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When a human being is infected by viruses or cells are exposed to stress, various molecules are 

released as a molecular pattern from the lesion site to the dendrites and macrophages, and their 

concentrations gradually change. The comprehensive detection of these biomarkers would enable 

patients with brain dysfunction and infections to be treated appropriately according to the progression 

of the disease and the probability of mortality and sequelae would reduce. A sensor that can detect a 

variety of molecules, from small molecules to macromolecules, regardless of molecular size, should 

be developed to detect these molecular patterns. Although various conventional semiconductor sensors 

have been developed, a sensor which can comprehensively detect molecules of various sizes in a 

biological environment without extending the Debye length has not been realized. The micro-electro-

mechanical system (MEMS) optical interferometric surface-stress sensor proposed by our laboratory 

can comprehensively detect low-concentration and small molecules, which have been difficult to detect 

using conventional surface-stress sensors, as well as macromolecules exceeding the Debye length by 

optimizing the wavelength selectivity and geometry parameters of the interferometer. Therefore, for a 

highly sensitive detection of target molecules of various sizes, interferometers with metal half -mirror 

and cavity-sealed structures with optimized geometry parameters, which can improve the detection 

performance of the sensor, were fabricated and bio-interfaces for adsorbing molecules on the sensor 

were constructed. Through the above tasks, this thesis presents the development of the sensor for a 

label-free and comprehensive detection of proteins and neurotransmitters in liquids  and gas molecules 

in air. 

First, the MEMS interferometer with metal half-mirrors structure was studied. Assuming this device 

is used for blood inspection, Au was selected as the half-mirror material because it has a superior 

transparent characteristic in the near-infrared wavelength region, where the absorption coefficient of 

blood components is small. Subsequently, we fabricated a MEMS interferometer with Au half-mirrors 

and constructed a bio-interface onto the interferometer to immobilize the albumin antibodies. The chip 

was immersed in the solution and the response of the sensor was obtained when the sample containing 

the albumin antigen molecule was added at a final concentration of 10 ng/mL and when other proteins 

were added. As a result, only the former exhibited the deflection of the membrane, suggesting the 

possibility of selective detection of macromolecular proteins using the antigen–antibody reactions. 

Based on the results of this study, our research group constructed a MEMS interferometer with 

optimized geometry parameters and evaluated the concentration dependence and limit of detection 

(LOD) for macromolecular proteins. The results indicated that the sensor reacted in a low concentration 

range of 100 ag/mL–1 ng/mL, and the LOD was observed to be 100 ag/mL–1 fg/mL. The results 

indicated that this is the most sensitive detection of macromolecular proteins in label -free 

semiconductor biosensors. 

In the early interferometers with metallic half-mirrors structure, the sealing of the interferometer 

was incomplete because of the constraints of the fabrication process. Therefore, a new interferometer 

with a cavity-sealed structure was studied. Considering the application of this sensor to the detection 

of both proteins in liquids and gas molecules, we proposed to use the polymeric material used as the 



 

 

molecular adsorption layer of the proteins as a gas-reactive layer. Optical and finite element analyses 

of the newly proposed sensor were performed and an interferometer with optimized various parameters 

was fabricated. Subsequently, a polymer that functioned as a gas-reactive film was deposited on the 

interferometer, and the concentration dependence and minimum detection limits for volatile ethanol 

were evaluated. We observed that the linear response was acquired in the concentration range of 5–110 

ppm, and the LOD was 5 ppm. The result indicates that the sensitivity of the sensor was comparable to 

semiconductor-based sensors, which have the highest sensitivity for measuring ethanol at room 

temperature; this suggested the feasibility of the sensor that can detect ethanol concentrations of sub -

ppm by optimizing the geometry parameters of the interferometer.  

Finally, to demonstrate the detectability of small molecules in the liquid, we studied the use of a 

molecularly imprinted polymer (MIP) as a molecular adsorption layer that can adsorb 

neurotransmitters. Considering the integration with the sensor, we used electrochemical polymerization 

to enable the selective formation of the MIP with the template of dopamine (DA), which is well known 

as a neurotransmitter, on a conductive material in liquid, and formed the MIP film. Subsequently, the 

sensor was immersed in phosphate buffered saline (PBS) and the time course of the reflection spectrum 

was acquired when the DA was added into PBS to bring the final concentration to 1 µM. As a result, 

the deformation of the deformable membrane was observed only in the presence of DA, and the spectral 

response owing to the adsorption of DA was acquired, suggesting the feasibility of detecting 

neurotransmitters. 

In this study, we realized the label-free detection of proteins and neurotransmitters in liquids and 

gas molecules in air using the proposed sensor and demonstrated the feasibility of a sensor that can 

detect molecules of various sizes. We expect that the realization of the device that has no restriction 

on the size of detectable molecules and can measure the adsorption process of target molecules in real -

time will become an innovative basic technology in medical research. 
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Chapter 1.  Introduction 

1 . 1  Importance  of  b iomolecular detect ion in  disease  diagnos is  

Because  of  recent  advances  in  medica l  t echnology,  lower  mor ta l i ty  rates ,  and 

longer  l i fe  expectancy,  the  popula t ion  of  seniors  aged 65  and o lder  in  Japan i s  

expected  to  increase  rapid ly  to  37 .16  mi l l ion ,  or  approximate ly  30% of  the  to tal  

popula t ion ,  by  2030  according  to  es t imates  by  the  Nat ional  Inst i tu te  of  Popula t ion 

and Socia l  Secur i ty Research  [1] .  According  to  the  Minis t ry  of  Finance ' s  soc ia l  

secur i ty  budget  a l loca t ion  for  the  2020 f i sca l  year,  medica l  care expendi ture  was 

12 ,154.6  b i l l ion  yen ,  equiva lent  to  approximate ly  34% of  the  to ta l  budget ,  which  

cont inues  to  increase  each  year  wi th  a  rap id ly  age ing  soc ie ty.  Diseases  must  be 

de tec ted  ear ly  before they  become cr i t i ca l  to  reduce  ever- increas ing  hea l th  care 

cos t s .  Cons ider ing  cancer  as  an  example ,  which  ac count s  for  approximate ly  30% 

of  dea ths  in  Japan,  the  f ive-year  surv iva l  ra te  for  s tage  1  colorec ta l  cancer  is  

97 .7%,  whereas  the ra te  for  s tage 4  colorec ta l  cancer  decreases  to  43 .9%. 

Simi lar ly,  for  lung cancer,  the  ra te  i s  87 .3% in  s tage  1  condi t ions ,  but  i s  known 

to  decrease  to  17 .7% in  s tage  4  [2] .  Therefore ,  the  ear ly  de tect ion  of  a  condi t ion 

before  i t  becomes  severe  i s  essent ia l  to  reducing  hea l th  care  cos t s .  However,  s ince  

the  ear ly  s tages  of  cancer  onse t  do  not  exhib i t  subjec t ive  symptoms ,  de tec t ing  i t  

a t  an  ear ly  s tage  i s  o f ten  d i ff icu l t  because  i t  i s  of ten  only  d i scovered  af te r  a  

phys ica l  condi t ion  i s  not iced .  

The b lood concent ra t ion  of  b iomolecules ,  which  increase  because  of  cer ta in 

d i seases  conta ined  in  the  b lood,  can  be  measured  as  an  index to  ident i fy  the 

exis tence  and degree  of  progress ion  of  var ious  d i seases  a t  an ear l i e r  s tage .  The  

b iomolecules  rela ted to  these  d i seases  a re  ca l led  b iomarkers ,  and  i f  these 

b iomarkers  can  be  de tec ted  f rom a  minimal  t race  of  spec imens  wi thout  l abe l l ing ,  

d i seases  can  be  d iagnosed eas i ly,  rap id ly,  and  inexpens ive ly  in  a reas  wi th  few 

medica l  s ta ff  and smal l  c l in ics .  The  demand for  such  point -of -care  tes t ing (POCT)  

devices  i s  esca la t ing ,  and  s ince  the  g lobal  market  for  POCT devices  i s  expected  

to  increase  to  46 .7  b i l l ion  dol la rs  by  2024 [3] ,  such  device  development  has  been  

a t t rac t ing  increas ing  in te res t .  

When a  human be ing i s  infec ted  with  v i ruses  or  ce l l s  are  exposed to  s t ress ,  

var ious  molecules  a re  re leased  as  a  molecular  pa t te rn  f rom the  les ion  s i t e  to  the  

dendr i tes  and macrophages  (Fig .  1 .1 ) ,  and  the i r  concent ra t ions  gradual ly  change  

[4] .  Therefore ,  the  comprehens ive  de tec t ion  of  these  b iomarkers  would  enable  
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pat ients  wi th  bra in  dysfunct ion s  and infec t ions  to  be  t rea ted  appropr ia te ly  wi th  

the  progress ion  of  the d i sease  and the probabi l i ty  of  mor ta l i ty  and sequelae  would  

be  reduced .  A sensor  tha t  can  de tec t  molecules  of  var ious  s izes  should  be 

developed to  de tec t  these  molecular  pa t te rns .  

Figure  1 .1 :  Schemat ic  d iagram of  the  molecular  pa t te rns  re leased  when a  pa thogen 

enters  the  body ( le f t )  and  when ce l l s  a re  exposed to  loca l ized  s t ress  ( r ight )  [4]  
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1 . 2  M e t h o d s  u s e d  f o r  b i o m o l e c u l a r  a n a l y s i s  

Methods  to  de tec t  t arge t  molecules  in  a  sample  by  separa t ing  and ana lys ing  

each  component  of  a  sample  or  by  spec i f ica l ly  adsorbing  ta rget  molecules  to  a  

sensor  have  been  devi sed .  In  th i s  sec t ion ,  we in t roduce  the  common methods  used  

to  separa t e  or  adsorb  ta rge t  b iomolecules  f rom a  sample .  

1.2 .1  High-performance  l iquid chromatography  

High-per formance  l iquid  chromatography (HPLC)  i s  an  ana ly t ica l  method of  

ident i fy ing  components  in  a  sample  based  on  the  t ime response  of  the  sample 

so lu t ion  to  component -by-component  separa t ion  and the  a r r iva l  of  the  sample  a t  

the  de tec tor.  As  shown in  Fig .  1 .2 ,  an  e luent  i s  pumped through the  pump a t  a  

cons tant  f low ra te .  Addi t iona l ly,  a  component  separa t ion  layer  of  s i l i ca  ge l  or  

synthe t ic  resin  packing  mater ia l  of  a  few µm to  a  few dozen µm in  s ize ,  ca l led  a  

co lumn,  e lu tes  the  mixture  conta in ing  the sample  over  t ime.  Since  a  t ime lag  

exis t s  be tween the  e lu ted  components  reaching  the  de tec tor  (Fig .  1 .3) ,  the  

concent ra t ion  of  each  component  can  be  measured  af te r  separa t ing  the  components  

conta ined  in  the  sample  by  acqui r ing  the  t ime response  of  the  component -der ived 

s ignals .  Common de tec tors  inc lude  mass  s pec t rometers  tha t  ionize  the  separated 

components  to  obtain  the  mass - to-charge  ra t io  of  the  ionized  components ,  

u l t rav io let  ( UV)/v is ib le  de tec tors  tha t  can  measure  subs tances  wi th  absorbing 

components  in  the  UV region ,  and  f luorescence  de tec tors  tha t  de tec t  the  

f luorescence  produced by  i r radia t ing  the sample wi th  exc i tat ion  l ight ,  e tc .  

Addi t iona l ly,  the  appropr ia te  de tec tor  must  be  se lec ted  based  on  the  ana ly te  used .  

In  2018,  according  t o  a  repor t ,  two  d iode  ar ray  de tec tors  and e lec t rochemical  

de tec tors  were  incorpora ted  in to  HPLC :  t ryptophan (TRP) ,  an  essent ia l  amino ac id 

present  in  p lasma,  and kynurenic  ac id  (KYA),  which  has  been  l inked to  severa l  

d i seases  such  as  cardiovascular  d i sease ,  Alzheimer ' s  d i sease ,  and  dement ia ;  they 

were  de tec ted  a t  concent ra t ions  of  1 –10 and 0 .02–1 µg/mL,  respec t ive ly,  and  the ir  

l imit s  of  de tec t ion  ( LODs)  were  repor ted  to  be  5  and 4  ng /mL,  respec t ive ly  [5] .  

Whi le  i t  has  been  widely  s tudied  as  a  high -per formance  ana lyser  capable  of  

de tec t ing  mul t ip le  t arge t  molecules ,  there  a re  problems when de tec t ing  several  

types  of  molecules :  the  tempora l  resolu t ion  i s  reduced f rom a  few minutes  to  

severa l  t ens of  minutes ;  the  rea l - t ime response  i s  los t ;  the  appropr ia te  eluent ,  

co lumn,  and de tec tor  must  be  se lec ted  for  each  de tec t ion  ta rge t ;  and  the  ent i re  

sys tem i s  l a rge  and not  por tabl e .  
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Figure  1 .2 :  Schemat ic  d iagram of  HPLC  

Figure  1 .3 :  Schematic  d iagram of  the  t ime response  of  the components  to  be 

separa ted  in  a  co lumn.  In  a  sample wi th  two components  mixed in ,  two s ignals  of  

component  or ig in  a re  output  in  the  t ime response  waveform.   
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1 . 2 . 2  E n z y m e - l i n k e d  i m m u n o - s o r b e n t  a s s a y  

The enzyme- l inked immuno-sorbent  assay (ELISA)  i s  a  t echnique  to  measure 

the  absorbance  of  l ight  produced by  adsorbing  enzyme - labe l led  ant ibodies  to  an 

ant ibody bound to  an  ant igen  molecule ,  and  then  a  so lu t ion  of  chromogenic 

subs t ra tes  (a  subs tance  tha t  emi t s  co lour  by  reac t ing  wi th  an  enzyme)  i s  added .  

The  most  wide ly  used  technique  to  de tect  t a rge t  molecules  us ing  the  sandwich 

method i s  shown in  F ig .  1 .4 .  Wi th  th i s  t echnique ,  the  ta rge t  molecules  a re  bound 

to  pre - immobil ized  ant ibody molecules  on  a  wel l  micropla te  and then  adsorbed  

wi th  secondary  ant ibodies  l abe l led  wi th  the  enzyme.  Dropping a  so lu t ion  

conta in ing  the  chromogenic  subs t ra te  into  th i s  so lu t ion  causes  an  enzymat ic  

reac t ion ,  which  changes  the  p igments  of  the  chromogenic subs t ra te .  The  

concent ra t ion  of  the  ta rge t  molecule  can  be  measured  by  the  shading  of  th i s  dye 

us ing  an  absorbance  meter.  The  volume pe r  chamber  of  a  typica l  wel l  micropla te  

i s  approximate ly  a  few µL,  and the  ta rge t  molecules  tha t  en ter  th i s  chamber  a re  

measured .  Therefore ,  lower  concent ra t ions  of  t a rge t  molecules  can  be  de tec ted  i f  

the  volume of  the chamber  i s  designed to be  as  nar row as  poss ib le  to  l imit  the 

number  of  molecules  tha t  can  enter  the  chamber  to  a  s ingle  molecule .  This  concept  

i s  ca l led  the  d igi ta l  ELISA the  s ignal  i s  counted  as  1  when a  colour  change  occurs  

in  the  chamber  and 0  when i t  does  not  (Fig .  1 .5) .  In  the  d ig i ta l  ELISA developed 

by  Kim e t  a l .  a t  the  Univers i ty  of  Tokyo in  2012,  i n  a  device  nar rowing the  volume 

per  chamber  to  1  fL (Fig .  1 .6) ,  the  pros ta te  spec i f ic  an t igen (PSA) ,  a  known 

biomarker  for  prosta te  cancer  was  successfu l ly  de tec ted  wi th  a  LOD of  60  ag /mL 

[6] .  Whi le  the  de tector  succeeded in  detec t ing  b iomarkers  wi th  the  h ighest  

sens i t iv i ty  among exis t ing  b iomarker  de tec tors ,  i t  had  severa l  problems:  a  

l abe l l ing  agent  had  to  be  appl ied  to  many  samples ,  a  prof ic ient  t echnic ian  was 

requi red  dur ing  the  de tec t ion  process ,  the device  was  la rge  and expens ive ,  and 

the  rea l - t ime response  of  adsorbed ta rge t  molecules  (adhesion  process)  could  not  

be  obta ined .  
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Figure  1 .4 :  Detec t ion  pr inc ip le  of  t a rge t  molecules  by  ELISA.  The  f igure  shows 

a  schemat ic  d iagram of  the  case  us ing  the  sandwi ch method.  

Figure  1 .5 :  A d ig i ta l  ELISA concept  tha t  enables  s ingle -molecule  de tec t ion  by 

l imit ing  the  chamber  volume of  the  wel l  p la te  compared  to  convent ional  ELISA 

methods  [7] .  

Figure  1 .6 :  Digi ta l  ELISA device  tha t  narrows  the  volume per  chamber  to  1 fL.  

(a )  Photograph of  the  device  and (b)  schemat ic  d iagram of  the  c ross -sec t ional  

s t ruc ture  and (c)  microscope  image  when the  beads  were  captured  by  chamber  [6] .  
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1 . 3  Label - free  biosensors  us ing ELISA  

Convent ional  HPLC and de tec t ion  method s  us ing  labe l l ing  agents  through 

ELISA have  severa l  problems :  the  equipment  i s  very  expensive ,  a  prof ic ient  

t echnic ian  i s  requi red  in  the  de tec t ion  process ,  and  the  response  of  the  adsorpt ion 

process  of  the  ta rge t  molecule  cannot  be  acqui red  in  rea l - t ime.  Therefore ,  we  

in t roduce  the  de tec t ion  methods  and research  t rends  of  var ious  devices ,  us ing  

ELISA-based  labe l - f ree  b iosensors  as  an  e xample ,  which  are cur rent ly  being 

developed as  devices  tha t  can  eas i ly  de tect  t a rge t  molecules .  

1 . 3 . 1  Q u a r t z  c r y s t a l  m i c r o b a l a n c e  

A quar tz  c rys ta l  microbalance  (QCM) i s  a  mass -change  sens ing  device  that  

de tec t s  the  t iny  mass changes  tha t  occur  uni formly  on  the  sur face  of  e lec t rodes 

formed on  a  crys ta l  owing to  the  resonance  f requency changes  caused  by  the 

inverse  p iezoelec tr ic  e ffec t ;  i t  i s  wide ly used  for  gases  and  l iquids .  When a  

subs tance  i s  adsorbed on  the  sur face  of  a  quar tz  c rys ta l  v ibra t ing  a t  a  resonant  

f requency,  the  resonant  f requency decreases  wi th  i t s  mass  and increases  wi th  

desorpt ion .  The  re la t ionship  be tween th i s  resonance  f requency and the  mass  of  

the  adsorbed mater ia l  was  descr ibed  in  1959 as  Sauerbrey ' s  equat ion  [8] :   

∆𝑓 = −
2𝑓0

2

𝐴√𝜌𝑝𝜇𝑞
∆𝑚 = −

𝑓0
2

0.442 × 106𝐴
∆𝑚 (1.1) 

where  f 0  i s  the fundamenta l  resonant  f requency (Hz)  and  A  i s  the e ffec t ive sur face 

a rea  ( cm 2 )  of  the  c rys ta l .  Wi th  respec t  to  the e lec t rochemica l  measurement  device ,  

re fer r ing  to  the  QCM manufac tured  by  BAS,  which  i s  wide ly  developed,  

manufac tured ,  and  sold  in  Japan,  the  f 0  i s  7 .995 MHz and A  i s  0 .196 cm 2 ;  thus ,  

the  f requency change  of  1  Hz cor responds  to  approximately  1 .4  ng .  This  de tec t ion 

method can  add de tect ion  se lec t iv i ty  to  the sensor  by  changing the  sens i t ive  f i lm 

on the  sur face  of  the  e lec t rodes ,  and  many appl ica t ions  to  biosensors  as  wel l  as  

chemica l  sensors  have  been  repor ted  [9]–[15] .  In  2008,  a  b iosensor  in tegra ted 

wi th  a  f low pa th  on  top  of  a  QCM senso r  was  developed  and repor ted  to  

successfu l ly  de tec t  i l lega l  drugs  such  as  vapor ized  coca ine  ecstasy  (Fig .  1 .7)  [14] .  

In  2009,  i t  was  repor ted  to  successfu l ly de tec t  C - reac t ive  pro te in  (CRP) ,  a  

b iomarker  for  card iovascular  d i sease ,  wi th  a  minimum detec t ion  l im i t  of  0 .130 

ng/mL [9] .  Addi t iona l ly,  as  an  example  of  v i rus  de tec t ion ,  a  2013 s tudy de tec ted 

the  b i rd  f lu  v i rus  H5N1 wi th in  30  min  [15] .  I t  i s  a l ready ava i lab le  on  the  market  

as  a  h igh-per formance  sensor  because  o f  i t s  versa t i l i ty.  Al though the  sensor  
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per formance  can  be  improved by  reducing  the  e ffec t ive  sur face  a rea  of  the  quar tz  

c rys ta l ,  r educing  the  s ize  and ar ray  of  the  c rys ta l  i s  di ff icu l t  because  i t  i s  a  bulky 

device .  

Figure  1 .7 :  Cross -sec t ional  and  top  v iew of  the  QCM biosensor  wi th  in tegra ted 

f low path  ( top)  and schemat ic  diagram of  molecular  adsorpt ion  and desorpt ion  on 

the  sens ing  area  (bot tom)  [14] .  

 

1 . 3 . 2  S u r f a c e  p l a s m o n  r e s o n a n c e  

The sur face  p lasmon resonance  (SPR)  method de tec t s  the  response  of  a  

molecule  to  the  adsorpt ion  on  a  sensor  ch ip  as  a  change  in  the  angle  of  loss  of  

re f lec ted  l ight  caused  by  sur face  p lasmon resonance .  When l ight  i s  i r rad ia ted  on 

media  wi th  d i ffe rent  re f rac t ive  indices ,  i f  the  angle  of  inc idence  i s  grea ter  than 

the  c r i t i ca l  angle ,  to ta l  re f lec t ion  occurs  a t  the  in te r face  be tween the  mediums 

and evanescent  waves ,  which  are  e lec t romagnet ic  waves ,  a re  genera ted  on  the 

sur face  of  the  medium wi th  low ref rac t ive  indices .  Evanescent  waves  a re  s tanding  

waves  whose  in tens i ty  decays  exponent ia l ly  wi th  the  d i s tance  to  the  in te r face ,  

and  they  s tay  only  near  the  in te rface ,  making them an  effec t ive  tool  for  measuring 

phys ica l  phenomena occur r ing  a t  the  in ter fac e  of  a  medium in  rea l - t ime.  As  a  

sensor  tha t  resonates  wi th  sur face  p lasmons  exc i ted  on  the  meta l  sur face us ing 
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th i s  evanescent  wave ,  a  Kre t schmann configura t ion  wi th  a  pr i sm in  c lose  contac t  

wi th  gold  (molecular  adsorpt ion  layer )  i s  used  as  shown in  Fig .  1 .8 .  By  p lac ing  a  

th in  layer  of  gold  between the  pr i sm and the  l iquid ,  the  gold  sur face  p lasmons 

reac t  s t rongly  to  l ight  and  genera te  sur face  p lasmon waves .  In  scenar ios  where 

the  inc ident  l ight  i s  to ta l ly  re f lec ted  (when the  wavenumbers  of  the  two sur face  

waves  coinc ide) ,  i t  r esonates  in  combinat ion  wi th  the  evanescent  wave ,  and  par t  

of  the  energy of  the  inc ident  l ight  i s  used  to  exc i te  the  SPR,  t hus  reducing  the  

amount  of  l ight  de tected  as  re f lec ted  l ight .  S ince  the  angle  a t  which  the  SPR i s  

exc i ted  ( the  resonance  angle)  depends  on  t he  re f rac t ive  index on  the  meta l  f i lm,  

the  ant ibody molecules  on  the  gold  f i lm capture  the  ant igen  molecules  and the  

re f rac t ive  index of  the  in te r face  changes ,  which  changes  the  resonanc e  angle .  The  

amount  of  change  in the  resonance angle var ies  wi th  the  concent ra t ion  of  the 

ta rge t  an t igen  molecule ,  fac i l i ta t ing  the  quant i ta t ive  assessment  of  any  ant igen 

molecule  f rom the  sample  so lu t ion .  

 

F igure  1 .8 :  A de tec t ion  method us ing  sur face  p lasmon resonance .  Schemat ic  c ross -

sec t ional  s t ruc ture of  the  sensor  before  ( le f t )  and  af te r  ( cent re )  ant igen  adsorpt ion 

and the  angular  change  in  sur face  plasmon resonance  due  to  the  ant igen–ant ibody 

reac t ion  ( r ight ) .  

 

Biomarker  de tect ion  us ing  th i s  method was  repor ted  f rom 2004 to  2008 wi th 

LODs  of  0 .15–10 ng / mL for  PSA,  a  wel l -known cancer  marker  [16]–[21] .  In  2007,  

a  b iosensor  tha t  in tegra tes  microf lu id ic  channels  us ing  poly(dimethylsi loxane)  

(PDMS)  on  a  g lass  subs t ra te  and images  the  spa t ia l  phase  var ia t ion  of  SPR on -

chip  was  repor ted  (Fig .  1 .9 )  [17] .  Wi th  th i s  sensor,  rabbi t  IgG was  successfu l ly 

de tec ted  a t  a  concentra t ion  of  0 .5  µg /mL. Fur thermore ,  in  2012,  a  smartphone -

based  SPR detec t ion  device  successfu l ly  de tec ted  ant i -human β2-microglobul in  in  

serum and i t s  LOD was  0 .1  µg /mL [22] .  
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The advantages  of  the se  de tec t ion  methods  are  tha t  the  l ight  does  not  pass  

through the  sample  so lu t ion ;  therefore ,  i t  i s  not  eas i ly  a ffected by  the  presence 

of  opaque  l iquids  or  bubbles ,  and  only  the proper t ies  of  the medium wi th in  1 µm 

f rom the  sur face  of  the  sensor  cont r ibute  to  the  SPR ;  thus ,  the  amount  of  sample 

so lu t ion  used  i s  very smal l .  However,  in  smar tphone -based  methods ,  s ince  the 

p ixe l  p i tch  and p ixe l  des ign  of  the  screen  i s  d i ffe rent  i n  each  smar tphone  and the  

des ign  va lue  of  the  PDMS coupler  must  be changed each  t ime to adjus t  the  l ight -

ga ther ing  angle ,  i t  l acks  versa t i l i ty.  In  addi t ion ,  the  pr i sm -based  method uses  an 

opt ica l  system tha t  requi res  de ta i led  al ignment ,  such  as  a  laser  or  pos i t ion 

sens i t ive  de tec tor  ( PSD)  for  the  de tec t ion  sys tem,  which  makes  the  equipment  

l a rge  and d i ff icu l t  to  achieve  a t  a  low cos t .  Wi th  these  de tec t ion  methods ,  opt ical  

e lements  such  as  bulk  pr i sms  and PDMS couplers  focus  the  inc ident  l ight  on  a  

loca l ized  area ,  which  l imi t s  the  number  of  b iomarkers  tha t  can be  measured  in 

one  measurement  and de tec t ing  mult ip le  b iomarkers  s imul taneous ly  d i ff icu l t .  

 

Figure  1 .9 :  A two-dimens ional  a r ray  SPR phase  imaging devi ce  us ing  sur face  

p lasmon resonance [17] .  (a )  Schemat ic  d iagram of  the  sensor  s t ruc ture  and (b)  

fabr ica ted  device  photograph.  

  

(a)                                                                  (b)
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1 . 3 . 3  F i e l d - e f f e c t  t r a n s i s t o r  

An insula ted-ga te  f ie ld -effec t  t ransi s tor  ( IGFET)  i s  a  device  tha t  de tec ts  

changes  in  channel  e lec t ron  dens i ty  caused  by  changes  in  charge  dens i ty  a t  the  

ga te  d ie lect r ic  sur face  as  the  drain  cur rent  changes .  As  shown in  Fig .  1 .10 ,  dur ing  

measurement ,  the  probe  DNA is  immobi l ized  beforehand on  the  ga te  insula tor  f i lm 

of  the  IGFET and  immersed  wi th  the  re ference  e lec t rode  in  the  sample  so lu t ion.  

In  th i s  s ta te ,  wi th  the subs t ra te  s ide  connected  to  ground,  cur rent  f lows  f rom the 

source  to  the  dra in  of  the  IGFET.  Since  the  e lec t ron  dens i ty  of  the  channel  near  

the  subs t rate  sur face  depends  on  the  vol tage  appl ied  to  the  re ference  e lec t rode as  

wel l  as  the  charge  of  the  DNA on the  ga te  insula tor,  the  change  in  charge  dens i ty  

towing to  hybr id iza t ion  can  be  de tec ted  us ing  the  e lec t r ic  f i e ld  e ffec t .  

 

Figure  1 .10:  DNA detec t ion  method us ing  p lanar  f i e ld -effec t  t rans i s tors .  (a)  

Schemat ic  d iagram of  the  sensor  and (b)  Charge  dens i ty  change  by  DNA 

hybr id iza t ion .  [23] .   

 

This  method de tec t s  the  charge  change  in  the  Debye  length ,  which  i s  formed 

in  a  region  of  severa l  nanomet res  f rom the  semiconductor  sur face ,  and  the  Debye  

length  in  the  so lu t ion can  be  ca lcula ted  us ing  the  fo l lowing formula  [24] :  

𝜆𝐷 =
1

√4𝜋𝑙𝐵 ∑ 𝜌𝑖𝑧𝑖
2

𝑖

(1.2)
 

where  l B  i s  the  Bjer rum length  (＝ 0.7  nm) ,  𝜌𝑖 i s  the  molar  concent ra t ion  per  uni t  

volume of  ionic  species  ( mol /L) ,  and  𝑧𝑖 i s  the  ionic  va lence .  The  Debye  length  

in  a  typical  phosphate -buffered  sa l ine  (PBS)  cor responds  to  0 .7 –2.2  nm a t  1–10 

t imes  di lu t ion  of  sal t  concent rat ion .  Therefore ,  i t  i s  usefu l  for  measur ing 

subs tances  wi th  molecular  s izes  typica l ly  be low 2  nm,  such  as  DNA and RNA.  

However,  in  methods  us ing  ant igen–ant ibody  reac t ions  for  biomarker  de tec t ion ,  

(a) (b)
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the  typica l  s ize  of  an t ibody molecules  is  grea ter  than  10  nm,  which  causes  the  

ant igen  molecules  to  b ind  in  a  region  beyond the  Debye  length .  In  o ther  words ,  

de tec t ing  la rge  molecules  i s  d i ff icu l t  because  of  the  ant igen–ant ibody  reac t ions 

[25] .  This  i s  because  ant ibody molecules  a re  typica l ly  la rger  than  10  nm ,  caus ing  

the  ant igen  to  b ind  in  a  region  beyond the  Debye  length .  Therefore ,  as  shown in  

Fig .  1 .11 ,  methods  of  forming nanos t ructures  smal le r  than  the  Debye  length  on  

the  sensor-sens i t ive  membrane  and modi fy ing  the  s ide  of  the  nanos t ruc tures  [26]  

or  us ing  f ragment  an t ibodies  or  smal l  ap ta mers  i so la ted  only  f rom the  adsorpt ion 

s i t e  of  the  ant ibodies  as  receptors  [27]  have  been repor ted .  In  addi t ion  to  these 

techniques ,  in  a  2017  s tudy,  the  Debye  length  was  extended to  7  nm by d i lu t ing 

the  sa l t  concent ra t ion in  PBS 100 - fo ld  in  s i l i con  nanowire  f ie ld -e ffec t  t rans is tor  

(SiNW-FET)  and PSA was  de tec ted  wi th  a  LOD of  23  fg /mL (Fig .  1 .12)  [28] .  

Whi le  i t  has  been  widely  s tudied  as  a  h igh-per formance  sensor,  the  sa l t  

concent ra t ion  in  the  buffer  so lu t ion  must  be d i lu ted  more  than  100 t imes  to  extend 

the  Debye  length ,  which  makes  measur ing  in  an  ac tua l  b io logica l  envi ronment  

d i ff icu l t .  Therefore ,  i t  i s  expected  to  be  appl ied  as  an  effec t ive  tool  for  the  

de tec t ion  of  DNA and neurot ransmi t te r s  tha t  do  not  requi re  Debye - length  

extens ion  for  measurements  in  a  b io logical  envi ronment .  

Figure  1 .11:  Methods  for  de tec t ing  charge  dens i ty  changes  wi th in  the  Debye  

length  on  a  FET sensor.  Method us ing  the  s idewal l s  of  nanos t ruc tures  [29]  and 

method us ing  aptamers  and f ragment  an t ibodies  [30] .  
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Figure  1 .12:  Detec t ion  method us ing  SiNW-FET [28] .  (a )  SEM image  of  the  

fabr ica ted  dev ice .  (b )  Schemat ic  d iag ram of  the  molecu la r ly  modi f i ed  in te r face  us ing  

go ld  nanopar t ic le s  and  f ragment  an t ibod ies .  (c )  Re la t ionsh ip  be tween  PSA 

concent ra t ion  and  ou tpu t  cur r en t .   

(a) (b)

(c)
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1 . 3 . 4  S u r f a c e - s t r e s s  s e n s o r  

A sur face -s t ress  sensor  i s  a  sensor  tha t  de tec t s  smal l  changes  in  adsorpt ion  on 

a  s t ruc ture  wi th  a  non -subs t ra te  area ,  such  as  a  cant i l ever  or  br idge  s t ruc ture .  The 

sur face  of  the  cant i lever  has  a  l ayer  of  receptors  tha t  adsorb  ta rge t  molecules ,  

such  as  an t ibodies  tha t  capture  them ;  when the  molecules  a re  adsorbed,  s t ress  is  

appl ied  to  the  sur face of  the  cant i l ever  because  of  molecular  in terac t ions ,  caus ing 

def lec t ion .  Two methods  are  used  for  th i s :  one  to  de tec t  the  s ta t ic  deformation  of  

the  cant i l ever  at  the  t ime of  molecular  adsorpt ion  [31] ,  and  the  o ther  to  de tec t  the 

change  in  resonance  f requency due  to  the  change  in  mass  a t  the  t ime of  molecular  

adsorpt ion  [32] ;  the  former  i s  ca l led  the  s ta t ic  mode and the  la t t e r  the  dynamic 

mode  (Fig .  1 .13) .  In  the  dynamic  mode,  minia tur iz ing  the  system i s  d i ff icul t  

because  a  c i rcui t  i s  requi red  to  exc i te  the  molecules  for  de tec t ion ,  and  the  Q -

value  of  the  resonance  i s  reduced in  l iquids ,  which  degrades  the  per formance .  

