging for

the nanoindentation instrument. Therefore, modeling the

whole elastic field under given indentation conditions with

the knowledge of interfacial stress between the film and sub-

strate is necessary for obtaining true elastic modulus of thin

ALD films.

TABLE II. Measured hardness of the Al2O3 films at specific contact depths,

GPa.

Film thickness

(nm)

Contact depth (nm)

4.1–4.7 8.5–12.5 15.5–17.7 49.8–51.7 70.8–76.4

10 14.4 6 0.6

20 13.3 6 0.5 11.9 6 0.5

50 13.7 6 0.4 11.9 6 0.3 11.7 6 0.3 12.2 6 0.7 11.5 6 0.1

100 13.7 6 0.7 11.5 6 0.3 11.1 6 0.3 10.6 6 0.1 10.9 6 0.1

300 13.5 6 0.7 11.6 6 0.5 11.1 6 0.2 10.3 6 0.1 10.0 6 0.1

600 13.2 6 1.0 10.7 6 0.2 11.1 6 0.3 10.3 6 0.1 9.9 6 0.1

TABLE III. Property comparison of a 300 nm ALD Al2O3 film on silicon and

sapphire substrates at specific contact depths.

Substrate Properties (GPa)

Contact depth/film thickness (%)

2.8–4.2 5.2–6.0 16.6–17.2

Si Hardness 11.6 6 0.5 11.1 6 0.2 10.3 6 0.1

Elastic modulus 181.1 6 11.9 185.2 6 10.4 169.0 6 5.1

Sapphire Hardness 10.6 6 0.3 10.9 6 0.2 10.5 6 0.1

Elastic modulus 188.3 6 8.4 186.0 6 10.7 200.4 6 6.2

TABLE IV. Measured mechanical properties of the film-free substrates.

Substrate reference Properties (GPa)

Si Hardness 9.8 6 0.2

Elastic modulus 154.8 6 5.0

Sapphire Hardness 31.0 6 0.8

Elastic modulus 341.8 6 13.8
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IV. SUMMARY AND CONCLUSIONS

In this study, ALD Al2O3 films of thickness varying from

10 to 600 nm were deposited on SSP-Si wafer at 300 �C, and

the film hardness was measured by nanoindentation. To

improve the reliability of nanoindentation hardness measure-

ment of the ALD Al2O3 films, the characteristics of the

indentation load-displacement response of the substrate ref-

erence sample was first investigated. A highly repeatable

point of elastic to elastic–plastic deformation transition was

observed at a specific and shallow contact depth. The occur-

rence of this transition correlated to a sharp increase of the

power-law exponent, m, when fitting the unloading data to a

power-law relation. This sharp increase of m was linked to

phase transformation occurring in unloading, a unique phe-

nomenon in single crystal silicon. When indenting the Al2O3

films on the silicon substrate, the corresponding m values

fell into a narrow region over wide indent depth ranges. This

is thought to indicate that the silicon substrate was in an elas-

tic state, or in other words, no plastic deformation occurred

in the substrate as the films were indented to the correspond-

ing depths. As a consequence, by carefully monitoring the

variation of the exponent “m” when fitting the unloading

data from a valid indentation curve to a powder-law equa-

tion, film hardness obtained at indentation depths much

larger than 10% film thickness may still be treated as reliable

true film property free of substrate effects. This enables the

use of the conventional Oliver and Pharr’s method for quick

accessing the hardness of thin films on silicon substrate.

From the results of the study, it is concluded that the hard-

ness of the ALD Al2O3 films deposited on single crystal

silicon can be measured by nanoindentation with good confi-

dence. For films thicker than 20 nm, the hardness is about

11 GPa, independent of film thickness.
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