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ABSTRACT

Aluminium nitride-based MEMS resonators are one of the interesting recent

research topics for its tremendous potential in a wide variety of applications.

This paper focuses on the detrimental effect of residual stress on the AlN-based

MEMS resonator design for acoustic applications. The residual stress in the

sputtered c-axis (\ 001[) preferred oriented AlN layers on Si (111) substrates

are studied as a function of layer thickness. The films exhibited compressive

residual stresses at different thickness values: - 1050 MPa (700 nm), - 500

MPa (900 nm), and - 230 MPa (1200 nm) with ± 25 MPa accuracy. A mush-

room-shaped AlN-based piezoelectric MEMS resonator structure has been

designed for the different AlN layer thicknesses. The effect of the residual

stresses on the mode shapes, resonant frequencies, and quality factor (Q) of the

resonator structures are studied. The resonant frequency of the structures are

altered from 235 kHz, 280 kHz, and 344 kHz to 65 kHz, 75 kHz and 371 kHz

due to the residual stress of - 1050 MPa (thickness: 700 nm), - 500 MPa

(thickness: 900 nm) and - 230 MPa (thickness: 1200 nm), respectively. At no

residual stress, the quality factors of the resonator structures are 248, 227, 241

corresponding to the 700 nm, 900 nm, and 1200-nm-thick AlN layers, respec-

tively. The presence of the residual stress reduced the Q values from 248

(thickness: 700 nm), 227 (thickness: 900 nm), 241 (thickness: 1200 nm) to 28, 53,

and 261, respectively.
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1 Introduction

Micro-electro-mechanical system (MEMS)-based

sensors and actuators are used in a wide variety of

applications such as military, aerospace, industrial,

consumer electronics, healthcare, as well as in agri-

culture and environment monitoring [1–10]. The

devices such as pressure sensors, accelerometers,

gyroscope, and temperature sensors are the few most

sort after MEMS sensors for these applications

[8, 11–15]. On the other hand, smart actuation

mechanisms such as shape-memory effect, electro-

static, magnetic and piezoelectric are intelligently

employed to perform the various desired microscopic

operation with great precision [7, 14, 16–20] Ever

since the introduction of the famous mechanical res-

onator gate transistor reported by Nathan et al. [21],

micro-resonators are the important building block of

many MEMS devices [22–29]. Today, MEMS-based

resonators have been used in oscillators [5], filters

[16], gyroscope [11], micro-speaker [30], etc. The

MEMS-based resonators are capable of sensing a very

small change in mass loading thus having great

potential in chemical and biomedical applications

[27, 29].

Though PZT is one of the most widely studied

piezoelectric MEMS material [6, 7, 30–32], AlN-based

MEMS resonators on piezoelectric operating princi-

ple are found interests among the research commu-

nity in recent time [5, 22–24, 28, 29]. Despite having

lower piezoelectric coefficient than PZT, the choice of

the AlN is driven by three major factors: (i) excellent

thermal and chemical stability [33, 34]; (ii) excellent

CMOS process compatibility [26]; and (iii) environ-

ment-friendly nature [35, 36].

Among different MEMS materials, silicon is widely

used in MEMS technology because of its excellent

mechanical properties, ease of micromachining, rel-

atively low-cost [11, 14, 15, 35, 37, 38]. Thus, for the

fabrication of AlN-based MEMS resonator structure,

the integration of AlN layers on Si substrates is

essential. The integration of AlN layers on Si sub-

strate can have zinc-blend or wurtzite crystalline

structure [35, 36, 38, 39]. The AlN thin film

with\ 001[ oriented (c-axis) wurtzite phase is pre-

ferred to enhance the piezoelectric effect [17, 33, 36].

Different deposition techniques are used to grow AlN

layers on Si substrates such as atomic layer deposi-

tion [40], chemical vapour deposition [41], molecular

beam epitaxy [42], pulsed laser deposition [43], and

sputtering [35, 36, 44, 45]. For MEMS device devel-

opment, the Si (100) and Si (110) substrates are pre-

ferred because of their ease of micromachining in

alkaline solutions (KOH, TMAH, NaOH, etc.). How-

ever, these substrate surfaces possess non-hexagonal

arrangement of atoms which is not very favourable to

grow c-axis oriented wurtzite AlN films. Thus

growing the c-axis oriented AlN layers on the Si (100)

and (110) substrate will add-up a high level of

residual stress [35–45]. With the increasing use of

sophisticated micromachining techniques like the

deep reactive ion etching (DRIE) technique, it is

possible to fabricate Si (111)-based bulk-microma-

chined devices [46]. The advantage of Si (111) sub-

strate for the AlN-based piezoelectric MEMS devices

is the hexagonal lattice arrangement of surface atoms,

which favours\ 001[ oriented AlN layer growth

with minimum residual stress [45].