Thus ,  for  the  rea l - t ime de tec t ion  of  molecular  adsorpt ion  in  l iquids ,  the  s ta t ic  

mode i s  preferable .  In  th i s  sec t ion ,  we present  de tec t ion  methods  and the  

per formance  of  re f lect ion  angle  d i sp lacement  sensors ,  capac i t ive readout  sensors ,  

p iezores i s t ive  sensors ,  and  opt ica l  in ter feromet r ic  sensors  for  the  de tec t ion  of  

cant i l ever  def lec t ion  in  the  s ta t ic  mode.  

 

Figure  1 .13:  Cant i lever-based  sur face  s t ress  sensors  [33] .  A method to  de tect  

s ta t ic  d i sp lacement  ( le f t )  and  a  method to  de tec t  resonance  f requency change 

based  on  mass  change  ( r ight )  dur ing  molecular  adsorpt ion .  
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1.3 .4 .1  Optical  type  

An opt ica l  readout  sensor  i s  a  sensor  for  the  opt ica l  detec t ion  of  the  def lect ion 

of  a  cant i l ever  because  of  molecular  adsorpt ion .  The  def lec t ion  due  to  molecular  

adsorpt ion  i s  detec ted  as  the  angular  change  of  the  ref lec ted l ight  whi le  the 

cant i l ever  i s  i r rad ia ted  by  a  l aser  beam  [34]–[39] .  An example  of  b iomarker  

de tec t ion  us ing th i s  method was  repor ted  in  2001,  wh ere  PSA concent ra t ions  f rom 

0 .2  ng/mL to  60  µg /mL were  de tec ted ,  demonst ra t ing  a  wide  dynamic  range  (Fig .  

1 .14)  [34] .  In  a  2005  s tudy,  by  us ing  s ingle  f ragment  an t ibodies  to  f ix  the 

ant ibodies  on  a  cant i l ever,  the  amount  of  def lec t ion  dur ing  the  ant igen–ant ibody 

reac t ion  was  increased  and a  b iomarker  with  a  LOD of  15  nM was  successfu l ly 

de tec ted  in  10  min  [39] .  Fur thermore ,  in  2014,  PSA was  successfu l ly  de tec ted 

wi th  a  LOD of  0 .1  fg /mL us ing  a  method tha t  combines  the  s ta t ic  and  dynamic 

modes  (Fig .  1 .15)  [40] .   

Each of  the  above -ment ioned de tec t ion  methods  provides  h igh  sens i t iv i ty  for  

b iomarker  detec t ion  as  wel l  as  shor ter  de tec t ion  t imes  and higher  de tec t ion 

re l iab i l i ty.  However,  the  problems are  the  h igh  cos t  because  of  opt ics  requi r ing  

accura te  a l ignment ,  the  d i ff icu l ty  of  minia tur iza t ion ,  and  the  d i ff icu l ty of  

measur ing  in  opaque  l iquids  such  as  b lood.  Therefore ,  sensors  developed to  so lve  

these  problems are  in t roduced in  the  next  sec t ion .  

Figure  1 .14:  Ref lect ion  angle  d i sp lacement  de tec t ion  sys tem dur ing  laser  

i r rad ia t ion  [34] .  
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Figure  1 .15:  Detec t ion  method tha t  combines  s ta t ic  mode and dynamic  mode [40] .  

(a )  Schemat ic  d iagram of  m olecular  modi f ica t ion  on  a  cant i l ever  us ing  a  re f lec t ive 

angular  d i sp lacement  de tec t ion  sys tem and gold  nanopar t ic les  dur ing  resonant  

dr iv ing  of  a  device .  (b)  Enhancement  of  wavelength  se lec t ivi ty  of  sca t te red  l ight  

us ing  in te rna l  re f lect ion  of  the  cant i l e ver  and i t s  spec t ra l  d i s t r ibut ion .  (c )  

Rela t ionship  be tween sca t te red  l ight  in tens i ty  and b iomarker  concent ra t ion  and 

er ror  probabi l i ty  for  each  de tec t ion  method.  

  

(a)

(b) (c)
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1.3 .4 .2  Capaci t ive  type  

A capaci tance  readout  sensor  i s  a  sensor  in  which  a  cavi ty  on  Si  is  encapsula ted 

by  a  polymer  mater ia l  wi th  a  low modulus  of  e las t ic i ty ,  and  e lect rodes  a re  p laced 

a t  the  top  and bot tom of  the  polymer  mater ia l  to  de tec t  the  change  in  capac i tance 

be tween the  e lec t rodes  cor responding to  the  deformat ion  of  the  f i lm upon 

molecu lar  adsorpt ion.  Convent ional  sur face -s t ress  sensors  with  a  cant i l ever  

s t ruc ture  have  the  problem of  decreas ing  the  amount  of  deformation  when  

molecules  a re  nonspeci f ica l ly  adsorbed on  the  back s ide  of  the  cant i l ever  [41] ,  but  

by  se lec t ing  a  dome s t ruc ture  (Fig .  1 .16) ,  which  prevents  nonspeci f ic  adsorpt ion 

on  the  backs ide ,  and  by  se lec t ing  a  low modulus  polymer  mater ia l  as  a  deformable 

f i lm,  the  deformat ion of  the  sensor  can  be  improved [42] .  The  main  parameters  

tha t  de termine  the  de tec t ion  per formance  of  the  sensor  a re  the  molecular  

adsorpt ion  l ayer  and the  coverage  of  the  gold  e lec t rode  used  as  the  top  e lec trode 

to  the  polymer  mater ia l  and  the  ai r-gap  length  be tween the  capac i tor  e lec t rodes .  

S ince  the  gold  f i lm on top  of  the  polymer  mater ial  de termines  the  s t i ffness  of  the 

f i lm,  the  reduct ion  in membrane  deformat ion  can  be  minimised  by  decreas ing  the  

coverage  ra t io .  However,  s ince  the  capaci tor  capac i ty  i s  pro por t iona l  to  the a rea 

of  the  e lec t rode ,  there  i s  a  t rade -off  re la t ionship  wi th  the  amount  of  membrane 

deformat ion .  Similar ly,  the  shor te r  the  a i r -gap  length  be tween the  capac i tor  

e lec t rodes ,  the  grea ter  the  capac i tance ,  but  the  adhes ion  of  the  polymer  mat er ia l  

to  the  lower  e lec t rode  dur ing  the  format ion  of  the  hol low s t ruc ture  can  resul t  in  

device  fa i lure .  Therefore ,  in  2006,  the  above  parameters  were  opt imized and a 

capac i t ive  readout  sensor  us ing  parylene  C as  the  polymer  mater ia l  was  repor ted 

to  successfu l ly de tec t  organic  vapour  molecules  inc luding  i sopropyl  a lcohol  ( IPA) 

and to luene  enter ing  a  n i t rogen a tmosphere  [43] .  However,  the  capac i tance  change 

due  to  membrane  deformat ion  i s  approximate ly  0 .15  pF  a t  mos t ,  which  makes  the  

de tec t ion  per formance  low compared  wi th  o ther  sur face -s t ress  sensors  and the i r  

prac t ica l  use  d i ff icul t .  Sur face  s t ress  sensors  have  been  repor ted  to  successfu l ly 

de tec t  S taphylococcus  aureus  by  ta rge t ing  bac ter ia  tha t  a re  l a rger  than  gas  

molecules  because  the  amount  of  def lec t ion  tha t  occurs  increases  wi th  the  s ize  of  

the  adsorbed objec t  ( i . e .  the  grea ter  t he  amount  of  charge  of  the  objec t  to  be 

measured)  [44] [45] .  In  th i s  repor t ,  the  use  of  PDMS,  which  has  a  modulus  three 

orders  of  magni tude  smal ler  than  tha t  of  pary lene  C,  in  the  polymer  mater ial  

shown in  Fig .  1 .17 ,  re sul ted  in  a  change  in  the  inverse  volume of  4 .275  ×  10 - 2  pF -

1  bac /mL.  I t  achieved  a  per formance  approximate ly  10  t imes  h igher  than  
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convent ional  capac i t ive  readout  sensors .  S ince  the  cavi ty  of  th i s  sensor  i s  not  ye t  

sea led  and the  sensor  i s  s t i l l  in  i t s  unf in i shed  s ta te ,  i t  i s  hoped tha t  the  sea l ing 

process  can  be  es tabl ished  in  the  fu ture  to  prevent  non -spec i f ic  adsorpt ion  on  the 

backs ide  of  the  deformable  membrane and make  the sensor  more  convenient  for  

bac ter ia l  de tec t ion .  

 

Figure  1 .16:  Schematic  d iagram of  device s t ruc ture  and capac i tance  change  due 

to  molecular  adsorpt ion  in  capac i t ive  readout  type  sensor  [43] .  

 

Figure  1 .17:  Proposed sensor  des ign  and cross -sec t ional  s t ruc ture  in  capac i t ive 

readout  type  sensor  us ing  PDMS [44] ,  [45] .  

 

1.3 .4 .3  Piezores i s t ive  type  

A piezores i s t ive  sensor  i s  a  sensor  tha t  de tec t s  the  change in  e lec t r ical  

res i s tance  by  implant ing  impur i t i es  such  as  B in to  Si ,  which  causes  the  band 

s t ruc ture  to  change  when a  s t ress  or  s t ra in i s  appl ied  to  the  impur i ty - implanted 

region .  A Wheats tone  br idge  c i rcui t  i s  used  to  de tec t  the  p iezo - res i s tance  change  

(Fig .  1 .18) .  The  br idge  c i rcui t  consi s t s  of  a  cant i l ever  to  be  measured  and a  

cant i l ever  wi thout  a  molecular  adsorpt ion  layer  as  a  re ference .  When a  DC power  

supply  (V S )  i s  appl ied  to  the  br idge  c i rcui t ,  cur rent  f lows  in  the  d iagonal  ground 

d i rec t ion ;  thus ,  a  potent ia l  of  V 1  i s  de termined by  the  res is tance  ra t io  of  the 

measur ing  and reference  cant i l evers .  As  the  p iezores i s tance  of  the  measurement  
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cant i l ever  changes  because  of  molecular  adsorpt ion ,  th i s  res i s tance  ra t io  changes ;  

thus ,  V 1  changes .  By  measur ing  the  potent ia l  d i ffe rence  be tween V 1  and  V 2 ,  the  

amount  of  def lec t ion of  the  cant i l ever  can  be  ca lcula ted .  As  an  example  of  

b iomarker  detec t ion  us ing  th i s  method,  a  s tudy  de tec t ed  PSA and CRP a t  a  

concent ra t ion  of  10  ng /mL each in  2005 [46] .  The  method  does  not  requi re  opt ics ;  

therefore ,  i t  has  a  low cos t ,  i s  easy  to minia tur ize ,  does  not  requi re  l aser  

a l ignment ,  does  not  requi re  metal  re f lec t ive  coa t ings ,  and  can  be  used  in  opaque 

l iquids ,  among many o ther  advantages .  S ince  th i s  method was  developed ,  i t  has  

increased  the  s t ress  sens i t iv i ty  to  5 .7  mN/m by apply ing  parylene  C,  which  has  a  

Young ' s  modulus  two orders  of  magni tude  lower  than  tha t  of  Si ,  to  the  cant i l ever  

mater ial  to  improve  the  sur face -s t ress  sensi t iv i ty  of  the  sensor  [47] .  However,  to  

suppor t  the  p iezores is t ive  region ,  pary lene  C must  be  des igned  wi th  a  th ickness  

of  a  few micrometres ,  which  makes  reducing  i t s  th ickness  d i ff icu l t ,  and  many 

researchers  a t tempted  to  improve  the  per formance  of  p iezores i s t ive  sensors ,  but  

only  a  10% was  achieved .  However,  in  2011,  Yoshikawa developed  the  membrane-

type  sur face -s t ress  sensor  (MSS) ,  which  achieved a  per formance  comparable  to 

tha t  of  an  opt ical  readout  sensor  [48] .  Yoshikawa reviewed the  convent ional  

cant i l ever  s t ruc ture  and proposed a  s t ress -concent ra ted  s t ruc ture  by  forming a 

smal l  knot  a t  the  f ixed  end of  the  cant i l ever  (Fig .  1 .19)  and proposed a  membrane-

type  s t ruc ture  wi th  four  f ixed  end s t ress  sens ing  par t s  to  improve  the  per formance .  

In  2012,  she  developed a  second -generat ion  MSS tha t  opt imized  the  f i lm shape 

and s t ressed  par t s ,  rea l ized  two-dimens ional  a r rays ,  and  improved the  sens i t iv i ty 

of  sur face  s t r ess  to  0 .1  mN/m,  which  was  three  to  four  t imes  h igher  than  the  f i r s t -

genera t ion  MSS [49] .  S ince  th i s  repor t ,  a  s t ruc ture  tha t  concent rates  s t ress  on  the 

p iezores i s t ive  par t  by  a  s imi lar  method has  been  proposed,  and  in  2014,  the  

nanomechanica l  membrane  (NMM) sensor  (Fig .  1 .20)  developed by  Omidi  e t  a l .  

could  de tec t  PSA wi th  a  LOD of  0 .6  ng /mL [50] .  However,  s ince  the  d iameter  of  

the  membrane  was  extended to  approximate ly  800 µm to  increase  de tec t ion 

sens i t iv i ty,  the  degree  of  in tegra t ion  per  uni t  a rea  i s  low,  which  resul t s  in  a  

decrease  in  throughput .  
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Figure  1 .18:  Detec t ion  method us ing  p iezores i s t ive  change  [46] .  

 
Figure  1 .19:  Membrane - type  sur face -st ress  sensor  us ing  p iezores i s t ive  change 

[48] .  They proposed a  s t ruc ture  tha t  concent ra tes  the  s t resses  near  the  f ixed  end.  
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Figure  1 .20:  (a )  Schemat ic  d iagram and (b)  SEM image  of  the  fabr ica t ed  device 

and (c)  PSA concent ra t ion  vs .  output  vol tage  [50] .  
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1.3 .4 .4  Optical  interferometr ic  type  

The opt ica l  in te r feromet r ic  sensor  proposed by  our  l aboratory  uses  the  Fabry–

Perot  in te r ferometer,  which  t ransmi ts  only  l ight  of  a rb i t ra ry  wavelengths  f rom 

i r radia ted  l ight  conta in ing  var ious  wavelengths ,  to  de tec t  ta rge t  molecules  

adsorbed on  the  in te rferometer  by  output t ing  the  nonl inear  change  in  in tens i ty  of  

the  inc ident  l ight  as  a  photocur rent  using  a  photodiode .  As  shown in  Fig .  1 .21(a) ,  

two ref lec t ion  mir rors  ( re f lec tance  r ,  t r ansmi t tance  t )  a re  p laced para l le l  to  each 

o ther  a t  a  d i s tance  of  d .  When the  l ight  E I  i s  in jec ted  in to  these  mir rors  a t  an 

angle  θ  f rom the  perpendicular  component ,  mul t ip le  re f lect ions  occur  be tween the  

mir rors .  The  l ight  pass ing  through the  mir ror  (E T )  wi l l  be  a  supe rpos i t ion  of  each 

component  wavef ront  t ransmi t ted  af te r  rece iv ing  an  even number  of  re f lec t ions .  

The  t ransmi t ted  l ight  i s  maximal  when there  i s  no  phase  d i ffe rence  be tween each  

component  wavef ronts ,  and  a t  o ther  wavelengths  cance l l ing  in te r ference  occurs  

be tween each  t ransmi t ted  component  wavef ronts  and  the  t ransmi t ted  l ight  i s  

reduced.  I f  the  f i lm i s  suff ic ient ly  th in  such  tha t  the  e ffec t  of  l ight  in te r ference 

in  the  re f lec t ing  mirror  i s  negl ig ib le ,  the  wavelength  t ransmi t tance  (T )  of  the  

t ransmit ted  l ight  i s  expressed  as  

𝑇 =
1

1 + [
4𝑟 𝑠𝑖𝑛2 (

𝛿
2)

(1 − 𝑟)2
]

 ,  𝛿 =
4𝜋𝑚𝑑𝑐𝑜𝑠𝜃

𝜆
 (𝑚： integer numbers) (1.3)

 

where  δ  r epresents  the  phase  d i ffe rence  between adjacent  t ransmi t ted  l ight .  The 

re la t ionship  be tween t ransmi t tance  and wavelength  i s  shown in  Fig .  1 .21(b) ,  

where  the  t ransmi t tance  i s  grea tes t  for  a  phase  d i ffe rence  of  s in( δ /2)=0.  

Addi t iona l ly,  the  higher  the  ref lec t iv i ty  of  the  mir ror,  the  be t te r  the  wavelength 

se lec t iv i ty  of  the  t ransmi t ted  l ight .  

Figure  1 .21:  (a )  Schemat ic  d iagram of  pr inc ip le  of  mul t ip le  ref lec t ions  and (b)  

charac ter i s t i cs  of  t ransmiss ion  wavelength in  Fabry -Perot  in te r ferometer.  
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This  sensor  employs  a  deformable  membrane  above  a  s i l i con  photodiode ,  which  

f lex ib ly  deforms towing to  sur face  s t ress .  The  Fabry –Perot  in te r ferometer  

compr ises  a  deformable  f i lm,  an  a i r  gap ,  and  a  s i l i con  dioxide  layer  for  

pass iva t ion  of  the  photodiode  (Fig .  1 .22 ) .  Sur face  s t ress  caused  by  repuls ion  

be tween ant igen  molecules  adsorbed to  ant ibody molecules  on  the  deformable 

membrane  causes  the  cent ra l  por t ion  of  the  membrane  to  def lec t  upward  (①–② ) .  

This  mechanica l  d i splacement  i s  converted  to  a  change  in  the  t ransmi t tance  of  the 

in te r ference spec t rum (③ )  and  output  as  a  photocur rent  by  a  photodiode  (④ ) ,  

which  enables  us  to  conver t  the  smal l  amount  of  d i sp lacement  of  the  deformable 

membrane  caused  by  the  adsorpt ion  of  the  ta rge t  molecules  in to  a  photocur rent .  

S ince  th i s  sur face -st ress  sensor  can  use  pary lene  C wi th  a  th in  f i lm of  

approximate ly  100 nm as  the  deformable  membrane  mater ia l ,  the  sur face -s t ress  

sens i t iv i ty  can  be  expected  to  increase  by  more  than  two orders  of  magni tude 

compared  wi th  the  p iezores i s t ive  sensor  using  parylene  C as  a  cant i l ever  mater ial  

[47] ,  [51] ,  [52] .   

Figure  1 .22:  Schemat ic  d iagram and de tec t ion  pr inc ip le  of  the  sur face  s t ress  

sensor  based  on  a  MEMS Fabry –Perot  in te rferometer  [52] .  

 

In  our  l abora tory,  we  developed a  device  t ha t  in tegra tes  microf lu id ic  channels  

on  a  MEMS in t er ferometer  which  can  reduce  the  t ime requi red  for  the  ant igen–

ant ibody  reac t ion  by  concent ra t ing  the  ant igen  in  a  nar row space  be tween 

ant ibodies .  As  shown in  Fig .  1 .23 ,  the  spec imen i s  pumped f rom the  inle t  by  a  

syr inge  pump and the  ta rge t  molecule  included in  the  specimen is  adsorbed on  the 

sensor  v ia  microf luidic  channels .  When PBS and bovine  serum a lbumin ant ibody 
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(ant i -BSA)  a t  a  concent ra t ion  of  100 ng /mL were  pumped in to  th i s  microf lu idic  

channel  a t  1  µL/min ,  the  photocur rent  response  (Fig .  1 .24) ,  in  which  the  

deformable  membrane  s inks  downward  because  of  l iquid  pressure  and def lec ts  

upward  because  of  changes  in  sur face s t ress  a t  the  t ime  of  ant ibody molecule 

adsorpt ion ,  sugges t s  the  feas ib i l i ty  of  biosens ing  in  l iquids  in  th i s  sensor  [53] .  

At th i s  s tage ,  the  sensor  has  not  ye t  obta ined  an  output  response  because  of  the 

ant igen–ant ibody  reac t ion ;  therefore ,  es tabl i sh ing  an  in te r face  to  adsorb  ant igen  

molecules  onto  the  sensor  wi l l  enable  a rb i t ra ry  molecular  de tec t ion  us ing  the 

ant igen–ant ibody  reac t ion .  

 

Figure  1 .23:  MEMS opt ica l  in te rferomet r ic  sur face  s t ress  sensor  in tegra ted  wi th 

microf lu id ic  channel  [53] .  (a )  Photograph of  the  device  and (b)  an  opt ica l  

microscope  image  and (c)  a  magni f ied  v iew of  the  sensor.  
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Figure  1 .24:  (a )  Pressure  response  to PBS a nd (b)  sur face s t ress  response  to  ant i -

BSA [53]   
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1 . 4  C u r r e n t  s t a t u s  a n d  c h a l l e n g e s  o f  b i o s e n s o r s  i n  b i o m a r k e r  

d e t e c t i o n  

Table  1 .1  summar izes  the  character i s t i cs  of  the  b iosensors  descr ibed  unt i l  the 

previous  sec t ion .  Assuming the  appl ica t ion  to  the  screening of  d i seases  by 

de tec t ing  b iomarkers ,  a  sensor,  which  has  a  smal l  a rea  per  s ingle  e lement  and i s  

capable  of  mul t i -b iomarker  detec t ion ,  i s  requi red .  SPR and QCM sensors ,  which 

use  bulk  pr i sms  and crys ta l s  and  requi re  de ta i led  a l ignment  opt ics ,  a l so  have  some 

problems :  d i ff icu l ty  in  s imul taneously  measur ing  mul t iple  markers  on  a  s ingle  

sensor  e lement  and the  amount  of  an t ibody reagents  requi red  for  a  s ingle 

measurement  increases ,  making i t  di ff icul t  to  achieve  a t  low cos t .  Therefore ,  

de tec t ion  methods  through  FET and MEMS sur face -s t ress  sensors  a re  cons idered  

to  be  su i tab le  for  b iomarker  de tect ion .   

Table  1 .1  Summary of  pros  and cons  in  each  b iosensor  

S e n s o r  t y p e  
S e n s i n g  

a re a  ( µ m 2 )  

M u l t i -

b i o m a r k e r  

d e t e c t i o n  

N o t e  R e f .  

Q C M  6 . 4  ×  1 0 7  D i f f i c u l t  

D e t e c t i o n  p e r f o r m a n c e  

d e c r e a s e s  i n  l i q u i d  

m e a s u r e m e n t  

[ 9 ]  

S P R  N / A  D i f f i c u l t  

R e q u i r e  d e t a i l e d  a l i g n m e n t  

o p t i c s   

( D i f f i c u l t  t o  m i n i a t u r i z e )  

[ 1 7 , 1 8 ]  

F E T  6  P o s s i b l e  

D i f f i c u l t  t o  d e t e c t  

m a c r o m o l e c u l e s  e x c e e d i n g  

D e b y e  l e n g t h  

[ 2 8 ]  

S u r f a c e  S t r e s s  S e n s o r  

( P i e z o r e s i s t i v e  t y p e )  
6 . 4  ×  1 0 5  P o s s i b l e  

D i f f i c u l t  t o  d e t e c t  s m a l l  

m o l e c u l e s .  

I n t e g r a t i o n  p e r  u n i t  a r e a  i s  

l o w.  

[ 5 4 ]  

S u r f a c e  S t r e s s  S e n s o r  

( T h i s  s t u d y )  
7 . 9  ×  1 0 3  P o s s i b l e  

D e t e c t i o n  p e r f o r m a n c e  c a n  b e  

i m p r o v e d  w i t h o u t  e x p a n d i n g  

s e n s i n g  a r e a  

N / A  

Fig .  1 .25  shows the  s ize  and type  of  molecules  tha t  each  sensor  i s  su i tab le  for  

de tec t ing  us ing  FET and MEMS sur face -s t ress  sensor s .  FET sensors  a re  su i tab le  

for  the  de tec t ion  of  smal l  neurotransmit te rs  and  gas  molecules  because  the  s ize 

of  de tec table  molecules  i s  l imi ted  to  a  few nm owing  to  the  Debye  length  

l imita t ion .  However,  the  mechanica l  d i sp lacement  cau sed  by  the  repuls ive 

Coulomb force  be tween adsorbing  molecules  i s  l imi ted  by  the  mater ia l  proper t ies  

of  the  MEMS sur face -s t ress  sensor,  which  makes  de tec t ing  smal l  d i sp lacements  

of  smal l  molecules  diff i cu l t .  Thus ,  the  MEMS sur face -st ress  sensor  i s  su i tab le  for  

de tec t ing  h igh  concent ra t ions  of  gas  molecules  and macromolecules .  Therefore ,  
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the  sensor,  which  can  comprehens ive ly  de tec t  a  var ie ty  of  molecules  f rom small  

to  l a rge  ones  in  a  b io logica l  envi ronment  wi thout  ex tending  the  Debye  length ,  has  

not  been  rea l ized .  

The proposed MEMS opt ica l  in ter feromet r ic  sur face -s t ress  sensor  i s  expected  to 

improve  the  sensi t ivi ty  of  sur face  s t ress  by  two orders  of  magni tude  or  more 

compared  wi th  convent ional  MEMS sur face -s t ress  sensors ,  and  i t  can  de tec t  smal l  

changes  in  sur face  s t ress .  In  o ther  words ,  the  h igh  sens i t iv i ty  of  the  sensor  i s  

expected  to  enable  i t  to  de tec t  smal l  molecules  tha t  have  been  d i ff icu l t  to  de tect  

us ing  convent ional  sur face -s t ress  sensors .  We expect  tha t  the  rea l iza t ion of  the 

device  wi th  no  res t r ic t ion  on  the  s ize  of  de tec table  molecules  and can  measure  

the  adsorpt ion  process  of  t a rge t  molecules  in  a  b io logica l  environment  in  rea l -

t ime wi l l  become a n innovat ive  bas ic  t echnology  in  medica l  research .  Such a  

sensor  can  be  achieved by  improving  the  de tec t ion  sens i t iv i ty  of  the  sensor .  

Figure  1 .25:  Detec table  molecular  s ize  in  FET and MEMS sur face  s t ress  sensors  

1 . 5  F a c t o r s  d e t e r m i n i n g  t h e  d e f l e c t i o n  a m o u n t  o f  t h e  d e f o r m a b l e  

m e m b r a n e  i n  t h e  o p t i c a l  i n t e r f e r o m e t r i c  s u r f a c e - s t r e s s  

s e n s o r  

In  a  sur face -s t ress  sensor,  the  amount  of  def lec t ion  of  the  moving par t  tha t  

occurs  dur ing  molecule  adsorpt ion  (Fig .  1 .26)  i s  expressed  by  the  fo l lowing 

equat ion  [51] :   

∆𝑧 ∝
𝑙2(1 − 𝜈)

𝐸 2
Δσ (1.4) 
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where  𝑧 i s  the  d i sp lacement ,  𝑙2 i s  the  a rea  of  t he  movable  par t ,  𝜈 i s  the  Poisson ' s  

ra t io ,  𝐸 i s  the  Young ' s  modulus ,    i s  the  thickness  of  the  deformable  par t ,  and  

σ i s  the  appl ied  sur face  s t ress .  The  parameters  tha t  cont r ibute s igni f icant ly to  the 

amount  of  deformat ion  are  Young ' s  m odulus ,  a rea ,  and  th ickness ,  which  are 

der ived  f rom the  mater ia l  a t  a  deformable  par t .  Therefore ,  by  reducing  the  Young ' s  

modulus  and th ickness ,  and  expanding t he  deformable  membrane ' s  a rea ,  the 

amount  of  def lec t ion  dur ing  molecular  adsorpt ion  can  be  increased .  However,  i f  

molecules  a re  non -spec i f ica l ly  adsorbed on  the  backs ide  of  the  deformable 

membrane ,  the  amount  of  deformat ion i s  reduced because  the  surface  s t ress  in  the 

d i rec t ion  prevents  the  def lec t ion  caused  by  the  ta rge t  molecules  adsorbed on  the  

top  sur face  of  the  membrane .  Therefore ,  to  prevent  molecules  f rom adsorbing  on 

the  backs ide  of  the  membrane ,  researchers  formed  a  dome-shaped s t ruc ture  to  sea l  

the  in te r ior  [43]  or  appl ied  a  spec ia l  b locking  t rea tment  to  the  backs ide  [55] .  

Figure  1 .26:  Schematic  d iagram of  MEMS sur face  s t ress  sensor  when molecules  

adsorpt ion .  S ta t ic  disp lacement  when ta rge t  molecules  adsorpt ion  ( le f t )  and 

reducing  the  amount  of  def lec t ion  by  non -spec i f ic  adsorpt ion  ( r ight ) .  

1 . 6  F a c t o r s  d e t e r m i n i n g  t h e  l i m i t  o f  d e t e c t i o n  i n  t h e  o p t i c a l  

i n t e r f e r o m e t r i c  s u r f a c e - s t r e s s  s e n s o r  

The proposed in ter feromet r ic  sur face -s t ress  sensor  outputs  the  amount  of  

def lec t ion  of  the  deformable  membrane  as  a  cur rent  response  o f  the  photodiode ,  

which  i s  caused  by  the  t ransfer  of  the  C oulomb repuls ive  force  ac t ing  be tween the  

adsorbing  molecules  to  the  membrane  as  sur face  s t ress .  S ince the  charge  of  a  

molecule  in  a  l iquid  depends  on  the  pH of  the  so lu t ion ,  the  cha rge  dens i ty  in  the 

microdomain  increases  as  the  molecule  i s  adsorbed on  the  sensor,  and  the  Coulomb 

repuls ion  force  ac t ing  be tween the  adsorbed molecules  increases  accordingly.  As  

shown in  Fig .  1 .27 ,  when the  immobi l iza t ion  dens i ty  of  the  ant ibody molecules  i s  

kept  cons tant ,  the  Coulomb repuls ion  force increases ,  a nd  la rge  def lec t ion  occurs  
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when the  concent ra t ion  of  the  ta rge t  molecule  i s  h igh .  However,  a t  low 

concent ra t ions ,  the  charge  dens i ty  and Coulomb repuls ive  force  wi th in  the 

microdomain  on  the  sensor  a re  reduced,  resul t ing  in  a  decrease  in  the  sur face 

s t ress  t ransfer red  to  the  membrane  and a  decrease  in  the  amount  of  def lec t ion ,  i . e .  

a  decrease  in  the  output  cur rent .  Therefore ,  i f  the  photocur rent  change 

cor responding to  the def lec t ion  of  the  membrane  becomes  di ff icu l t  to  detect  

because  i t  i s  bur ied  in  the  dark  cur rent ,  tha t  va lue  wi l l  be  the  smal lest  (LOD)  at  

which  the  sur face  s t ress  change  can  be  mea sured .  

 

Figure  1 .27:  Effec t  of  d i ffe rence  in  concent ra t ion  of  t a rge t  molecules  on  the 

amount  of  def lec t ion i f  the  immobil iza t ion  dens i ty  of  an t ibody molecules  i s  

cons tant  

 

In  a  previous  s tudy,  to  improve  the  LOD of  a  sensor  by  reducing  the  dark  cur rent  

of  the  photodiode ,  we a t tempted  to  increase  the  photosens i t iv i ty of  a  photodiode 

in  Si  by  extending  the  width  of  the  deple t ion  layer  be tween the  impur i ty  reg ion 

and subs t ra te  and forming a  photodiode  in  a  p - type  subs t ra te  wi th  an  n -wel l  l ayer  

wi th  a  lower  impur i ty  concent ra t ion than the  convent ional  n+ layer  [56] .  By 

adopt ing  th i s  method,  we succeeded in  reducing  the  dark  cur rent  f rom 573 to  200 

pA us ing  a  l ight  source  wi th  an  intens i ty  of  10  µW and a  wavelength  o f  650 nm 

(Fig .  1 .28a) .  Based  on  the  measured  va lues ,  we  obta ined  the  amount  of  def lec t ion 

us ing  the  f in i te  e lement  method and the  change  in  t ransmi t tance  dur ing  def lec t ion 
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by opt ica l  ana lys i s ,  and  we ca lcula ted  the  LOD,  which  was  es t imated  to  be  less  

than  0 .1  mN/m (Fig .  1 .28b) .   

However,  when a  smal l  change  occurs  in  the  sur face  s t ress  near  the  LOD owing  

to  the  adsorpt ion  of  low-concent ra t ion  molecules ,  the  amount  of  change  in  the  

t ransmit ted  l ight  in tens i ty  to  conver t  thi s  change  in to  a  cur rent  i s  low,  and the 

amount  of  change in  cur rent  output  i s  very smal l  ( severa l  tens  of  pA) ,  making i t  

d i ff icu l t  to  obta in  a  h igh  s ignal - to-noise  rat io  for  dark  cur rent  va lues .  To increase 

the  amount  of  output  cur rent  for  smal l  sur face -s t ress  changes ,  the  wavelength  

se lec t iv i ty  of  the  in te r ferometer  must  be  improved .  This  problem can  be  so lved  

by  increas ing  the  gradient  of  the  t ransmiss ion  spec t rum of  the  Fabry–Perot  

in te r ferometer,  resu l t ing  in  increas ing  the amount  of  change  in  the  t ransmit ted 

l ight  in tens i ty  a t  the t ime of  membrane  deformation .  That  i s ,  by  des igning  the  

wavelength  se lec t ivi ty  of  the  in te rferometer,  the  degree  of  f reedom to  cont ro l  the 

s ignal  convers ion  eff ic iency i s  obta ined .  Therefore ,  the  techniques  to  improve 

wavelength  se lec t iv i ty  wi l l  be  in t roduced in  the  next  sec t ion .  

