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研 究  解  説

1. Introduction.

We are strongly motivated by this work for the following rea¨

sons:

1)Outstanding intrinsic oropertics of GaN and rclttd coln―

h particul鉗,direct and wide band gaps of these materials allow

for efflcient generation and detcction of UV light and ensure

excellcnt chemical stability even at clevatcd temperaturcs,

devices:「e.A.。2-4]:

Blue GaN HDs arc already widcly commげ cializcd and violet

LDs are cntering in thc industrial production.Demonstratcd

micro ëlectronic devices(I‐IEMTsand HBTs)exhibi excellё nt

high frcquency and high powcr peforlnancc.

3)New MEMS and NIIOEMS for some speciflc applications and

expectcd break through in UV opto ëlectronics.which almost

h particulat integrated NIIOmIS for spectroscopic detection of

molccules having absorptiOn bands in thc UV domain of

wavelengths should be of intcrest for bio―chenlical,pharlna¨

ceutical, automotivc and space industnes as well as for

environmental control applications(e.g.OZOne detcction)。

2. Demonstrator devices.

The detailed aims of this P,jeCt are to build―up few demon―

st r a t o r  d e v i c e s  e x P l o H n g  b o t h  v e r t i c a l  a n d  P l a n a r  a c i v e / p a s S i V e

UV GaN optical components integratcd with rnechanical compo―

nents.These include the following IIIOEMS:

1)Tunable light sources and de“ctors for UV spectroscopy and

high temperature opcration based on GaN photo¨ detectors,

LEDs and VCSELs integrated with electrically controlled

*3 rd Departinent,Institute of lndustrial Science,University of

Tokyo

生 産 研 究

vertical air-gap Fabry-Perot optical filters.

2) Pressure, acceleration and vibration sensors, which make use

of active GaN optoelectronic devices, planar GaN optical

guides and Mach-Zehnder interferometers located over a

membrane or close to a cantilever.

3. GaN-based tunable light sources and detectors for UV

spectroscopy and high temperature operation.

3 .1 .  Pr inc ip le .

The GaN-based tunable light sources and detectors for UV spec-

troscopy and high temperature operation include (Fig.1) :

An active component (photo-detector, LED or VCSEL) imple-

mented on the GaN layer deposited by MOCVD on the sapphire

substrate.

An electrically tunable vertical resonant Fabry-Perot cavity,

which is formed by an air-gap and a movable membrane sus-

pended over the active component. This part of the

micro-systems is fabricated using Si compatible materials and

technologies, including surface micromachining.

The voltage applied between the bottom cavity region and the

elecffode incorporated into the membrane induces an electrostatic
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Fig. 1 Principle of GaN-based tunable light sources and detectors

for IJV spectroscopy and high temperature operation.
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force,which reduces the thickncss of the air gap.Thus,the reso―

nantおequency of the cavity is inodined and the reception and/Or

emission spectra of the whole device can be'iscanncd'l by chang¨

ing the applicd voltage.

3.2. Geometry and principaltechno!ogical aspectsi

A schematlc diagram ofthe overall gcometry of our micro―sys―

telllls is shown in Fig。2.Four fle対ble legs atached to four support

posts hold thc membraneo We deliberatcly choose a four…legs con―

flguration,as opposed to tw0 1ogs Or cantilcver approach,in ordcr

to keep the toP Inirror parallel to the bottom.ne most gcneral

technological aspects of this structure are prcsentcd in Fig.3.

The bottom and tOp mirrors of the Fabry―Perot cavity contain

Bragg renectors composcd from a sequencc of Si02/Si3N4 1ayers.

h addi■on,the top mirror(membrane)contains a conducivc layer.

We consider a very thin gold layer(abOut 10nnl thick)Or an

extremely thin``adhesive''titaniunl layer followcd by this gold

layet rrhc sacriflcial layer is rnade from poly―Si and removed by

selective etching.

3.3. Optical modeling and design.

Optical silnulations were cttied out using thc dedicatcd soft―

warc developed at LINIMIS‐ⅡS undcr MATLAB ellvirollment.

Fig.2 Geometry of tunable light sources and detectors for UV spec-
troscopy and high temperature operation.