In the MEMS device front, Li et al. (2017) have

designed and fabricated AlN-based piezoelectric-on-

silicon low phase noise oscillator [5]. Alcheikh et al.

(2018) investigated the performance of compound

MEMS resonators with multiple inputs (actuation)

and output (detection) methods [22]. Pfusterschmied

et al. [9, 10] applied the piezoelectric MEMS res-

onators for grape must fermentation monitoring in

2017, and also studied the behaviour of piezoelectric

MEMS resonators submerged in different liquids in

2019. Toledo et al. [28] demonstrated the potential of

a piezoelectric resonator for developing a low-cost

sensor system for the detection of microscopic parti-

cles present in environments and workplaces. Bao

et al. [23] successfully implemented AlN-based SOI

MEMS resonators having improved quality factor (Q

factor). The team also (Bao et al. [24]) presented AlN-

based high-Q multi-frequency ring-shaped piezo-

electric MEMS resonators. However, any of the above

research articles have not discussed the effect of

residual stress in AlN layers on Si (111) substrate

with the varying thickness on the performance of the

MEMS resonator structure.

This paper discusses about the growth of c-axis

preferred oriented AlN films on Si (111) substrates

using the reactive DC sputtering technique. The

phase, crystalline-quality, and morphology of the

sputtered layers are studied. The evolution of the

residual stress in AlN layers as a function of layer

thickness is estimated by the X-ray diffraction tech-

nique. A mushroom-shaped AlN/ Si (111) MEMS

resonator structure is designed. The effect of the
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residual stress in the AlN films on the modal pattern,

resonant frequency and quality factor of the res-

onator structure are studied and reported.

2 Experimental

Aluminium nitride thin films were deposited on sil-

icon (111) substrate by DC magnetron reactive sput-

tering (India made: Excel Instruments) technique. In

the magnetron sputtering Aluminium target was

used with 99.9% purity. For reactive sputtering high-

purity gases, Argon (Ar) and Nitrogen (N2) gases

were used for plasma creation and reactive gas,

respectively. Si substrate was properly cleaned by

RCA cleaning method which was explained in our

previous report [35]. After cleaning the substrate, it

was loaded in the sputtering chamber. The chamber

pressure was first stabilized * 10–6 Torr then Ar gas

was inserted into the chamber. To remove the unin-

tentional oxide on the target surface, the target was

pre-sputtered around 15 min. For the wurtzite phase

AlN thin film growth, the growth conditions were

properly optimized and reported in our previous

publication [37]. Three AlN thin film samples were

grown at * 90 W DC power and Ar and N2 mixture

flow rate * 20sccm (10 sccm ? 10 sccm) by varying

the deposition time. To get\ 001[ oriented AlN

thin films on Si (111), the best-optimized temperature

substrate * 500 o C was utilized. During the depo-

sition, the substrate to target separation was kept *
6 cm. Three samples were grown by varying the

deposition time from * 0.75 h, * 1 h and * 1.25 h,

respectively, for this study. During the film deposi-

tion, a step was made on the substrate for thickness

estimation. The thicknesses of the films were esti-

mated by Stylus Surface Profiler (KLA-Tencor Alpha-

Step D-500 stylus profiler).

AlN layers phase and crystalline identification and

scan for residual stress were done by Grazing inci-

dence X-ray diffraction (GIXRD) technique in thin

film geometry using PANalytical X’Pert Pro MRD

system. In the GIXRD technique incident angle of

X-rays was kept constant around 28 from the sample

surface and the detector was scanned (2h angle) from

30� to 70�. Using this scan X-ray diffractogram were

recorded for AlN layers. A parabolic mirror was used

in the incident side in front of the X-ray source and a

proportional counter detector was used on the dif-

fracted side. For residual stress estimation of the AlN

layers, several XRD data were measured near 65.9�
angle with the range of 5� by varying the tilt angle

from 0� to 45�. Surfaces morphologies of the AlN

layers were recorded using Zeiss make Field Emis-

sion Scanning Electron Microscope (FESEM) (Model:

Supra 55).