 

Figure  1 .28:  Rela t ionship  be tween (a)  photosens i t iv i ty  and (b)  sur face  s t ress  

change  and photocur rent  output  in  an opt ica l  in te rferomet r ic  surface  s t ress  sensor  

[56] .  The  photodiode ' s  dark  cur rent  va lue de termines  the  minimum detec table 

sur face  s t ress  value .  
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1 . 7  I n c r e a s i n g  w a v e l e n g t h  s e l e c t i v i t y  u s i n g  a  m e t a l  h a l f - m i r r o r  

s t r u c t u r e  

For  techniques  to increase  wavelength  se lect iv i ty  in  s t ructures  based  on  opt ical  

in te r ference ,  repor t s  on  the  in t roduct ion  of  d ie lect r ic  mul t i l ayers  and th in metal  

f i lms  into  ha l f -mir ror  mater ial s  a re  ava i lab le  [57]–[60] .  The  former  uses  the 

g lanc ing  angle  depos i t ion  (GLAD) method,  in  which  mater ial s  a re  depos i ted  f rom 

di ffe rent  angles  onto  a  g lass  subs t ra te ,  and  a  Fabry–Perot  in te r ferometer  wi th 

re f rac t ive  index per iodic i ty  and h igh  ref lec tance  spec t rum i s  cons t ruc ted  by  

s tacking  h igh  ref rac t ive  index semiconductor  mater ia l  Ti  wi th  nanomet re  

per iodic i ty  (Fig .  1 .29) .  The  inc ident  l ight  on  the  in te r ferometer  i s  mul t ip ly  

re f lec ted  by  layers  of  Ti  th in  f i lms  s tacked a t  nanomet re  in te rva ls ,  and  the 

wavelength  se lec t iv i ty  i s  increased  by  se lec t ive ly  t ransmi t t ing  l ight  of  the  same 

phase ,  and  the  fu l l  width  a t  ha l f  maximum (FWHM) in the  inf rared  region  i s  

successfu l ly  nar rowed to  2 .56  nm.  

 

Figure  1 .29:  Fabry-Perot  In ter ferometer  wi th  d ie lec t r ic  mul t i l ayers  [ 4 1 ] .  ( a )  

Schemat ic  d iagram of  the  four - layered  s t ruc ture  us ing  GLAD and Parylene  C and 

(b)  c ross -sec t ional  SEM image .  (c )  Transmiss ion  spec t rum and (c)  ref lec ted 

spec t rum for  one  per iod  in  the  inf rare d  band.  

(a) (b)

(c) (d)
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In  cont ras t ,  the  la t t e r  method proposes  Fabry–Perot  var iable  colour  f i l t er s  wi th 

20-nm Au and Ag ha l f -mirror  mater ia l s  depos i ted  a t  the  top  and  bot tom via  SiO 2  

spacers  on  a  g lass  subs t ra te  for  appl icat ion  to  t ransmiss ive  d isp lays  in  the  v i s ible  

l ight  wavelength  range  [60]  (Fig .  1 .30) .  Hal f -mir rors  depos i ted  above  and be low  

the  in te r ferometer  increase  the  mul t iple  re f lec t ions  of  the  l ight  inc ident  on  the 

in te r ferometer  and  improve  the  wavelength  se lec t iv i ty  of  the  t ransmit ted  l ight .  

Fur thermore ,  by  apply ing  a  b ias  between the  mir rors ,  the  elec t ros tat ic  force 

causes  the  movable  mir rors  to  be  in  contac t  wi th  the  spacers  and obta ins  an 

in te r ference colour  of  the  opt ical  pa th  length  de termined by  the  th ickness  of  the 

spacers .  By adopt ing an  Ag mir ror  with  high  ref lect iv i ty and low absorpt ion  in 

the  v i s ib le  region ,  the  reproducib i l i ty  of  p ixe l s  d i sp laying  red  and b lue  i s  

increased  to  22% and 63%,  respec t ive ly.  

 

Figure  1 .30:  Var iable  Fabry -Perot  f i l t e r  us ing  Au and Ag in  the  ha l f -mir ror  

mater ial  [60] .  (a )  the  proposed t ransmiss ive  Fabry -Perot  s t ruc ture  and (b)  

t ransmiss ion  charac ter i s t i cs  in  the  red  and (b)  b lue  wavelength  ranges .  
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should  be  used  for  haemoglobin ,  water,  and  pro te ins  in  the  b lood.  In  the  UV region ,  

the  pro te in ' s  s t ruc ture i s  des t royed by  l ight  i r rad ia t ion  [61] ,  [62] ,  and  in  the  near -

inf rared  region  af te r  1100 nm,  l ight  absorpt ion  occurs  because  of  the  use  of  l ight  

energy for  the  v ibra t iona l  t rans i t io ns  when the  OH and CH bonds  of  the  pro te in 

a re  i r radia ted  to  l ight  [63] .  In  cont ras t ,  in  the  near- inf rared  region  of  800 –1100 

nm,  the  h igher  harmonics  and e lec tronic  absorpt ion  of  the  pro tein ' s  CH,  OH,  and  

NH bonds  are  very  weak,  and  i t s  permeabi l i ty  i s  exce l len t ,  making i t  su i tab le  for  

non-des t ruc t ive  and non - invas ive  ana lysi s .  S ince  th i s  wavelength  region  i s  a l so 

the  region  of  h igh  photosens i t iv i ty  of  Si  photodiodes ,  cons t ruc t ing  a  Fabry–Perot  

in te r ferometer  tha t  t ransmi t s  near - infrared l ight  at  800 -1100 nm i s  desi rable .  In 

opt ica l  in ter ferometers ,  pary lene  C as  a  deformable  membrane  and SiO 2  as  a  

pro tec t ive  f i lm on the photodiode  serve  as  the  ha l f -mir rors  of  the in te r ferometer,  

but  these  mater ial s  have  less  than  10% ref lec tance  in  the  near - inf rared  wavelength 

region ;  thus ,  the  wavelength  se lec t iv i ty  of  t ransmi t ted  l ight  i s  poor  (Fig .  1 .31a) .  

This  can  be  so lved  by  in t roducing  a  meta l  wi th  h igh  ref lec t iv i ty  in  the  near -

inf rared  wavelength  region  in to  the  ha l f -mir ror  mater ial  (Fig .  1.31b) .  Al though 

the  in tens i ty  of  the  t ransmi t ted  l ight  i s  reduced by  the  in t roduct ion  of  a  h ighly 

re f lec t ive  meta l ,  the reduct ion  in  in tensi ty  can  be compensa ted  for  without  

a ffec t ing  the  ta rget  molecule  by  adjus t ing  the  i r radia t ion  in tens i ty  us ing  a  h ighly 

t ransmiss ive  l ight  wi th  a  wavelength  of  80 0–1100 nm as  the  inc ident  l ight .  

Therefore ,  the  opt imiza t ion  of  the  sensor  s t ruc ture  and mater ial s  for  the 

rea l iza t ion  of  an  in te r ferometer  wi th  metal  ha l f -mirrors  was  s tudied  to  improve  

the  wavelength  se lec t iv i ty  of  the  in ter ferometer.  

 

Figure  1 .31:  Schematic  d iagram of  the  c ross -sec t ional  s t ructure and in terference 

charac ter i s t i cs  of  an opt ica l  inte r ferometr ic  sur face s t ress  sensor  wi th  (a )  a  

convent ional  s t ruc ture  and (b)  a  newly  proposed meta l  ha l f -mir rors  wi th  high 

ref lec t iv i ty  in  the  near - inf rared  region .    
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1 . 8  A i m  o f  t h i s  s t u d y  

In  t h i s  s tudy,  we  a im ed  to  develop  a  s enso r  t ha t  can  de tec t  molecu l es  of  

va r ious  s i z es  wi thou t  ex t ending  t he  Debye  l eng th .  The MEMS op t i ca l  

i n t e r f eromet r i c  su r face - s t r es s  s ensor  p roposed by  our  l abora to ry  can  

comprehens ive ly  de tec t  l ow -concen t ra t i on  molecu l es  and  sma l l  molecul e s ,  

wh ich  have  been  d i ff i cu l t  t o  de tec t  u s ing  conven t ional  su r face -s t r es s  s ensor s  a s  

we l l  as  l a rge  molecu l e s  exceed ing  t he  Debye  leng th  by  op t imiz ing  t he  

wave l ength  se l ec t i v i ty  and  geomet ry  parame te r s  of  the  i n t e r f eromete r.  The re fo re ,  

f o r  a  h ighly  sens i t ive  de tec t i on  of  t a rge t  molecu l es  of  va r ious  s i zes ,  we  

f ab r i ca t ed  in t e r f er omete rs  wi th  me ta l  ha l f -mir ror s  s t ruc ture  and  cav i ty - sea led  

s t ruc tu re  wi th  op t imized  geomet ry  paramete r s ,  wh ich  can  improve  t he  de tec t i on  

pe r formance  o f  t he  s enso r  and  cons t ruc t ed  b io - in t er f aces  t o  adsorb  molecul e s  on  

t he  senso r.  Through  these  t asks ,  we  a im ed to  deve lop  a  s enso r  fo r  a  l abe l - f r ee  

and  comprehens ive  de t ec t i on  of  p ro te ins  and  neurot r ansmi t t e r s  i n  l i qu ids  and 

gas  molecul e s  i n  a i r.  

1 . 9  O u t l i n e  

In  th i s  thes i s ,  we  develop  a  MEMS sensor  which  can  de tec t  pro te ins  and 

neurot ransmit te r s  in  l iquids  and gas  molecules  in  a i r  for  a  l abe l - f ree  de tect ion  of  

a  var ie ty  of  molecules  f rom smal l  molecules  to  l a rge  molecules .  We evalua te  the 

e ffec t iveness  of  the  sensor  by  cons t ruc t ing a  b io- in ter face  on  which  each  ta rge t  

molecule  can  be adsorbed and obta in ing  the  response  of  the  adsorpt ion  of  t a rget  

molecules .  The  out l ines  of  each  chapter  a re  as  fo l lows:  

Chapter 1  

As a  background,  we descr ibe  the  importance  of  de tec t ing  var ious  b iomarkers  

ranging  f rom smal l  to  l a rge  molecules  and present  the  research  t rends  and 

cha l lenges  of  convent ional  b iosensors  tha t  have  been  successfu l ly  used  for  

b iomarker  detec t ion .  Addi t iona l ly,  severa l  so lu t io ns  to  improving  the  de tec t ion 

per formance  of  the  proposed opt ica l  in te rferomet r ic  MEMS sur face -s t ress  sensor  

for  the  de tec t ion  of  low -concent ra t ion  and smal l  molecules  tha t  have  been 

d i ff icu l t  to  detec t  us ing  convent ional  MEMS sur face -s t ress  sensors  a re  in t roduced .  
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Chapter 2  

The opt ica l  des ign  of  a  MEMS in ter ferometer  wi th  a  meta l  ha l f -mir ror  s t ruc ture 

and opt imiza t ion  of  the  s t ruc ture  and th ickness  condi t ions  i s  in t roduced ,  as  wel l  

as  fabr icat ion  of  the  device  based  on  these f indings  to conf i rm the  improvement  

in  wavelength  se lec t iv i ty.  

Chapter 3  

The cons t ruc t ion  of  a  b io - in ter face  onto  the  in te r ferometer  wi th  meta l  ha lf -

mir rors  for  de tec t ing  macromolecular  i s  in t roduced .  Af ter  immobi l iza t ion  of  

an t ibody molecules ,  the  feas ib i l i ty  of  b iosens ing  us ing  the  ant igen–ant ibody 

reac t ion  of  th i s  sensor  i s  demonst ra ted  by  the  acquis i t ion  of  the  r eac t ion  in  which  

the  deformable  membrane  def lec t s  upward  because  of  the  change in  sur face  s t ress  

a t  the  t ime of  an t igen  molecule  adsorpt ion .  By  ca lcula t ing  the  d i ffe rence  in  the  

amount  of  def lect ion  be tween se lec t ive  and non -spec i f ic  adsorpt ion ,  the  se lec t ive 

de tec t ion  of  macromolecule  i s  achievable .  Fur thermore ,  recent  resul t s ,  in  which  

a  novel  in te r ferometer  fabr ica ted  b y  our  l abora tory,  tha t  the  concent ra t ion 

dependence  and LOD of  pro te in  a re  in t roduced.  

Chapter 4  

A cavi ty -sea led  MEMS in ter ferometer  wi th  h igh  sur face -s t ress  sens i t iv i ty  is  

proposed to  suppress  the  decrease  in  the  sur face -s t ress  sensi t iv i ty  and non -

spec i f ic  adsorpt ion  on the  back s ide  of  the  deformable  membrane ,  which  have  been  

problems for  in ter ferometer s  wi th  meta l  ha l f -mir rors  s t ructure s .  The  shape  

parameters  in  the  proposed s t ruc ture  a re  ana lysed ,  and  the  f abr ica t ion  of  the 

device  based  on  the  knowledge  obta ined  in  the  ana lys i s  i s  di scussed .  Cons ider ing 

the  appl ica t ion  to  the  de tec t ion  of  gas  molecules  in  the  a i r  in  the  fabr ica ted  sensor,  

a  polymer  membrane  which  can  be  used  for  the  de tec t ion  of  gas  molecules  in  the 

a i r  and  pro te ins  in  l iquids  i s  proposed .  

Chapter 5  

The membrane  which  has  the  charac ter i s t ic  of  cont rac t ion  or  expans ion  upon  

absorpt ion  of  gas  molecules  i s  formed on  the  cavi ty -sea led  in te r ferometer.  A 

response  dependent  on  the  a i r -gap  length  o f  the  in te r ferometer  upon exposure  of  

vola t i l e  e thanol  gas  to  th i s  in te r ferometer  was  obta ined .  Fur thermore ,  the 

concent ra t ion  dependence  and LOD to  vola t i l e  e thanol  gas  i s  eva lua ted .  
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Chapter 6  

The cons t ruc t ion  of  a  b io - in ter face  onto  the  in te r ferometer  wi th  a  cavi ty -sea led 

s t ruc ture  for  de tect ing  neurot ransmi t te r  is  d i scussed .  A molecular ly  imprin ted 

polymer  (MIP)  f i lm,  which  can  impar t  the  same spec i f ici ty  to  the  sensor  as  wel l  

as  the  ant ibody molecules ,  were  cons t ruc ted  by  forming the  templa te  o f  t a rge t  

molecules .  The  composi t ion  of  th i s  MIP f i lm and the  format ion  of  the 

neurot ransmit te r  t empla te  a re  evalua ted .  Us ing  the  MIP f i lm which  conf i rmed the 

templa te  format ion ,  the  de tec tabi l i ty  of  neurot ransmi t te r s  i s  ment ioned by 

compar ing  the  sensor  response  because  of  the  presence  or  absence  of  

neurot ransmit te r s .  

Chapter 7  

The resul t s  obta ined  by  th i s  s tudy and fu ture  prospec ts  a re  summar ized .   
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Chapter 2.  Investigation of metal half-mirror 

structure for a MEMS interferometer 

with high wavelength selectivity 

2 . 1  P r e f a c e  

In  the  MEMS in ter feromet r ic  sur face -st ress  sensor,  the  LOD is  def ined  as  the 

poin t  a t  which  photocur rent  change  cor responding to  the  def lec t ion  of  the 

membrane  becomes  di ff icu l t  to  de tec t  because  i t  i s  bur ied  in  t he  dark  cur rent .  

When a  smal l  change in  the  surface  s t ress  near  th i s  LOD occurs ,  obta in ing  a  h igh 

s ignal - to-noise  ra t io  for  dark  cur rent  va lues  becomes  d i ff icu l t .  This  can  be  so lved  

by  increas ing  the  wavelength  se lec t iv i ty  of  the  MEMS in ter ferometer.  By 

increas ing  the  amount  of  in tens i ty  change  of  the  t ransmit ted  l ight  caused  by  smal l  

def lec t ion  of  the  membrane  by  improving wavelength  se lec t iv i ty,  the  output  

response  a t  low concent ra t ions  of  the  adsorbed ta rge t  molecules  i s  expected  to  

increase .   

This  chapter  presents  the  se lec t ion  of  the  mir ror  mater ia l  and  the opt ica l  des ign 

of  the  inte r ferometer  for  the rea l iza t ion of  a  meta l  hal f -mir rors  s t ruc ture ,  the 

inves t iga t ion  of  the coverage  to  suppress  the  decrea se  in  the  sur face -s t ress  

sens i t iv i ty  of  the  sensor  because  of  the  mir ror  on  the  membrane ,  and  the 

compar i son  of  the  t ransmiss ion  in tensi ty  change  wi th  and wi thout  mi r rors  when a 

smal l  def lec t ion  occurs  to  improve  the  wavelength  se lec t iv i ty  of  the  ME MS 

in ter ferometer.  F ina l ly,  the  fabr ica t ion  process  of  the  MEMS in ter ferometer  tha t  

re f lec t s  the  f indings  of  these  des igns ,  and  the  resul t s  of  the  eva lua t ion  of  the  

fabr ica ted  inte r ferometer ' s  geomet ry  and wavelength  se lec t iv i ty  a re  presented .   

 

2 . 2  A i m i n g  f o r  t h e  d e t e c t i o n  o f  m a c r o m o l e c u l a r  b i o m a r k e r  

Var ious  b iomarkers  ex is t  for  macromolecular  pro te ins  secreted  by  ce l l s .  As  an  

example ,  among pa t ien ts  infec ted  wi th  COVID -19,  one  of  the  common fea tures  of  

pa t ien ts  who suffer  respi ra tory  fa i lure  and become severely  i l l  i s  that  the 

concent ra t ion  of  in te r leukin -6  ( IL-6)  exceeds  80  pg /mL,  which  has  been  repor ted  

to  be  h ighly  cor re lated  wi th  sever e  i l lness  [64] .  Therefore ,  by  achieving  a  

de tec t ion  sens i t iv i ty  of  80  pg /mL,  i t  can  be  used  for  the  screening  of  pa t ien ts  wi th  

severe  d i sease s .  Var ious  sur face -s t ress  sensors  have  been  developed,  and  the i r  
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detec t ion  l imi t s  and  area  per  s ingle  e lement  a re  summar ized  in  Fig .  2 .1 .  Assuming 

the  appl ica t ion  to  a  s imple  In terne t  of  Things  ( IoT)  sensor,  a  sensor  wi th  a  smal l  

a rea  per  s ingle  e lement  and a  de tec t ion  l imi t  of  low concent ra t ion  are  des i rable .  

The  most  sens i t ive  one  among convent ional  sur face -s t ress  sensors  has  an  LOD of  

0 .1  ng /mL in  the  s ize  of  10 3 –10 4  µm 2  per  s ingle  e lement .  However,  a  sur face -

s t ress  sensor  wi th  an  LOD less  than  80  pg /mL has  not  been  repor ted .  Al though 

sur face -s t ress  sensors  can  increase  the  amount  of  deformation  depending on  the  

a rea  of  the  de tec t ion  par t ,  increas ing  the  sens i t iv i ty  whi le  mainta in ing  the  degree 

of  in tegra t ion  i s  d i ff icu l t  s ince  the  increase  in  sens i t iv i ty  resul ts  in  a  decrease  in 

the  degree  of  in tegra t ion .  However,  our  proposed opt ica l  in te r feromet r ic  surface -

s t ress  sensor  can  increase  the  sens i t iv i ty  wi thout  expanding the a rea  owing to  the  

des ign  of  the  wavelength  se lec t iv i ty  of  the  in te r ferometer.  Therefore ,  we  a imed 

to  rea l ize a  sensor  wi th  a  de tect ion  l imi t  of  l ess  than  80  pg /mL in  an  area  of  

approximate ly  10 3 –10 4  µm 2 ,  which  i s  equiva lent  to  the  a rea of  convent ional  

devices .  

Figure  2 .1 :  Compar i son  of  a rea  per  s ingle  e lement  and LOD in  each  sur face  s t ress  

sensor  [34] ,  [50] ,  [65] –[68] .  
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2 . 3  D e s i g n  o f  t h e  M E M S  i n t e r f e r o m e t e r  

2 . 3 . 1  O p t i c a l  d e s i g n  

Fig .  2 .2  shows the  p roposed cross -sec t ional  s t ruc ture  of  the  MEMS opt ica l  

in te r ferometer  wi th  h igh  wavelength  se lec t iv i ty.  Pary lene  C,  the  Young’s  modulus 

of  which  i s  two orders  of  magni tude  less  than  tha t  of  s i l i con ,  was  used  for  the 

movable  membrane  mater ia l ,  and  a  th in  meta l  ha l f -mir ror  was  implemented  as  the 

top  and bot tom par t  of  the  in ter ferometer.  Assuming th i s  device  i s  used  for  blood 

inspec t ion ,  a  meta l  wi th  h igh  ref lec t iv i ty  i s  requi red  in  the  near- inf rared 

wavelength  region ,  where  the  absorpt ion  coeff ic ient  of  haemoglobin  and water  in 

b lood i s  smal l  and  the  respons iv i ty  of  the  photodiode  formed in  s i l i con  is  

suff ic ient .  F ig .  2 .3  shows the  resul t  of  the  r igorous  coupled-wave  ana lys is  

(RCWA) of  the  re la t ionship  be tween the  FWHM of  the  t ransmiss ion  wavelength 

spec t rum and the  f i lm th ickness  of  Au/Ti ,  Ag,  and  Al  which  are  genera l ly  used  in 

the  semiconductor  process .  The  f i lm th ickness  of  the  mir ror  and  the  FWHM  of  the 

t ransmiss ion  wavelength  spec t rum indica te d  an  inverse ly  propor t ional  

re la t ionship .  Al though the  change  in  t ransmi t ted  l ight  in tens i ty  wi th  the  addi t ion 

of  a  mi r ror  when the  deformable  membrane was  d i sp laced  by  10  nm became 3 .1% 

smal ler  than  the  scenar io  wi thout  a  mi r ror,  the  decrease  in  in tens i ty  wi thout  

a ffec t ing  the  molecule  to  be  measured  could  be  compensa ted  for  by  u t i l i z ing  l ight  

wi th  exce l len t  t ransmi t tance  at  800 –1100 nm as  the  inc ident  l ight .  When the  f i lm 

th ickness  of  each  mirror  mater ia l  was  50  nm,  we observed  tha t  the  FWHM was  

5 .2 ,  10 .2 ,  and  12 .8  nm for  Ag,  Au/Ti ,  and Al ,  respec t ive ly.  The  ana lys i s  resul t s  

indica ted  that  the  sharpes t  in ter ference  spec t rum can  be  conta ined  when Ag was  

se lec ted  as  the  ha l f -mir ror  mater ial ,  but  severa l  problems were  encountered  in  

te rms  of  to le rance  to  the  e tching  gas  a t  the  re lease  process ,  resu l t ing  in  a  

decreas ing  ref lec tance  of  the  mir ror.  Add i t iona l ly,  the  surface of  the  Ag was  

oxid ized  dur ing  the  dry -e tching ,  which  made  immobil iz ing  ant ibody molecu les  on 

the  Ag mir ror  impossib le .  Therefore ,  Au was  se lec ted  as  the  ha lf -mirror  mater ial  

for  process  compat ibi l i ty,  a l though i t s  wavelength  se lec t ivi ty  is  infer ior  to  tha t  

of  Ag.  

Based on  the  above  condi t ions  of  ha l f -mir ror  mater ial s  and  th ickness ,  F ig .  2 .4  

shows the  opt ica l  analys i s  resul t s  for  the  change  in  the  t ransmi t ted  l ight  in tens i ty 

for  the  50  nm- th ick  Au mir ror  and  no  mir ror  scenar ios .  Compar ing  the  two 

s t ruc tures ,  we  observed  tha t  the  spec t ra l  gradient  increased in  the  proposed  
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s t ruc ture ,  and  we es t imated  tha t  the  wavelength  se lec t iv i ty  could be  increased  by 

10 .7- fo ld  wi th  the  in tegra t ion  of  Au mir rors .  

Figure  2 .2 :  Cross -sec t ional  s t ructure  of  the MEMS o pt ica l  in te r ferometer  wi th  

h igh  wavelength  se lec t iv i ty.  

Figure  2 .3 :  Rela t ionship  be tween th ickness  of  each  mir ror  mater ia l  and  FWHM.  

Figures  2 .4 :  Opt ica l  ana lys i s  resul t s  for  the  change  in  the  t ransmit ted  l ight  

in tens i ty  wi th  the  50  nm - th ick  Au mirror  and  no  mir ror.  The  wavelength  

se lec t iv i ty  i s  improved by  a  fac tor  of  10 .7  when compar ing  the  spec t ra l  gradient .  
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2 . 3 . 2  M e c h a n i c a l  s i m u l a t i o n  

We assumed tha t  the  s t i ffness  of  the  movable  f i lm increases  by  adding  the  ha l f -

mir ror  to  the  upper  par t  of  the  deformable  membrane  and the  sur face -s t ress  

sens i t iv i ty  decreases .  Therefore ,  we  s imula ted  the  sur face -st ress  sens i t ivi ty 

assoc ia ted  wi th  the coverage  ra t io  of  the  upper  ha l f -mir ror  through  f in i te  element  

method ana lys i s  using  the  sof tware  ANSYS.  Figs .  2 .5a  and 2 .5b  show the  ana lys is  

model  us ing  ANSYS and resul t s  of  the  change  in  def lect ion  of  the  deformable 

membrane  as  a  funct ion  of  coverage  of  the  50  nm - th ick  Au ha l f -mir ror  on  the 

pary lene  C deformable  membrane .  The  ana lys i s  model  had  a  sens ing  area  d iam eter  

of  100 µm,  and  the  t h icknesses  of  the  pary lene  C and Au f i lms  were  350  and 50  

nm,  respec t ive ly.  Surface  s t ress  was  appl ied  to  in -p lane  d i rect ion  f rom the  upper  

edge  of  the  pary lene  C f i lm wi th  re ference to  Yoshikawa ' s  repor t  [48] .  Therefore ,  

sur face  s t ress  was  appl ied  to  the  whole  membrane ,  and  when the  Au ha l f -mir ror  

was  formed wi th  a  coverage  of  10% on the  sens ing  area ,  the decrease  in  the 

def lec t ion  amount  could  be  suppressed  to approximate ly  6%.  For  example ,  th i s  

decrease  in  the  surface -s t ress  sens i t iv i ty  could  cons t i tu te  a  sensor  wi th  a  

sens i t iv i ty  equiva lent  to  the  in i t ia l  sensi t iv i ty  by  reducing the  f i lm t h ickness  of  

pary lene  C by  10  nm.  Thus ,  by  appropr ia te ly  des igning  the  cove rage  ra t io  of  the  

upper  ha l f -mir ror,  only  the  wavelength  se lec t iv i ty  can  be  i ncreased  wi thout  

decreas ing  the  sur face -s t ress  sens i t ivi ty.  Converse ly,  as  the  sensor  s ize  decreases ,  

forming  a  ha l f -mir ror  wi th  a  smal l  coverage  ra te  becomes  increas ingly  d i ff icu l t ;  

thus ,  the  MEMS opt ica l  in te r ferometer  was  des igned such  tha t  the  coverage  ra te  

of  the  upper  ha l f -mirror  was  25%.  This  i s  because  the  decrease  in  sur face -s t ress  

sens i t iv i ty  in  th i s  scenar io  can  be  suppressed  to  be  approximately  20%. 

Cons ider ing  the  a rea  of  Au to  connect  to  the  e lec t rodes ,  the  coverage  i s  34%,  and 

the  decrease  in  the  amount  of  def lec t ion  in  th i s  scenar io  i s  approximately  35%. 

The  s imul taneous  increase  in  sur face -st ress  sens i t iv i ty  and wavelengt h  se lec t iv i ty 

can  be  achieved by  searching  for  process  condi t ions  tha t  increase  the  pa t tern ing 

resolu t ion  of  Au mir rors  on  parylene  C.  
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Figures  2 .5 :  (a )  Analys i s  model  (b)  re la t ionship  be tween the  coverage  of  the  Au  

ha l f -mir ror  on  the  movable  f i lm and the  def lec t ion  amount  of  the  membrane .  

For  an  Fabry–Perot  in te r ferometer,  a  h igh  f la tness  of  the  mir ror  sur face  i s  an  

impor tant  parameter  because  i t  can  suppress  the  sca t te r ing  of  the  inc ident  l ight  

on  the  mir ror  sur face  and permi t s  more  l ight  to  en ter  the  in te r ferometer.  Therefore,  

the  e ffec t  of  the  f la t ness  of  the  mir ror  above  the  deformable  membrane  by  the 

in tegra t ion of  Au mirrors  was  eva luated  us ing  f in i te  e lement  ana lys i s .  F ig .  2 .6  

shows the  d i ffe rence  in  the  amount  of  def lec t ion  a t  the  cent re  of  the  membrane 

and a t  a  d i s tance  of  25  µm f rom the  cent re  when the  membrane  deformed be tween 

a  convent ional  s t ruc ture  wi thout  mi r rors  and a  s t ruc ture  wi th  a  25% Au mirror  

coverage .  Compar ing  the  d i ffe rence  in  the  amount  of  deformat ion  be tween them,  

we observed i t  to  be  14 .3  nm in  the  convent ional  s t ruc ture  wi thout  mi rrors  and 

2 .5  nm in  the s t ruc ture  wi th  in tegra ted  mir rors .  This  d i ffe rence was  due  to  the 

increased  s t i ffness  of  the  f i lm in  the mir rored  area  and the suppor t  of  the 

membrane  by  the  mir ror,  indica t ing  tha t  a  f l a t  upper  mir ror  can  be  formed by  the  

in tegra t ion  of  Au.  

In ter ferometers  with  low mir ror  f l a tness  cause  the  opt ica l  pa th  length 

immedia te ly  be low the  mir ror  to  change  in  the  cent re  and  v ic in i ty  of  the  mir ror  

when the  upper  mir ror  i s  deformed dur ing  l ight  i l luminat ion  (Fig .  2 . 6a) .  In  o ther  

words ,  the  l ight  t ransmi t ted  through the  in te r ferometer  contains  a  t ransmi t ted 

l ight  component  with  reduced opt ica l  path  length ,  resul t ing  in  a  t r ansmiss ion 
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spec t rum wi th  reduced wavelength  se lec t iv i ty  (Fig .  2 .6c) .  Therefore ,  by  

in tegra t ing  the  Au onto  a  deformable  membrane ,  the  f la tness  of  the  upper  mir ror  

of  the  in te rferometer  is  maintained  when the  movable  f i lm i s  deformed,  permit t ing  

l ight  wi th  h ighly  se lec t ive  wavelength  to  be  t ransmit ted .  

 

Figures  2 .6 :  Def lec t ion  of  the  deformable  membrane  in  (a )  a  convent ional  

s t ruc ture  wi thout  a  mir ror  and  (b)  an  Au mirror  wi th  25% coverage  when a  sur face  

s t ress  of  10  mN/m i s  appl ied .  (c )  Schemat ic  d iagram of  t ransmiss ion  spec t rum in 

an  in te r ferometer  wi th  low f la tness  of  the  mir ror.  

 

2 . 3 . 3  A n a l y s i s  o f  t r a n s m i t t a n c e  c h a n g e  t o  t h e  d e f l e c t i o n  o f  

d e f o r m a b l e  m e m b r a n e s  i n  l i q u i d s  

To de termine  the  re la t ionship  be tween the  amount  of  def lec t ion  of  the 

deformable  membrane  and the  change  i n  t ransmi t ted  l ight  in tens i ty  when 

molecules  a re  adsorbed on  the  in te r ferometer  in  a  l iquid ,  we  ca lcula ted  the 

re la t ionship  be tween them through  opt ica l  ana lys i s  us ing  the  ana ly t ica l  model  

shown in  Fig .  2 .7 ,  and  the  resul t s  a re  shown in  Fig .  2 .8 .  In  th i s  ana ly t ica l  model ,  

the  ana lys i s  was  per formed under  the  condi t ion  of  i r rad ia t ing  l ight  f rom a ir  whi le  

the  sensor  was  immersed  in  PBS.  The  ana lys i s  in  Sec t ion  1 .2 .2  indica tes  tha t  the 

decrease  in  sur face -st ress  sens i t ivi ty  can  be  suppressed  by  des igning  the  proper  
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coverage  of  the  upper  ha l f -mirror  and  the  th ickness  of  the  deformable  f i lm.  

Therefore ,  in  th i s  ana lys i s ,  the  compar i son was  based  on  the  assumpt ion  tha t  the 

in te r ferometer  wi th  an  in tegra ted  A u ha l f -mir ror  i s  an  idea l  s t ruc ture  wi th  no 

reduct ion  in  sur face -s t ress  sensi t iv i ty.  While  no  s ignif icant  d i ffe rence  was 

observed  in  the  amount  of  def lec t ion  be low 1  nm,  a  maximum increase  of  10  nm 

in  the  a i r  gap  wi th  increa s ing  def lec t ion  was  observed to  resul t  in  a  52 .93% change  

when  Au mir rors  a re  added.  The convent ional  s t ruc ture  wi thout  mi r rors  resul t ed 

in  a  4 .93% change  at  the  poin t  of  h ighest  t ransmiss ion  intensi ty  change .  This  

resul t  indicated  tha t  the  change  in  t ransmi t ted - l ight  in tensi ty  because  of  smal l  

d i sp lacements  can  be increased  by  10 .7 - fo ld  because  of  increased  wavelength  

se lec t iv i ty.  

Figures  2 .7 :  Opt ica l  ana lys i s  model  of  the  MEMS in ter ferometer  in  l iquid .  

Figures  2 .8 :  Rela t ionship  be tween the  amount  of  def lec t ion  of  the  deformable 

membrane  and the  t ransmi t tance  change  in  a  convent ional  s t ruc ture  wi thout  

mi r rors  and a  s t ruc ture  wi th  50  nm - th ick  Au ha l f -mir rors .   
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2 . 4  F a b r i c a t i o n  p r o c e d u r e  

Fig .  2 .9  shows  the  fabr ica t ion  procedure  of  the  MEMS in ter ferometer  wi th  h igh 

wavelength  se lec t iv i ty.  Consider ing  the compat ibi l i ty  of  the  semiconductor  

process  for  in tegrat ion  wi th  the  photodiode ,  the  fabr ica t ion process  of  th i s  

in te r ferometer  was  based  on  a  process  tha t  can  be  formed a t  l ess  than  300 °C.  The  

de ta i l s  of  the  fabr ica t ion  procedure  a re  as  fo l lows:   

( a )  A 200-nm th ick  SiO 2  f i lm was  formed on  a  s i l i con  subs t ra te .  This  f i lm had  the  

e ffec t  of  e lec t r ica l ly  iso la t ing  the  bot tom Au ha l f -mirror  of  the  inte r ferometer  

and  the  n -d i ffus ion  layer  in  the  Si  subs t ra te  when the  photodiode  was  

in tegra ted .  To form Au mir rors  us ing the  l i f t -off  process ,  a f te r  pat te rn ing  wi th 

photores i s t  (THMR-iP3100HS LB 15cp) ,  we  used  a  h igh  vacuum evapora tor  

(ED-1600,  SANVAC) to  depos i t  Ti  with  a  th ickness  of  5  nm as  a  b inder  l ayer,  

and  then  we depos i ted  Au wi th  a  th ickness  of  50  nm .  The wafer  was  then  

immersed  in  ace tone and two u l t rasonic  r inses  were  per formed  to  form Au 

mir rors  whi le  inhibi t ing  the  re -a t tachment  of  the  s t r ipped Au to  the  subs t ra te .  

