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Measuring plastic deformation in epitaxial silicon after thermal

oxidation*

K. V. Sweers1, P. R. Kuppens2, and N. Tolou3

Abstract— Residual stress from thermal oxidation can cause
plastic deformation in silicon microelectromechanical systems
(MEMS). This paper presents a novel method to distinguish
elastic and plastic strain in silicon beams, by removing the
oxide layer to show the plastic strain. A lever mechanism is used
as a mechanical amplifier. The plasticity model by Alexander
and Haassen (AH) is used in a numerical model to predict
the elastic and plastic strain. Experiments in epitaxially grown
silicon show significantly less plastic strain than predicted by
the model. We conclude that the AH model is not valid for
epitaxially grown silicon with very little initial dislocations.
Since epitaxially grown silicon generally has less dislocations
compared to floating zone silicon we recommend using the
former when plastic deformation is to be avoided.

I. INTRODUCTION

Thermal oxidation in silicon microelectromechanical sys-

tems (MEMS) induces stress in the oxide film and bulk

silicon. This residual stress causes deformations in the sili-

con, which can be partially plastic under certain conditions.

These plastic deformations are not completely understood

yet. Some effects of residual stress in MEMS include damage

[1], warpage [2], reduced sensitivity of ultrasonic sensors [3],

and buckling [4].

Thermal oxide is typically used as a sacrificial layer in

the etch process, or for electrical insulation. It is grown in

an oxygen rich environment, at high temperatures typically

ranging from 800 ◦C to 1200 ◦C. At these high temperatures

silicon behaves ductile, in contrast to the very brittle behavior

at room temperature [5]. Usually the film is very thin

compared to the silicon bulk, so stress in the bulk is low and

no plastic strain occurs. For relative thicker oxide compared

to the bulk, significant plastic deformation can be expected.

Literature provides many methods to measure residual

stress and strain in thin films. The most common method is

to measure the wafer curvature [6], [7], and calculate thin

film stress using the Stoney equation [8]. Some of other

commonly used methods include buckling beams [9]–[11],

piezo [12], [13], motion amplifying mechanisms [14]–[17],
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and x-ray diffraction [18], [19]. Although these studies all

measure strain, none make the distinction between elastic

and plastic strain.

Measurements of the plastic behavior of oxidized thin sil-

icon beams have not been done before. Better understanding

of this behavior gives designers the insight to either avoid

or exploit plastic deformation after oxidation. It could be

used to permanently deform silicon members in a passive

way, contrary to [20] and [21] who used active mechanical

contact to obtain plastic deformations. Another application

is to create preloading in silicon members [22]. This can be

used to remove clearance between components or to apply

preloading. Potential applications are energy harvesters and

MEMS accelerometers [23].

This paper presents elastic and plastic strain measurements

in epitaxial silicon beams, as a result of thermal oxidation. A

novel measurement method is used to distinguish elastic and

plastic strain, by removing the oxide film to show the plastic

strain. A lever mechanism is used as a mechanical amplifier.

Experiments are performed with different beam widths and

oxidation temperatures. A numerical model is implemented

to predict elastic and plastic strain, which are compared to

experimental results.

The working principle and design of the lever mechanism,

as well as the modeling, are described in section II. Exper-

imental and theoretical results are presented in section III.

The results are discussed in section IV and a conclusion is

given in section V.

II. METHODS

A. Working principle

A silicon dioxide film is grown on the surfaces of sili-

con beams at elevated temperatures. It was shown by [24]

that silicon dioxide grows in a stress free state above the

viscous flow point, which is between 950 ◦C and 975 ◦C.

