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Physical Sensitivity of Silica Micro-Cantilevers Fabricated using
Direct UV Writing and Micromachining
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A silica micro-cantilever with intrinsically defideplanar Bragg gratings has been fabricated
using a combination of direct UV writing and micraahining, in a silica-on-silicon platform.
Through optically monitoring the response of thead®r gratings, defined within the cantilever,
induced stresses can be measured. The fabricdted cantilever is 65um wide, 40um thick and
3 mm in length. It contains three planar Braggiggs and can attain ~60 nm deflection resolution.
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1. Introduction

Micro-cantilevers are ubiquitous in physical, cheahi
and biological sensing. They have received increpsi-
terest over recent years, as a new type of mingsttir
transducer that is easy-to-use, cheap and highbiteee.

Micro-cantilevers are used to measure physicalméhe
cal and biological changes through their impact tha
properties of the deflectable cantilever structiiee posi-
tional change of the structure may be measuredithgre
electronic or optical means [1].

The fabricated silica micro-cantilever, picturedHig-
ure 1, has of a direct UV written optical wavegualed a
series of Bragg gratings defined intrinsically witlit. Ap-
plying stress to the cantilever results in a phalschange
in the Bragg gratings. Through monitoring the retilen
spectra of the Bragg gratings the applied stresisdarcanti-
lever can be measured and thus its deflection rédadai

2. Design and Fabrication
Device fabrication is uniquely achieved throughoane

Deflection detection using electronic means includebination of direct UV writing and micromachining ia

piezoresistive [2,3] and capacitive [4] techniqu&bese
have the advantage of being able to integrate ¢vee on
a single compact chip. However, the deflection Ikggm
is typically less than optical methods. In addifiaptical
devices possess the ability to function in flamreabhvi-
ronments without the risk of ignition and have immity to
electromagnetic interference.

Optical detection is typically achieved throughefre
space optical levering [5], inteferometry [6,7]the use of
diffraction gratings [8]. These methods of detactiare
typically ‘free-space’ as the optical wave is noidgd by
the cantilever structure, which usually means theiat
can not be integrated upon a single compact chip.wWork
reported in this paper considers a planar silicaroni
cantilever that guides light within the cantilevesysical
structure. The reported device is fabricated fromiliaa-
on-silicon chip, which has the inherent advantafymie-
gration.

Fig. 1 Optical microscope image of the silica cantilever

silica-on-silicon platform. The combination of tieesovel
techniques allow for rapid prototyping, as theyru re-
quire photolithography steps that can be expensné
time consuming, particularly for small device quaes.

Direct UV Writing (DUW) has been used to simultane-
ously fabricate waveguides and Bragg gratings. fiiis¢
stage of conventional DUW is the deposition of tsilica
layers upon a silicon wafer, which is ~1 mm thickidas a
thick (17 pm) thermally grown oxide. The silica layers are
deposited using a flame hydrolysis deposition (Fzh-
nique and subsequently consolidated at ~3G0The first
deposited silica layer was i thick and doped with ger-
manium, the second silica layer was i thick and had
no germanium doping. The composition of the substisa
illustrated in Figure 2.
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Fig. 2 Composition of the silica-on-silicon substrate
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The first deposited layer (core layer) is effedijve
sandwiched between two layers of silica, the théyma
grown silica and the final FHD layer. This corécsillayer
is the only one of the three layers doped with getiom
and is consequently photosensitive to UV radiatibhe

layer is 7um thick to ensure vertical single mode confine-

ment, at C-band wavelengths. In addition other dtpa
(boron and phosphorus) are used to control refradatidex
of the core and overclad layers.

It must be noted that the thick thermal oxide &otaid
the adhesion of the deposited silica. Its thickrase acts
as a low refractive index buffer layer (undercléaf) light-
waves guiding in the core layer.