(b)  A 120 nm- th ick  SiO 2  f i lm on Au mir rors  was  depos i ted  us ing  a  h igh  vacuum 

evapora tor  capable  of  low - tempera ture  depo s i t ion .  Exposure  of  Au to  XeF 2 ,  

which  was  used  dur ing  the  format ion  of  a i r  gaps  in  the  opt ica l  in te r ferometer,  

would  have  caused  i t  to  be  e tched ;  therefore ,  S iO2 f i lms were  employed to 

prevent  th i s .  

( c )  Fol lowing the  SiO 2  depos i t ion  process  in  (b) ,  the  depos i t ion  source  was  

changed to  Si  in  the  s ame appara tus  and a  400 nm- th ick  Si  f i lm  was  depos i ted .  

Si  has  a  proper ty  of  be ing  e tched when exposed to  XeF 2 ,  and  because  i t  

se lec t ive ly  e tches  only  the  a i r -gap  region  of  the  in te r ferometer  ( the  sacr i f ic ial  

l ayer ) ,  the  Si  was  processed  in to  the shape  of  the  sacr i f ic ia l  l ayer  us ing  a  

reac t ive  ion  e tching  device  (RIE -200F,  SAMCO).  Since  the  th ickness  of  th i s  

sacr i f ic ia l  S i  f i lm cor respond ed to  the  a i r-gap  length  of  the  in te r ferometer,  

the  peak  pos i t ion  of  the  in te r ference  spec t rum could  be  cont ro l led  by  adjus t ing 

the  th ickness  of  the  Si  f i lm to  be  depos i ted.  In  addi t ion ,  s ince  the  XeF 2  used  

dur ing  sacr i f ic ial  l ayer  e tching  d i ffuse d  iso t ropica l ly,  a  reg ion  tha t  ac t ed  as  a  

s ide  s topper  to  prevent  l a te ra l  d i ffusion  of  the  sacr i f ic ial  l ayer  was  necessary 

to  form.  A plasma chemica l  vapour  depos i t ion  ( CVD)  device  (PD-220NS,  

SAMCO) us ing  chemica l  vapour  depos i t ion  was  used  to  coa t  the  sacr i f ic ia l  
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l ayer  wi th  a  500  nm - th ick  s i l i con  n i t r ide  f i lm,  cons ider ing  the  e tching  

se lec t iv i ty  of  XeF 2 ,  which  enables  a  h igh  coverage  on  uneven su r faces .   

(d)  The Si 3 N 4  above  the  sacr i f ic ia l  l ayer  was  removed us ing  reac t ive  ion  e tching .  

Before  depos i t ing  the  organic  mater ial  pary lene  C to  ac t  as  a  deformable 

membrane ,  the  wafer  was  subjec ted  to  s i lane  coupl ing  t rea tment  to  improve 

the  adhes ion  be tween the  inorganic  and organic  mater ia l s .  The Si  wafer  was 

immersed  for  15  min  in  a  mixed so lu t ion  obta ined  by  s t i r r ing  IPA,  de ion ized 

water  (DIW),  and  s i l ane  A-174 a t  a  ra t io  of  100:100:1  for  2  h  to  apply  s i l ane 

on  i t .  After  th i s  in te r fac ia l  t reatment ,  a  350 nm- th ick  pary lene  C  f i lm was  

depos i ted  us ing  a  pary lene  coa ter  device  (PDS2010) .  This  depos i t ion  method 

can  be  used  a t  room tempera ture  and in  a  vacuum as  wel l  as  CVD,  which  

reduces  res idual  s t ress  and permi t s  a  uniform f i lm thickness  regardless  of  

sur face  shape .  

( e )  A 50 nm- th ick  f i lm of  Au,  which  serve d  as  a  ha l f -mir ror  on top  of  the  

in te r ferometer,  was  depos i ted  us ing  a  h igh  vacuum evapora tor.  The s t ruc ture 

of  the  inte r face be tween the  upper  mirror  and  parylene  C was  des igned to 

prevent  mi rror  de laminat ion  by  per forming a  s i l ane  coupl ing  t reatment  be fore 

Au depos i t ion .  Simi lar  to  the  bot tom Au mir ror,  the  top  Au mir ror  was  formed 

by  the  l i f t -off  process .  Subsequent ly,  to  expose  XeF 2  to  the  sacr i f ic ia l  l ayer  

jus t  be low the  movable  membrane ,  re lease  holes  were  opened in  a  por t ion  of  

the  movable  membrane  us ing  a  p lasma dry  c leaner  (PX -250M,  SAMCO).  XeF 2  

was  exposed to  the  sensor  ch ip  us ing a  Si  e tch  device  (Xact ix ,  Xetech  E1 -β)  

wi thout  removing the photores i s t  used  for  th i s  opening .  Since  the  upper  ha l f -

mir ror  was  covered  by  the  photores i s t  and  the  lower  mir ror  by  a  SiO 2  f i lm tha t  

ac ted  as  a  pro tec t ive  layer  aga ins t  XeF 2 ,  and  the  s idewal l s  of  the  sacr i f ic ial  

l ayer  were  covered us ing  a  s i l i con  n i t r ide f i lm,  XeF 2  se lec t ively  e tche d  the 

sacr i f ic ia l  l ayer  Si  immediate ly  be low the  deformable membrane  through the 

re lease  holes ,  and  the a i r  gap  was  formed.   

( f )  The photores i s t  on  top  of  the  deformable  membrane  was  dry-e tched us ing  a  

p lasma dry  c leaner.  In  th i s  process ,  both  the  photores i s t  and  the  pary lene  C 

of  the  deformable  membrane  were  e tched in  the  same way ;  thus,  pary lene  C 

was  depos i ted  on  the  f i lm wi th  a  th ickness  of  approximate ly  20  nm larger  than 

the  des ign  va lue  to  compensa te  for  the  decrease  in  f i lm th ickness .   
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In  th i s  fabr icat ion  process ,  appropr ia te ly  des ign ing  the  th ickness  of  the  SiO 2  in  

(b)  and  the  s i l i con  n i t r ide  f i lm in  (c)  was  impor tant .  The proto type  MEMS 

in ter ferometer  d id  not  have  a  s i l i con  oxide  f i lm on the  lower  Au mir ror  and  the 

s i l i con  n i t r ide  f i lm was  depos i ted  wi th  a  thickness  of  300 nm.  Since  the  th ickness  

of  the  s i l i con  n i t r ide  f i lm was  equiva lent  to  the  th ickness  of  the  s ide wal l ,  which 

served  as  a  s ide  s topper  dur ing  the  e tching  of  the  sacr i f ic ia l  l ayer,  th i s  th ickness  

caused  the  s idewal l  to  break  before  the  sacr i f ic ia l  l ayer  of  a  MEMS opt ica l  

in te r ferometer  wi th  a  100 µm diameter  sens ing  area  was  comple te ly  e tched,  

caus ing  XeF 2  to  l eak  out  of  the  sensor  (Fig.  2 .10) .  In  the  e tching  of  the  sacr i f ic ial  

l ayer,  only  a  sensor  wi t h  a  sens ing  area  d iameter  of  50  µm could  be  formed wi thout  

des t roying  the  s idewal l s ,  and  i t s  c ross -sec t ional  s t ructure  was  observed us ing  a  

scanning  e lec t ron  microscope ,  which  revea led  tha t  the  lower  Au mir ror  was  e tched 

by  XeF 2  for  22  nm (Fig .  2 .11) .  Therefore ,  by  changing the  th ickness  of  the  s i l i con 

n i t r ide  f i lm to  500 nm and depos i t ing  a  SiO 2  f i lm on the  lower  Au mir ror  us ing  a  

low- tempera ture  depos i t ion  method,  we successfu l ly  formed a  MEMS 

in ter ferometer  wi th  a  sens ing  area of  100 µm in  d iameter  whi le  maintain ing  the 

re f lec t iv i ty  of  the  Au mir ror  (Figs .  2 .12–13) .  

Figures  2 .9 :  Process  overview.  (a )  Pa t te rn ing  a  bot tom Au ha l f -mir ror  us ing  a  l i f t -

off  process .  (b)  Depos i t ion  of  SiO 2  to  cover  the  bot tom Au ha l f -mir ror.  (c)  
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Pat te rn ing  a  sacr i f ic ia l  l ayer  to  form a  t rench and cover  wi th  Si 3 N 4  pass iva t ion  

layer.  (d)  Depos i t ion  of  pary lene  C wi th  a  top  Au ha l f -mir ror  for  the  movable  

membrane .  (e )  Removing the  sacr i f ic ia l  layer  by  us ing  XeF 2  to  form a  f ree -

s tanding  s t ruc ture .  ( f )  F ina l ly,  removing photores i s t  by  us ing  O 2  p lasma ashing .  

 

Figures  2 .10:  The process  of  sacr i f ic ia l  layer  e tching  wi th  XeF 2  before  process  

improvement .  The  s idewal l s  of  the  sacr i f ic ia l  l ayer  a re  broken and XeF 2  i s  l eaking  

out  of  the  sensor.  

 

Figures  2 .11:  The fabr ica ted  pro to type MEMS in ter ferometer .  (a )  Opt ical  

micrograph and (b)  cross -sec t ional  SEM photograph.  The  lower  par t  of  the  Au 

mir ror  i s  e tched by  XeF 2 .  
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Figures  2 .12:  The process  of  sacr i f ic ia l  layer  e tching  us ing  XeF 2  a f te r  process  

improvement .  By changing the  th ickness  of  the  s i l i con  n i t r ide  f i lm and depos i t ing 

the  SiO 2  f i lm on the  lower  Au mir ror,  only  the  sacr i f ic ia l  l ayer  is  e tched wi thout  

XeF 2  l eaking  out  of  t he  sensor.  

 

Figures  2 .13:  Opt ica l  micrograph of  the  fabr ica ted  MEMS in ter ferometer.  hanging 

the  th ickness  of  the s i l i con  n i t r ide  f i lm th a t  serves  as  the  s idewal l  of  the 

sacr i f ic ia l  l ayer  and depos i t ing  a  s i l i con  oxide  f i lm on the  lower  Au mir ror,  the 

MEMS opt ica l  in te rferometer  was  successfu l ly  formed whi le  maintain ing  the 

re f lec t iv i ty.   
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2 . 5  F a b r i c a t i o n  R e s u l t s  

2 . 5 . 1  S t r u c t u r e  a n d  g e o m e t r y  e v a l u a t i o n  

To evalua te  the  f la tness  of  the  deformable  membrane  wi th  the  thin  Au layer,  we  

measured  the  sur face  prof i le  using  a  whi te  l ight  in te rferomet r ic  microscope  

(ContourGT-K,  Bruke r  Nano In c . )  (F ig .  2 .14) .  The he ight  d i fference  be tween the 

cent re  and edge  of  the  mir ror  was  observed  to  be  3  nm.  This  resul t  a lmost  

cor responded to  the 2 .5  nm in  the ana lysi s  of  the d i ffe rence in  the  amount  of  

deformat ion  in  the  cent re  and near  the edges  of  the  mir ror  in  Sec t ion  1 .2 .2 ,  which  

indica ted  tha t  a  very  f la t  mi r ror  was  formed on  the  deformable  membrane .  Thus ,  

th i s  sugges ted  tha t  the  fabr ica ted  in te r ferometer  can  suff ic ient ly  reduce  the 

change  in  the  opt ical  pa th  length  of  the opt ica l  inte r ferometer  owing to  the  

pos i t ion  of  the  l ight  i r rad ia t ion .  

 
Figures  2 .14:  Surface  prof i le  of  Au ha l f -mirror  formed on  a  f rees tanding  s t ruc ture  
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2 . 5 . 2  E v a l u a t i o n  o f  w a v e l e n g t h  s e l e c t i v i t y  

The wavelength  se lec t iv i ty  of  an  opt ica l  in te r ferometer  formed on  the  s i l i con 

subs t ra te  can  be  eva lua ted  through  a  spec troscopic  measurement  of  the  re f lec ted 

l ight  when whi te  l ight  i s  i r rad ia ted  onto  the  sens ing  area  and ca lcula t ing  the  s lope 

of  the  re f lec t ion  spec t rum.  As  shown in  Fig .  2 .15 ,  in  th i s  exper iment ,  a  

spec t rometer  (Ocean Opt ics  USB4000)  and  a  xenon l ight  source (Asahi  Spect ra  

LAX-C100)  were  used ,  and  the  opt ica l  f ibre  d iameter  was  adjus ted  to  100 µm,  and 

a  20× objec t ive  was  used  to  enable  a  l ight  wi th  a  spot  d iameter  of  5  µm to  be  

i r radia ted  on  the  upper  Au mir ror.  

 

Figures  2 .15:  Exper imenta l  se tup  for  evalua t ion  of  wavelength  se lec t iv i ty  of  the 

fabr ica ted  inte r ferometer.  

 

Fig .  2 .16a  shows the  resul t  of  spec t ra l  charac ter i s t i cs  of  the  fabr ica ted  MEMS 

in ter ferometer  using  the  above  measurement  sys tem.  Three  sharp  va l leys  caused 

by  opt ica l  in te r ference  were  observed  to  be  near  490,  580,  and  780 nm,  which 

were  in  good agreement  wi t h  the  s imula t ion curve  us ing  an  a i r  gap  of  379 nm.  Fig .  

2 .16b compares  the  s lope  on  the  re f lec t ion  spec t rum between the  Au mir ror -

implemented  sensor  and a  convent ional  one  in  the  near - inf rared  wavelength  range .  
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The compar i son  of  the  re f lec t ion  spec t ral  gradients  be tween them  indica ted  tha t  

the  gradient  of  the  spec t rum increased  by  6 .6  t imes ,  which  meant  tha t  the 

wavelength  se lec t iv i ty  of  the  sensor  increased  by  6 .6  t imes .  Compared  wi th  the 

ana lys i s  of  the  spec tra l  gradient  in  Sec t ion  1 .2 .1 ,  the  va lue  was  62% of  the des ign  

va lue .  An impor tant  parameter  to  de termine the  re f lec t ion  spec t ral  g radient  of  the  

in te r ferometer  is  the  th ickness  of  the  Au mir rors  above  and be low the  deformable 

membrane .  The  th icknesses  of  each  mater ia l  that  cons t i tu te d  the  fabr icated 

in te r ferometer  were  in  good agreement  wi th  the  opt ica l  ana lys i s  resul t s  us ing  the 

ana ly t ica l  model  shown in  Fig .  2 .15(a) ,  and  the  th icknesses  of  the  f i lms  were  20 

nm larger  for  pary lene  C,  29  nm larger  for  the  a i r  gap  and 10  nm larger  for  the 

SiO 2  f i lm on the  lower  Au mir ror,  and  the  lower  Au mir ror  was  10  nm th inner  than 

the  des ign  f i lm th ickness .  This  10 -nm er ror  dur ing  bot tom Au mir ror  depos i t ion 

caused  a  devia t ion  f rom the  des ign  va lue ;  thus ,  by  decreas ing  the  depos i t ion  ra t e ,  

an  Au mir ror  c lose  to  the  des ign  f i lm thickness  could  be  formed,  which  was  

expected  to  increase  the  wavelength  se lec t iv i ty  of  the  MEMS opt ica l  

in te r ferometer.  
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Figures  2 .16:  Resul t  of  spec t roscopic  measurement  of  the  fabr ica ted  MEMS 

in ter ferometer.  (a )  Compar i son  of  measured ( red ,  dots )  and  ana lyzed (b lack ,  so l id 

l ine)  va lues  a t  400 -900 nm wavelength  range .  (b)  Compar i son  of  the  re f lec t ion  

spec t ra l  gradients  of  a  convent ional  s t ruc ture  wi thout  mi r rors  (b lack ,  so l id  l ines)  

and  a  s t ruc ture  wi th  in tegra ted  Au mirrors  ( red ,  dots)  in  the  near - infrared 

wavelength  region .  
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2 . 5 . 3  E f f e c t  o f  c h a n g e  i n  t e m p e r a t u r e  

Fig .  2 .17  shows the  resul t  of  the  a i r  gap  change  of  the  MEMS opt ica l  

in te r ferometer  obtained  f rom opt ica l  ana lys i s  when the  fabr ica ted  chip  was  p laced  

on  a  cont ro l lab le  d ig i ta l  hot  p late  wi th  a  resolu t ion  of  0 .1  °C and the  tempera ture 

was  changed  under  a  room-tempera ture  envi ronment  (20  to  35  °C) .  The  increase  

due  to  the  a i r  gap  or  pary lene  C expans ion  wi th  tempera ture  change  was  0 .11  

nm/°C,  and the  opt ical  pa th  length increase d  up  to  2  nm.  Under  th i s  t empera ture 

envi ronment ,  s ince  the  membran e  deformat ion  amount  a t  the  t ime of  molecular  

adsorpt ion  was  severa l  t ens  of  nm,  the  dr i f t  due  to  temperature  change  was  

cons idered  to  be  negl ig ib le .  In  addi t ion,  even when  the  def lec t ion  of  the 

deformable  membrane  occur red  wi th  no  involvement  of  an t igen–ant ibody 

reac t ions  such  as  t empera ture  and pressure change ,  the  e ffec t  could  be  e l iminated 

through  a  compari son  wi th  a  re ference  sensor  which  was  not  immobi l ized  wi th 

ant ibodies .  

 

Figures  2 .17:  Impact  of  change  in  tempera ture  to the  a i r  gap  of  fabr ica ted 

in te r ferometer.    
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2 . 6  C o n c l u s i o n  

In  th i s  chapter,  the  des ign  and fabr ica t ion  of  the  MEMS in terferometer  wi th  Au 

ha l f -mir rors  s t ructure a re  presented ,  and  the  increase  in  wavelength  se lec t iv i ty  i s  

d i scussed .  The  key  po in t s  of  th i s  chapter  are  as  fo l lows:  

【 Opt ica l  des ign  and ana lys i s  resul ts  us ing the  f in i te  e lement  method】  

1.  The wavelength  se lec t iv i ty  in  the  near - inf rared  region  can  be increased  by  

10 .7- fo ld  by  forming 50  nm - th ick  Au ha l f -mir rors  on  the  top  and bot tom of  

the  deformable  membrane  in  the  MEMS in ter ferometer .  

2 .  When the  Au mir ror  a t  the  top  of  the  deformable  membrane  i s  formed wi th  a  

coverage  of  10% for  the  sens ing  area ,  the  decrease  in  the  deformat ion  can  be 

suppressed  to  approximate ly  6%,  which  conf i rms  tha t  only  the  wavelength  

se lec t iv i ty  can  be  increased  wi thout  decreas ing  the  sur face -s t ress  sens i t iv i ty 

by  des igning  the  appropr ia te  coverage  of  the  upper  ha l f -mirror.  

3 .  Since  the  a rea  on  the  deformable  membrane covered  by  the  Au mir ror  increases  

the  r ig id i ty  of  the  f i lm and the  mir ror  suppor t s  the  membrane ,  the  d i ffe rence 

be tween the  amount  of  def lec t ion  in  the  cent re  of  the  deformable  membrane 

and edge  was  observed  to  be  2 .5  nm.  

4 .  When the  a i r  gap  i s  increased  by  up  to  10  nm,  the  t ransmission  in tens i ty  

change  of  52 .93% is  obta ined  for  the  Au -mir rored  s t ruc ture ,  which  i s  

es t imated  to  improve  the  output  response  to  the  smal l  def lec t ion  of  the 

deformable  membrane.  

【 Fabr ica t ion  resul t s】  

1.  By measur ing  the  surface  prof i le  of  the Au mir ror  a t  the  top  of  the  fabr ica ted 

MEMS in ter ferometer,  the  maximum height  d i ffe rence  be tween the  cent re  and 

the  edge  of  the  mir ror  was  observed  to  be  3 .0  nm.  This  va lue was  in  good 

agreement  wi th  the  ana ly t ica l  va lue ,  conf i rming the  format ion  of  a  very  f la t  

mi r ror.  

2 .  The wavelength  se lec t iv i ty  of  the in te rferometer  was  conf i rmed to  be  6 .6  t imes 

h igher  than  tha t  of  a  convent ional  in te rferometer  wi th  no  mir rors  by  measur ing 

the  s lope  of  the  re f lec t ion  spec t rum when the  l ight  was  i r radia ted  on  the 

fabr ica ted  MEMS in ter ferometer.  
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3 . 1  P r e f a c e  

For  convent ional  MEMS in ter ferometer s  wi thout  metal  mi r rors ,  d iX -AM, an 

organic  f i lm wi th  an  amino group on  the  s ide  cha in ,  i s  depos i ted  on  the  sensor  

us ing  CVD and ant ibody molecules  a re  adsorbed through  e lect ros ta t ic  in te rac t ion .  

In  cont ras t ,  the  MEMS in ter ferometer  wi th Au mir rors  can  immobi l ize  ant ibody 

molecules  through se l f -assembled  monolayers  wide ly  used  in  QCM and SPR 

biosensors ,  which  u t i l i ze  Au as  a  molecular  adsorpt ion  layer.  Since  th i s  t echnique 

permi t s  the  se lec t ive  adsorpt ion  of  an t ibody molecules  on  Au s imply  by  immers ing 

the  sensor  ch ip  in  a  spec i f ic  so lu t ion ,  product iv i ty  can  be  improved  and  the  cos t  

of  the  molecular  immobi l iza t ion  process  can  be  decreased .  

In  the  exper iment  descr ibed  in  thi s  chapter,  we  a im ed to  obtain  the  sensor  

response  because  of  the  adsorpt ion  of  t a rge t  molecules .  F i rs t ,  a  method of  

an t ibody modi f ica t ion  us ing  se l f -assembled  monolayers  on  the  upper  Au mir ror  i s  

descr ibed .  Next ,  in  the  in te r ferometer  wi th  a  cons t ruc ted  b io - in ter face ,  we 

per formed an  exper iment  to  acqui re  the  response  caused  by  ant igen–ant ibody 

reac t ions .  Thi rd ,  the  poss ib i l i ty  of  se lect ive  de tec t ion  of  the  ta rge t  molecule  is  

d i scussed  by  compar ing  the  amount  of  def lec t ion  be tween the  ta rge t  adsorpt ion 

and non-spec i f ic  adsorpt ion .  F ina l ly,  based  on  the  resul t s  of  th is  s tudy,  the  recent  

research  by  our  research  group on  a  MEMS in ter ferometer  wi th  enhanced sur face -

s t ress  sens i t iv i ty  to  de tec t  lower  concent rat ions  of  pro te ins  i s  int roduced.  

3 . 2  C o n s u l t i n g  b i o - i n t e r f a c e  o n t o  t o p  A u  m i r r o r  

3 . 2 . 1  M o l e c u l e  m o d i f i c a t i o n  u s i n g  s e l f - a s s e m b l e d  m o n o l a y e r s  

Sel f -assembled  monolayer s  (SAMs)  are  organic  th in  f i lms  wi th a  th ickness  of  

severa l  nanometres .  When a  chip  i s  immersed  in  a  so lu t ion  of  organic  molecules  

wi th  a  h igh  aff in i ty  for  a  par t icu lar  subs tance ,  the  organic  molecules  a re  

chemica l ly  adsorbed on  the  sur face  of  the  chip .  These  a re  known tha t  Van der  

Waals  forces ,  and  hydrophobic  in te rac t ions  be tween adsorbed  molecules  in  the 

process  resul t  in  a  more  aggregated ac t ion  of  the  molecules ,  resu l t ing  in  the 

format ion  of  an  or iented  monolayer  [69] .  I t  has  a  h igh  aff in i ty  for  devices  

fabr ica ted  us ing  MEMS technology because  i t  can  be  covered  regardless  of  the  
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sur face  shape  i f  a  gap  (a  few nanomet res )  ex is t s  for  the  adsorbed molecules  to 

penet ra te .  

The molecules  tha t  form the  SAM have  long -chain  a lkyl  groups  be tween the  

su l fur  a toms on  the adsorbed subs t ra te  s ide  and the  terminal  funct ional  groups ,  

(Fig .  3 .1 ) ,  and  one  pa i r  of  methylene  uni ts  ( -CH 2 - )  compr is ing  th i s  a lkyl  group 

cor responds  to  a  f i lm th ickness  of  0 .2  nm.  Au i s  of ten  used  for  adsorbing 

subs t ra tes  because  su l fur  a toms have  a  high  aff in i ty  for  t ransi t ion  meta l s  and 

chemisorb  s t rongly  on  meta l  sur faces .  Us ing  th i s  mechanism,  an  inte r face  that  can  

capture  ant igen  molecules  on  the  sensor  can  be  cons t ruc ted  by  forming SAM on 

the  fabr ica ted  MEMS in ter ferometer  fo l lowed by  a t taching  ant ibodies  to  the 

te rminal  funct ional  groups .  

The proposed sensor  increases  the  adsorpt ion  dens i ty  of  t a rge t  an t igen 

molecules  by  increasing  the  immobi l iza t ion  dens i ty  of  an t ibody molecules ,  and  

the  d i s tance  between adsorbed molecules  i s  shor tened.  Since  the  Coulomb 

repuls ive  force  ac t ing  be tween ads orbing  molecules  i s  inversely  propor t iona l  to  

the  square  of  the  di s tance  be tween the  molecules ,  the  increase  in  charge  dens i ty 

wi th in  the  micro- region  on  the  in te r ferometer  can  be  expected  to  increase  the 

amount  of  deformat ion  of  the  deformable  membrane .  Because  the  ant ibody 

molecule  b inds  to  the  SAM -terminal  funct ional  group and i s  anchored  on  the 

sensor,  the  immobi l iza t ion  dens i ty  of  an t ibodies  tha t  form on the  in te r ferometer  

must  be  increased .  The addi t ion  of  CF 3 COOH to  the  organic  so lvent  dur ing  SAM 

formation  has  been  repor ted  to  be  an effec t ive  method [70] .  In  convent ional  SAM 

formation  methods ,  SAM s wi th  carboxyl  groups  a t  the  ends  a re  bonded to  each  

o ther  through  hydrogen bonding,  forming a  region  on  the  SAMs tha t  cannot  be 

modi f ied  by  the  molecule ,  and  th i s  i s  a  fac tor  tha t  reduces  the  immobil iza t ion 

dens i ty  of  an t ibody.  CF 3 COOH prevents  the  de - ioniza t ion  of  the  molecules  a t  the  

end of  the  SAM, crea t ing  an  e lec t rosta t ic  repuls ion  be tween the  end molecules  

and prevent ing  hydrogen bonding,  wh ich  i s  cons idered  to  prevent  the  SAMs f rom 

binding  to  each  o ther.  Therefore ,  to  demonst ra te  the  e ffec t iveness  of  th is  

t echnique  in  the  MEMS in ter ferometer,  we  d i scuss  the  resul t s  of  our  

inves t iga t ions  to  improve  the  immobi l izat ion  dens i ty  of  an t ibodies  in  the  next  

sec t ion .  
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Figures  3 .1 :  Conceptua l  d iagram of  sel f -assembled  monolayer  formed on  Au [69] .  

 

3 . 2 . 2  F o r m a t i o n  o f  S A M s  a n d  e v a l u a t i o n  o f  s u r f a c e  c o n d i t i o n  o f  

s e n s o r  

Fig .  3 .2  shows the  c ross -sec t ional  s t ructure  of  a  ch ip  in  the  SAM formation  and 

immobil iza t ion  procedure  of  macromolecules .  The  chip  tha t  forms  the  SAM has  a  

s t ruc ture  that  reproduces  the  upper  mir ror  of  the  MEMS in ter ferometer  by  forming 

a  through-hole  on  the  backs ide  of  the  Si  subs t ra te  us ing  a  deep  reac t ive- ion 

e tching  (RIE)  device (MUC21-RD,  Sumi tomo Prec i s ion  Products ) ,  depos i t ing 

deformable  membrane of  pary lene  C and Au ,  fo l lowed by  e tchi ng  the  bulk  Si  wi th 

XeF 2 .  The immobi l izat ion  procedure  of  SAM and macromolecule i s  as  fo l lows:  

( a )  Surface  contaminants  of  the  chip  a re  removed us ing  a  low-pressure  p lasma 

device  or  UV ozone  c l eaner  as  prepara t ion  for  molecular  immobi l iza t ion .  This  

process  genera l ly  involves  c leaning  wi th  su l fur ic  ac id  (p i ranha  c leaning) .  

However,  in  ac tua l  sensors ,  s ince  the  Al  wi r ing  i s  e tched,  a  dry  c leaning 

process  wi th  fewer  effec t s  i s  selec ted .  Af ter  removing any contaminants  on 

the  Au sur face  us ing UV ozone ,  a  SAM is  formed on  the  Au sur face  by 

immers ing  the  sensor  ch ip  for  19  h  in  mercaptoundecanoic  ac id  (MUA) and a  

CF 3 COOH in  e thyl  a lcohol  and  r insed  in  10% (v/v)  NH 3 –H 2 O/EtOH.  To 

indica te  tha t  the addi t ion  of  CF 3 COOH increases  the  immobi l iza t ion  dens i ty 

of  SAMs,  a  separa te  ch ip  wi th  SAMs on the  chip  wi thout  the  addi t ion  of  

CF 3 COOH was  prepa red  and the  subsequent  molecular  modi f ica t ion  process  

was  a l so  per formed under  the  same condi t ions .  
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(b)  The carboxyl  group of  MUA was  ac t iva ted in  a  50  mM 4 -

morphol inepropanesul fonic  ac id  (MES)  buffer  so lu t ion  (pH 5 .5)  wi th  1 -e thyl -

3- (3-d imethylaminopropyl )  carbodi imide  hydrochlor ide  (EDC)  and N -

hydroxysuccin imide  (NHS)  for  30  min  and washed in  MES buffer  so lu t ion .  

When apply ing  a  c ross - l inking  reac t ion ,  the  addi t ion  of  NHS to  EDC forms a  

h ighly  s tab le  NHS es ter.  This  reac t ion  pa thway ac t iva tes  the  carboxyl  group 

a t  the  end of  the  SAM and fac i l i t a tes  the b inding  of  the  macromolecule  v ia  

amide  bonds .  

( c )  The sensor  ch ip  was  immersed  in  MES buff er  wi th  the  ca lc ium-binding  pro te in 

ca lmodul in  (2  mg /mL)  as  a  model  pro te in  molecule  for  3  h ,  then  i t  was  r insed  

wi th  MES buffer.  In  th i s  molecular  modi f ica t ion  process ,  based  on  the  repor t  

of  Gao  e t  a l .  [71] ,  who per formed molecular  modi f icat ion  us ing  a  SAM on a  

sur face -s t ress  sensor,  ca lmodul in ,  a  ca lc ium -binding  pro te in ,  was  adsorbed 

af te r  SAM format ion,  but  th i s  molecular  modi f icat ion  process  can  a l so  be 

appl ied  to  ant ibody molecules .  

 

Figures  3 .2 :  Cross -sec t ional  s t ruc ture  of  the  sensor  ch ip and molecular  

immobil iza t ion  procedure  on  Au sur face .  (a )  Af ter  SAM format ion .  (b)  Af ter  

adding  cross l inker  of  EDC and NHS.  (c )  Af ter  ca lmodul in  adsorpt ion .  

 

Fig .  3 .3  shows  a  compar i son  of  the  contac t  angle  be tween chips  wi th  and 

wi thout  CF 3 COOH when 5  µL of  DIW was  d ropped af te r  SAM format ion  in  process  

(a ) .  I f  the  carboxyl  groups  a t  the  SAM ends  are  not  bonded to  each  o ther,  the 

hydrophi l ic i ty  increases  and the  contac t  angle  i s  smal le r.  I f  they  are  bound,  the 

te rminal  of  SAM becomes  a  thio l  group ;  therefore ,  the  hydrophi l ic i ty  decreases  

and the  contac t  angle  to  the  carboxyl  group increases .  S ince  the  contac t  angle  was  
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observed  to  be  approximate ly  30°  smal ler  for  the  CF 3 COOH-added chips ,  the 

resul t s  sugges ted  that  the  b inding  be tween SAMs i s  suppressed  and a  uni form 

SAM is  formed on  Au.  

Figures  3 .3 :  Contac t  angle  compar i son  be tween (a)  convent ional  method and (b)  

method us ing  CF 3 COOH when dropped DI  water.  

 

Fig .  3 .4  shows the  su r face  condi t ion  in  a  10  µm × 10  µm chip  captured  us ing  

a tomic  force  microscopy to  observe  i t s  surface  a f te r  adsorpt ion  of  ca lmodul in  in 

process  (c ) .  On the  sur face  of  the  chips  wi th  CF 3 COOH, the  molecules  were  

agglomera ted  wi thout  gaps ,  whi le  on  the  sur face  of  the  chips  without  CF 3 COOH, 

the  molecules  were  adsorbed i r regular ly,  and  the  root -mean-square  roughness  of  

the  former  was  observed  to  be  3 .2  nm lower  than  tha t  of  the  la t t e r.  These  resul t s  

sugges ted  tha t  the  immobi l izat ion  dens i ty  of  the  SAM formed on  Au increased ,  

indica t ing  tha t  the  immobi l izat ion  dens i ty  of  the  SAM on the  upper  Au mir ror  of  

the  MEMS in ter ferometer  could  a l so  be  increased  and tha t  the macromolecules  

can  be  bound  through  the  SAM.  

Figures  3 .4 :  Sur face  roughness  compar i son  be tween (a)  a  convent ional  method 

wi thout  CF 3 COOH and (b)  a  method wi th  CF 3 COOH af te r  ca lmodul in  adsorpt ion .   