3 Results and discussion

3.1 Structural characterization

The film thickness was measured by the depth pro-

filometer. The thickness of the AlN layers is found to

be 700 nm, 900 nm and 1200 nm for the film depos-

ited in * 0.75 h, * 1 h and * 1.25 h, respectively.

The X-ray diffraction pattern was recorded of AlN

thin films from angle 30� to 70� and shown in Fig. 1.

In the XRD plot, several intense peaks were observed

at 33�, 35.9�, 38�, 49�, 59� and 65.9� diffracted angle.

These peaks are very well matched with the poly-

crystalline wurtzite structure of AlN and showing the

(100), (002), (101), (102), (110) and (103) crystallo-

graphic planes, respectively. The XRD peak position

is very well matched with the standard JCPDS file

(file no 08–0262). The observed intense peak of (002)

planes near * 35.9� in all samples represent the AlN

films are preferred oriented along c-direction. As the

thickness of the film increases, the relative intensity

of (002) peak also increases. The film’s orientation

parameter (texture coefficient) for AlN samples along

the (002) plane is estimated by the procedure men-

tioned in the earlier report [35]. The estimated texture

Fig. 1 X-ray diffraction pattern of the AlN layer on Si (111):

thickness * 700 nm, 900 nm, 1200 nm, respectively
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coefficient of the AlN films is around 2.7, 3.2 and 3.6

for AlN layer with film thickness 700 nm, 900 nm

and 1200 nm, respectively. The crystallite size of the

films is calculated by Scherer equation (D = 0.94*k/
bcos(h)) [35], b and h represent the FWHM and

Bragg’s angle, respectively. The crystallite size of the

films is found in the range * 18–35 nm.

GIXRD technique is used to determine the strain

value of thin film by recording the diffraction curve

by varying the tilt value for a higher-order indexed

plane. Subsequently, the residual stress of AlN layers

on Si (111) substrate is estimated by the modified Sin2

w method [35, 47]. For strain determination, the XRD

measurement is recorded a high (2h) angled plane by

varying tilt angle (w) in GIXRD geometry. The strain

in the (hkl) plane can be written as

e ¼ dawðhklÞ � d0ðhklÞ
d0ðhklÞ

ð1Þ

where dawðhklÞ and d0(hkl), represent the interplanar

separation of the (hkl) plane in the presence and

absence of residual stress. The residual stress (r)
generated in the AlN films can be extracted from the

slope between e and Cos2aSin2was written in Eq. (2)

[47].

e ¼ 1þ m
E

r cos2asin2wÞ þ 1þ m
E

rsin2a
� �

� 2m
E
r

� �
ð2Þ

By combining Eqs. (1) and (2), strain (e) is plotted

with Cos2aSin2w and it is found the plot is linear. In

Eq. (2), E and m are young modulus and Poisson ratio,

respectively. Here m and E are taken to be 0.236 and

322 GPa, respectively, for AlN material [48, 49].

Residual stress (r) of the thin films samples are

estimated from the gradient of dawðhklÞ and Cos2-

aSin2w plot by Eq. (2). In the Eq. (2), w is the sample

tilt angle from the sample surface which was pro-

vided to the goniometer stage during the X-ray

diffraction experiments, and the angle (a) is equal to

(h-c), where c is glancing incidence angle in XRD

measurement.

The XRD peak around (2h–65.9�) corresponding to

the (103) plane is chosen for residual stress determi-

nation for AlN layers. Figure 2a–c shows the 2h scan

for (103) plane around (2h * 65.9�) by varying tilt (w)
angle from 0� to 45� for AlN films grown on Si(111)

substrate with the layer thicknesses around * 700

nm, 900 nm, 1200 nm. In the plots, A-I corresponds to

the XRD plot of varying the tilt angle (w) taken from 0� to 45� at an equal interval (around 5�) for the

samples. Figure 2 indicates that as the tilt angles

Fig. 2 Residual stress determination of the AlN films by

recording 2h scan of (103) plane AlN layers at different tilt

angle (w = 0–45�) in GIXRD geometry: film thickness a 700 nm,

b 900 nm and c 1200 nm. Plot A to I represents the XRD patterns

at every 5� steps of the w
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increases, the XRD peak is shifted in the higher 2

theta angle side, implying the reducing the inter

planner spacing. As a result, films are compressively

strained.