(@)

>

2 trenches defining
cantilever

Fig. 4 Scanning Electron Microscope images of (a) diced
grooves defining the outline of four cantileversdafp) a
cantilever released from the underlying silicoreaétching

In the final stage of fabrication a silicon etch@OH)

was used to liberate the silica cantilever from uhderly-

The next stage of fabrication is the definition of ing silicon, as illustrated in Figure 4 (b). Thigle process

waveguides and planar Bragg grating elements u3ify.
The DUW method, used in the fabrication of thedaling
devices, is a dual beam Direct Grating Writing (DBEW
variant of DUW [9]. The established technique isallly
suited to rapid prototyping, requiring no photdigiaph or
etching and as a result no specialized cleanroaititits.

took 9 hours at AT, with 1.0 M of KOH solution. The
resulting cantilever was 6om wide and 4Qum thick. The
cross-sectional dimensions ensured that the evamesc

field of the waveguide mode was not exposed tostire

rounding medium. Thus, the spectral response oBthgg
gratings within the cantilever were only affectey ib-

DGW can define both waveguide and planar Braggduced stresses, either internal (i.e. thermal esipah or

grating structures in a single step process. Thenique
focuses two coherent laser beams to am7diameter spot
within the germanium-doped silica layer. As therhsare
coherent an interference pattern is achieved afatgsed
spot. By traversing the sample beneath
waveguides can be directly written into the photsstéese
germanium-doped silica core layer. More interesyingy
amplitude modulating the exposure during transtapita-
nar Bragg grating structures can be written, astilhted in
Figure 3. As DGW is computer controlled, the tine r
quired from initial circuit concept to completebfiation
takes in the order of minutes and not days asuis for
alternative photolithograph methods.

Interference
Pattern

v Computer
controlled
motion

Fig. 3 Composition of silica-on-silicon wafer

In the fabrication of these silica micro-cantilevewe
choose to create physical grooves in the substratere
the DGW process. The grooves were fabricated uaing
precision dicing saw and created the cantilevettire
into the substrate, illustrated in Figure 4 (a)e Huts were
made using a 3@m wide metal bonded diamond dicing
blade with an outer diameter of 54 mm. The grooves

external (i.e. applied load).

The cantilever chip reported in this paper condisie
seven single mode planar Bragg gratings, each limm
length and placed end-to-end. Three of the Braggjrays

the spotwere located on the cantilever and four on the rbhaity of

the cantilever, as illustrated in Figure 5.

Bragg
gratings

R

I

Waveguide Cantilever

Grating
Number

Fig. 5 Top view of cantilever chip design, showing ldcas
of seven Bragg gratings with respect to cantilewetyb

The seven Bragg gratings were all Gaussian apodised

and written such that they were sequentially sdpdra
spectrally by 5 nm. The Bragg grating with the Istveen-
tral wavelength was the one physically furthesinfrthe
cantilever, i.e. grating number 1 in Figure 5.

It must be noted that this proof of principle slicanti-
lever has a 3 mm length. However, using this teqlmi
sub-millimetre length cantilevers can also be seali

To launch light into the device, a silicon V-groos@n-
taining a prealigned single-mode fiber was aligb@dhe

60 um deep, such to expose the underlying silicon. Oncevaveguide and secured using a UV epoxy. The fiber V
the grooves were created UV writing was used tothdd groove assembly was aligned to give optimum cogplin
channels and Bragg gratings. and after attachment was mechanically robust.
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3. Thermal Sress Missmatch

Broadband L . . .
ot Fibre Optical Thermal stress mismatch is understood to occuHib F
'L polariser = Sfe“‘l““_‘m? samples as a result of the high consolidation teatpees
Afalyser (~1300C) and the difference in expansion coefficient be-
Polarisation confroller tween silica (4.9x10°C™?) and silicon (2.6x18°C™) [10].
P This can be expressed in terms of strain as
m,_m,_mmm €= (asoz —dg )AT (1)
— —1 whereg is the uni-directional strain along the silicdesih
e o Sltcon chip interface, o is the thermal expansion coefficients (sub-
— Optical Fibre s ——

scripts indicating for silic& O, and siliconS respectively),
AT is the temperature difference between consolidadind
Fig. 6 Optical Interrogation system operation temperature. Fr_om I_Equation_l it can aigue
lated that the thermal strain mismatch is 25%@0 which