RMS Roughness : 15.6 nm RMS Roughness : 12.4 nm
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3 . 3  A c q u i s i t i o n  o f  t h e  r e s p o n s e  b y  a n t i g e n – a n t i b o d y  r e a c t i o n  

3 . 3 . 1  E v a l u a t i o n  o f  d e f l e c t i o n  a m o u n t  b y  s p e c t r o s c o p i c  

m e a s u r e m e n t  

To obta in  the  sensor  response  dur ing  the  ant igen–ant ibody  reac t ion  wi th  the  

fabr ica ted  MEMS in ter ferometer,  bovine  serum a lbumin (BSA)  ant ibodies  were  

immobil ized  to the  terminal  molecule  of  the  SAM, and the  amount  of  def lect ion 

of  the  deformable  membrane  caused  by  the  adsorpt ion  of  BSA ant igen  molecules  

was  eva lua ted  us ing  spec t roscopy.  As shown in  Fig .  3 .5 ,  based  on  the  exper imenta l  

se tup  descr ibed  in  Sec t ion  2 .4 .2 ,  spec t roscopic  measurements  were  per formed by  

p lac ing  a  pe t r i  d i sh  f i l l ed  wi th  PBS on to  the  s tage  of  a  microscope  and i r radia t ing 

l ight  to  the  sensing  area  whi le  the  sensor  ch ip  was  immersed in  th i s  so lu t ion ;  

subsequent ly,  the  re f lec ted  l ight  was  guided  to  the  monochromator  to  acqui re  the 

re f lec t ion  spec t ra .  

Figures  3 .5 :  Exper imenta l  se tup for  spectroscopic  measurement  and schemat ic  

d iagram of  an t igen-ant ibody reac t ion  on  the  sensor  in  l iquid .  

Figures  3 .6 :  Immobil iza t ion  procedure  of  BSA ant ibody molecule  onto  the 

fabr ica ted  MEMS in ter ferometer.  (a )  Before  molecule  immobi l iza t ion .  (b )  SAM 
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format ion .  (c )  Funct ional iza t ion  by  cross l inker  of  EDC and NHS.  (d)  Adsorpt ion  

of  BSA ant ibody molecule .  

 

Based on  the  molecular  modif ica t ion  procedure  descr ibed  in  Sec t ion  3 .3 .2 ,  the 

b io- in ter face  shown in  Fig .  3 .6d  wi th  a  concent ra t ion  of  100 µg /mL BSA ant ibody 

adsorbed v ia  SAM onto  an  upper  Au mir ror  was  cons t ruc ted .  F ig.  3 .7a  shows  the  

re f lec t ion  spec t ra  obta ined  when the  sensor  ch ip  was  immersed  in  PBS wi th  a  BSA 

ant igen  concent ra t ion  of  5  µg /mL.  

Figure  3 .7 :  (a )  Typica l  spec t ra l  sh i f t  caused by  BSA ant igen–ant ibody  reac t ion  on  

the  MEMS in ter ferometer  and  (b)  t ime cou rse  of  the  def lect ion  of  deformable 

membrane  ca lcula ted  by  opt ica l  ana lys i s .  

The change  in  the  re f lec tance  a t  approximate ly  600 nm was  5 .5% af te r  5  min  and 

13 .6% af te r  10  min ,  which  was  equiva lent  to  the  t ransmi t tance  change  to  the  

subs t ra te .  Addi t iona l ly,  the  deformat ion  of  64  nm was  observed t o  occur  in  30  min  
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when the  def lec t ion  of  the  mem brane  obta ined  was  ca lcula ted  us ing  opt ica l  

ana lys i s  f rom the  wavelength  sh i f t  because  of  the  ant igen–ant ibody reac t ion  of  

the  BSA.  In  the  paper  previous ly  repor ted  by  our  group [72] ,  we  have  

demonst ra ted an  e lectr ica l  readout  f rom an opt ica l  in te r ferometr ic  sur face -s t ress  

sensor  which  reado uts  vol tage  by  impedance  convers ion  us ing  a  source  fo l lower  

c i rcui t  f rom the  output  cur rent  of  a  MEMS opt ica l  in te rferometer  in tegra ted  wi th 

a  photodiode ,  and  a  vol tage  change  of  approximate ly  1  V was  ob ta ined  through  a  

decrease  in  the  t ransmiss ion  in tens i ty  (an  increase  in  the  re f lec t ion)  assoc ia ted 

wi th  50  nm-def lec t ion  of  the  movable  membrane .  Because  the  def lec t ion  amount  

was  la rger  than  our  previous  repor t ,  we  expected  tha t  a  suff ic ient  e lect r ical  

readout  s ignal  can  be o bta ined  through  ant igen–ant ibody reac t ion s .   

Moreover,  through  a  negat ive  cont ro l  exper iment ,  we  observed  tha t  membrane 

def lec t ion  due  to  the  re f lec t ion  wavelength  sh i f t  a l so  occur red  when the  chip  was  

immersed  in  PBS wi thout  a  BSA ant igen .  As  shown in  Fig .  3 .8 ,  s ince  the sensor  

used  in  the  exper iments  d id  not  sea l  the  re lease  holes  opened  dur ing  the  form at ion  

of  the  f rees tanding  s t ruc ture  of  the  in te rferometer,  the  l iquid  d i ffuse d  in to  the  a i r  

gap  of  the  inte r ferometer  when the  chip was  immersed  in PBS.  Since  the  SiO 2  f i lm 

formed by  e lec t ron  beam (EB)  depos i t ion  on  the  Au  mir ror  a t  the  bot tom of  the  

deformable  membrane i s  a  h ighly  hygroscopic  mater ia l ,  i t  swel l s  wi th  the  d i ffused 

l iquid  and changes  the  e ffec t ive  re f ract ive index.  We cons idered  tha t  th i s  e ffect  

causes  a  spec t ra l  sh i f t  in  the  re f lec t ion  l ight  because  of  an  increase  in  opt ica l  

pa th  length  a t  the  SiO 2  l ayer  even in  the  absence  of  def lec t ion  of  membrane .  

Because  the  f luc tua t ion  in  re f lec tance  tends  to  become sa tura t ed af te r  immers ing 

in  PBS for  1  h ,  th i s  e ffec t  can  be  reduced by  beginning  measurements  a f te r  ag e ing 

occurs .  

Figure  3 .8 :  Schematic  d iagram of  c ross -sec t ional  s t ruc ture of  the  MEMS 

in ter ferometer  used  the  exper iment .  The  swel l ing  of  SiO 2  occurs  due  to  PBS 

entered  in  the  a i r  gap.   
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3 . 3 . 2  S e l e c t i v e  d e t e c t i o n  o f  a n t i g e n  m o l e c u l e s  

To evalua te  the  response  of  the  sensor  in  the  BSA ant igen  and nonspeci f ic  

b inding ,  we used  s t rept avid in  molecules  wi th  molecular  weights  of  67–68  kDa,  

which  are  equiva lent  to  the  molecular  weight  of  BSA molecules  of  66  kDa,  and  

the  b io - in ter face  was  cons t ruc ted  us ing  case in ,  which  i s  the  main  component  of  

sk im milk ,  as  a  b locking  agent  to  suppress  the  e ffec t  of  non -spec i f ic  adsorpt ion .  

Based on  the  molecular  immobil iza t ion  procedure  descr ibed in  the  previous  

sec t ion ,  BSA ant ibodies  were  immobi l ized  on  a  SAM and r insed  in  PBS.  The  

sensor  ch ip  was  then immersed  in  PBS conta in ing  case in (5% w/v)  for  1  h  and 

r insed  aga in  wi th  PBS to  cons t ruc t  the  molecular  adsorpt ion  layer  on  the  MEMS 

in ter ferometer  (Fig .  3 .9 ) .  

After  the  chips  were  immersed  in  PBS for  1  h  to remove the  e ffec t s  of  

f luc tua t ion  of  re f lec tance ,  the  BSA and avid in  so lu t ion  were  added  to  br ing  the 

f ina l  concent ra t ion  of  the  BSA and avid in  to  10  and 100 ng /mL,  respec t ive ly.  F ig .  

3 .10  shows the  t ime course  of  the  def lec t ion  of  the  deformable  membrane 

ca lcula ted  f rom the  re f lec t ion  spec tra  f rom the  BSA ant igen –ant ibody reac t ion 

and avid in  nonspeci f ic  adsorpt ion .  When PBS wi th  s t rept avid in  molecules  were 

added ,  there  was  a lmost  no  def lec t ion  change ,  whi le  the  def lec t ion  increased  by 

17 .5  nm for  10  min  when PBS wi th  BSA an t igen  molecules  added .  Only  the  BSA 

ant igen  molecules  in  PBS were  captured  by  the  BSA ant ibodies  by  the  ant igen–

ant ibody  reac t ion ,  the  membrane was  cons idered  to  def lec t  upward  because  the 

increase  in  sur face  s t ress  t ransfer red  to  the  deformable  membrane .  These  resul t s  

sugges ted  tha t  the  fabr ica ted  MEMS in ter ferometer  can  be  used  for  se lec t ive 

de tec t ion  of  t a rge t  ant igen  molecules .  
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Figure  3 .9 :  Schemat ic  v iew on the  Au mi r ror  a f te r  immobi l izat ion  of  an t ibody 

molecules .  Comparing  the  amount  of  def lec t ion  tha t  occurs  dur ing  the  ant igen -

ant ibody reac t ion  wi th  BSA and  non -spec i f ic  adsorpt ion  wi th  s t rept  av id in .  

Figure  3 .10:  Compar i son  of  the  def lec t ion  amount  of  deformable  membrane 

be tween addi t ion  of  BSA and avid in  molecule  so lu t ion .  
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3 . 4  A c q u i s i t i o n  o f  s e n s o r  o u t p u t  i n  t h e  c a v i t y - s e a l e d  M E M S  

i n t e r f e r o m e t e r  w i t h  h i g h  s u r f a c e - s t r e s s  s e n s i t i v i t y  

Based on  the  resul t s  of  th i s  s tudy on  molecular  immobi l iza t ion  and the 

acquis i t ion  of  the  amount  of  membrane def lec t ion  by  the  ant igen–ant ibody 

reac t ion ,  thi s  sec t ion in t roduces  recent  research  by  our  research  group on  the  

de tec t ion  of  lower  concent ra t ions  of  pro te ins  in  a  MEMS in ter ferometer  wi th 

improved sur face-s t ress  sens i t iv i ty  [73] .  As  shown in  Fig .  3 .11 ,  the  s t ruc ture  of  

the  in te rferometer  was  formed using  the  dry  t ransfer  of  a  deformable  membrane 

de tached f rom di ffe rent  wafer s  to  a  ch ip and  a  cavi ty  formed.  The  amount  of  

def lec t ion  in  a  surface -s t ress  sensor  i s  inverse ly  propor t ional  to  the  Young ' s  

modulus  and th ickness  of  the  deformable  membrane  and increases  in  propor t ion  

wi th  the  deformed area .  Therefore ,  in  the  former,  polymethyl  methacryla te  

(PMMA),  which  has  an  order  of  magni tude  lower  Young ' s  modulus  than  tha t  of  

Au,  was  in t roduced as  a  molecular  adsorpt ion  layer  and the  th ickness  of  the 

deformable  membrane  decreased  by  150 nm.  In  the  la t t e r,  the  sur face -s t ress  

sens i t iv i ty  was  increased  by  extending  the  d iameter  of  the  deformable  membrane 

to  300 µm.  The  MEMS in ter ferometer  wi th  a  cavi ty -sea led  s t ruc ture  in t roduced in 

th i s  sec t ion  wi l l  be  descr ibed  in  de ta i l  in  Chapter  4 .  

Figure  3 .11:  Cross - sec t ional  v iew of  the  cavi ty -sea led  in te r ferometer.  (a)  

Schemat ic  d iagram and (b)  SEM image  [73] .  

3 . 4 . 1  I m m o b i l i z a t i o n  o f  a n t i b o d y  m o l e c u l e s  o n t o  a  s e n s o r  

In  the  molecular  immobi l izat ion  method in t roduced in  Sec t ion  3 .3 ,  amine -

reac t ive  in te rmedia tes  a re  formed by  adding  a  c ross - l inker  to  the  carboxyl  group 

of  the  SAM-terminal ,  and  the  ant ibody molecules  a re  immobi l ized  by  amide 

bonding.  This  immobi l iza t ion  method assumes  tha t  the  sur face  s ta te  before  the 

addi t ion  of  the  c ross - l inker  i s  a  carboxyl  group.  As  shown in  Fig .  3 .12 ,  the  

EDC/NHS cross - l inked method cannot  be  appl ied  to  the  PMMA in  the  molecular  

(a) (b)
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adsorpt ion  layer  because  the  terminal  s t ruc ture  of  PMMA is  a  methyl  group.  

Therefore ,  we  so lved  th i s  problem by in t roducing  a  t echnique  to  oxid ize  PMMA 

us ing  UV/O 3  t r ea tment  to  change  the  te rminal  s t ruc ture  to  a  carboxyl  group [74] ,  

and  af te r  immobil izat ion  of  human serum a lbumin (HSA)  ant ibodies ,  BSA was  

used  as  a  b locking  agent .  

Figure  3 .12:  Immobi l iza t ion  pro tocol  for  de tec t ion  of  the  HSA ant igen  us ing  the 

fabr ica ted  sensor [73] .  (a )  Sur face  condi t ion  of  as - fabr ica ted  sensor  membrane .  

(b)  Genera t ion  of  carboxyl  groups  according  to  the  oxida t ion  process  of  the  

PMMA sur face .  (c )  Sur face  ac t ivat ion  by  cross l inking  t rea tment  us ing  EDC/NHS.  

(d)  Immobi l iza t ion  of  an t i -HSA ant ibody.  (e )  Sur face  blocking t rea tment  us ing 

BSA.  ( f )  HSA ant igen -ant ibody reac t ion .  

3 . 4 . 2  S e l e c t i v i t y  o f  t h e  s e n s o r  

Fig .  3 .13  shows the  spec t ra l  sh if t s  a f t e r  15 min  of  dropping HSA ant igen  a t  a  

concent ra t ion  of  1  ng /mL to  the  sensor  wi th  HSA ant ibody molecules ,  or  PBS,  

IgG,  and s t reptavid in as  negat ive  cont rol s .  When PBS was  added ,  a  sh i f t  of  9 .7 

nm occur red  because of  a  t emporary  pressure  change  by  the  PBS addi t ion .  The 

sh i f t s  were  8 .7  and 10 .9  nm for  IgG and s t reptavid in ,  respec t ively.  Since  the  sh i f t s  

in  the  negat ive  cont ro l  were  the  same when PBS was  added  to  the  sensor,  th i s  

sugges ted  tha t  the  e ff ec t  of  phys ica l  adsorpt ion  i s  negl ig ib le .  Fur thermore ,  s ince 

the  spec t ra l  sh i f t  of  31 .2  nm for  the  HSA ant igen  drop was  more than  three  t imes 
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grea ter  than  the  response  to  the  negat ive  cont ro l ,  th i s  indica ted  the  se lec t iv i ty  of  

the  sensor.  

Figure  3 .13:  Molecular  se lec t iv i ty  for  1  ng/mL IgG,  1  ng/mL St reptavid in ,  and  1 

ng/mL HSA[73] .  Response  to  PBS was  ob ta ined  as  a  re ference  represent ing  the 

phys ica l  response  of  the  membrane .  The  ref lec t ion  spec t rum for  each  reag ent  was  

sh i f ted  by  9 .7  nm,  8 .7  nm,  10 .9  nm,  and 31 .2  nm for  15  minutes .  

3 . 4 . 3  C o n c e n t r a t i o n  d e p e n d e n c e  a n d  l i m i t  o f  d e t e c t i o n  

In  th i s  exper iment ,  the  sensor  was  immersed  in  PBS for  30  min  to  s tab i l i ze  the 

def lec t ion  of  the  deformable  membrane  because  of  pressure  changes  in  the l iquid .  

F ig .  3 .14a  shows  the  spec t ra l  sh i f t  caused  by  adding  PBS wi th  an  HSA ant igen  to  

br ing  the  f ina l  concent ra t ion  to  100 ag /mL–1 ng/mL.  At  each  f inal  concent ra t ion ,  

the  amount  of  sh i f t  increase d  depending on  the  concent ra t ions .  In  th i s  exper iment ,  

each  so lu t ion  was added  3  min af te r  the  beginning  of  the measurement ,  and  Fig .  

3 .14b shows the  amount  of  peak  sh i f t s  caused  15  min  af te r  the  addi t ion .  F ig .  3 .13c 

shows the  ca l ibra t ion  curve  of  the  obta ined  spec t ra l  sh i f t s .  The  coeff ic ient  of  

de terminat ion  R 2  o f  the  ca l ibrat ion  curve was  0 .976,  which  i ndica te d  tha t  the 

ca l ibra t ion  curve  opera ted  wel l .  The  amount  of  sh i f t  owing  to  phys ica l  e ffec ts  

(changes  in  l iquid  pressure  or  t empera ture)  caused  by  adding  PBS wi thout  HSA 

ant igen  was  8 .1  nm.  In  cont ras t ,  s ince  the  sh i f t s  of  8 .6  and 11 .2  nm for  the HSA 

ant igen  a t  a  f ina l  concent ra t ion  of  100 ag /mL–1 fg /mL,  respec t ive ly,  a  la rge  

response  compared  wi th  the  response  of  PBS was  obta ined .  In  o ther  words ,  th i s  

sugges ted  tha t  the  detec t ion  l imi t  of  the  HSA ant igen  in  th i s  sensor  i s  100 ag /mL–

1 fg /mL.  This  resul t  indica te d  tha t  pro teins  can  be  de tec ted  a t  co ncent ra t ions 

200,000 t imes  lower  than  the  de tec t ion  l imi t  of  0 .2 –10 ng /mL [34] ,  [65] ,  [66]  in 
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convent ional  MEMS sur face -s t ress  sensors .  The  LOD of  d ig i ta l  ELISA,  which  i s  

the  most  sens i t ive de tec t ion  method us ing  labe l l ing  agents ,  i s  60  ag /mL [6] ,  which 

i s  one  order  of  magni tude  smal le r  than  our  method ;  however,  in  semiconductor -

based  labe l - f ree  b iosensors ,  the  most  sensi t ive  de tec t ion  i s  poss ib le .  

Figure  3 .14:  Spect ra l  sh i f t  resu l t s  a f te r  dropping PBS inc luding  no  HSA and HSA 

a t  a  f ina l  concent ra t ion  of  100  ag  ~  1  ng/mL [73] .  (a )  The  reagent  was  dropped  a t  

3  minutes  and the  resul t  of  t racking  the  spec t ra l  sh i f t  for  17  minutes .  (b)  Spect rum 

shi f t  was  measured  15  minutes  a f te r  dropping the  reagent .  (c )  Cal ibra t ion  curve 

in  the  spect rum shi f t  amount .  Spec t ra l  sh i f t s  va lue  were m easured  a t  8 .1  nm, 8 .6 

nm,  11 .2  nm,  13 .6  nm,  15 .1  nm,  17 .8  nm,  20  nm,  27 .5  nm,  and 37  nm for  each 

reagent ,  respec t ively.  The  response  a t  1  fg /mL (15  aM)  was  s ignif icant ly  d i fferent  

f rom the  phys ica l  response  to  PBS.  (Er ror  bar  means  s tandard  devia t ion  of  3  

in te r ferometers)  
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3 . 5  C o n c l u s i o n  

This  chapter  descr ibes  the  cons t ruc t ion  of  b io- in terfaces  that  immobi l ize  

ant ibody molecules  via  a  se l f -assembled  monolayer  on  a  MEMS in ter ferometer  

wi th  h igh  wavelength  se lec t iv i ty,  and  the  de tec t ion  of  macromolecular  pro te ins  

us ing  the  ant igen–ant ibody  reac t ions  i s  demonst ra ted .  In  addi t ion ,  based  on  the  

resul t s  of  th i s  s tudy,  recent  research  by  our  research  group on  the  de tec t ion  of  

lower  concent ra t ions  of  macromolecular  pro te ins  in  a  MEMS inter ferometer  wi th 

improved sur face -st ress  sens i t iv i ty  i s  in t roduced .  The  key  poin t s  of  th i s  chapter  

a re  as  fo l lows:  

【 Inves t iga t ion  on  improving the  immobil iza t ion  dens i ty  of  SAM】  

1 .  The addi t ion  of  CF3COOH dur ing  SAM format ion  resul ted  in  the format ion  of  

a  uni form SAM on Au,  and the  root -mean-square  roughness  a f te r  

macromolecules  adsorpt ion  was  reduced by  3 .2  nm compared  wi th  the  scenar io  

of  SAM format ion  wi thout  the  addi t io n .  

【 Exper imenta l  resul t s】  

2 .  By immers ing  the  sensor  wi th  BSA ant ibod ies  a t  the  te rminal  group of  SAM 

in  a  BSA ant igen  so lu t ion  a t  a  concent ra t ion  of  5  µg /mL,  the  deformable 

membrane  was  deformed by  the  ant igen–ant ibody  reac t ion to  64 nm in  30  min ,  

resul t ing  in  a  13 .6% change  in  t ransmi t ted  l ight  in tens i ty  tha t  would  be  

expected  to  be  suff ic ient  output  cur rent  change  i f  the  pho todiode  was  

in tegra ted .  

3 .  When a  BSA ant igen  and s t reptavid in  so lu t ion  was  added  to  the  sensor,  which  

had  BSA ant ibodies  a t  the  SAM -terminal  to  br ing  the  f ina l  concent ra t ion  to 

10  or  100 ng /mL,  respec t ive ly,  the  def lect ion  of  membrane  only  occur red  in 

the  former  scenar io ,  sugges t ing  tha t  the  fabr ica ted  MEMS in ter ferometer  can 

be  used  for  the  se lec t ive  de tec t ion  of  t a rget  an t igen  molecules .  

【 Research  work  by  our  research  group】  

4 .  The se lec t iv i ty  of  the  sensor  was  demonst rated  by  the  amount  of  spec t ra l  sh if t  

caused  by  an  HSA ant igen  a t  a  concent rat ion  of  1  ng /mL being  more  than  three 

t imes  grea ter  than  the  response  to  the  negat ive  cont ro l  PBS,  IgG and  

s t reptavid in  ( f ina l  concent ra t ion  of  1  ng /mL) .  

5 .  The la rge  response  to  the  sh i f t  amount  of  PBS wi thout  HSA ant igen  was  

obta ined  a t  the  f ina l  concent ra t ion  of  100 ag /mL–1 fg /mL,  sugges t ing  tha t  the 

LOD of  the  pro te in  in  th i s  sensor  was  100 ag /mL–1 fg /mL.   
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Chapter 4.  Investigation of cavity-sealed MEMS 

interferometer with high surface-

stress sensitivity 

4 . 1  P r e f a c e  

In  the  ear ly  fabr ica ted  in te r ferometers  wi th  meta l l i c  ha l f -mir rors  s t ruc ture s ,  

the  sea l ing  of  in ter ferometer  was  incomple te  because  of  the  cons t ra in t s  of  the 

fabr ica t ion  process .  This  makes  obta ining  responses  f rom the  adsorpt ion  of  low 

concent ra t ion  ta rge t  molecules  di ff icu l t .  This  i s  because  suppress ing  the  changes 

in  e ffec t ive  re f ract ive  index i s  d i ff icu l t  because  of  the  swel l ing  reac t ion  of  the 

SiO 2  l ayer  and non-spec i f ic  adsorpt ion  of  ta rge t  molecules  to  the  backs ide  of  the 

membrane .  In  addi t ion ,  the  s t i ffness  of  the  deformable  membrane owing  to  the  Au  

mir ror  as  a  molecular  adsorpt ion  layer  increases ,  which  resul t s  in  a  decrease  in  

the  sur face -s t ress  sens i t iv i ty.  Therefore ,  a  MEMS in ter ferometer  wi th  cavi ty -

sea led  s t ruc ture  i s  proposed to  prevent  l iquid  f rom enter ing  the in te r ferometer.  

The  resul t s  of  the  de tec t ion  of  pro te ins  in  the  l iquid  us ing  the  in te r ferometer  wi th 

the  cavi ty -sealed  s t ruc ture  in  our  research  group have  a l ready been presented  in 

Chapter  3 .  Thus ,  in  t h i s  chapter,  cons ider ing  the  appl ica t ion  to  the  de tec t ion  of  

gas  molecules  in  the  a i r,  we  propose  a  polymer  membrane  which  can  be  used  to 

de tec t  gas  molecules  in  a i r  and  pro te ins  in  l iquids .  Next ,  to  increase  the  sur face -

s t ress  sens i t iv i ty  of  the  in te r ferometer,  the  e ffec t s  of  reducing  the  Young ' s  

modulus  and th ickness  of  the  deformable  membrane  are  ca lcula ted  us ing  f in i te  

e lement  ana lysi s .  In  addi t ion ,  to  improve  the  spec t ra l  response to  the  def lec t ion 

of  the  deformable  membrane ,  the  e ffect  of  nar rowing the  a i r -gap  length  of  the 

in te r ferometer  i s  ca lcula ted  us ing  opt ical  ana lys i s .  F ina l ly,  we  descr ibe  the 

fabr ica t ion process  of  the  MEMS inter ferometer  tha t  re f lects  the  knowledge 

obta ined  f rom these des igns  and present  the  resul t s  of  obtain ing  the  re f lec t i on 

spec t ra  of  the  fabr icated  in te r ferometer.  

4 . 2  A i m i n g  f o r  t h e  d e t e c t i o n  o f  v o l a t i l e  o r g a n i c  c o m p o u n d s  i n  

t h e  b r e a t h  

As a  less  invas ive  screening  technique ,  vola t i l e  organic  compounds  (VOCs)  in  

exhaled  brea th  can  be  u t i l i zed  as  b iomarkers  to  d iagnose  d iabe tes  and rena l  fai lure,  
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lung cancer ;  th i s  method has  a t t rac ted  in te res t  over  recent  years  as  a  promis ing 

d iagnos t ic  method for  d i seases  wi th  low pa t ien t  burden s [75]–[78] .  Whi le  the 

concent ra t ion  of  volat i l e  e thanol  gas  in  the  exhaled  brea th  i s  repor ted  a t  27 –216.1  

ppb in  hea l thy  people ,  i t  increases  to  64 –2160 ppb in  pa t ien ts  wi th  lung cancer  

and the i r  average  va lue  i s  0 .6  ppm [78] .  Therefore ,  i t  can  be  used  for  pa t ient  

screening  by  achieving  an  opera t ing  range  of  ppm to  sub -ppm.  In  recent  years ,  

var ious  sensors  have been  developed to  de tec t  e thanol  (EtOH) ,  a  type  of  VOC.  

Zhang e t  a l .  succeeded in  de tec t ing  a  wide  dynamic  range  of  0 .001 –1000 ppm wi th  

h igh  sens i t iv i ty  in  a  gas  sensor  based  on  SnO 2  f i lms  as  a  method of  read ing  out  

the  res i s tance  change caused  by  ta rge t  molecules  adsorbed on  the  gas - reac t ive 

f i lm [79] .  Because  the  oxide  semiconductor -based  gas - reac t ive  f i lm must  be 

hea ted  to  severa l  hundred  degree  Cels ius  for  the  sens ing  opera t ion ,  the  hea ter  

mus t  be  in tegra ted  around the  sens ing  par t  [80]–[82] .  The  power  consumpt ion  of  

the  hea ter  can  be  reduced by  re leas ing  the  sens ing  area  f rom the  subs t ra te  through 

a  hole ,  decreas ing  the  hea t ing  capac i ty of  the  sens ing  area  and prevent ing 

tempera ture  increase  in  per iphera l  c i rcui t s  [83] ,  [84] .  However,  cha l lenges  such 

as  the  complexi ty  of  the  fabr ica t ion  process  f rom in tegra t ing  hea ters  in to  a  sensor  

and an  increase  in  footpr in t  per  uni t  e lement  because  of  i so la ted  hea t ing  par t s  

f rom the  per ipheral  c i rcui t s  pers i s ts .  Therefore ,  in  recent  years ,  gas  sensors  

opera ted  a t  room tempera ture  wi thout  a  hea ter  have  become popular.  

Semiconductor-based gas  sensors  have  been  repo r ted  to  opera te  even a t  room 

tempera ture ,  but  the LOD decreases  to  approximate ly  severa l  ppm  [85] ,  [86] .  

Another  de tec t ion  method which  can  opera te  a t  room temperature  involves  sensors  

us ing  ZnO 2  nanohybr id  th in  f i lm s  as  gas - reac t ive  f i lms ;  these  sensors  can  de tec t  

e thanol  gas  in  a  concent ra t ion  range  of  10 –100 ppm by de tec t ing  the  amount  of  

change  in  the  e ffec t ive  re f rac t ive  index as  a  change  in  the  peak  sh i f t  of  the  

re f lec t ion  spec t rum when whi te  l ight  i s  i r rad ia ted  [87] .  Al te rna t ive ly,  MEMS 

sur face -s t ress  sensors  have  been  repor ted  as  gas  sensor s  for  room-tempera ture 

opera t ion .  An epoxy acry la te  f i lm wi th  a  gas - reac t ive  f i lm was  used  to  

successfu l ly  detec t  EtOH in  a  wide  dynamic  range  of  200 –16000 ppm [88] .  

Desp i te  the  cha l lenges  of  de tec t ion  sens i t iv i ty,  sur face -st ress  sensors  have  been 

widely  s tudied  as  b io  and gas  sensors  because  they  can  be  used  to  de tec t  var ious 

ta rge t  molecules  by  se lec t ing  the  appropr ia te  reac t ive  membrane .  Genera l ly,  

a l though gas - react ive f i lms  have  a  cha l lenge  of  the  selec t ivi ty  of  gases ,  gas  

spec ies  can  be  ident i f ied  by  acqui r ing  the  response  pa t te rns  of  severa l  types  of  
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gas- reac t ive  f i lms  and implement ing  machine  learn ing  [89] .  Therefore ,  sensor  

a r rays  and the  coa t ing  of  severa l  reac t ive  f i lms  are  prac t ical  solu t ions .  

Fig .  4 .1  summarizes  the  LOD and opera t ing  temperatures  in E tOH detec t ion .  

Assuming the  appl icat ion  to  a  s imple  IoT chemica l  sensor,  a  sensor  wi th  a  low 

de tec t ion  l imi t  is  des i rable  in  a  detec t ion  method that  can  opera te  a t  room 

tempera ture ,  for  which  low power  consumpt ion  i s  expected .  However,  a  sensor  

tha t  can  opera te  a t  room temperature  wi th  a  de tec t ion  l imi t  of  l ess  than  0 .6  ppm,  

which  i s  necessary  for  the  screening  of  lung cancer  pa t ien ts ,  has  not  been  rea l ized .  

Therefore ,  we  a imed to  c rea te  such  a  sensor.  Assuming  tha t  the  above -ment ioned 

sensors  a re  used  for  both  b io  and chemica l  sens ing  appl ica t ions ,  sur face -s t ress  

sensors  a re  the  most  versa t i l e  because  they  can  be  used  in  room -tempera ture 

envi ronment s  and can  respond to  b io  and gas  molecules  by  changing the  

adsorpt ion  layer  (adsorbed receptor  molecules ) .  Therefore ,  the  depos i t ion  of  a  

gas - reac t ive  layer  o n  the  MEMS in ter feromet r ic  surface -s t ress  sensor  proposed 

by  our  l abora tory  i s  expected  to  enable  the de tec t ion  of  vola t i l e  e thanol  gas  in  a  

room-tempera ture  envi ronment .  

Figure  4 .1 :  Compar i son  of  opera t ing  tempera ture  and LOD in  each  EtOH sens ing  

sensor [80] ,  [81] ,  [83] ,  [86] ,  [90] ,  [91] .   
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4 . 3  D e s i g n  o f  t h e  M E M S  i n t e r f e r o m e t e r  

Fig .  4 .2  shows the  schemat ic  d iagram of  the  c ross -sec t ional  s t ruc ture  and 

de tec t ion  pr inc ip le  of  an  opt ica l  in te r feromet r ic  surface -s t ress  sensor.  This  sensor  

i s  composed of  a  parylene  C  deformable  membrane  and gas - reac t ive  PMMA layer  

on  a  cavi ty  formed in  a  Si  subs t ra te ;  hence ,  the  Fabry–Perot  in te r ferometer  

compr ises  the  deformable  PMMA/ parylene  C  membrane ,  a i r  gap ,  and  Si  subs t ra te .  

When a  ta rge t  gas  molecule  i s  absorbed in  the  gas - reac t ive  layer,  the  deformable 

membrane  i s  subjec ted  to  a  compress ive  or  t ens i le  s t ress  as  the  gas - reac t ive  layer  

expands  or  cont rac t s ,  respec t ive ly.  The  deformable  membrane ,  inc luding  the  gas -

sens i t ive  layer,  i s  deformed upward  in  the  former  and downward  i n  the  la t t e r.  This  

mechanica l  def lect ion i s  observed as  a  peak  sh i f t  in  the  re f lec t ion  spec t rum,  which  

enables  us  to de tec t  the  smal l  def lec t ion  of  the  membrane  caused  by  the  adsorpt ion 

of  t a rge t  molecules .  

Figure  4 .2 .  Schema t ic  d iag ram and  de tec t ion  p r inc ip le  o f  MEMS opt ica l  

in te r fe romet r ic  sur f ace -s t ress  senso r.  

Because  the  amount  of  def lec t ion  of  the sur face -s t ress  sensor  i s  inverse ly 

propor t iona l  to  the  Young ' s  modulus  of  the  mater ia l  used  for  the moving par t  and  

th ickness  of  the  f i lm [51] ,  an  increase  in  the  de tec t ion  sens i t iv i ty  i s  expected 

when us ing  a  sof t  mater ia l  wi th  low Young ' s  modulus  and th in  f i lm thickness .  