It is therefore assumed that the only cause for stress is the

difference of coefficient of thermal expansion (CTE) between

silicon dioxide and silicon. A surface stress will be induced

when the specimen cools down to room temperature. This

surface stress in the silicon dioxide film induces a net axial

tensile stress in the silicon cantilever beam. This stress causes

elongation of the beam, which can have a plastic component

besides an elastic one. Plastic deformation can theoretically

occur if there is sufficient stress above the brittle-ductile

transition temperature [25]. In thicker beams less stress is

induced, and they will stretch less than thinner beams. The

total strain, which can be measured at room temperature, is

the sum of elastic and plastic strain. To distinguish these,
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Fig. 1: Working principle of the lever mechanism. Fig. 1a shows the initial position, before oxidation. Fig. 1b shows the

position after oxidation. The beam rotates with tip displacement y because of the stress in beams LA. After the oxide is

removed, the elastic component of the strain is released. Only plastic deformation remains, which is shown in Fig 1c.

the oxide film is removed in our method. This eliminates the

source of stress in the silicon beam, so only the plastic strain

remains.

Elastic and plastic strains are expected to be in the

order of 0.01%. Without amplification, this would result in

elongations in the order of 0.1 µm for 1mm long beams,

which is hard to measure. Therefore a lever mechanism is

used to amplify the displacement, and obtain a sufficient

measurement resolution. This type of mechanism is well

known for stress measurements in thin films [14]–[17]. In

these devices, the mechanism is etched in the thin film only.

When it is freed from the underlying sacrificial layer, the

film stress is released, causing the mechanism to rotate.

In this work, the mechanism is etched in a layer of

epitaxial silicon, after which a silicon dioxide film is grown

on all surfaces of the mechanism. The working principle of

this mechanism is schematically shown in Fig. 1. Strain in

beams La cause beam Lc to rotate. The small gap O and

length of Lc amplifies this rotation. The rotation is observed

at the tip of the rotating beam, and is used to calculate the

strain in beams La.

A vernier scale at the tip of the rotating beam is used to

allow for easy read out of tip displacement under an optical

microscope. An example measurement can be seen in Fig.

5c.

The kinematic relation between strain ε and tip displace-

ment y is given by [17] :

ε =
y

La

(

1 + 2Lc

O

) (1)

For this relation, ideal joints are assumed. The dimensions

are chosen based on fabrication and measurement limitations,

and are La = 1000 µm, Lc = 4000 µm, and O = 100 µm.

The vernier scale is dimensioned to be observed with an

optical microscope for the expected deformations with a

resolution of 1 µm tip displacement. With these dimensions,

a strain resolution of 1.2× 10−3 % is obtained.

A finite element method (FEM) analysis in COMSOL

shows a deviation from this linear relation of Eq. 1 up to

0.0093% strain in our measurement range. It is found that a

correction factor in the form of the second order polynomial

from eq. 2 gives a good fit to the FEM data. A least squares fit

on the FEM data in the range of 0% to 0.14% strain gives

values for C1 and C2 of 1.0235 and 442.9039. With this

fit, the maximum error in this range is reduced to 0.0005%
strain. Eq. 2 is used to calculate the strain from experimental

tip displacement data.

ε =
C1y + C2y

2

La

(

1 + 2Lc

O

) (2)

To prevent the compressive load to buckle the mech-

anism sideways a linear and nonlinear buckling analysis

is performed using the FEM model. Extreme values of

beam widths and thermal loads (mention values) confirm the

mechanism will rotate as desired.

B. Fabrication and measurements

A silicon on insulator (SOI) wafer is used with a 300 µm
thick handling layer, 2 µm silicon dioxide layer, and a 50 µm
thick epitaxial silicon device layer in the (100) orientation.

Deep reactive ion etching (DRIE) is used to etch the lever

mechanisms in the epitaxial silicon layer from the front. It is

assumed that DRIE does not induce stress in the mechanism.

DRIE is also used to etch a cavity in the handling layer

to release the mechanisms. Samples are made with beams

aligned to the <100> and <110> directions.