The optical spectra of the Bragg gratings was moni_corresponds to a thermal stress mismatch in thea silf

wemm  GPIB cable Computer

tored in reflection using a broadband source, aptiocu- 180 MPa. . . .
lator and optical spectrum analyzer (OSA), as titated in The thermal stress mismatch, which is relievedrafte
Figure 6. ' etching, can be theoretically treated to infer éxpected

Using a polarizer and polarization controller Trearse ~ SPectral change. The spectral change of a direcititien
Electric (TE) and Transverse Magnetic (TM) polatizas ~ B'299 grating to applied strain is understood &pead in
can be monitored independently. The data captuyethe & SPectral shiftA defined by [11]

optical spectrum analyzer was sent via a GPIB ctble )

computer which interrogated the data using Labvieft- AA,, N,y
ware. ) =&, _T(pll‘gx,y + Pz (‘gz + ‘gy,x)) (2)
The spectral resolution of the OSA was set to 1 pm Xy

resolution. Through fitting a Gaussian curve to tiod-
lected data and temperature referencing, the umnogrtof ~ where subscripts andy are the transverse and longitudinal
the central Bragg wavelengths can be reduced tpra.1 directions for a wave propagating alongpy andp;, are
The TE reflection spectrum of the direct UV writte elements of the stress optic tensor, in this irtgtaaken for
planar Bragg gratings, before and after the KOHhietg  silica. It must be noted thag and, represent the TE and
stage, is illustrated in Figure 7. The four peakhwower  TM polarizations respectively and thag and n, are the
central wavelengths are from gratings located enntfain  effective indices for TE and TM modes respectivElglcu-
body of the chip. The three peaks with higher wengths  lating the induced strains from the thermal stregsmatch
are from gratings on the cantilever. It can be pletthat  and placing them into Equation 2 results theorlida a
whilst the gratings on the main body of the chipveha TE wavelength shift of 2.67 nm. Figure 8 shows nieas-
shifted little, all the gratings on the cantileveave shifted ured central Bragg wavelengths (taken from datavsho
to higher wavelengths after the etching stage. Figure 7) for the seven planar Bragg gratings leefamd
The large spectral shifts occurring after etctimgthe  after etching. The average wavelength shift fordhstile-
gratings on the cantilever are understood to rdsuth the  ver gratings is 2.68 nm, which agrees well with theo-
removal of the thermal stress mismatch at theasiicon  retical prediction of 2.67 nm.
interface, during the silicon etching stage.
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Fig. 7 Optical reflection spectrum of TE mode Fig. 8 Central Bragg wavelength of the seven gratings
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Rearranging Equation 2 and assuming that ny,
the theoretical spectral change in birefringence is

3

A(nx - ny) = %[( P~ plz)(gx - gy)] ®)

where n is the average effective index for the T @M
mode.

The calculated theoretical birefringence shift Hasg
from the relief of thermal stress mismatch is -3:300".
As seen in Figure 9, which shows the birefringeatfter
etching for the seven gratings, this agrees wittasueed
data. Grating numbers 1-4 are on the chip so havéad
thermal stress mismatch relieved, whilst grating & on
the cantilever and show a birefringence shift 0853x 10",
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Fig. 9 Opticai interrogation system

So far stress monitoring has looked at the reledse
thermal stress mismatch as a result of fabricafidre fol-
lowing section shall consider stress induce defiestfrom
externally applied load.

4. Point Load

The following section considers the application eof
point load on the cantilever, as illustrated schigaby in
Figure 10. Load was applied to the actual cantilexséng a
KLA Tencor P16 stylus profiler. This can apply Iead the
cantilever and map the respective deflection. Tthaspro-
filer allows two important physical parameters lod tanti-
lever to be quantified, the spring constant anddégec-
tion sensitivity.