Sacrificial layers of Si-poly
removed by surface micro-machining
to fom a suspended membrme

md defme the Air-gap optical cavity
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This software permits:

1) a complete modeling of any multi-layer structure by transfer

matrix method (e.g. reflectance and transmittance simulation

of the complete Fabry-Perot cavity with top and button mir-

rors composed from DBR reflectors);

2) to isolate a layer or a combination of several layers (e.g. indi-

vidual DBR reflector) and to examine the influence of these

layers, and of any changes in them, on the perfomance of the

structure as a whole;

3) to calculate the principal optical pa.rameters of the st:ucture,

such as mode separation (FSR), full width at half maximum

(FWHM), finesse (FSR/FWHM) and contrast.

The simplest configuration of the layers, which ensures both, the

adequate optical performance and process simplicity, in the case of

photo-detectors, is shown in Fig. 4. The chosen cavity length is

lprm and the reflectors are designed for the maximum transmit-

tance at wavelengths close to O.4pm. The optical transfer

functions of this cavity are presented in Fig.S. We found that with-

out the gold layer in the membrane, the total ffansmittance of the

cavrty is 99.85 Vo,FWHM is 5.5nm and the mode separation is of

about 30nm. A possible solution that allows compensating the

phase shift introduced by the presence of gold, is the deposition of

a supplementary Sir\ layer on the top of the membrane.

Furthermore, this shift can be compensated if the Bragg reflectors

contain SiOr/Si3\ layers slightly thicker than U4 of the central

wavelength. The transmittance of the structure with a gold layer is

807o and FWHM is 6nm.

The results of simulation show that, theoretically, it is not a major

problem to improve further the optical properties of the cavity. This

can by done by increasing the number of the SiOr/SL\ pairs in the

Bragg reflectors and verifying that the reflectivity of both mirrors are

not only as high as possible but also as equal as possible. Another

possible solution is to define an optical window (without the metal

layer) in the center of the membrane. The key problem, however, is

to achieve a good control of the thickness of the deposited layers.
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Fig. 3 Illustration of the most general technological aspects. Fig.4 Schematic presentation of (a) the bottom and (b) the top mirrors.
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modeling in order to establish lateral

is applied between the gold electrode in the

bottom cavity region, the membrane is elec-
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trostatically attractcd toward the substrate,reducing thc thickness

of the air gap cavity.Thc elastic restoring force of the membrane

lcgs balances the electrostatic force.There is almost a parabolic

relationship between the mcmbrane vertlcal displacement and thc

applied voltage. Howevet the maximum air gap change is

r o u g h l y  a  t h i r d  o f  t h e  i n i d a l  a i r  g a p  t h i c k n e s s . F o r  a  l a r g e r  b i a s , t h e

elcctrostatic force is always greater than the elastic rcstoring force

of the lnembrane legs and thc rnembrane is pulled into contact with

the substrate.The elcctrostatic force depends on the surface of the

membrane,on the air gap thickncss and on the applied voltagc.

The elastic restoring force is a functiOn of the width,lcngth and the

effcctive spring constant of thc rnembrane legs.

We perforlned mechanical silnulation of the basic structure

(deSCribёd in previous sections)in Order to evaluate the opimal

lateral dimensions ofthe mcmbrane and ofthe legs.■ ■oo可 ectiVe

is to attain a large tuning range with low applied voltage and do

not exceed the rnaximunl fracture stress during devicc operation.

Wc also evaluated the frequency response of thc structure.Thc

simulation was caコ ncd out using ANSYS model.We analyzcd a

large number of possible lateral dilnensions of the lnembrane and

the legs.Thc rcsults prescnted in Fig.6 appear particularly inter―

esting.

Thus,he incmbrane with dilnension 30μ mx30μ m supported by

legs 25μrnx10μ rn scems to be adapted for our application.The

applied voltagc of 10V results in a vertical(五 splacement of the

membrane close to O。 25ルιln.ThiS displacement is still lowcr that

the critical valuc and causes the shift of thc wavelength of

100nm.Thc maximuln strain in the legs appears to bc lower that

the expected maximum fracion strain for this type of matel■als.