A 10mm x 10mm stepper mask is used. Each sample

contains six rotating beams, as can be seen in Fig. 2 and

Fig. 4. Devices are fabricated with beam widths of 6.48 µm,

11.48 µm, and 16.48 µm, where overetching and consumed

silicon by the silicon dioxide are considered. The target

widths of the silicon beams after oxidation are 5 µm, 10 µm,

and 15 µm (without silicon dioxide). Each sample contains
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two devices of each beam width. Markers are etched to

identify the beam width and to read the displacement on

the scale, see Fig. 5.

A silicon dioxide layer of 1 µm thick is grown using wet

thermal oxidation at 900 ◦C, 950 ◦C, 1000 ◦C, 1050 ◦C, and

1100 ◦C. The oxide film is grown on all silicon surfaces.

The oxidation times are calculated using the Deal-Grove

model [26]. The samples are placed horizontally in the

furnace, eliminating in-plane gravity effects. After oxidation,

the furnace cools to 800 ◦C. The samples are annealed at

this temperature for about 16 hours before they are removed

from the furnace. The temperature profile is shown in Fig.

3. The oxide thickness is measured with spectral reflectance

using the Leitz MPV SP at 3 different locations across the

front side of the sample. The oxide is removed with vapor

hydrofluoric acid (VHF). As plastic deformation is expected

during cooling, it is assumed that surface defects as a result

of the VHF do not influence plastic deformation.

In each sample, the width of one 5 µm, 10 µm, and

15 µm beam are measured with a Keyence VHX-6000 optical

microscope at 3 locations along the beams. For one sample

of <100> and <110>, the beam widths are also measured

from the backside.

The strain measurement consists of multiple readouts in

different stages of the fabrication process. The tip displace-

ment is obtained by observing the vernier scales under a

Keyence VHX-6000 optical microscope. An initial measure-

ment is done before oxidation. The total strain, which is the

sum of elastic and plastic strain, is measured after oxidation.

The plastic strain is measured after the silicon dioxide is

removed using the VHF.

Fig. 2: Picture of a sample.

C. Modeling

Stress and strain during cooling in oxidized fixed-free

silicon cantilever beams, oriented in the <100> and <110>

directions, are numerically modeled in MATLAB. Elongation

of the thin beams causes additional stress, originating from

the bending of the thin beams. The FEM model of the lever

mechanism shows that this stress is negligible compared

to the thermal stress in the silicon, and thus validates the

assumption of a fixed-free beam.

The total strain rate in silicon and silicon dioxide must

be equal at their interface, and is assumed to be uniform

throughout the cross section. The total strain rate for both

materials consists of elastic, plastic and thermal strain rates.

The total strain rate equation is given by:

ε̇Si,th + ε̇Si,el + ε̇Si,pl = ε̇SiO2,th + ε̇SiO2,el + ε̇SiO2,pl (3)

Where ε̇Si,th, ε̇Si,el ε̇Si,pl are the thermal, elastic, and plastic

strain rates of the silicon, and ε̇SiO2,th, ε̇SiO2,el, and ε̇SiO2,pl

the thermal, elastic and plastic strain rates of the silicon

dioxide.

Plastic strain in silicon is governed by the movement

of dislocations. As these crystallograhpic defects move, the

lattice is rearranged causing permanent deformation. The

silicon crystal structure contains 12 slip systems on which

dislocations can move [27]. The resolved shear stress τr on

a slip system is related to a tensile stress σ by the Schmid

factor M :

τr = σM (4)

M depends on the relative orientation of the tensile

stress to the slip system. The slip systems with the highest

resolved shear stress, and thus the highest Schmid factor, are

considered active. The plastic strain rate for silicon is given

by the Orowan equation [28]:

ε̇Si,pl = MnNmvb (5)

Where n is the number of active independent slip systems

with Schmid factor M , Nm the mobile dislocation density

for each slip system, v the average dislocation velocity,

and b the length of the Burgers vector. The model by

Alexander and Haassen (AH) is universally used to describe

dislocation velocity and evolution of the dislocation density.