A
v

ALY AW

Fig. 10 Method of applied load P
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Fig. 11 Positional information of stylus profiler

The deflection in the vertical positignfor two differ-
ent applied forces along the horizontal positias given in
Figure 11. It must be noted that the stylus profibas
scanned 1 mm of bulk chip before scanning the leaeti.
Hence the cantilever begins at position z equél tom. In
addition the data is restricted by the profiler'srtical
range of 300um and hence scan of 2N applied load
does not sweep the total length of the cantilegetha ini-
tial static deflection is greater than the rangs. dan be
seen from Figure 1 this static deflection, whichswdae to
thermal stress mismatch, was 4. For the scan of 490
UN applied load the deflection was greater and nats
restricted by the profiler’s vertical range.

The spring constark is a fundamental property of the
cantilever. It yields the stiffness of the cantdexand is the
proportionality factor between applied force, and the
resulting bending of the cantileveAy. This relation is
called Hooke’s law.

P =-kdy &

For an applied force of 490 uN at the end of thatica
lever the resulting deflection is 20n. From Equation 4
this relates to a spring constant of 1.9"Nfihe theoretical
spring constant for a rectangular cantilever oftarL, can
be calculated as

=

kL3

(5)

whereE is the Young’s modulus andis the moment of
cross-sectional area. The theoretical spring can$ta the
silica micro-cantilever is 2.7 Ny which is comparable to
the measured value. For this calculation it is eeslithat
the cantilever is straight, not one with static leiefon,
which for this case results from thermal stressmatsh.

By collating the reflection spectra during differeap-
plied positional loads the optical deflection resimn can
be obtained. Figure 12 shows the spectral shiftBrafyg
grating numbers 1 and 6 for TE polarization, assalt of a
490 uN load being applied at horizontal positioot must
be noted that grating numbers 2 — 4 (gratings enntlin
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chip) all had negligible response, just as is olesmwith
grating number 1.
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Fig. 12 Optical response of stylus profiler

The momentM that occurs at positionon the cantile-

ver, resulting from an applied lodat positiona, can be
defined as

V4
M (2) = P%#_Ej 0<z<a

0 a<z<L

(6)

It is understood that induced strain is directlppor-
tional to the moment [11]. Thus, from Equationsrizi &
the spectral response of gratings 5 - 7 is expettiede

asymmetric. The grating at locatianon the cantilever is

expected to show no spectral response véhgrz and a
linearly proportional response that is negativenagnitude

for a>Z. As can be seen in Figure 12 the measured re

sponse agrees with this theory.

For the conditiorz > a the spectral shift per fractional

change in distance is expected to be equal fagratings.
Thus grating 5 is expected to show the greateat sptec-
tral shift. However, due to the curvature of theirdj blade,
the cantilever structure around grating 5 detaches ta-
pered fashion, i.e. the cantilever outline is oflity de-
tached from the chip at z ~ 0.4 mm. This meansstian
per fractional change in load position is less doaiting 5
than it is for 6 and 7. Indeed, the spectral spét frac-
tional change in load for grating 5 was nueed to be
-0.3x10° compared to -2.7x10and -2.8x10 for gratings 6
and 7 respectively. Thus, grating number 6 hagjtbatest
displacement sensitivity.

5. Conclusions
An effective silica cantilever with inherently dedid pla-
nar Bragg gratings has been fabricated.

The Bragg gratings have been used to quantify thlerm
stress mismatch, the experimental result agreds thet
theoretically expected.

From deflection data the spring constant of thdilean
ver has been obtained as 1.9 Nwhich is comparable to
the theoretical spring constant of the structure.

The deflection sensitivity of the device is ~60 rifor-
ther enhancement of Bragg gratings with respecth&o
neutral axis of the cantilever may further enhatiig sen-
sitivity.

It has been seen that using a series of multiplegxat
ings the variation of stress along the cantilevan de
quantified. This can be used to locate a point loadhe
cantilever or a more complicated distributed loattgrn.
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The maximum spectral shift for grating number 6 is
410 pm for TM polarization. This occurs at a maxmu
end point deflection of 26Q@m. Meaning the total deflec-
tion detection of this silica cantilever, considegrithe reso-
lution achievable with thermally compensated Bragat-
ings, is ~60 nm.