For the residual stress (compressive) determination

Fig. 3 is plotted using the Eqs. (1) and (2). Figure 3a–c

shows the plot between d-spacing versus Sin2w Cos2a
for (103) plane for the AlN layer of thickness 700 nm,

900 nm, 1200 nm, respectively. The extracted residual

stress values for AlN layers were found to be com-

pressive. The residual stress values of the AlN sam-

ples were found to be - 1050 MPa, - 500 MPa,

and - 230 MPa for the 700 nm, 900 nm, 1200 nm

thin films, respectively. The error value in the resid-

ual stress in the GIXRD measurement is also calcu-

lated. It depends on the value of the step size taken

during 2 theta scan and the wavelength spread. The

calculated error value (accuracy) is found to

about ± 25 MPa. The in-plane lattice arrangement of

Si (111) (in-plane lattice arrangement, i.e. hexagonal)

and AlN film-oriented along c-direction (hexagonal

in-plane atomic arrangement) is similar; therefore,

the determined residual stress values are found to be

lesser values as compared to other reports [35]. As

the thickness and crystallite size of the films increa-

ses, the residual stress value decreases.

The AlN layers were grown on Si (111) substrate at

same temperature 500 �C with similar conditions;

therefore similar kind of substrate induced stress (or

strain) is expected in all the samples. The GIXRD

measurement was done at a constant grazing angle of

2�. So, the effect of substrate in the GIXRD measure-

ment will be more prominent in the lower thickness

sample (700 nm) as compared to higher thickness of

AlN films of Si (111) substrate. This might be the one

of the reasons for getting the slight difference in d

values in 700-nm-thick AlN thin films. Moreover, the

internal stress arises due to the presence of large

number of grains/grain boundaries, defects and

impurities also contributing in determining the

resultant residual stress in the film. In lower thick-

ness (700 nm), the smaller grain size and higher grain

boundary density yielded higher resultant residual

stress in the film. The gradual increase in grain size

and hence lower grain boundary density with the

increase in film thickness resulted steady decrease in

the resultant residual stress in the AlN films. Thus,

the d values as well as compressive stress in 700-nm-

thin AlN layer is high as compared to other AlN thin

layers, i.e. 900 nm and 1200 nm.

Figure 4a–c shows the FESEM images for AlN

samples with layer thickness * 700 nm, 900 nm,

1200 nm, respectively, using 200 KX magnification.

The surface morphologies of the sample with layer

thickness are different in terms of their grain size and

grain boundaries. The mean grain size of the films

with layer thickness * 700 nm, 900 nm and 1200 nm

are * (15–20 nm), * (20–25 nm) and * (25–35 nm),

respectively. At lower deposition growth time (du-

ration) of AlN films showing the low grain size, as

the growth time increases, the grain size also

increases as shown in Fig. 4. The AlN layer thick-

ness * 700 nm, 900 nm films have shown uniform

grains and larger grain boundary density (grain

boundary perimeter span per unit surface area) as

compared to the thicker film, (1200 nm) which shows

the larger grain size and low grain boundary density

as shown in Fig. 4. The measured grain size by SEM

images is very well matched with the crystallite size

determined by XRD.

The decrease in the residual stress in the AlN lay-

ers as the thickness of the films increase depends on

the microstructure of the AlN films. As the thickness

of the film increased large grain size and reduced

grain boundaries (observed in SEM image) might be

responsible to relax the residual stress in the AlN

layer.

Fig. 3 The d-spacing versus Cos2aSin2w plot of the AlN layers of

thickness: (a) 700 nm, (b) 900 nm, and (c) 1200 nm for residual

stress determination by X-ray diffraction
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3.2 Effect of residual stress in mushroom-
shaped MEMS Resonator design