Moreover,  sensors  based  on  opt ica l  in te r feromet ry  can  increase  the  sh i f t  in  the  

in te r ference spec t rum a t  the  t ime of  membrane  def lec t ion  by  nar ro wing the  a i r  

gap  of  the  in te r ferometer.  As  the  de tec t ion  per formance  can  be  improved wi thout  

expanding the  a rea  o f  the  device  by  cont ro l l ing  the  above  parameters ,  h ighly  

sens i t ive  chemica l  sens ing  a t  room tempera ture can  be achieved whi le  

compensa t ing  for  the  l imita t ions  of  the  p iezores i s t ive  sensor.  
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4 . 3 . 1  A n a l y s i s  o f  t h e  s p e c t r a l  s h i f t  a s s o c i a t e d  w i t h  t h e  

d e f l e c t i o n  o f  t h e  d e f o r m a b l e  m e m b r a n e  

Fig .  4 .3  shows the  opt ica l  analys i s  resul t s  of  the  rat io  of  the  in te r ference  

spec t ra l  sh i f t  assoc iated  wi th  a  30-nm deformat ion  of  the  deformable  membrane 

us ing  an  opt ica l  ana lys i s  sof tware  (RS of t  Di ff rac tMOD) .  When the  a i r -gap  length 

of  the  in te r ferometer  i s  formed wi th  the sub -micron sca le ,  the peak  sh i f t  involved 

wi th  the  membrane  def lec t ion  increases .  This  means  tha t  the  peak  sh i f t  increases  

even when the  def lect ion  remains  the  same.  Because  the  spec tra l  sh i f t  (∆λ)  i s  

inverse ly  propor t iona l  to  the  in te r ference  order,  the  response  i s  expected  to 

improve  by  the  narrowing of  the  a i r  gap  through  the  reduc t ion  in  the  in te r ference 

order  to  the  v i s ib le  region .  In  cont ras t ,  i f  the  a i r  gap  i s  nar rowed,  the  problem of  

s t i c t ion  of  the  deformable  membrane  to  the Si  subs t ra te  occurs  eas i ly.  Therefore ,  

to  prevent  the  s t i c t ion,  we fabr ica te d  an  in te r ferometer  wi th  an  ai r  gap  of  0 .4  µm,  

which  i s  suff ic ient  for  def lec t ion  during  gas  exposure .  To  va l ida t e  the 

improvements ,  we  a l so  fabr ica ted  in te r ferometers  wi th  a i r -gap  lengths  of  0 .8  and 

2 .6  μm.  

(a )  (b )  

Figure  4 .3 :  (a )  Opt ica l  ana lys i s  model  of  the  in te r ferometer  and  (b)  re la t ionship 

be tween a i r -gap  length  of  the  in te r ferometer  and ra t io of  spec t ra l  shi f t  to  

membrane  def lec t ion .  

 

4 . 3 . 2  A n a l y s i s  o f  t h e  s u r f a c e - s t r e s s  s e n s i t i v i t y  o f  t h e  d e f o r m a b l e  

m e m b r a n e  

Fig .  4 .4  shows the  ana lys i s  model  and  membrane  def lec t ion  resul ts  wi th  sur face 

s t ress  appl ied  to  the  deformable  membrane  us ing  the  f in i te  e lement  method.  When 

PMMA expands  owing  to  gas  adsorpt ion ,  compress ive  s t ress  i s  appl ied  f rom the  
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edge  to  the  cent re  of  pary lene  C.  Dur ing  cont rac t ion ,  a  t ens i le  s t ress  was  appl ied  

in  the  oppos i te  d i rect ion .  The  former  i s  indica ted  as  a  red  ar row and the  la t t e r  as  

a  b lue  a r row in  Fig .  4 .4a .  The  ana lys i s  resul t s  in  Fig .  4 .4b  shows tha t  the  

sens i t iv i ty  of  the  deformable  membrane  to  sur face  s t ress  was la rger  when the  

def lec t ion  was  smal le r.  The  PMMA employed as  a  gas -reac t ive  f i lm has  the 

fo l lowing advantages:  ease  to  form by sp in  coa t ing  and low Young ' s  modulus ,  

which  i s  one  order  magni tude  lower  than  t ha t  of  meta l l i c  f i lms  such as  Au,  which  

i s  commonly  used  as  a  molecular  adsorpt ion  layer  i n  biosens ing  [44] ,  [92] .  In  this  

des ign ,  the  to ta l  f i lm th ickness ,  inc luding  PMMA and parylene  C  layers ,  was  se t  

to  300 nm,  which  was  100 nm lower  than  tha t  of  the  convent ional  s t ruc ture  [93] .  

In  addi t ion ,  we changed the  coverage  rat io of  the  molecular  adsorpt ion  layer  on 

the  top  sur face of  the deformable  membrane ,  ex tending  the  a rea to  apply  sur face 

s t ress  fourfo ld .  Here ,  the  wavelength  resolu t ion  of  the spec t rometer  (USB4000 ,  

Ocean opt ics )  tha t  eva lua te d  the  spec t ra l  sh i f t  was  0 .3  nm,  and the  in te r ference 

spec t ra  were  subjec ted  to  a  5 -poin t  moving  average  process  a f te r  the  acquis i t ion 

of  the  spec t ra .  Therefore ,  the  lower  l imit  of  the  measurable  spect ra l  sh i f t  was  1 .5  

nm.  Wi th  the  def in i t ion  of  the  LOD as  the va lue  of  the sur face s t ress  causing  a  

1 .5-nm deformation ,  the  LOD of  the  proposed s t ruc ture  was  expected  to  be  7 .4 

t imes  h igher  than  tha t  of  the  convent ional  s t ruc ture .  

(a )  (b )  

Figure  4 .4 .  (a )  Mechanica l  ana lysi s  model  us ing  the  f in i te  element  method and 

(b)  compar i son  of  sur face  s t ress  sens i t iv i ty  be tween the  convent ional  and  

proposed in ter ferometer.  
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4 . 4  F a b r i c a t i o n  p r o c e d u r e  

Fig .  4 .5  shows the  fabr ica t ion  procedure  of  a  cavi ty -sea led  in terferome ter.  The  

fabr ica t ion process  of  th i s  MEMS in terferometer  consi s t s  of  two wafers :  a  t ransfer  

wafer  to  re lease  the  deformable  membrane  and a  wafer  to  be  t ransfer red  tha t  forms 

a  cavi ty.  A s t rong bonding force  i s  appl ied  be tween the  pary lenes  by  

s imul taneously  apply ing  hea t  and  pressure  for  a  cer ta in  per iod  wi th  pary lene  C 

layers  in  contac t  wi th each  o ther  to  sea l  the  cavi ty  of  the  in te r ferometer  [94] .  The 

de ta i l s  of  the  fabr ica t ion  procedure  a re  as  fo l lows:  

( a )  A parylene  C  th in  f i lm was  depos i ted  on a  Si  wafer  coa ted wi th a  sur fac tant  

(Micro-90,  In terna t ional  Products  Corp . )  

(b)  Another  pary lene  C  layer  was  depos i ted  on  another  Si  wafer  wi th  a  pre - formed 

cavi ty  by  reac t ive  ion  e tching .  Because  the  cavi ty  depth  formed in  th i s  process  

depended on  the  in te r ferometer ' s  a i r -gap  length ,  in te r ferometers  wi th 

d i ffe rent  gap  lengths  of  0 .4 ,  0 .8 ,  and  2 .6  µm were  formed to  compare 

d i ffe rences  in  the  response .  The  d iameters  of  the i r  sens ing areas  were  

de termined to  be  100 µm.  

( c )  Pressure  was  appl ied  in  the  two wafers  by  sandwiching  them between s teel  

p la tes  and apply ing  torque  us ing  four  sc rews .  The  p la te  a rea  and screw 

spec i f ica t ions  were  se lec ted  such  tha t  the  apply ing  pressure  became  1 .5  MPa,  

s imi lar  to  that  repor ted  in  [94] .  In  addi t ion ,  hea t  and  pressure  were 

s imul taneously  appl ied  by  hea t ing  a t  160 ℃ for  10  min  in  an  N 2  gas  

a tmosphere  to  bond the  wafers .  

(d)  The bonded wafer  was  immersed  in  DIW,  which  reac t ed  wi th  the  sur fac tant  to  

pee l  off  the  Si  subs t ra te ,  l eaving  the  parylene  C  shee t  on  the  Si  wafer  wi th 

cavi t i es  

( e )  Anneal ing  was  then  per formed a t  160 ℃ for  1  h  to  improve  the  adhes ion 

be tween the  t ransferred  pary lene  C  shee t  and  parylene  C  layer  on  the  Si  

subs t ra te .  
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Figure  4 .5 .  Fabr ica t ion  process  of  the  cavi ty -sea led  in te rferometr ic  in te r ferometer.  
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4 . 5  F a b r i c a t i o n  r e s u l t  

Fig .  4 .6 .  shows opt ica l  microscope  images  of  in te r ferometers  wi th  d i ffe rent  

a i r-gap  lengths  and r esul t s  of  spec t roscopic  measurements  when whi te  l ight  was  

i r radia ted onto  the in te r ferometer.  The  inte r ference order  (m) was  obta ined  as  

fo l lows:  

𝑚 =
2

𝜆
(𝑛𝐴𝑑𝐴 + 𝑛𝑃𝑑𝑃) (4.1) 

where  λ  i s  the wavelength  of  in te r ference  peak ,  n A  and  n P  a re  the  re frac t ive 

indexes  of  a i r  and  parylene  C ,  respec t ive ly,  d A  i s  the  a i r -gap  leng th ,  and  d P  i s  the  

th ickness  of  parylene  C .  The  nar row a i r  gap  was  observed  to  reduce  the 

in te r ference order.  The  obta ined  spec tra  EXHIBITED good ag reement  with  the 

ana ly t ica l  waveforms wi th  the  a i r -gap  lengths  of  408,  778 ,  and  2585 nm,  

respec t ive ly ;  thus ,  an in te r ferometer  c lose to  the  des ign  va lues in  sub -micro  to 

micro  sca les  was  successfu l ly  fabr ica ted .  

Figure  4 .6 .  Opt ica l  microscope  images  ( top)  and ref lec t ion  spec t ra  (bot tom)  of  

developed Fabry -Perot  in te r ferometers .  F i t t ing  curves  show good  agreement  wi th 

exper imental  va lues .  
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4 . 6  C o n c l u s i o n  

In  th i s  chapter,  a  new cavi ty -sea led  MEMS in ter ferometer  with  h igh  sur face -

s t ress  sens i t iv i ty,  employing  PMMA as  a  gas - reac t ive  layer,  i s  proposed for  the 

de tec t ion  of  gas  molecules  in  the  a i r.  We  des igned and  fabr ica ted  the 

in te r ferometer  and obta ined  i t s  re f lec t ion  spec t ra ,  conf i rming  tha t  the 

in te r ferometer  was  formed approximate ly equal  to  the des ign va lue .  The  key  

poin t s  of  th i s  chapter  a re  as  fo l lows:  

【 Analys i s  resul t s  of  opt ica l  des ign  and f ini te  e lement  method】  

1 .  The spec t ra l  response  of  the  def lec t ion  of  the  deformable  was  conf i rmed to  

increase  by  nar rowing the  a i r -gap  length  of  the  in te r ferometer  and  reducing  

the  order  of  the  in te rference  in  the  v i s ib le  wavelength  region .  

2 .  The sur face -s t ress  sens i t iv i ty  increase d  by  7 .4  fo lds  compared  wi th  the  

in te r ferometer  wi th meta l  ha l f -mi r rors  through the  change  of  these  

parameters :  adopt ing PMMA wi th  an  order  of  magni tude  lower  Young ' s  

modulus  as  a  gas - reac t ive  layer,  ex tending  the  sur face -s t ress  a rea by  four - fo ld ,  

and  reducing  the  th ickness  of  the  deformable  membrane  by  100 nm.  

【 Fabr ica t ion  resul t】  

3.  We in t roduced  a  method us ing  parylene  bonding for  a  cavi ty -sea led  MEMS 

in ter ferometer  and  succeeded in  fabr ica t ing  an  in te r ferometer  wi th  an  a i r-gap 

length  of  408  nm.  To compare  the  improvement  in  spec t ra l  response  wi th  

nar rower  gaps ,  we  f abr ica ted  three  inte rferometers  wi th  d i ffe rent  a i r -gap 

lengths ,  and  the i r  re f lec tance  spec t ra  were  obta ined ;  in te r ferometers  of  0 .4 ,  

0 .8 ,  and  2 .6  µm were  conf i rmed to  be  formed,  which  were  approximate ly  equal  

to  the  des ign  va lue .   
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Chapter 5.  Acquisition of sensor response for 

detecting gas molecules in the air  

5 . 1  P r e f a c e  

In  the  exper iment  descr ibed  in  th i s  chapter,  PMMA act ing  as  a  gas -sens i t ive 

f i lm was  sp in-coated  on  the  fabr ica ted  cavi ty  in te rferometer  and  the  response  of  

PMMA to  the  absorpt ion  of  vola t i l e  ethanol  was  acqui red .  F i r s t ,  we  obta in ed  the  

response  of  e thanol  exposure  to  in te r ferometers  formed wi th  d i ffe rent  a i r -gap 

lengths  and conf i rm ed the  improvement  of  the  spec t ra l  response  wi th  nar rower  

gaps .  Next ,  us ing  an  in te r ferometer  tha t  exhib i ted  the h ighes t  spec t ra l  response ,  

we eva lua ted  the  concent ra t ion  dependence  and LOD of  vola t i l e  e thanol  gas .  

F ina l ly,  we  compare d  our  fabr ica ted  se nsor  wi th  o ther  sensors  tha t  measure 

vola t i l e  ethanol  in  a  room -tempera ture envi ronment  and demonst ra ted  the 

super ior i ty  of  the  former.  

5 . 2  I m p r o v e m e n t  o f  s p e c t r a l  r e s p o n s e  b y  n a r r o w i n g  t h e  a i r -

g a p  l e n g t h  o f  t h e  i n t e r f e r o m e t e r  

To evalua te  the  per formance  improvements  resul t ing  f rom nar rowing the  gap  

length ,  PMMA was  sp in -coated  onto  in te r ferometers  wi th  gap  lengths  of  0 .4 ,  0 .8 ,  

and  2 .6  µm.  The  def lec t ion  of  the  deformable  membrane  upon exposure  to  EtOH 

gas  was  measured  as  a  sh i f t  in  the re f lec t ion  spec t rum.  Fig .  5 .1  shows the 

de tec t ion  sys tem used in  the  experiment .  Three  in te rferometer  ch ips  wi th  d i ffe rent  

gap  lengths  were  a r ranged on  a  movable  s tage .  The  ref lec t ion  spec t rum,  a t  10  µm 

f rom the  cent re  of  the  deformable  membrane ,  was  acqui red  a t  20 -s  in te rva ls  wi th 

whi te  l ight  i r rad iat ion .  In  addi t ion ,  a  smal l  pe t r i  d i sh  wi th  0 .4  mL of  EtOH 

solu t ion  (d i lu ted  wi th 50% DIW) was  p laced  near  the  chips  and sea led  wi th  a  l a rge 

pe t r i  d i sh  to  prevent  the  leakage  of  the  vola t i l i zed  EtOH gas  in to  the  sur rounding .  

The  EtOH solu t ion  was  p laced  in  the  v ic in i ty  of  the  chips  for  9  to  20  min  f rom 

the  beginning  of  measurement  and then  removed.  Fig .  5 .2  shows the  response  of  

the  vola t i l e  EtOH gas to  the  sensor.  As  shown in  Fig .  5 .2a ,  in  the  sub -micro  scale  

nar row-gap in ter ferometer,  the  membrane  def lec t ion was  obta ined  as  an 

in te r feromet r ic  co lour  change .  Fig .  5 .2b  shows the  t ime course of  the  re f lect ion 

spec t ra  in  the  in te r ferometer  wi th  an  a i r  gap  of  0 .8  µm.  Af ter  exposure  to  EtOH 

gas ,  the  re f lec t ion  spec t rum blue-shi f t ed  f rom (1)  to  (2) .  In  o ther  words ,  
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shor tening  the  opt ical  pa th  length  cause d  a  downward  membrane  deformat ion,  

sugges t ing  tha t  the  absorpt ion  of  EtOH cause d  the  PMMA f i lm to  shr ink .  Later,  

in  the  absence  of  exposure  to  the  EtOH gas ,  the  in te r ference  waveform red-shi f t ed 

to  (3) ,  resul t ing  in  over laps  wi th  the inte r ference wavefor m before  the gas 

exposure .  F ig .  5 .2c  shows the  t ime course  of  the  peak  sh i f t s  as soc ia ted  wi th  gas  

exposure  in  a l l  in te r ferometers .  When the  exposure  to  EtOH gas  was  s topped,  the  

peak  sh i f t  re turned  to the  in i t i a l  s ta te ,  which  mean t  a  reversib le  response  due  to  

the  change  in  gas  concent ra t ion  was  obta ined  in  a l l  in te r ferometers .  F ig .  5 .2d  

shows the  maximum peak sh i f t  dur ing  gas  exposure  in  a l l  the  in te r ferometers .  The  

change  in  the  peak sh i f t  of  the  0 .4 -µm-gap in ter ferometer  wi th  reduced 

in ter ference  order  was  2 .0  and 11 .1  t imes  h igher  than  tha t  of  the  0 .8  and 2 .6  µm 

gap in ter ferometers ,  respec t ive ly.  The  va lue  of  the  0 .8 -µm in t er ferometer  was 

approximate ly  c lose  to  the  opt ica l  analys i s  va lue  of  2 .1 ,  whi le  the  va lue  of  the 

2 .6-µm in terferometer  was  1 .8  t imes  higher  than  the  analys i s  va lue .  This  mean t  

tha t  the  0 .4 -  and  0 .8 -µm sensors  had  the  same def lec t ion  amount  dur ing  the  gas  

response ,  whi le  the  2 .6 -µm-gap sensors  had  a  lower  def lec t ion .  This  may be  

because  of  the  thickness  of  the  PMMA fi lm used  as  the  gas - reac t ive  f i lm,  which 

was  th icker  than  tha t  of  the  0 .4 -µm-gap in ter ferometer.  Because  the  sur face -s t ress  

sens i t iv i ty  i s  inversely  propor t iona l  to  the  square  of  the  f i lm th ickness ,  the 

sur face -s t ress  sens i t iv i ty  decreased  by  1 .8  t imes  wi th  a  35% th icker  PMMA f i lm 

in  an  in te r ferometer  wi th  an  a i r -gap  length  of  2 .6  µm.  The  PMMA layer  depos i ted  

by  sp in  coa t ing  may have  deformed the  pary lene  C  membrane  downward  because  

of  the  immedia te  pressure  f rom adding  the  l iquid .  Because  the  PMMA on the 

deformable  membrane  wi th  a  re la t ive ly  deep  cavi ty  was  loca l ly  formed th icker  

than  o ther  a reas ,  i t  was  assumed to  have  decreased  the  sur face -s t ress  sens i t ivi ty 

of  the  2 .6 -µm in ter ferometer,  thereby decreas ing  the  membrane def lec t ion .  The  

nar row-gap in ter ferometer  demonst ra ted gas  de tec t ion  by  the  change  in 

in te r ference  colour  wi th  membrane  def lec t ion  and improvements  in  the  spec t ral  

response .  

To evalua te  character i s t i c s  of  the  sensor  response  depending on  gas  spec ies ,  

we  measured  ref lec t ion  spec t ra  dur ing  exposure  to  90% di lu t ion  of  EtOH, 

ammonia ,  methanol  (MeOH),  and  water  vapour  (92% re la t ive  humidi ty) .  F ig .  5 .3 

shows the  resul t s  of  acqui r ing  the  peak  shi f t s  in  the  ref lec t ion  spec t rum of  the 

sensor  a f te r  exposure  to  90% di lu t ion  of  EtOH,  ammonia ,  MeOH,  and water  vapour.  

The  amount  of  peak  sh i f t  on  the  ver t ica l  ax i s  was  pos i t ive  for  the  d i rec t ion  in  
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which the  spec t rum shi f t ed  to  the  shor te r  wavelength  s ide .  The  la rges t  peak  sh i f t  

was  obta ined  for  EtOH among the  exposed gases ,  whi le  exposure  to  gases  o ther  

than   

Figure  5 .1 :  Schemat ic  d iagram of  the  experimenta l  setup  

(a) (b) 

(c) (d) 

Figure  5 .2 :  Compar i son  of  in te r ferometers  wi th  d i ffe rent  a i r  gaps  under  EtOH 

exposure .  (a )  Opt ica l  microscope  images wi th  colour  change  assoc ia ted  wi th 
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membrane  def lect ion ,  (b)  typica l  spec t ra  sh i f t  in  the  in te r ferometer  of  0 .8  µm gap ,  

(c )  change  in  peak  sh i f t  to  t ime,  and  (d)  compar i son  of  change  amount  in  peak 

sh i f t  in  the  EtOH exposure .  

 

EtOH resul ted  in  a  negat ive  peak  sh i f t .  In  other  words ,  s ince  the  def lec t ion  of  the 

membrane  occur red  in  the  d i rec t ion  of  cavi ty  expans ion ,  the  PMMA layer  of  the 

gas - reac t ive  membrane  may  have  absorbed  the  gas  and expand ed ,  resul t ing  in 

compress ive  s t ress  to  the  deformable  membrane .  Thus ,  the  expans ion  ra te  of  

PMMA di ffer ed  depending on  the  gas  spec ies ;  we  cons idered  tha t  there  was  a  

d i ffe rence  in  the  amount  of  peak  sh i f t .  The  resul t  indicated  that  d i scr iminat ing 

gas  spec ies  wi th  a  s ingle  device  i s  d i ff icu l t ,  gas  spec ies  can  be  d i s t inguis hed 

through  machine  learn ing  of  the  d i ffe rences  in  the  response  pat te rns  of  mul t iple  

gas -sens i t ive  membranes  [82] .  Note  tha t  we  conf i rmed tha t  the  PMMA layer  

cont rac ted  and expanded dur ing  the  absorpt ion  of  EtOH and MeOH,  respec t ive ly,  

which  can  be  usefu l  in  d i scr iminat ion  gas  spec ies  us ing  machine  learn ing .  

Figure  5 .3 :  Compar i son  of  gases  response  in  in te r ferometers  wi th  a  0 .4  µm a i r  

gap  and a  100 µm diameter.  (Error  bar  means  s tandard  devia t ion  of  3 

in te r ferometers  on  the  same chip . )  
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5 . 3  E f f e c t  o f  c h a n g e s  i n  r e l a t i v e  h u m i d i t y  a n d  t e m p e r a t u r e  

We measured  the  e ffec t s  of  t empera ture  and humidi ty  changes  on  the  sensor.  

Under  the  condi t ion  of  no  e thanol  in  a  pe t r i  d i sh ,  F ig .  5 .4a  shows  the  t ime course 

of  the  peak  sh i f t  when the  tempera ture was  changed by  a  hot  p la te .  In  th i s  

exper iment ,  the  sensor  ch ip  was  hea ted  a t  20  °C for  the  f i r s t  5  min ,  27 .5  °C for  5  

to  22  min ,  and  35  °C for  22  to  45  min .  Immedia te ly  a f te r  hea t ing ,  the  peak  sh i f t  

exhib i ted  a  negat ive va lue  by  the  expans ion  of  the  f i lm owing to  thermal  

expans ion ,  whi le  the  peak  sh i f t  approache d zero  wi th  t ime .  Therefore ,  the 

def lec t ion  of  the  membrane  because  of  t empera ture  changes  could  be  so lved  by 

age ing .  Fig .  5 .4b  shows the  t ime course  of  the  peak  sh i f t  of  90% di lu ted  e thanol  

exposure  a t  20  °C and re la t ive  humidi t ies  of  55% and 92% (measured  by  a  

humidi ty  sensor  (HS1101LF,  TE Connect iv i ty) ) ,  respect ive ly.  The  amount  of  

change  in  the  peak  sh i f t  decreased  under  h igh  humidi ty  condi t ions  whi le  the 

nanomechanica l  response  was  obta ined  even in  the  h igh  humidi ty  envi ronment .  

According  to  th i s  resul t ,  when the  re lat ive humidi ty  change d f rom 55% to  92%,  

the  peak  sh i f t  amount  decrease d  by  approximate ly  63%.  The  output  response  has  

been  repor ted  to  decrease  by  50% or  more  when the  re la t ive  humidi ty  changes 

f rom 50% to  90% in  a  semiconductor -based gas  sensor  us ing  a  hea ter  [84] .  Thus ,  

the  decrease  in  response  in  h igh -humidi ty  envi ronments  i s  the  same as  tha t  of  

o ther  gas  sensors .  

(a)  (b)  

Figure  5 .4 :  Impact  of  changes  in  t empera ture  and humidi ty  in  in te r ferometers  wi th 

a  0 .4  µm a i r  gap  and a  100 µm diameter.  Time course  of  peak  sh i f t  wi th  (a )  

t empera ture  change  and (b)  humidi ty  change .  
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5 . 4  C o n c e n t r a t i o n  d e p e n d e n c e  a n d  L O D  

To evalua te  the  concent ra t ion  dep endence  of  the  0 .4  µm in ter ferometer,  which 

showed the  h ighes t  response  to  e thanol  in the  above -ment ioned exper iments ,  we 

per formed experiments  to  obta in  the  peak  sh i f t s  wi th  changes  in  the  d i lu t ion  ra te  

of  e thanol  f rom 60 to  100%  (Fig .  5 .5) .  The  spec t ra l  response  to  changes  in  the  

e thanol  d i lu t ion  ra te ,  on  three  in te r ferometers  wi th  a  0 .4 -µm gap,  was  measured  

n ine  t imes  and expressed  as  the  s tandard  devia t ion  us ing  er ror  bars .  At  a  noise  

leve l  of  1 .5  nm,  de termined by  the spec t rometer  and moving average  process ing,  

the  sh i f t  amount  of  4 .4  nm a t  a  d i lu t ion  ra te  of  97 .5% was  the  minimum LOD.  In 

addi t ion ,  the  MEMS in ter ferometer  had  an  approximate ly  l inear  res ponse  when 

the  d i lu t ion  ra te  was  be tween 60% and 97 .5%.  To obta in  the  cor re la t ion  be tween 

the  e thanol  concent rat ion  and sens i t iv i ty,  the  concent ra t ion was  ident i f ied wi th  a  

commercia l  semiconductor  gas  sensor  (TGS2620,  F igaro) .  As  Fig .  5 .6a  shows ,  the  

semiconductor  gas  sensor  had  a  l inear  response  in  the  range  below 80% di lu t ion 

ra te ,  which  i s  the  guaranteed  opera t ing  range  represented  by  the  ra t io  of  res i s tance 

change  of  0 .18 –3.4  [26] .  In  cont ras t ,  the  s t ab i l i ty  was  ext remely degraded in  the  

low-concent ra t ion  range ,  where  the  d i lu t ion  ra te  exceed ed 80%,  a l though the 

response  changes  according  to  the  concent ra t ion .  F ig .  5 .6b  shows the  resul t  of  

es t imat ing  the  concent ra t ion  of  EtOH f rom the  obta ined  res i s t ivi ty  for  the  d i lu t ion 

ra te  be low 80%,  indica t ing  a  l inear  response  in  the  semiconductor  sensor.  

Assuming the  EtOH concent ra t ion  of  0  ppm a t  100% di lu t ion ,  and  ext rap ola t ing 

the  l inear  response  region  of  the  semiconductor  gas  sensor,  the  concent ra t ion  of  

EtOH a t  97 .5% di lu t ion  was  obta ined  as  5  ppm,  which  was  the  lower  LOD of  the  

MEMS in ter ferometer.  Fur thermore ,  in  the  low concent ra t ion  range  (d i lu t ion  ra te  

of  90–97.5%)  exceeding  the  guaranteed  opera t ion  range  of  the  commerc ial  gas  

sensor,  a  s tab le  response  could  be  obta ined  wi th  a  s tandard  devia t ion  of  0 .62 –

1.24  compared  wi th  1 .72–3.03  for  the  semiconductor  sensor.  
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Figure  5 .5 :  Concent ra t ion  de pendence  under  EtOH exposure  i n  in te r ferometers  

wi th  a  0 .4  µm a i r  gap  and a  100  µm diameter.  (Er ror  bar  means  s tandard  devia t ion 

of  9  in te r ferometers . )  

(a) (b) 

Figure  5 .6 :  Es t imat ion  of  the  LOD of  EtOH in  MEMS Inte r ferometer  us ing 

semiconductor  gas  sensor.  (a )  Output  response  of  semiconductor  gas  sensor  and 

(b)  cor re la t ion  be tween d i lu t ion  ra te  and concent ra t ion  of  EtOH.  (Er ror  bar  means 

s tandard  devia t ion  of  3  semiconductor  gas  sensors . )  
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5 . 5  I m p r o v e m e n t  o f  L O D  b y  o p t i m i z i n g  g e o m e t r y  p a r a m e t e r s  

For  fur ther  improvements  in  minimum LOD,  the  sens i t iv i ty  of  the  MEMS 

sur face -s t ress  sensor  was  adjus ted  by  changing the  membrane  d iameter  and 

th ickness .  F ig .  5 .7a  shows changes  in  the  sur face -s t ress  sensi t iv i ty  when the  

d iameter  of  the  deformable  membrane  expanded f rom 100 µm to  200 and 300 µm.  

The  sur face -s t ress  sens i t iv i ty  increase d  by  n inefold  when the  d iameter  was 

extended by  a  fac tor  of  three .   

The deformable  membrane  was  fur ther  th inned wi thout  expanding the  d iameter.  

Subsequent ly,  the  sur face -s t ress  sens i t iv i ty  of  the  in te r ferometers  wi th  50 -nm-

th ick  pary lene  C  and  100-nm-th ick  PMMA, which  are  the  minimum th ickness  

formed by  dry  t ransfer  and  sp in  coa t ing ,  respec t ive ly,  were  measured .  Here ,  the  

sur face -s t ress  sens i t iv i ty  increased  by  approximately  four fo ld  (Fig .  5 .7b) ,  which  

was  equiva lent  to  125  µN/m ,  which  was  the  ana lys i s  va lue  of  sens i t iv i ty  when the  

d iameter  was  doubled .  Therefore ,  the  de tec t ion  l imit  was  expected  to  increase  by 

more  than  one  order  of  magni tude  by  s imul taneous ly  increas ing  the  a rea  of  the 

deformable  membrane and reducing  the th ickness .  The  sens ing  area  s ize  and LOD 

of  the  e thanol  sensors  opera ted  under  room temperature  a re  summarized  in  Table 

5 .1 .  The  fabr ica ted  in te r ferometer  a rea  was  more  than  two orders  of  magni tude 

smal ler  than  tha t  of  the  convent ional  p iezores i s t ive  sur face -s t ress  sensor,  and  i t  

had  super ior  de tect ion  l imit s .  The  sub -micron gap  in ter ferometr ic  sur face -s t ress  

sensor  presented  here  exhib i ted  ppm-level  gas  de tec t ion ,  which  was  a lmost  

equiva lent  to  the  per formance  of  the  la tes t  semiconductor -based  gas  sensor  a t  

room temperature .  By opt imiz ing  the  geomet ry  parameters ,  a  sensor  tha t  can  

de tec t  sub-ppm e thanol  concent ra t ions  can  be  developed,  which  exceeds  the 

de tec t ion  per formance  of  convent ional  room -tempera ture  gas  sensors .  
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(a) (b) 

Figure  5 .7 :  Improvement  o f  de tec t ion  l imi t s  by  op t imiz ing  the  sur face  s t ress  

sens i t iv i ty  o f  in te r fe rometer s .  In  the  ca se  o f  (a )  expanding  the  d iame ter  and  (b)  

th inn ing  of  the  defo rmable  membrane .  

Table  5 .1  Compar i son  of  EtOH sens ing  repor t s  a t  room tempera ture .  

D e v i c e  t y p e  S e n s i n g  a re a  ( µ m 2 )  

L O D  f o r  

E t O H  

( p p m )  

L O D  f o r  

s u r f a c e  

s t re s s  

( µ N / m )  

R e f .  

S n O 2 – r G O  

h y b r i d  f i l m  
N / A  1  N / A  [ 8 6 ]  

P i e z o r e s i s t i v e  

c a n t i l e v e r  

1 . 2  ×  1 0 6  

S i  b r i d g e  s t r u c t u r e  

( 1 . 1  m m  × 1 . 1  m m )  

2 0 0  N / A  [ 8 8 ]  

( a )  T h i s  s t u d y  

( E x p e r i m e n t )  

7 . 9  ×  1 0 3  

1 0 0  µ m  i n  d i a m e t e r  

3 0 0  n m  i n  t h i c k n e s s  

( 1 5 0 x  s m a l l e r  t h a n  t h e  p i e z o r e s i s t i v e  t y p e )  

5  5 0 0  N / A  

( b )  T h i s  s t u d y  

( A n a l y s i s )  

2 . 4  ×  1 0 4  

3 0 0  µ m  i n  d i a m e t e r  

3 0 0  n m  i n  t h i c k n e s s  

( 5 0 x  s m a l l e r  t h a n  t h e  p i e z o r e s i s t i v e  t y p e )  

N / A  1 2 5  N / A  

( c )  T h i s  s t u d y  

( A n a l y s i s )  

2 . 4  ×  1 0 4  

3 0 0  µ m  i n  d i a m e t e r  

1 5 0  n m  i n  t h i c k n e s s  

( 5 0 x  s m a l l e r  t h a n  t h e  p i e z o r e s i s t i v e  t y p e )  

N / A  5 5  N / A  
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5 . 6  C o n c l u s i o n  

This  chapter  descr ibes  the  depos i t ion  of  PMMA, which  ac t s  as  a  gas - reac t ive  

layer,  on to  the  cavi ty -sea led  MEMS in ter ferometer  wi th  h igh  sur face -s t ress  

sens i t iv i ty,  and  the  concent ra t ion  dependence  and LOD of  the  sensor  to  vola t i l e  

e thanol  exposure  i s  eva lua ted  by  obta in ing  the  spec t ra l  response .  We demonst ra te  

tha t  the  spec t ra l  response  ca n  be  improved by  nar rowing the  a i r -gap  length  of  the  

in te r ferometer  to  0 .4  µm ;  we successfu l ly  de tec ted  vola t i l e  e thanol  a t  a  

concent ra t ion  of  5  ppm in  a  room -tempera ture  envi ronment .  The  resul t s  indicated  

tha t  the  sens i t iv i ty  of  the  sensor  i s  comparable  to  tha t  of  a  semiconductor -based 

sensor,  which  has  the  h ighes t  sens i t ivi ty  for  measur ing  e thanol  a t  room 

tempera ture  and sugges ted  the  feasib i l i ty  of  a  sensor  that  can  de tec t  sub -ppm 

e thanol  concent ra t ions  a t  room tempera ture  by  o pt imiz ing  the  shape  parameters  

of  the  in te r ferometer.  The  key  poin t s  of  th i s  chapter  a re  as  fo l lows:  

【 Exper imenta l  resul t s】  

1 .  The spec t ra l  response of  50% di lu ted  vola t i l e  e thanol  to  in ter ferometers  wi th 

d i ffe rent  a i r -gap  lengths  of  0 .4 ,  0 .8 ,  and  2 .6  µm was  acqui red  and the  

revers ib le  response  because  of  the change  in  gas  concent rat ion  was  conf i rmed 

for  a l l  in ter ferometers .  