The parameter values from [29] are used in this model. The

dislocation velocity v is:

v = B0

(

τeff

τ0

)m

exp

(−Q

kbT

)

(6)

Where B0 is a reference velocity equal to 4.3× 104 ms−1,

τeff the effective shear stress, τ0 a reference stress, Q the

activation energy, kb the Boltzmann constant, and T the

temperature.

The effective shear stress τeff is given by:

τeff =

⟨

σM − Gb
√
Nm

β

⟩

(7)

Where G is the shear modulus, and β a parameter char-

acterizing the interaction between dislocations. If x > 0,

⟨x⟩ = x, and if x ≤ 0, ⟨x⟩ = 0. The dislocation density is
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assumed to increase proportionally to the area swept by the

dislocations and the effective shear stress:

Ṅm = KNmvτeff (8)

Where K is a constant with value 3.1× 10−4 mN−1.

Force equilibrium allows the axial stress in the silicon

dioxide to be expressed by the stress in the silicon:

σSiO2
=

−σ

Ar

(9)

Where σSiO2
is the axial stress in the silicon dioxide, and

Ar the ratio of cross sectional area of silicon dioxide over

silicon.

The plastic strain rate of silicon dioxide is modeled with a

viscous flow model, as proposed by [30]. The plastic strain

rate of the silicon dioxide is given by:

ε̇SiO2,pl =
−σ

ηAr

(10)

Where η is the temperature dependent viscosity [30].

Silicon is an anisotropic material, so the elastic modulus

depends on the relative orientation to the crystal lattice. For

uniaxial tension, the appropriate elasticity modulus E can

be simplified to a single value [31]. The cantilever beams

aligned with the <100> and <110> directions have elasticity

moduli:

Esi,100 =
1

s11
(11)

and

Esi,110 =
4

2s11 + 2s12 + s44
(12)

where s11, s12, and s44 are components in the compliance

tensor.

The second order temperature dependence of the compo-

nents in the compliance tensor found by [32] are used in this

study. Even though this relation is based on measurements

at lower temperatures, similar values for higher temperatures

are found in [33]. The elastic strain rate is given by:

ε̇Si,el =
σ̇

Esi

(13)

Silicon dioxide is modeled as an isotropic material. The

elastic modulus ESiO2
is assumed to be independent of

temperature with a value of 64GPa [34]. The elastic strain

rate for silicon dioxide is:

ε̇SiO2,el =
−σ̇

ArESiO2

(14)

The thermal strain rates for silicon and silicon dioxide

depend on the cooling rate Ṫ and the thermal expansion

coefficient. For silicon, the thermal strain rate is:

ε̇Si,th = αSiṪ (15)

Where αSi is the thermal expansion coefficient for silicon.

The empirical formula proposed by [35] for the temperature

dependence of αSi is used. Because the lateral strain is

constrained by the silicon, there is an additional term in the

axial thermal strain rate equation for silicon dioxide. The

thermal strain rate is:

ε̇SiO2,th = αSiO2
Ṫ + (αSiO2

− αSi) νṪ (16)

Where αSi is the thermal expansion coefficient for silicon

dioxide, and ν the Poisson ratio of silicon dioxide. The

temperature dependence reported in [34] is used.

The cooling process is modeled by solving the differential

equations 5, 8, 10, 13, 14, 15, and 16 numerically for T (t)
in MATLAB. The initial value for the dislocation density is

assumed to be 1× 104 cm−2 [36], [37].
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Fig. 3: Temperature profile for oxidation at 1000 ◦C, and

elastic and plastic strain during cooling. Plastic strain from

left to right resemble the beams with 5 µm, 10 µm, and 15 µm
respectively.

III. RESULTS

A. Characterization

Fig. 2 and Fig. 4 show an example of a fabricated sample.