The deposited AlN layers are used in this study for

the development of the piezoelectric MEMS resonator

structure. A mushroom-shaped AlN-based resonator

structure is designed, as shown in Fig. 5. The top AlN

disc of the mushroom-shaped structure has a diam-

eter of 500 lm, which is supported by a cylindrical

post (diameter: 250 lm and height 400 lm) of bulk-

micromachined silicon. The resonator structure can

easily be fabricated using DRIE-assisted bulk micro-

machining process. The mushroom-shaped resonator

structure will be helpful in generating different

acoustic frequencies by easily varying the mode

shapes of the piezoelectric AlN disc attached to the

silicon post. The measured residual stresses

(- 1050 MPa to - 230 MPa) in the sputtered AlN

layers are added in the finite element simulation

model of the resonator structure. The influence of the

residual stress (rR) on the performance of the res-

onator structure is studied using Coventorware

software. Figure 6 shows the initial deflection of the

piezoelectric disc of the MEMS resonator at different

residual stresses. The AlN disc is deformed in dif-

ferent shapes due to the different values of residual

stresses in the AlN layers. The maximum simulated

deflections in the AlN disc due to the residual stres-

ses are 1.5 lm (rR = - 1050 MPa), 0.18 lm (rR =

- 500 MPa), 0.055 lm (rR = - 230 MPa).

Since the resonating frequencies and the mode

shapes are very important in defining the resonator

behaviour, the effect of the residual stresses

(- 1030 MPa, - 500 MPa, and - 230 MPa) on the

modal behaviour of the mushroom-shaped AlN

Fig. 4 Surface morphology (FESEM image) of the AlN thin films

having a thickness of a 700 nm, b 900 nm, and c 1200 nm

Fig. 5 Mushroom-shaped resonator structure design using AlN

membrane
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MEMS resonator structure is studied. Figure 7 shows

the first five modal patterns of the resonator struc-

tures having 700 nm, 900 nm and 1200-nm-thick AlN

layers. In the absence of any residual stress, the res-

onator structures exhibited out of the plane (z-axis)

primary vibration mode (denoted by f1), as shown in

Fig. 7a, c and e, respectively. The other four modes

show higher-order harmonics of the resonator struc-

ture. The introduction of the residual stress in the

resonator structure (via AlN layer growth), alters the

shape of the primary mode (f1) as shown in Fig. 7b, d,

f, respectively. Higher-order harmonics of the MEMS

structure also severely modified in the presence of

the residual stresses.

The resonant frequency of the MEMS structure is

found to be 235 kHz, 280 kHz and 344 kHz corre-

sponding to the AlN film thickness 700 nm, 900 nm,

1200 nm as shown (by arrow mark) in Fig. 8a, c, e),

respectively. Higher-order vibrational modes are

shown complex deformation of the AlN membrane.

In the presence of residual stress, several higher-

order vibrational modes have now become the pri-

mary mode of vibration. The resonant frequency of

the MEMS structure is altered to 65 kHz, 75 kHz and

371 kHz corresponding to the residual stress

of - 1050 MPa(thickness: 700 nm), - 500 MPa

(thickness: 900 nm) and - 230 MPa (thickness:

1200 nm), respectively, as shown (by arrow mark) in

Fig. 8b, d and f. Many of the initial modes are not

energetically favourable due to the presence of

residual stress, which modified the force-balance

equations of vibrations. The detailed frequency

response of the MEMS resonator in all the five modes

shapes can also be observed in Fig. 8.

Since the resonant frequency of the MEMS struc-

ture is altered due to the residual stress, it is also

bound to affect its quality factor. The quality fac-

tor (Q) is defined as

Q ¼ f0
Df

ð3Þ

where f0 is the resonant frequency and Df is the full

width half maximum (FWHM) of the resonance

intensity spectrum. In the absence of residual stress,

the resonator exhibited FWHM (at the resonant peak)

of 0.95 kHz (thickness: 700 nm), 1.23 kHz (thickness:

900 nm), and 1.43 kHz (thickness: 1200 nm). From

Fig. 6 Initial displacement in

the resonator structure at

a rR = 0; b rR =

-1050 MPa; c rR =

- 500 MPa; and d rR =

-230 MPa
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Fig. 7 Mode shapes of the MEMS AlN resonator structure: a AlN

thickness: 700 nm; rR = 0 MPa; b AlN thickness: 700 nm;

rR = - 1050 MPa; c AlN thickness: 900 nm; rR = 0 MPa;

d AlN thickness: 900 nm; rR = - 500 MPa; e AlN thickness:

1200 nm; rR = 0 MPa; and f AlN thickness: 1200 nm; rR = -

230 MPa
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Eq. (1), the quality factor of the resonator is found to

be 248, 227, 241 corresponding to the AlN film

thickness of 700 nm, 900 nm, 1200 nm, respectively.