2 .  In  the  in te r ferometer  wi th  an  a i r -gap  length  of  0 .4  µm,  the  change  in  the  peak 

sh i f t  increased  by  2 .0  and 11 .1  t imes  compared  wi th  the  0 .8 -  and  2 .6 -µm 

in ter ferometers ,  respec t ive ly.  

3 .  In  an  in te r ferometer  wi th  an  a i r -gap  length  of  0 .4  µm,  a  l inear  response 

be tween 5–110 ppm of  vola t i l e  ethanol  concent ra t ion  was  obta ined ,  and  the 

LOD of  the  sensor  was  5  ppm.  

4 .  The opt imizat ion  of  the  d iameter  and  th ickness  of  the  deformable  membrane 

in  an  in ter ferometer  sugges t ed  the  feas ib i l i ty  of  a  sensor  tha t  can  de tect  

e thanol  a t  a  concent ra t ion  of  sub -ppm order,  surpass ing  convent ional  gas  

sensors  tha t  can  opera te  in  room-temperature  envi ronments .  

  



Chapter 6. Detection of neurotransmitter by MEMS interferometer  

with molecularly imprinted polymer 

91 

 

Chapter 6.  Neurotransmitter detection using the 

MEMS interferometer with 

molecularly imprinted polymer 

6 . 1  P r e f a c e  

Thus  far,  we  have  demonst ra ted  that  the  fabr ica ted  MEMS in ter ferometers  can 

de tec t  both  macromolecular  pro teins  in  l iquids  and gas  molecules  in  a i r  wi th 

grea ter  sensi t iv i ty  than  convent ional  sensors .  Therefore ,  i f  a  bio - in ter face  that  

can  adsorb  neurot ransmi t ter s  can  be  cons t ruc ted  on  the  sensor,  we  can  de tec t  smal l  

molecules  which  have  been  d i ff icul t  to  detec t  us ing convent ional  sur face-s t ress  

sensors .   

As th i s  chapter  descr ibes ,  an  MIP was in t roduced on  the cavi ty -sealed  

in te r ferometer  to  de tec t  neurot ransmi t te r s  as  an  example  of  a  smal l  s ize  molecule .  

F i r s t ,  a  summary of  the  charac ter i s t i cs  of  typica l  MIP i s  in t roduced.  Next ,  the  

fabr ica t ion  procedure for  forming the  MIP onto  the  cavi ty -sea led  in te r ferometer  

i s  descr ibed .  Thi rd ,  the  composi t ion  of  th i s  MIP and the  format ion  of  the 

neurot ransmit te r  templa te  a re  eva lua ted .  Fina l ly,  us ing  the  MIP which  conf i rmed 

the  templa te  format ion ,  the  de tec tabi l i ty  of  neurot ransmit te r s  i s  descr ibed  by 

compar ing  the  sensor  response  because  of  the  presence  or  absence  of  

neurot ransmit te r s .  

6 . 2  A i m i n g  f o r  t h e  d e t e c t i o n  o f  n e u r o t r a n s m i t t e r s  

In  the  bra in ,  neurot ransmi t ter s  a re  re leased  f rom the  presynapt ic  ce l l  to  the 

pos t synapt ic  ce l l ,  and  they  have  a  s igni f icant  funct ion  in  the  con t ro l  of  the  mind.  

For  example ,  dopamine  (DA)  i s  known to  cause  exc i tement ,  such  as  joy  and 

p leasure ,  noradrenal ine  to  cause  anger,  anxie ty,  and  fear  in  response  to  s t ress ,  

and  sero tonin  to regula te  the secre t ion  amount  of  DA and noradrenal ine  and to 

s tab i l i ze the  mind.  The imbalance  of  these  concent ra t ions  i s  known to  cause 

var ious  d i seases ,  and a  decrease  in  the  concent ra t ion  of  DA i s  h ighly  cor re lated 

wi th  the  occur rence  of  Parkinson ' s  d i sease  [95] ,  which  causes  impai red  motor  

funct ion .  An excess ive  increase  in  DA leve ls  have  been  repor ted  to  cause 

Hunt ington ' s  d i sease  [96] ,  in  which  the  l imbs  move aga ins t  the ir  wi l l .  Therefore,  

i f  these  concent ra t ions  can  be  measured  da i ly,  and  countermeasures  can  be 
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implemented ,  the  number  of  pa t ients  wi th  these  d i seases  can  be  reduced .  For  the  

de tec t ion  of  these  neurot ransmi t te r s ,  MEMS sur face -s t ress  sensors  based  on  

receptor-b inding  pro te ins  and FET biosensors  based  on  enzymatic  reac t ions  have 

been  developed and the i r  sens i t ivi ty  has  been  improved.  In  the  former,  by  focus ing  

on  the  abi l i ty  of  receptor -b inding  pro te ins  to  change  their  own s t ruc ture 

depending on  neurot ransmi t te r ' s  concent ra t ion ,  and  de tec t ing  sur face  s t ress  

change  because  of  the  s t ruc tural  change ,  ace ty lchol ine  (ACh) ,  which  i s  a  known 

neurot ransmit te r,  was  de tec ted  a t  a  concent ra t ion  of  10  nM  [97] .  In  the  la t t e r,  by  

de tec t ing  the  change  i n  charge  dens i ty  in  hydrogen ion  caused  by  enzyme reac t ion ,  

ACh a t  a  concent ra t ion  of  0 .5 –1000 uM was  de tec ted  [98] .  However,  the  receptor-

b inding  pro te ins  used in  the  previous  report  have  severa l  problems:  the  reagents  

a re  expens ive ,  de tec table  smal l  molecules  a re  l imi ted ,  and  they  lack  versa t i l i ty ;  

thus ,  there  a re  few examples  of  de tec t ing  neurot ransmit te r s  us ing  sur face -s t ress  

sensors .  The  la t te r  method us ing  enzyme a l so  has  sever a l  problems:  l ack  of  

s tab i l i ty,  expens ive ,  and  requi re  much  t ime to  produce ,  thus  not  be ing  su i tab le  

for  long- te rm s torage [99] .  Therefore ,  MIPs  have  become popular  as  a l te rna t ives  

to  these  molecular  adsorpt ion  layers .  This  t echnique  u t i l i zes  the spec i f ic  b inding  

of  t a rge t  molecules  to  the  templa te  by forming a  template  of  the  ta rge t  molecule 

ins ide  the  MIP.  The  molecular  imprin t ing method has  several  fea tures :  i t  can  be 

developed for  any  templa te ,  i t  i s  s table  in  var ious  condi t ions  (pH,  tempera ture ,  

ionic  s t rength ,  so lvents ) ,  cos t -e ffec t ive synthes i s ,  and  long te rm s torage  wi thout  

loss  in  per formance  ( se vera l  months  to  years )  [100] .  However,  when forming 

macromolecular  templa tes ,  the  problem of  vary ing  b inding  aff in i ty  i s  encountered 

because  of  i t s  s t ruc tura l  change .  Therefore ,  when de tec t ing  macromolecules  us ing 

MIPs ,  the  format ion  of  ep i tope  templa tes ,  which  i s  the  smal lest  s i t e  where  the 

ant ibody molecule  recognizes  the  ant igen molecule ,  has  been  proposed  [101] .  

However,  s ince  producing  the  epi topes  i s  expens ive ,  the  ant ibody -based  method 

i s  a  pract ica l  so lu t ion  of  de tec t ing  macromolecules  in  sur face -s t ress  sensors .  As 

an  example  of  MIP devices ,  by  forming an  MIP on the  ga te -e lec t rode  of  an  FET 

and by  de tec t ing  the change  charge  dens i ty  caused  by  the  ta rge t  adsorpt ion  to  the 

templa tes ,  DA,  which  i s  known as  a  neurot ransmit te r,  has  been  successfu l ly 

de tec ted  a t  a  concent ra t ion  of  96  nM [99] .  Therefore ,  i f  t h i s  MIP can  be  formed 

on  the  MEMS in ter ferometer,  low-molecular-weight  neurot ransmi t ter s  tha t  have  

been  d i ff icu l t  to  de tec t  us ing  convent ional  sur face -s t ress  sensors  can  be  de tec ted .  
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6 . 3  I n t r o d u c t i o n  o f  m o l e c u l a r l y  i m p r i n t e d  p o l y m e r s  

Table  1  shows typica l  monomers  and format ion  techniques  for  MIP s  and the i r  

fea tures .  Oxida t ive  polymer izat ion  [102]–[104] ,  in  which  MIPs  are  formed by  

supply ing  oxygen to  the  re ac t ion  so lu t ion ,  can  be  formed on  any subs t ra tes ,  but  

forming  them wi th  uni form f i lm th ickness  and dens i ty  i s  d i ff icu l t .  Fur thermore ,  

the  deformable  membrane  eas i ly  s t i cks  to  the  Si  subs t rate  when the  bubbles  

genera ted  dur ing  oxygen supply  touch the  f rees tanding  s t ructure ,  resu l t ing  in  

device  fa i lure .  In  addi t ion ,  MIPs  us ing  UV i r radia t ion  are  formed by  drop -cas t ing  

a  mixture  of  t a rget  molecules  and cross - l inkers  in  a  low-molecular-weight  so lvent ,  

fo l lowed by  the  c ross- l inking  of  the so lvent  us ing  UV i r radia t ion  [105] ,  [106] .  In 

th i s  t echnique ,  the  MIP s  can  be  formed only  in  the  i r radia ted  area  by  immersion 

in  a  s t r ipping  so lu t ion  af te r  exposure  wi th  a  shadow mask dur ing  UV i r radia t ion.  

However,  because  of  the  use  of  the  ac id ic  so lu t ion  in  the  process  of  removing the  

impr in ted  molecules ,  ava i lab le  mater ia l s  in  the  sensor  a re  l imited .  In  cont ras t ,  

e lec t rochemica l  polymer iza t ion  [107]–[110] ,  in  which  MIPs are  formed by 

repea ted  potent ia l  sweeping in  the  react ion so lu t ion ,  i s  charac ter ized  by  the  easy 

cont ro l  of  f i lm th ickness  and the  format ion  of  h igh -dens i ty  polymer ized  f i lms ;  i t  

can  be  used  only  on  conduct ive  mater ia l s .  In  addi t ion ,  when  DA is  used  as  the  

impr in t ing  molecule ,  the  DA is  removed by  immers ion  in  ethanol ,  and  templates  

can  be  eas i ly  formed [111] .  When forming MIPs  on  the  MEMS in ter ferometer,  a  

h igh-dens i ty  MIP should  be  formed to  uni formly  apply  sur face  s t ress  to  the 

deformable  membrane .  Fur thermore ,  se lect ing  h ighly  re f lec t ive mater ia l s  for  the 

mir ror  sur face  of  the  in te r ferometer  improves  the  wavelength  se lec t iv i ty  and the  

output  response  when a  smal l  def lec t ion  of  the  deformable  membrane  occurs  [93] .  

Therefore ,  we  se lec ted  polypyr ro le  (PPy)  formed us ing e lec t rochemica l  

polymer izat ion  as  the MIP layer  to  sa t i s fy  these  condi t ions .  

  



Chapter 6. Detection of neurotransmitter by MEMS interferometer  

with molecularly imprinted polymer 

 

94 

 

Table  6 .1 .  Compar i son  of  MIP -based  common monomers  and polymer iza t ion 

procedure ,  and  the i r  proper t ies .  

M o n o m e r  
P o l y m e r i z a t i o n  

P ro c e d u r e  
A d v a n t a g e  D i s a d v a n t a g e  

D o p a m i n e  O x i d a t i o n  
C a n  b e  f o r m e d  o n  a n y  

s u b s t r a t e  

U n a b l e  t o  f o r m  u n i f o r m  

f i l m  t h i c k n e s s  a n d  d e n s i t y  

B o r o n i c  

a c i d  
U V  E a s y  p a t t e r n i n g  

U V i m p a i r s  t h e  f l e x i b i l i t y  

o f  t h e  m o v a b l e  m e m b r a n e  

P y r r o l e  E l e c t r o c h e m i c a l  

C a n  b e  f o r m e d  h i g h -

d e n s i t y  p o l y m e r i z e d  

f i l m  w i t h  e a s y  c o n t r o l  

o f  f i l m  t h i c k n e s s  

C a n  b e  f o r m e d  o n l y  o n  

c o n d u c t i v e  m a t e r i a l s  

6 . 4  F a b r i c a t i o n  p r o c e d u r e  

Fig .  6 .1  shows the  fabr ica t ion  procedure  of  the  MEMS in ter ferometer  wi th an  

MIP f i lm.  This  MEMS in ter ferometer  form ed a  cavi ty -sea led  s t ruc ture  through the  

dry  t ransfer  of  nanosheets  fabr icated  f rom  conduct ive  mater ia l s  (e .g .  Au)  and 

parylene  deform able membrane  to  the  cavi ty - formed chip .  The  de ta i l s  of  the  

fabr ica t ion  procedure a re  as  fo l lows:  

( a )  Cavi t ies  were  formed us ing  deep  RIE on the  Si  subs t rate .  S ince  the  cavi ty 

depth  formed in  this  process  correspond ed to  the  ai r -gap  length  of  the 

in te r ferometer,  the  cavi ty  depth  was  se lec ted  such  tha t  the deformable  

membrane  d id  not  adhere  to  the  bot tom sur face  through  l iquid  pressure .  

(b)  After  the  adhesion  on  Si  was  improved through  s i lane  coupl ing  t rea tment ,  

pary lene  C was  depos i ted  us ing  vapour  depos i t ion .  This  pary lene  funct ioned 

as  a  b inder  when parylene  funct ion ing  as  the  deformable  membrane  was 

t ransfer red  to  the  chip  wi th  cavi t i es .  

( c )  Parylene  C was  depos i ted  on  the  Si  subs t ra te  a f ter  sp in  coa t ing  wi th  a  

sur fac tant  (Micro -90,  Products  Corp . ) ,  and  then  Au was  depos i ted  us ing  a  

shadow mask to  form the  e lec t rode  shape .   

(d)  After  the  car r ie r  t ape was  a t tached to  the  wafer,  the  Au/parylene  C f i lm was  

re leased  f rom the  Si  subs t ra te  by  immers ing  i t  in  DIW and reac t ing  i t  wi th  a  

sur fac tant .  

( e )  The re leased  deformable  membrane  was  t ransfer red  to  the  chip  wi th  cavi t i es  

on  poly te t ra f luoroe thylene  (PTFE) ,  fo l lowed by  the  appl ica t ion  of  hea t  a t  

160 °C for  1  h .  
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( f )  The in ter ferometer  was  immersed  in  a  mixed so lu t ion  cons is t ing  of  KCl  

buffer :Pyr ro le :DA = 100:10:20  mM. By per forming a  potent ia l  sweep for  three 

cyc les  in  a  range  of  -1–1 V and a  speed of  0 .04  V/s  v ia  a  potent ios ta t ,  PPy of  

MIP f i lms  on  Au were  se lec t ive ly  formed.  

(g)  The dopamine  impr in ted  ins ide  the  polypyr ro le  l ayer  was  removed by 

immers ion  in  e thanol  and  templa tes  a re  formed in  the  f i lm.  

(h)  The car r ie r  t ape  and PTFE were  removed f rom the  chip .  

Figure  6 .1 :  Fabr ica t ion  procedure  of  MEMS in ter ferometer  wi th  molecular  

impr in ted  polymer  f i lm  
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6 . 5  F a b r i c a t i o n  r e s u l t s  

Fig .  6 .2  shows an  op t ica l  microscope  image  of  the  fabr ica ted  in te r ferometer  

wi th  an  MIP f i lm and the  re f lect ion  spect rum obtained  when whi te  l ight  was  

i r radia ted to  the in te rferometer.  The  area  funct ion ed as  the  deformable  membrane 

of  the  in ter ferometer  was  formed to  be 50 µm in  d iameter  (Fig .  6 .2a) .  F ig .  6 .2c  

shows the  re f lec t ion  spec t rum when the  l ight  was  i r radia ted  a t  the  cent re  par t  of  

the  in te rferometer  using  an  opt ical  f ibre  wi th  a  d iameter  of  200 µm and a  20 × 

objec t ive  lens .  The  obta ined  ref lec t ion  spec t ra  a re  p lo t ted  on  the  graphs  wi th  t he  

opt ica l  ana lys i s  resul t s  based  on  the  opt ica l  ana lys i s  model  of  the  in te r ferometer  

shown in  Fig .  6 .2b .  Al l  the  peaks  of  the ana ly t ica l  waveforms were  in  good 

agreement  wi th  the  measured  va lues ,  indica t ing  tha t  the  in te rferometer  s t ructure 

which  was  c lose  to the  ana ly t ica l  model  was  formed;  the  domain  s t ructure 

observed  on  the  f i lm was  cons idered  to  be  caused  by  the  non -uni form s t res s  

appl ied  to  the  deformable  membrane  because  of  the  loca l  depos i t ion  of  aggregates  

of  Pyr ro le ,  a  monomer  of  PPy,  on  Au.  This  phenomenon could  be  so lved  by  se t t ing 

a  s lower  sweep ra te  dur ing  e lec t rochemica l  polymer iza t ion .  

Figure  6 .2 :  (a )  Opt ica l  microscope  image  and (b)  opt ica l  ana lys i s  model ,  and  (c)  

re f lec t ion  spec t ra  of  developed Fabry -Perot  in te r ferometer  and  ana lys i s  curve .  

The composi t ion  of  the  PPy f i lm formed by  e lec t rochemica l  polymer iza t ion  was 

eva lua ted  us ing  Raman spec t roscopy in  the  s ta te  of  presence  or  absence  of  DA.  

Fig .  6 .3  shows the  measured  Raman spect ra .  In  the  previous  research  [111] ,  peaks 

owing to  the  C=C bond in  PPy were  repor ted  to  appear  a t  1335,  1414,  and  1590  

cm - 1 ,  and  weak  peaks  a t  1265 –1269 cm - 1  and  1479–1495 cm - 1  owing to  the  C-O 

bond in  DA.  In  the  Raman spec t ra  obtained  immedia te ly  a f te r  PPy format ion ,  PPy -

der ived  peaks  (1334,  1416,  1590  cm - 1 )  and  DA-der ived  peaks  (1267,  1486  cm - 1 )  

appeared ,  whi le  a f te r  removal  of  DA,  only  three  PPy-der ived  peaks  (13 35,  1414,  
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1590 cm - 1 )  appeared .  These  resul t s  sugges ted  tha t  DA was  removed  and the 

templa tes  were  formed in  the  MIP f i lm.  

 

(a) (b) 

Figure  6 .3 :  Raman spec t ra  in  molecular  impr in ted  polymer  (a )  af te r  depos i t ion  of  

PPy and (b)  a f te r  removal  of  DA.  

6 . 6  A c q u i s i t i o n  o f  s e n s o r  r e s p o n s e  t o  n e u r o t r a n s m i t t e r  

Fig .  6 .4  shows a  schemat ic  diagram of  the  exper imental  se tup  to measure  the 

response  of  the  adso rpt ion  of  neurot ransmi t ter s .  In  th i s  exper iment ,  the  sensor  

ch ip  wi th  DA te mpla tes  was  immersed  in  PBS for  60  min ,  and  then  a  PBS solu t ion  

conta in ing  DA was  added  to  br ing  the  f ina l  concent ra t ion  to  1  µM.  In  th i s  

condi t ion ,  F ig .  6 .5  shows the  t ime course  o f  the  re f lec t ion  spec t ra  when the  l ight  

was  i r radia ted  to  the  in te r ferometer  immersed  in  PBS solu t ion .  Immediate ly  a f te r  

the  DA addi t ion ,  no  var ia t ion  was  observed in  the  re f lec t ion  spec t rum,  but  i t  r ed -

shi f t ed  wi th  t ime .  Figs .  6 .6a  and 6 .6b  show the  t ime vs .  peak  sh i f t  amount  of  the  

re f lec t ion  spec t rum in  the  condi t ions be tween the  absence  and presence  of  DA.  

For  the  scenar io  of  immers ion  in  PBS wi thout  DA,  the  amount  of  sh i f t  was  

approximate ly  2  nm,  whereas  wi th  DA,  the  amount  of  sh if t  increase d  gradual ly 

a f te r  20  min  of  immers ion ,  and  the  amount  of  sh i f t  increase d  by approximately  5 

nm a t  100 min .  In  addi t ion ,  the  peak  sh if t  per  uni t  t ime increase d  1 .4- fo ld  to 

0 .0372 nm/min af te r  DA was  added ,  compared  wi th  0 .0269  nm/min for  immers ion 

in  PBS wi thout  DA.  This  sugges ted  tha t  DA was  gradual ly  captured  by  the  

templa te  in  the  PPy f i lm by the  DA addi t ion ,  and  dur ing  the  expans ion  process  of  

the  PPy f i lm,  compress ive  s t ress  was  appl ied  to  the deformable  membrane 
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undernea th  the  PPy f i lm,  caus ing  the  membrane  def lec t ion.  These  resul t s  

sugges ted  tha t  we obta ined  the  spec t ra l  response  due  to  the  adsorpt ion  of  DA.  

Figure  6 .4 :  Schematic  d iagram of  exper imenta l  se tup  for  de tec t ing  def lec t ion  of  

deformable  membrane caused  by  DA adsorp t ion  to  the  templa te .  

Figure  6 .5 :  Ref lec t ion  spec t ra l  sh i f t  a f te r  dropping DA in  an  inte r ferometer  with  

a  5 .45  µm a i r  gap  and a  50  µm diameter.  
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(a) (b) 

Figure  6 .6 :  Time cour se  of  the  amount  of  peak  sh i f t  in  the  re f lec t ion  spec t rum in 

an  in te r ferometer  with  a  5 .45  µm a i r  gap  and a  50  µm diameter.  (a )  Response  to  

immers ion  in  PBS and (b)  response  to  a  DA drop a t  a  f ina l  concent ra t ion  of  1  µM.  

 

However,  s ince  the  sh i f t  amount  in  the  re f lec t ion  spec t rum due  to  DA adsorpt ion  

was  smal l  ( approximate ly  5  nm) ,  a  new inter ferometer  wi th  a n  a i r-gap  length  of  

2 .82  μm and a  d iameter  of  300 μm was  fabr ica ted  to  improve  the  response ,  and  

the  MIP f i lms  were formed us ing  e lec trochemica l  polymer iza t ion  under  the 

condi t ions  descr ibed  in  Sec t ion  6 .4 .  F igs .  6 .7  and 6 .8  show the  re f lec t ion  spec t ra  

and t ime course  of  the  spec t ra  when the  DA -conta in ing  PBS solu t ion  was  added  

to  the  sensor  ch ip  to  br ing  the  f ina l  concent ra t ion  to  1  µM af te r  the  sensor  ch ip 

was  immersed  in  PBS solu t ion  for  180 min .  According  to  the  resul t ,  the  peak 

pos i t ion  of  the  re f lect ion  spec t rum did  not  f luc tua te  a t  a l l  dur ing  the  immers ion 

in  PBS.  For  the  peak  sh i f t  amount ,  the  peak  sh i f t  of  the  spec t rum in  absence  of  

DA was  observed  to  be  negat ive  by  approximate ly  7  nm wi th in 15  min ,  and  then  

i t  approached zero .  This  response  was  considered  to  be  caused  by  a  change  in  the 

pressure  of  the  l iquid dur ing  immersion ,  which  cause d  the  deformable  membrane 

to  temporar i ly  s ink  and then  re turn  to  the  in i t i a l  s tate .  In  cont ras t ,  for  the  presence 

of  DA,  the  spec t rum red -shi f ted  wi th  t ime .  For  the  amount  of  the  peak  sh i f t ,  we 

observed  a  negat ive  sh i f t  of  approximate ly  3  nm immedia te ly  a f te r  the  addi t ion ,  

and  a  pos i t ive  sh i f t  occur red  af te r  16  min .  This  response  was  cons idered  to  be  due  

to  the  deformable  membrane  tempora l ly  sunk by  l iquid  pressure ,  and  then  the  

expans ion  of  the  PPy f i lm because  of  the  adsorpt ion  of  DA and the  increase  in  the 

Coulomb repuls ive  force  occur red .  Befo re  and af te r  changing the  geomet ry  

parameters  of  the in te r ferometer,  the  peak sh i f t s  tha t  occurred wi th in  180 min 

af te r  adding  1  μM DA were  approximate ly  4  nm before  and approximate ly  25  nm 
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af te r  the  change ,  and  we conf i rmed tha t  the  response  amount  improved by  

approximate ly  6 .3  t imes .  These  resul t s  sugges ted  the  poss ib i l i ty  of  l abe l -f ree 

de tec t ion  of  neurot ransmi t ter s  us ing  MEMS in ter ferometer  wi th MIP f i l ms .  

 

(a) (b) 

Figure  6 .7 :  Ref lec t ion  spec t ra l  sh i f t  in  an  in te r ferometer  wi th  a  2 .82  µm a i r  gap  

and a  300  µm diameter.  (a )  Response  to  immersion  in  PBS and  (b)  response  to  a  

DA drop a t  a  f ina l  concent ra t ion  of  1  µM.  

(a) (b) 

Figure  6 .8 :  Time cour se  of  the  amount  of  peak  sh i f t  in  the  re f lec t ion  spec t rum  in 

an  in te r ferometer  wi th  a  2 .82  µm a i r  gap  and a  300 µm diameter.  (a )  Response  to  

immers ion  in  PBS and (b)  response  to  a  DA drop a t  a  f ina l  concent ra t ion  of  1  µM.  
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6 . 7  C o n c l u s i o n  

In  th i s  chapter,  to  de tec t  smal l  neurot ransmit te r s  in  the cavi ty -sea led 

in te r ferometer,  a  molecular ly  impr inted polymer  (MIP) ,  which  can  adsorb 

neurot ransmit te r s ,  i s  in t roduced .  A fabr ica t ion  procedure  for  the  format ion  of  MIP 

on the  in te r ferometer  was  proposed,  and  a  PPy f i lm wi th  a  t empla te  of  the 

neurot ransmit te r  DA was  formed on  the  fabr ica ted  in ter ferometer  us ing 

e lec t rochemica l  polymer iza t ion .  In  addi t ion ,  Raman spec t roscopy was  per formed 

to  conf i rm the  format ion  of  DA templa tes  in  the  PPy f i lm.  In  th i s  sample,  

d i ffe rences  in  the  spec t ra l  responses  were obta ined  in  the  presence  and absence  

of  DA,  sugges t ing  the  poss ib i l i ty  o f  de tect ing  smal l  neurot ransmi t ter s .  The  key  

poin t s  of  th i s  chapter  a re  as  fo l lows:  

【 Fabr ica t ion  and exper imental  resul t s】  

1 .  An 80 nm- th ick  MIP f i lm (PPy)  conta in ing  the  DA was  formed us ing  

e lec t rochemica l  polymer iza t ion  onto  the  inte r ferometer  wi th the  cavi ty -sea led 

s t ruc ture .  

2 .  Using  Raman spec t roscop y,  DA and PPy-der ived  peaks  were  observed 

immedia te ly  af te r  impr in t ing  DA,  and only  PPy -der ived  peaks  were  observed 

af te r  immers ion  in  e thanol ,  sugges t ing  that  the  impr inted  DA was  removed 

f rom PPy and the  DA templa tes  were  formed.  

3 .  After  immersing  the  sensor  ch ip  wi th  DA templa tes  in  PBS,  the  t ime course 

of  the  re f lec t ion  spectra  was  obta ined  when the  DA -conta in ing  PBS was  added  

to  make  the f ina l  concent ra t ion  1  µM.  As  a  resul t ,  the peak  sh i f t  per  uni t  t ime 

increased  1 .4  t imes  to  0 .0372 nm/min af te r  DA was  added ,  compared  wi th  

0 .0269 nm/min  when the  sample  was  immersed  in  PBS wi thout  DA.  

4 .  We conf i rmed tha t  the  sensor  response  of  DA a t  a  concent ra t ion  of  1  µM 

increased  by  6 .3 - fold  by  changing the  geomet ry parameters  of  the 

in te r ferometer.  
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Chapter 7.  Overall conclusion 

7 . 1  S u m m a r y  

In  th i s  paper,  we  have  descr ibed  the development  of  sensors  tha t  can 

comprehens ive ly  detec t  molecules  of  var ious  s izes  wi thout  ex tending  the  Debye  

length .  The  MEMS opt ica l  in te rferomet r ic  sur face -s t ress  sensor  proposed by  our  

l abora tory  can  comprehens ive ly  de tec t  low -concent ra t ion  and smal l  molecules ,  

which  have  been  d i ff icu l t  to  de tec t  us ing  convent ional  sur face -st ress  sensors ,  as  

wel l  as  l a rge  molecules  exceeding  the  Debye  length  by  opt imiz ing  the  wavelength 

se lec t iv i ty  and geomet ry  parameters  of  the  in te r ferometer.  Therefore ,  for  the 

h ighly  sens i t ive  de tec t ion  of  t a rge t  molecules  of  var ious  s izes ,  in te r ferometers  

wi th  meta l  ha l f -mirrors  s t ruc ture  and cavi ty -sea led  s t ruc ture wi th  opt imized 

geomet ry  parameters ,  which  can  improve  the  de tec t ion  per formance  of  the  sensor,  

were  fabr ica ted  an d  b io- in ter faces  for  adsorbing  molecules  on  the  sensor  were  

cons t ruc ted .  By conduct ing  the  above  tasks ,  we  a imed to  develop  the  sensor  for  a  

l abe l - f ree and comprehens ive  de tect ion  of  pro te ins  and neurot ransmi t te r s  in 

l iquids  and gas  molecules  in  a i r.  

In  Chapter  2 ,  the  se lec t ion  of  the  mir ror  mater ial  and  opt ical  des ign ,  and 

ana lys i s  of  sur face -st ress  sens i t iv i ty  of  the in te r ferometer  for  the  rea l izat ion  of  a  

meta l  ha lf -mir rors  s t ruc ture  a re  presented ,  and  opt imized  sensor  s t ruc ture  and 

f i lm th ickness  condi t ions  a re  descr ibed .  According  to  these  design  and ana lys i s ,  

we  observed  tha t  only  the  wavelength  se lec t iv i ty  can  be  increased  wi thout  

decreas ing  the  sur face -s t ress  sens i t ivi ty  by des igning  the  appropr ia te  coverage  of  

the  upper  ha l f -mir ror,  and  the  wavelength  se lec t iv i ty  in  the  near - inf rared region 

can  increase  by  10 .7- fo ld  by  forming 50  nm - th ick  Au ha l f -mir rors  on  the  top  and  

bot tom of  the  deformable  m embrane .  In  addi t ion ,  when the  a i r  gap  i s  increased 

by  up  to  10  nm,  the  t ransmiss ion  intens i ty  changes  of  52 .93% can be  obta ined  for  

the  Au-mir rored  s t ructure ,  which  i s  es t imated  to  improve  the  output  response  to 

smal l  def lect ion  of  the  deformable  membrane .  Fina l ly,  the  MEMS in ter ferometer  

wi th  Au a  ha l f -mir ror  s t ruc ture  tha t  ref lec t s  the  above  f indings  was  fabr ica ted ,  

and  we successfu l ly  improved the  wavelength  se lec t iv i ty  of  the  in te r ferometer ,  

which  was  conf i rmed to  be  6 .6  t imes  h igher  than  tha t  of  a  convent ional  

in te r ferometer  wi th  no  mir rors .  

In  Chapter  3 ,  to  obta in  the  sensor  response because  of  the  adsorpt ion  of  t a rget  

molecules ,  a  method of  an t ibody modi f ica t ion  us ing  an  SAM on the  upper  Au 
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mirror  i s  es tabl i shed.  By immers ing  the sensor  wi th  BSA ant ibodies  a t  the 

te rminal  group of  SAM in  a  BSA ant igen  so lu t ion  a t  a  con cent rat ion  of  5  µg /mL, 

the  deformable  membrane  was  deformed by  the  ant igen–ant ibody  reac t ion  to  64  

nm in  30  min ,  resul t ing  in  a  13 .6% change  in  t ransmit ted  l ight  in tens i ty  tha t  would 

be  expected  to  be  suff ic ient  output  cur rent  change  i f  the  photodiode  i s  in tegra ted .  

Fur thermore ,  when the  BSA ant igen  and s t reptavid in  so lu t ion  was  added  to  the  

sensor,  which  had  the  same b io - in ter face ,  to  br ing  the  f ina l  concent ra t ion  to  10  

or  100 ng /mL,  respec t ive ly,  the  def lec t ion  of  membrane  only occur red  in  the  

former  scenar io ,  sugges t ing  tha t  the  fabr icated  MEMS in ter ferometer  can  be  used 

for  the  se lec t ive  de tec t ion  of  t a rge t  an t igen  molecules .  Based  on  the  resul t s  of  

th i s  s tudy,  in  recent  research  by  our  research  group,  the  se lec t iv i ty  of  the  sensor  

was  demonst ra ted  by the  amount  of  spec tra l  sh i f t  caused  by  HSA ant igen  a t  a  

concent ra t ion  of  1  ng /mL being more than  three  t imes  grea ter  than  the  response 

to  the  negat ive  cont rol  PBS,  IgG and s t reptav id in  ( f inal  concent rat ion  of  1  ng /mL) .  

Addi t iona l ly,  the  la rge  response  to  the  sh i f t  amount  of  PBS wi thout  HSA ant igen  

was  obta ined  a t  the  f ina l  concent ra t ion  of  100 ag /mL–1 fg /mL,  sugges t ing  tha t  

the  LOD of  the  pro te in  in  th i s  sensor  i s  100 ag /mL–1 fg /mL.  This  resul t  indica ted 

tha t  pro teins  can  be de tec ted  a t  concent rat ions  200,000 t imes  lower  than  can  be 

de tec ted  us ing  convent ional  MEMS sur face -s t ress  sensors ,  and  the  most  sens i t ive 

de tec t ion  was  indica ted  to  be  poss ib le  in  semiconductor -based  labe l - f ree 

b iosensors .  