Fig. 6 Calculated (RlqSyS rnodel) strain distribution in a structure with
a membrane 30pmx30pm, supported by four legs 25,tmx10pt'm;
cavity length lpm; bias 10 V.
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Fig.5 1残 amples of optical functions of structures with五 r ca宙ty

length of l_rn,designcd for maximuna translnittance at wave―

lengths closc to 400 11m but with varlous configurations of the top

(a)Si3N4/Si°2/Si3N4~Air Gap―Si3N4/Si°2/Si3N4/Si°2/Si3N4/GaN(no

mctal layer),

(b)Au/Si3N4/Si° 2/Si」N4~Att Gap― SiJN4/Si°2/Si3N4/Si°2/Si3N4/

GaN,

(C)Si3N4/Au/Si3N4/Si° 2/Si3N4~Air Gap― Si3N4/Si°2/Si3N4/Si°2/

Si3N4/GaN.
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The flrst resOnant frequency is at 283 1dHz and indicates that thc

maximum modulation frequency shOuld be above 250kHz.

The results obtained,although very prolnising,provide only an

estimation of a reasonable range of latcral dimensions of the struc―

ture and of the expected perfomances. In fact, thc rcal

mcchanical propcrties of thc dcposited laycrs are strongly

process depcndent and can bc only establishcd expel・ IInentally on

the completed tcst stmctures.Howcvcr,the abovc analysis is indis―

pensablc fOr the mask design and fOr process optimization.

3.5. Process tOlerance.

It should be noted that the sputtering or CV]〕 deposition of

diclectric layers as well as clectron beam depositiOn of the gold

■lm couldnt be as well cOntrolled as thc cpitaxial growth(thiCk―

ncss and refractive index)。 We evaluated thc effcct of a possiblc

inaccuracy in the thickness control of different layers on the spec¨

tral trans■littancc Of our structures.The results Obtained with thc

prcviously discussed structure are shOwn in Fig 7.

4. Conclusions.

Although  successful  association  of photo¨ detcctors  or

VCSILs with tunable ai■ gap Fabry― Perot cavity was dready

demonstrated fol・other wavclengths a」 scmiconductors[5-7],we

can only partially use the exising expertise in that ield.h fact,thc

choice of l」V―transparent rnate●als compatible with thc Si―tech¨

nology is limited,we must introduce a metal layer into the top

milTor and even the complex refractive index of Si3N4 Changcs

drastically in the UV dOmain. In addition, sholt wavelengths

(200nm-400nm)demand sever compromiscs between the

WaVe¬ 中 llJml
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dimensions of the sffucture and process limitations (microma-

chining)

Thus, an appropriate software package for optical design and

simulation of MOEMS with an optical cavity has been developed

(transfer matrix method). It allows analyzing any type of vertical

structures. Several basic configurations of tunable light sources and

detectors for UV spectroscopy have been designed. Optical,

electrical and mechanical aspects were taken into consideration,

which allowed defining a family of test structures with reasonable

dimensions and reasonably good expected characteristics. For

example in the case of tunable photo-detectors, we can expect a

tuning range up to 100nm, with a bias voltage of 10V and a spec-

tral selectivity below 5nm. This structure could potentially work

up to modulation frequencies close to 250kIIz.

We limited our presentation here to the simplest solutions,

which will be used for optimization of processing steps and first

experimental validations of our concepts in the case of photode-

tector based microsystems. On the other hand, the simulation

results show that it is still possible to improve, the optical proper-

ties of the cavity thanks to additional SiOr/Sir\ layers, by

introducing air-gaps inside the Bragg reflectors or an optical win-

dow in the metal layer in the membrane.

However, the main question now, is to achieve a good control of

the quality and of the reproducibility of the processing steps. Then,

the key performance goals will be (i) wavelength selectivity, (ii)

wide tuning range, (iii) high sensitivity and (iv) high temperature

operation in chemically hostile environments.

(Manuscript received, June 28, 1999)
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Fig.7 Effect of the thickness inaccuracy of SiO2, SirNn, Au and of the
sacrificial poly-Si layers on the spectral hansmittance of ttre struc-
ture: SirNo/Au/ SirNn/SiO2/SiBN4 - Air Gap - Si3N4/SiO2/Si3\
/SiOz/Si3N4/GaN. The increment of the error between the mini-
mum and the maximum value is equal and specific for each
diagram.
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