The oxide thickness measurements can be seen in Tab. I. For

the samples oxidized at 1100 ◦C the oxide thickness was

very close to the target. For the other samples, there was

an increasing deviation from the target for samples oxidized

at lower temperatures. The average measured beam width

from the front are shown in Tab. I. The beam widths of

the samples oxidized at 1000 ◦C were also measured from

the backside. The beam widths from the backside are on

average 1.22± 0.30 µm smaller compared to the front side.

To calculate Ar, the measurements from the front side are

corrected with this average.

B. Measurements

An example of a read out of the vernier scale is shown

in Fig. 5. The elastic and plastic strain measurements for

the <100> and <110> aligned samples are plotted in Fig. 6-

10, together with simulation results with and without the

plasticity model for silicon. In general, very little plastic

strain was observed. An attempt to obtain larger plastic

strains was made by growing 2 µm oxide films at 1100 ◦C,
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with annealing times of 16 h and 30 h. This did not result in

larger strains, as seen in Fig. 10.

The elastic strain was predicted well by the model where

plasticity in silicon was disabled for most oxidation tem-

peratures. The model underpredicted the elastic strain for

oxidation at 900 ◦C, and overpredicted elastic strain for

oxidation at 1100 ◦C with large Ar.

1mm

Fig. 4: Optical micrograph of a sample.

IV. DISCUSSION

We have successfully measured both elastic and plastic

strain in silicon beams as a result of thermal oxidation.

The maximum observed plastic strain was 0.006%, which

is about 10 times less than predicted. We have performed ex-

periments with multiple oxidation temperatures for different

beam widths. The oxidation temperature and beam width

influence the measured elastic strain, but do not influence

the measured plastic strains. Attempts to induce more plastic

strain were made by growing extra thick 2 µm oxide at

1100 ◦C, and by longer annealing. However, the observed

plastic strains were still in the same range.

It was assumed that the initial dislocation density was

in the order of 1× 104 cm−2, which is a common value

for single crystal silicon in literature [36]–[39]. Lowering

the dislocation density in the model would still not explain

the observed results, as the model is very insensitive for

the initial dislocation density because of the large annealing

times. This can be seen in Fig. 3. For an extremely low

dislocation density of 0.1 cm−2, the model predicts the

same order of plastic strain as for a dislocation density

of 1× 104 cm−2. For reference, in a 10 µm width beam,

0.1 cm−2 means a total of 0.5 nm dislocation length. This

is equal to the silicon crystal lattice spacing, so this could

be seen as the minimum possible nonzero dislocation length.

With the AH plasticity model used in this work, a zero

dislocation density would predict zero plastic strain. Even

though, zero dislocations have been measured in epitaxially

grown silicon with special heat treatment [40]. It is unlikely

that there are zero crystal defects or impurities at all that

can function as dislocation sources in any of our samples.

It would also fail to explain the small trend of plastic strain

that is observed in the measurements.

The AH model is validated for dislocation densities in the

order of 1× 104 cm−2 to 1× 106 cm−2 [41]. The model

may not be valid for extremely low or zero dislocation

densities. For instance, the assumptions of uniformly dis-

tributed dislocations may be violated or the assumed mul-

tiplication mechanisms may be invalid at extremely low

dislocation densities. The agreement between experimental

elastic deformation and the model results confirm reliable

measurements of deformations, confirming that the model

for plastic deformation is most likely invalid. Future research

on plasticity in epitaxial silicon by means of tensile or

compression tests could provide insight in the observed

results in this work. Also measuring the dislocation density

and experimenting with doping could shed more light.

We have shown that the lever mechanism was able to

distinguish elastic and plastic strain as a result of thermal

oxidation. However, the observed plastic strains were smaller

than the lever mechanism was designed for. Future research

should evaluate the performance for larger plastic strains.

This could be achieved by using silicon with more initial

dislocations. As previous research by the authors has shown,

FZ grown silicon could be used to achieve this. Another

option is to use a high level of boron doping in the epitax-

ial silicon layer. Plastic deformation has been observed in

heavily boron doped oxidized silicon membranes [4].

Elastic strain between 0.019% and 0.135% are measured.