The presence of residual stress, altered the FWHM

values of the corresponding resonant peak to

2.31 kHz (- 1050 MPa), 1.41 kHz (- 500 MPa) and

1.42 kHz (- 230 MPa), respectively. The Q value of

the resonator structure is found to be 28, 53, and 261

corresponding to the residual stress of - 1050

MPa, - 500 MPa and - 230 MPa, respectively. Thus,

residual stress generated during the AlN film depo-

sition severely altered the mode shapes, frequency

response and quality factor of the AlN-based piezo-

electric MEMS resonator structure.

According to the Rayleigh–Ritz principle, the res-

onant frequency of any multi degree of freedom

vibrating body depends on its ratio of potential

energy and kinetic energy [50, 51]. The residual stress

changed the potential energy and stiffness of the of

the MEMS structure. The presence of strain energy

(due to the residual stress in the AlN films) modifies

the modal shape as well as modal frequencies of the

MEMS resonator structure. As a result of it the res-

onant frequency (1st mode of vibration) of the AlN-

based mushroom-shaped resonator structure altered

from its original values. A closure looks at the modal

shapes in the Fig. 7 of the resonator structure (with

the residual stress) reveal that the resonant mode is

no longer same as that was in absence of the residual

stress.

With the gradual increase of residual stress in the

MEMS structure induces gradual change in the

modal frequency and its amplitude; finally, at

appropriate level of stress it may vanish and higher-

order mode start acts as the primary mode. Higher

level of residual stresses in the 700 nm and 900-nm-

thick AlN films yielded higher-order modes (7th or

8th mode) act as the primary resonant mode. In the

1200 nm thick AlN film-based resonator exhibited

3rd or 4th mode act as the primary mode in presence

of 250 MPa compressive residual stress. Lower

amplitude (compressed) of the resonant mode seems

to be due to the influence of strain energy on the

overall potential energy of the resonator structure.

Fig. 8 Modal frequency response of the MEMS resonator

structure: a AlN thickness: 700 nm; rR = 0 MPa; b AlN

thickness: 700 nm; rR = - 1050 MPa; c AlN thickness:

900 nm; rR = 0 MPa; d AlN thickness: 900 nm; rR = -

500 MPa; e AlN thickness: 1200 nm; rR = 0 MPa; and f AlN

thickness: 1200 nm; rR = - 230 MPa
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4 Conclusions

The AlN-based MEMS resonators are developed in

recent times for a wide variety of defence and civilian

applications. But no reports are available on the

detrimental effect of residual stress on AlN-based

MEMS resonator design. This paper discussed

growth and residual stress generated in

the\ 001[preferred oriented AlN/Si (111) using a

reactive DC magnetron sputtering technique for

MEMS resonator applications. Estimated residual

stresses are - 1050 MPa, - 500 MPa, and - 230

MPa corresponding to the film thickness of 700 nm,

900 nm, and 1200 nm. The accuracy of residual

stresses in the films is found about ± 25 MPa. The

average grain sizes of the films are in the 15–40 nm

range. A mushroom-shaped MEMS-based resonator

structure has been designed. The effect of the residual

stresses on the designed resonator structure is stud-

ied. The mode shapes, resonating frequencies, and

the quality factor are severely affected due to the

presence of the residual stresses. The resonant fre-

quency of the MEMS structure for no residual stress

is 235 kHz, 280 kHz, and 344 kHz corresponding to

the AlN layer thickness of 700 nm, 900 nm, and

1200 nm, respectively. The resonant frequency of the

structures is altered to 65 kHz, 75 kHz, and 371 kHz

corresponding to the residual stress of - 1050 MPa

(thickness: 700 nm), - 500 MPa (thickness: 900 nm)

and - 230 MPa (thickness: 1200 nm), respectively. In

absence of the residual stress, the quality factor of the

resonator structures are 248, 227, 241 corresponding

to the 700 nm, 900 nm, 1200-nm-thick AlN layers,

respectively. In presence of the residual stress, the

quality factor (Q value) of the resonator structures is

decreased from 248 (thickness: 700 nm), 227 (thick-

ness: 900 nm), 241 (thickness: 1200 nm) to 28, 53, and

261, respectively.
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