Elastic strain measurements are generally in good agree-

ment with the model, where the plasticity of silicon was

disabled by simulating with an initial dislocation density

of zero. Because plastic strain works stress relieving, the

model including plasticity predicts lower elastic strain. At

lower oxidation temperatures, the measured elastic strains are

significantly larger than predicted. It is likely that at these

oxidation temperatures, the stress from volume increase of

the oxide is not completely relieved by the viscosity of the

oxide. This is in agreement with literature [24], which states

that the oxide grows stress-free above 950 ◦C to 975 ◦C. The

assumption of stress free oxide growth is thus invalid for

the oxidations at 900 ◦C and 950 ◦C and questionable for

1000 ◦C. For more accurate predictions at lower oxidation

temperatures, this should be included in the model.

V. CONCLUSION

A lever mechanism was used to successfully measure both

elastic and plastic strain in silicon beams as a result of

thermal oxidation. Measurements for different beam width

(5 µm to 15 µm) and oxidation temperatures (900 ◦C to
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TABLE I: Process data

Oxidation Annealing Target Oxide <100> beam width <110> beam width
temperature time thickness thickness in µm in µm

900 ◦C 60h 1 µm 801nm 5.35 10.30 15.25 5.84 10.15 15.51

950 ◦C 16h 1 µm 940nm 5.30 10.19 15.18 5.50 10.41 15.50

1000 ◦C 16h 1 µm 965nm 5.47 10.49 15.39 4.97 10.13 14.95

1050 ◦C 16h 1 µm 986nm 5.06 10.08 15.03 5.18 10.18 15.06

1100 ◦C 16h 1 µm 1004nm 4.42 9.70 14.67 4.90 9.71 14.91

1100 ◦C 16h 2 µm 1994nm 2.92 7.73 12.67 2.80 7.51 12.49

1100 ◦C 30h 2 µm 1996nm 2.91 7.85 12.56 2.81 7.72 12.74

y = -3 µm 

100 µm 

µ
 

(a) Before oxidation

y = -3 µm y = 39 µm 

100 µm 

µ
 

(b) After oxidation

y = -3 µm y = 39 µm y = 2 µm 

100 µm 

µ
 

(c) After oxide removal

Fig. 5: Example of a measurement read out. A measurement from a 15 µm beam aligned to the <110> direction, 2 µm
thick oxide grown at 1100 ◦C. Fig. 5a shows the initial read out, Fig. 5b shows the read out of the total strain, and Fig. 5c

read out after oxide removal. The plastic deformation at the tip is thus 5 µm (0.006% strain), and the elastic deformation

37 µm(0.048% strain).
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Fig. 6: Experimental and model results for elastic and plastic

strain for oxidation at 900 ◦C.
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Fig. 7: Experimental and model results for elastic and plastic

strain for oxidation at 950 ◦C.
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Fig. 8: Experimental and model results for elastic and plastic

strain for oxidation at 1000 ◦C.
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Fig. 9: Experimental and model results for elastic and plastic

strain for oxidation at 1050 ◦C.

1100 ◦C) have shown significant influence on elastic strain

but not on plastic strain.

The maximum plastic strain was 0.006%, which is signif-

icantly less than predicted by the model. Our work suggests

that the AH model is not accurate for epitaxial silicon which

literature shows has low or zero initial dislocations.

Elastic strain from 0.019% to 0.135% was measured,

which agrees well with the model for oxidation tempera-

tures from 950 ◦C to 1100 ◦C. For oxidation at 900 ◦C, the

model underestimates elastic strain because intrinsic stress

originating from for example volume expansion of silicon

dioxide during growth is neglected.

We conclude that epitaxial silicon is a good choice when

plastic deformation is to be avoided in stress engineering

applications. More research is needed in epitaxial silicon for
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Fig. 10: Experimental and model results for elastic and

plastic strain for oxidation at 1100 ◦C.

more accurate constitutive plasticity models.
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