In  Chapter  4 ,  a  new cavi ty -sea led  MEMS in ter ferometer  wi th  h igh  sur face -

s t ress  sens i t iv i ty  employing  PMMA as  a  gas - reac t ive  layer  i s  proposed for  the  

de tec t ion  of  gas  molecules  in  the  a i r.  In the  opt ica l  des ign  of  the  proposed 

in ter ferometer,  we  conf i rmed tha t  the  spect ra l  response  of  the  def lec t ion  of  the 

deformable  can  be  increased  by  na r rowing the  a i r -gap  length  of  the  in te r ferometer  

and  reducing  the  order  of  the  in te rference in  the  v is ib le  wavelength  region .  In 

addi t ion ,  we  conf i rmed tha t  sur face -s t ress  sens i t iv i ty  increase d  by  7 .4- fo ld  

compared  wi th  the  i n te r ferometer  wi th  meta l  ha l f -mirrors  by  changing these  

parameters :  adopt ing  PMMA wi th  an  order  of  magni tude  lower  Young ' s  modulus  

as  a  gas - reac t ive  layer,  ex tending  the  sur face -s t ress  a rea  by  four - fo ld ,  and 

reducing  the  th ickness  of  the  deformable  mem brane  by  100 nm.  We in t roduced  a  

method us ing  parylene  bonding to  rea l ize  a  cavi ty -sea led  MEMS in ter ferometer  

tha t  re f lect s  the  above  f indings ,  succeeded in  fabr ica t ing  an  in te r ferometer  wi th 

408 nm in  an  a i r -gap  length .  Fur thermore ,  to  compare  the  improvement  in  spect ral  
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response  wi th  nar rower  gaps ,  three in ter ferometers  with  d i ffe rent  a i r -gap lengths 

were  fabr ica ted  and the i r  re f lec tance  spec tra  were  obta ined ,  and  in ter ferometers  

of  0 .4 ,  0 .8 ,  and  2 .6  µm were  conf i rmed t o  be  formed,  which  were  approximate ly 

equal  to  the  des ign  va lue .  

In  the  exper iment  descr ibed  in  Chapter  5 ,  PMMA, which  ac t s  as  a  gas - reac t ive 

layer,  was  depos i ted  on  the  cavi ty -sea led  MEMS in ter ferometer  wi th  h igh  sur face -

s t ress  sens i t iv i ty,  and  the  concent ra t ion  dependence  and LOD of  the  sensor  to 

vola t i l e  e thanol  exposure  were  eva lua ted  by  obta in ing  the  spec tra l  response .  We 

demonst ra ted  that  the spec t ra l  response  can be  improved by  nar rowing the  a i r -gap 

length  of  the  in ter ferometer  to  0 .4  µm,  and we successfu l ly  de tec ted  vola t i l e  

e thanol  a t  a  concentra t ion  of  5  ppm in  a  room -tempera ture  envi ronment .  The  

resul t s  indicated  tha t  the  sens i t iv i ty  of  the  sensor  i s  comparable  to  tha t  of  a  

semiconductor-based sensor,  which  has  the  h ighes t  sens i t ivi ty  for  measur ing 

e thanol  a t  room tempera ture ;  th i s  sugges ted  the  feas ibi l i ty  of  a  sensor  tha t  can  

de tec t  sub-ppm e thanol  concent ra t ions  a t  room tempera ture  by  opt imiz ing  the 

shape  parameters  of  the  i n te r ferometer.  

In  Chapter  6 ,  to  de tec t  smal l  neurotransmi t te r s  in  the cavi ty -sea led 

in te r ferometer,  we  in t roduce  the  MIP,  which  can  adsorb  neurot ransmi t te r s ,  onto  

the  sensor ;  the  fabr ica t ion  procedure  for  the  format ion  of  MIP on the  

in te r ferometer  i s  proposed,  and  PPy f i lms  wi th  a  t empla te  of  the  neurot ransmit te r  

DA were  formed on  the  fabr ica ted  in te r ferometer  through  e lec t rochemical  

polymer izat ion .  In  addi t ion ,  Raman spec t roscopy was  per formed to  conf i rm the 

format ion  of  DA templa tes  in  the  PPy f i lm.  In  th is  sample ,  d i ffe rences  in  the 

spec t ra l  responses  were  obta ined  in  the  presence  and absence  of  DA,  sugges t ing  

the  poss ib i l i ty  of  de tec t ing  smal l  neurot ransmi t ter s .  

Through  these  achievements ,  in  the  MEMS in ter ferometer,  we  demonst ra ted  the 

labe l - f ree de tec t ion  of  macromolecular  prote in  and neurotransmit te r  in  l iquid  and 

gas  molecule  in  a i r ;  th i s  indica ted  the  feas ib i l i ty  of  the  sensor  tha t  can 

comprehens ive ly  de tec t  molecules  of  var ious  s izes .  We expec t  tha t  the  rea l iza t ion  

of  the  dev ice  wi th  no  r es t r ic t ion  on  the  s ize  o f  de tec tab l e  mo lecu le s  and  can  measu re  

the  concent ra t ion  change  of  ta rge t  mo lecu le s  in  rea l - t ime  wi l l  become a n  innova t ive  

bas ic  technology  in  medica l  resea rch .  
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7 . 2  P r o s p e c t s  

In  th i s  s tudy,  a l though we demonst ra ted  the  feas ib i l i ty  of  the  sensor  tha t  can 

de tec t  molecules  of  var ious  s izes  by  rea l izing  the  cavi ty -sea led  MEMS 

in ter ferometer  wi th  a  h igh  sur face-s t ress  sens i t iv i ty,  to  make  i t  prac t ica l  as  a  

quick  and s imple  inspec t ion  device ,  the  fo l lowing tasks  must  be  so lved .  

1 .  【 Acquis i t ion  of  e lect r ica l  response  in  MEMS in ter ferometer s】  

To da te ,  t he  responses  of  the  sensors  acquired  have  obta ined  sensor  outputs  

as  a  sh i f t  amount  in the  re f lec t ion spec trum caused  by  the  def lec t ion  of  

deformable  membrane s .  However,  th i s  method requi res  a  spec t rometer  to 

acqui re  the  re f lec t ion  spec t ra  and an  opt ica l  sys tem tha t  requi res  de ta i led 

a l ignment ,  which makes  miniatur izat ion  di ff icu l t  and  l imi ts  the  number  of  

sensors  tha t  can  be  measured  a t  a  t ime.  Therefore ,  by  in t egra t ing  the 

photodiode  and source  fo l lower  c i rcui t  into the  Si  subs t ra te ,  the  response  f rom 

the  sensor  can  be  acqui red  us ing  a  vol tage  s ignal  and  so lve  the  problem.  

2 .  【 Development  of  a  robus t  sens ing  sys tem tha t  implements  a  re ference  sensor      

and compar i son  c i rcui t s】  

For  prec i se  measurements ,  envi ronmenta l  e ffec t s ,  such  as  changes  in  the  

in tens i ty  of  the  inc ident  l ight  due  to  contaminants  in  the  sample  and  pressure 

and temperature  changes  should  be  removed ,  and  only  the  output  response 

when ta rge t  molecules  adsorb  to  the  senso r  should  be  acqui red .  This  can  be  

so lved  by  s imul taneous ly  acqui r ing  the  output  by  a  re ference  sensor  tha t  does  

not  adsorb  ant ibodies  and reading  only  the  d i ffe rent ial  s igna l .  

3 .  【 Establ i shment  of  a  pa t te rn ing  method for  the  s imultaneous  measurement  of   

mul t ip le  t a rge t  molecules】  

We employed PMMA and polypyr ro le  as  molecular  adsorpt ion  layers  for  the 

de tec t ion  of  var ious molecules  in  the  in te r ferometer  wi th  cavi ty -sea led 

s t ruc tures .  However,  to  s imul taneously  measure  d i ffe rent  t a rge t  molecules  on 

a  s ingle  chip ,  a  sensor  s t ruc ture  wi th  a  mixture  of  these  molecular  adsorpt ion 

layers  should  be  rea l ized .  Therefore ,  PMMA, which  i s  used  as  a  photores i s t ,  

can  be  so lved  through  photo l i thography,  whi le  polypyr ro le ,  which  i s  formed 

on  a  conduct ive  mater ia l ,  can  be  pa t te rn ed  us ing  a  l i f t -off  process  or  by  a  

format ion  technique  us ing  a  shadow mask.  
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4.  【 Opt imiza t ion  of  e lec t rochemical  polymeriza t ion  condi t ions  during  MIP f i lm  

format ion】  

The condi t ions  for  the  format ion  of  MIP f i lms  in troduced to  da te  have  not  

been  opt imized ,  and  the  number  of  s amples  requi red  to conf i rm the 

reproducib i l i ty  i s  insuff ic ient .  Therefore ,  a f te r  opt imizing  the  condi t ions ,  

concent ra t ion  dependence  should  be  obt a ined  whi le  conf i rming the 

reproducib i l i ty.  
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Appendix A Process chart for MEMS interfero-

meter with Au half-mirrors 

Table  A1.  Fabr ica t ion  procedure  of  MEMS in ter feromet r ic  surface  s t ress  sensor  

wi th  Au ha l f -mir rors  s t ruc ture  for  h igh  wavelength  se lec t ivi ty  

No.  Step  Condi t ion  Time  

1  Photol i thography for  

s tepper  mark  (1)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

2  Stepper  mark  e tching  Si -RIE 10 Pa  Parameter  6  

CF 4 :15  sccm [cc(cm 3 )min]  

5 min  

3  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

4  Cleaning  before  

oxida t ion  

(1)  HCl :H 2 O 2 :DIW=1:1:6 ,boi l  

(2)  DIW  

10 min  

10 min  

5  Protec t ive  oxida t ion   

before  ion   

implantat ion  

OX1 1000℃ SiO 2  50  nm  

(2)  Dry  (O 2  =  250 l /h r )  

(3)  Anneal  (N 2  =  250 l /hr )  

 

60 min  

10 min  

6  Photol i thography for   

n-wel l  format ion  (2)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

7  Ion  implantat ion   

for  forming n -wel l  

PH 3 ,  150  keV  

Dose  amount  1 .0×10 1 2  
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8  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

9  Pre t rea tment  of   

dr ive- in  

(1)  HCl :H 2 O 2 :DIW=1:1:6 ,boi l  

(2)  DIW  

10 min  

10 min  

10  Drive- in  OX6 1150℃  

Anneal  (N 2  =  250  l /hr )  

9 hours   

11  SiO 2  r emoval  (1)  BHF  

(2)  DIW  

60 sec  

10 min  

12  Cleaning  before   

oxida t ion  

(1)  HCl :H 2 O 2 :DIW=1:1:6 ,boi l  

(2)  DIW  

10 min  

10 min  

13  Fie ld  oxida t ion  OX1 1000℃ SiO 2  800  nm  

(1)  Wet  (O 2  =  250  l /hr  +  H 2  =250 l /hr )  

(2)  Dry  (O 2  =  250 l /h r )  

(3)  Anneal  (N 2  =  250 l /hr )  

 

4 hours  

10 min  

10 min  

14  Photol i thography  

for  ac t ive  a rea   

format ion  (3)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

15  Fie ld  SiO 2  r emoval  (1)  O 2  p lasma 200W,  

O 2  100  sccm,  20Pa  

(2)  BHF  

 

(3)  DIW  

1 min   

30 sec  

9 min   

50 sec  

10 min  

16  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

17  Pre t rea tment  of   

protec t ive  oxida t ion  

(1)  HCl :H 2 O 2 :DIW=1:1:6  boi l  

(2)  DIW  

10 min  

10 min  

18  Protec t ive  oxida t ion  OX1 1000℃ SiO 2  50  nm  

(1)  Dry  (O 2  =  250 l /h r )  

(2)  Anneal  (N 2  =  250 l /hr )  

 

60 min  

10 min  
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19  Photol i thography for   

subs t ra te  contac t  (4)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

20  Ion  implantat ion  BF 4 ,  60 keV,  1 .0×10 1 3    

21  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

22  Photol i thography for  

n +  format ion  (5)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

23  Ion  implantat ion  PH 3 ,  60 keV,  4 .0×10 1 5    

24  Resis t  removal  O 2  p lasma 600W  

O 2  f low 2 .8 ,  1 .6Torr  

SAMCO  

30 min  

25  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

26  Photol i thography for   

removal  pass iva t ion 

SiO 2  (6)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  
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27  Removal  pass iva t ion   

SiO 2  

(1)  O 2  p lasma 100  W,   

O 2  50  sccm,  10  Pa  

(2)  BHF  

 

(3)  DIW  

1 min  

 

2 min   

10 sec  

10 min  

28  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

29  Pre t rea tment  of   

oxida t ion  

(1)  NH 4 OH:H 2 O 2 :H 2 O=1:1:6  boi l  

(2)  DIW  

(3)  HCl :H 2 O 2 :H 2 O=1:1:6  boi l  

(4)  DIW  

(5)  HF:H 2 O=1:50  

(6)  DIW  

10 min  

10 min  

10 min  

10 min  

15 sec  

10 min  

30  Oxidat ion  OX4 1000℃ SiO 2  200  nm  

(2)  Wet  (O 2  =  250  l /hr  +  H 2  =250 l /hr )  

(3)  Dry  (O 2  =  250 l /h r )  

(4)  Anneal  (N 2  =  250 l /hr )  

 

X min  

10 min  

10 min  

31  Photol i thography for  

bot tom e lec trode   

format ion  (7)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

32  Au evapora t ion  (1)  Ti  EB evapora t ion  5  nm  

(Emiss ion  cur rent :50  mA)  

(2)  Au EB evapora t ion  50  nm  

(Emiss ion  cur rent :70  mA)  

6 min  

 

10 min  

33  Lif t  off  (1)  Acetone  

(2)  IPA (Ul t rasonic  c leaning ,  output   

l eve l :100%)  

(3)  IPA (Ul t rasonic  c leaning ,  output   

60 min  

3 min  

 

3 min  
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l eve l :100%)  

(4)  DIW  

 

5 min  

34  Amorphous  Si   

evapora t ion  

Si  EB evapora t ion  350 nm  

(Emiss ion  cur rent :160 mA)  

56 min  

35  Photol i thography for  

sacr i f ic ia l  l ayer   

format ion  (8)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

36  Amorphous  Si   

e tching  

F-RIE SF 6  10  sccm,  10  Pa ,  100 W  

(Recipe  6)  

4 min  

37  Resis t  removal  O 2  ash ing  or  Remover  PG  10 min  

38  Plasma enhanced  

CVD  

PECVD ni t r ide  Si 3 N 4 ,  300  nm  11.5  min  

39  Photol i thography for  

removing n i t r ide  a t  

contac t  and  d icing 

l ine  a rea  (9)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

40  Nit r ide  removal  F-RIE O 2  5 sccm,  CF 4  20  sccm,  4  Pa ,   

100 W  

3 min  

41  Resis t  removal  (1)  Remover  PG 60℃  

(2)  Remover  PG (Ul t rasonic  c leaning ,   

output  l eve l :100%)  

(3)  IPA  

(4)  DIW  

5 min  

2 min  

 

2 min  

5 min  
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42  Photol i thography for  

contac t  a rea   

format ion  (10)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

43  Contac t  a rea  e tching 

(SiO 2  r emoval )  

F-RIE CHF 3  45 sccm,  3  Pa ,  100  W  25 min  

44  Resis t  removal  (1)  Remover  PG 60℃  

(2)  Remover  PG (Ul t rasonic  c leaning ,   

output  l eve l :100%)  

(3)  IPA  

(4)  DIW  

5 min  

2 min  

 

2 min  

5 min  

45  Pre t rea tment  of  

sput te r ing  

F-RIE CHF 3  45 sccm  15 sec  

46  Al sput te r ing  Ar 5×10 - 1  Pa、 RF 1  kW 800 nm  17 min  

47  Photol i thography for  

Al  wi r ing  (11)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.24  sec  

160 sec  

 

5 min  

48  Al e tching  (1)  H 3 PO 4 :CH 3 COOH:HNO 3  =  250:20:3  

55±5℃  

(2)  DIW  

~ 4  min  

10 min  

49  Resis t  removal  (1)  Remover  PG 60℃  

(2)  IPA  

(4)  DIW  

5 min  

2 min  

5 min  
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50  Photol i thography for   

ni t r ide  removal  on   

sens ing  area ,  re lease   

holes ,  TEG (12)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

51  Nit r ide  removal  F-RIE O 2  5 sccm,  CF 4   20  sccm,  4  Pa ,  

100 W  

3 min  

52  Resis t  removal  (1)  Remover  PG 60℃  

(2)  Remover  PG (Ul t rasonic  c leaning ,   

output  l eve l :100%)  

(3)  IPA  

(4)  DIW  

5 min  

2 min  

 

2 min  

5 min  

53  Photol i thography for  

upper  e lec t rode   

l i f t  o ff  (13)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

54  Au evapora t ion  (1)  Ti  EB evapora t ion  5  nm  

(Emiss ion  cur rent :50  mA)  

(2)  Au EB evapora t ion  50  nm  

(Emiss ion  cur rent :70  mA)  

6 min  

 

10 min  

55  Upper  e lec t rode  l i f t  

o ff  

(1)  Acetone  

(2)  IPA (Ul t rasonic  c leaning ,  output   

l eve l :100%)  

(2)  IPA (Ul t rasonic  c leaning ,  output   

l eve l :100%)  

(4)  DIW  

60 min  

3 min  

 

3 min  

 

5 min  
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56  Si lane  coupl ing   

t rea tment  

(1)  IPA:H 2 O:A-174=100:100:1  

(2)  IPA  

(3)  Drying  a t  60～ 80℃  

15 min  

2 min  

60 min  

57  Parylene -C 

depos i t ion  

Parylene -C 350nm  2 hours  

58  Photol i thography for  

pary lene  e tching   

on re lease  holes ,   

e lec t rode  pad  (14)  

(1)  Bake  before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  110℃  

90 sec  

85.5  sec  

 

90 sec  

0.3  sec  

160 sec  

 

5 min  

59  Parylene  e tching  O 2  p lasma 150W, O 2  40sccm,  10Pa  300 sec  

60  Resis t  removal  (1)  Remover  PG 60℃  

(2)  Remover  PG (Ul t rasonic  c leaning ,   

output  l eve l :100%)  

(3)  IPA  

(4)  DIW  

5 min  

2 min  

 

2 min  

5 min  

61  Stea l th  d ic ing  ozawa5-P1~P3 rec ipe   

62  Sacr i f ic ial  e tch ing   

(Amorphous  Si )  

XeF 2  2 .5  Tor r  ,  N 2  0  Tor r、 30 sec   

63  Wire  bonding  
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Appendix B Process chart for cavity-sealed 

MEMS interferometer with gas reactive-layer 

Table  A2.  Cavi ty -sea led  MEMS in terferometer  wi th  h igh  sur face  s t ress  sensi t iv i ty 

for  gas  sens ing  

1s t  wafer  (4  inch)  

No.  Step  Condi t ion  Time  

1  Spin-coat ing  of  surfac tant  Tween 20 ,  1s t  1000 rpm,  2nd 2000 

rpm  

5,  30  sec  

2  Parylene -C depos i t ion  Parylene -C 100 nm  2 hours  

    

2nd wafer  (4  inch)  

No.  Step  Condi t ion  Time  

1  Photol i thography for   

s tepper  mark  (1)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin -coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  

2  Stepper  mark  e tching  Si -RIE 10 Pa  Parameter  6  

CF 4 :15  sccm [cc(cm 3 )min]  

5 min  

3  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

4  Photol i thography for   

sens ing  area  and a l igner  

mark  format ion  (2)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin -coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  
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5  Bulk  Si  e tching  Deep RIE,  "honma -

RIE_O 2 _300W" rec ipe ,  

Coi l  RF 300W,  SF 6  130  sccm,  

C 4 F 8  85  sccm  

X cycle  

6  Resis t  removal  (1)  O 2  ash ing ,  RIE mode,  RF  

200W,  

O 2  40 ,  CF4 10  sccm  

(2)  H 2 SO 4 :H 2 O 2 =3:1  boi l  

(3)  DIW  

300 sec  

 

15 min  

10 min  

7  Si lane  coupl ing  t rea tment  (1)  IPA:H 2 O:A-174=100:100:1  

(2)  IPA  

(3)  Drying  a t  60～ 80℃  

15 min  

2 min  

60 min  

8  Parylene -C depos i t ion  Parylene -C 100 nm  2 hours  

9  Photol i thography for   

parylene  e tching  on   

cavi ty  pa t te rn  (3)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin -coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  

10  Parylene  e tching  O 2  ash ing ,  RIE mode ,  RF 150  W,  

O 2  40  sccm,  10  Pa  

180 sec  

11  Resis t  removal  (1)  Acetone  

(2)  IPA  

(3)  DIW  

10 min  

2 min  

5 min  

12  Photol i thography for   

dic ing  l ine  format ion  (4)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin -coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,  

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  
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13  Stea l th  d ic ing  ozawa5-P1~P3 rec ipe   
    

 

Bonding process  

No.  Step  Condi t ion  Time  

1  Parylene -C thermal   

bonding  

Bake 160℃, Pressure  1 .5  MPa,   

t empera ture  r i se  ra te  30℃/min,  

N 2  3L/min  

10 min  

2  Releas ing  f rom bonded  

wafer  

(1)  Immerse  wafer  in  DIW  

(2)  Dry  

 

15 min  

3  Spin-coat ing  of  

gas- reac t ive  f i lm  

(1)  Bake before  coa t ing   110℃  

(2)  Spin -coat  PMMA  

(1s t  500,  2nd 3000 rpm)  

(3)  Bake  110℃  

90 sec  

5,  30  sec  

 

60sec  
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Appendix C Process chart for cavity-sealed 

MEMS interferometer with a molecular imprinted 

polymer film 

Table  A3.  Cavi ty -sea led  MEMS in ter ferometer  wi th a  molecular  impr in ted 

polymer  f i lm  

1s t  wafer  (4  inch)  

No.  Step  Condi t ion  Time  

1  Spin-coat ing  of  sur fac tant  Tween 20 ,  1s t  1000 rpm,  2nd 

2000 rpm  

5,  30  sec  

2  Parylene -C depos i t ion  Parylene -C 100 nm  2 hours  

3  Shadow mask format ion  OHP shee t ,  cu t  by  laser  

 

4  Al e lec t rode  sput te r ing   

with  shadow mask  

Minimal  sput te r ing  device  

(1)  Vacuum 1 Pa  

(2)  Pre -sput te r ing  

(3)  Sput te r ing  emiss ion  cur rent   

50 mA,  3  Pa  

(4)  Vacuum  

(5)  Purge  

 

 

 

2 min  

    

2nd wafer  (4  inch)  

No.  Step  Condi t ion  Time  

1  Photol i thography for   

s tepper  mark  (1)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,   

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  

2  Stepper  mark  e tching  Si -RIE 10 Pa  Parameter  6  

CF 4 :15  sccm [cc(cm 3 )min]  

5 min  
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3  Resis t  removal  (1)  H 2 SO 4 :H 2 O 2 =1:3  boi l  

(2)  DIW  

10 min  

10 min  

4  Photol i thography for   

sens ing  area  and a l igner   

mark format ion  (2)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,   

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  

5  Bulk  Si  e tching  Deep RIE,   

"honma-RIE_O2_300W" rec ipe ,   

Coi l  RF 300W, SF 6  130  sccm,  

C 4 F 8  85  sccm  

X cycle  

6  Resis t  removal  (1)  O 2  ash ing ,  RIE  mode,  RF  

200W, O2  40,  CF4 10  sccm  

(2)  H 2 SO 4 :H 2 O 2 =3:1  boi l  

(3)  DIW  

300 sec  

 

15 min  

10 min  

7  Si lane  coupl ing  t rea tment  (1)  IPA:H 2 O:A-174=100:100:1  

(2)  IPA  

(3)  Drying  a t  60～ 80℃  

15 min  

2 min  

60 min  

8  Parylene -C depos i t ion  Parylene -C 100 nm  2 hours  

9  Photol i thography for   

parylene  e tching  on  cavi ty 

pa t te rn  (3)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,   

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  

10  Parylene  e tching  O 2  ash ing ,  RIE mode,  RF 150 W,  

O 2  40  sccm,  10  Pa  

180 sec  
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11  Resis t  removal  (1)  Acetone  

(2)  IPA  

(3)  DIW  

10 min  

2 min  

5 min  

12  Photol i thography for   

dic ing  l ine  format ion  (4)  

(1)  Bake before  coa t ing  160℃  

(2)  Spin-coat  ip3100 wi th  OAP  

sur fac tant  

(3)  Pre -bake  110℃  

(4)  Exposure  

(5)  Developing  wi th  NMD -3,   

r inse  wi th  H 2 O  

(6)  Pos t -bake  120℃  

90 sec  

85.5  sec  

 

90 sec  

0.28  sec  

160 sec  

 

5 min  

13  Stea l th  d ic ing  ozawa5-P1~P3 rec ipe  

 

    

Dry t ransfer  process  

No.  Step  Condi t ion  Time  

1  Au/Parylene  re leas ing  (1)  Prepare  car r ie r  t ape   

(5 .5×5.5  cm) ,  s t i ck  the  tape 

on  sput te red  wafer  

(2)  Prepare  PTFE (2×3 cm) ,  

s t i ck   

the  tape  (5×5 mm) on the   

PTFE and put  d iced  chip  on   

the  tape  

(3)  Shave  parylene under  the  

tape   

by tweezers  

(4)  Immerse  in  DIW  

 

2  Dry t ransfer  of   

Au/Parylene  

(1)  Put  PTFE wi th  chip  on  s tage   

of  dry  t ransfer  device  

(2)  Fix  re leased  f i lm to  the  s tage   

of  dry  t ransfer  device by   

car r ie r  t ape  

(3)  Move up  the  s tage  

(4)  Bake  160℃  

 

 

 

 

 

 

60 min  
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3  Polypyr ro le  format ion  by  

e lec t rochemica l  

polymer izat ion  

(1)  Prepare  KCl  buffer  (0 .1  mM)  

(2)  N 2  b lowing to  KCl  buffer  

(3)  Add pyr ro le  (10  mM) and  

dopamine  (1  mM)  

(4)  Potent ia l  sweeping wi th  3   

e lec t rodes  (working ,   

re ference ,  counter )  

 

2 min  

 

 

X Cycle  
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Appendix D Python program to smoothen spectra 

data 

This  program opera tes  in  the  fo l lowing s teps .  

1 .  Divide  the  spec t ra  da ta  of  three  sensor s  ob ta ined  by  automat ic  measurement ,  

and  saves  da ta  as  "01  sensor_1~3.csv" .  

2 .  Calcula te  the  Q poin t  ( the  s teepes t  poin t  o f  spec t ra)  by  d i ffe rent ia l ,  and  save 

da ta  as  "02_di fferent ia l_resul t s1~3.csv" .  

3 .  Smooth  the  da ta  by  apply ing  Four ier  t ransform/inverse  t ransform and low -

pass  f i l t e r ing .  

4 .  Draw the  or ig ina l  and  smoothed spec t ra ,  and  save  da ta  as  

"03_Smoothing_sensor1~3_af te r_di fferent ia l .csv" .  

 

impor t  numpy  as  np  

impor t  matplo t l ib .pyplo t  as  pl t  

 

# Input  wavelength  da ta  

xaxis  =  np. loadtx t ( 'wavelength_axis_T.csv ' ,  del imi ter= ' , ' )  

data1  =  np. loadtx t ( '3spec t ra .csv ' ,  del imi ter= ' , ' )  

 

# Dele te  the  wavelength  da ta  exis t s  in  the  f i r s t  l ine .  

data1  =  np.de le te (da ta1 ,  0,  1)  

dshape  =  data1 .shape  

 

# Def ine  the  number  of  measurement  sensors  as  n  

n  =  3  

sens_number  =  np.arange(n)  

sens_ar ray  =  np. t i l e ( sens_number,  in t (dshape[1] / (n) ))  

 

# I f  the  number  of  rows  in  the  repea ted  ar ray  and  the  number  of  rows  in  the  

or ig ina l  a r ray  are  not  enough,  add  the  miss ing  ar ray  [0 ,1 ,2 . . . ]  to  the  end.  

t a r ina i  =  data1 .shape[1] - sens_ar ray.shape[0]  

add  =  np.arange( ta r ina i )  

sens_ar ray  =  np.append(sens_ar ray,  add)  
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# Add an  ar ray  wi th  a  sensor  number  on  l ine  0  to  the  or ig ina l  a r ray.  

data1  =  np. inser t (da ta1 ,  0,  sens_ar ray,  axis=0)  

 

# Genera te  a r rays  to s tore  each  sensor  number  according  to  the  number  of  co lumns  

in  the  or ig ina l  da ta .  

t emp_1  =  np.zeros(data1 .shape[0] ) . reshape(da ta1 .shape[0] ,1)  

t emp_2  =  np.zeros(data1 .shape[0] ) . reshape(da ta1 .shape[0] ,1)  

t emp_3  =  np.zeros(data1 .shape[0] ) . reshape(da ta1 .shape[0] ,1)  

 

# In  the  f i r s t  row of  the  da ta1  ar ray,  ex tract  the  columns  wi th  0 ,1 ,2 ,3 ,4 ,5  and  add  

them to  the  f i r s t  row of  the  temp ar ray.  

for  num  in  range(0 ,  data1 .shape[1] ,  1) :  

    i f  data1[0 ,  num]  ==  0:  

        t emp_1  =  np. inser t ( temp_1,  0,  data1[0: ,num] ,  axis  =  1)  

    e l i f  data1[0 ,  num]  ==  1:  

        t emp_2  =  np. inser t ( temp_ 2,  0,  data1[0: ,num] ,  axis  =  1)  

    e l i f  data1[0 ,  num]  ==  2:  

        t emp_3  =  np. inser t ( temp_3,  0,  data1[0: ,num] ,  axis  =  1)  

 

# Save  the  da ta  wi th  t he  sensor  number  added  to  the  f i r s t  l ine  of  the  or ig ina l  da ta .  

np.savetx t ( ' sensor_number.csv ' ,  data1 ,  del imi ter= ' , ' )  

 

# Dele te  the  da ta  in  t he  f i r s t  row where  the  sensor  number  was  added  and  in  the  

f i r s t  co lumn where  i t  was  f i r s t  genera ted .  

t emp_1  =  np. f l ip l r ( temp_1)  

t emp_1  =  np.de le te ( temp_1,  0,  0)  

t emp_1  =  np.de le te ( temp_1,  0,  1)  

 

t emp_2  =  np. f l ip l r ( temp_2)  

t emp_2  =  np.de le te ( temp_2,  0,  0)  

t emp_2  =  np.de le te ( temp_2,  0,  1)  

 

t emp_3  =  np. f l ip l r ( temp_3)  

t emp_3  =  np.de le te ( temp_3,  0,  0)  
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t emp_3  =  np.de le te ( temp_3,  0,  1)  

 

t emp_1  =  np. inser t ( temp_1,  0,  xaxis .T,  axi s=1)  

t emp_2  =  np. inser t ( temp_2,  0,  xaxis .T,  axi s=1)  

t emp_3  =  np. inser t ( temp_3,  0,  xaxis .T,  axi s=1)  

np.savetx t ( '01_sensor_1.csv ' ,  t emp_1,  del imi ter= ' , ' )  

np.savetx t ( '01_sensor_2.csv ' ,  t emp_2,  del imi ter= ' , ' )  

np.savetx t ( '01_sensor_3.csv ' ,  t emp_3,  del imi te r= ' , ' )  

 

# Di fferent ia t ion  Program↓  

xaxis  =  np. loadtx t ( 'wavelength_axis_T.csv ' ,  del imi ter= ' , ' )  

data  =  np. loadtx t ( '01_sensor_1.csv ' ,  del imi ter= ' , ' )  

data2  =  np. loadtx t ( '01_sensor_2.csv ' ,  del imi ter= ' , ' )  

data3  =  np. loadtx t ( '01_sensor_3.csv ' ,  del imi ter= ' , ' )  

 

data  =  data .T  

data  =  np.de le te (da ta ,  0,  0)  

motodata  =  data  

 

data2  =  data2 .T  

data2  =  np.de le te (da ta2 ,  0,  0)  

data3  =  data3 .T  

data3  =  np.de le te (da ta3 ,  0,  0)  

 

f ig  =  pl t . f igure()  

 

# Waveform before  d i ffe rent ia t ion  

ax1  =  f ig .add_subplot (1 ,  3,  1)  

ax1.se t_ t i t l e("Or ig inal  data" )  

ax1.se t_xlabel ("Wavelength  (nm)")  

ax1.se t_ylabel ("Reflec tance  (%)")  

for  num  in  range(0 ,  60,  12) :  

        ax1.p lo t (xaxis ,  motodata[num,: ] ,  l abe l  =  "{0}  min" . format(num))  

ax1. legend( )  
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# Fi r s t -order  d i fferent ia t ion  of  da ta  a rray  =  ext rac t  d i ffe rences  

data  =  np.d i ff (da ta ,  n  =  1)  

data2  =  np.d i ff (da ta2 ,  n  =  1)  

data3  =  np.d i ff (da ta3 ,  n  =  1)  

 

xshape  =  xaxis . shape  

xaxis  =  np.de le te (xaxis ,  xaxis [ (xshape[0] ) -1] )  

 

# Waveform af te r  d i ffe rent ia t ion  

ax2  =  f ig .add_subplot (1 ,  3,  2)  

ax2.se t_ t i t l e("Different ia l  data")  

ax2.se t_xlabel ("Wavelength  (nm)")  

ax2.se t_ylabel ("" )  

for  num  in  range(0 ,  60,  12) :  

        ax2.p lo t (xaxis ,  data3[num, : ] ,  l abel  =  "{0}  min" . format (num))  

ax2. legend( )  

 

data  =  np. inser t (da ta ,  0,  xaxis ,  axis=0)  

np.savetx t ( '02_di fferent ia l_resul t s1 .csv ' ,  data .T,  del imi ter= ' , ' )  

data2  =  np. inser t (da ta2 ,  0,  xaxis ,  axis=0)  

np.savetx t ( '02_di fferen t ia l_resul t s2 .csv ' ,  data2 .T,  del imi ter= ' , ' )  

data3  =  np. inser t (da ta3 ,  0,  xaxis ,  axis=0)  

np.savetx t ( '02_di fferent ia l_resul t s3 .csv ' ,  data3 .T,  del imi ter= ' , ' )  

 

# Smoothing  program↓  

xaxis  =  np. loadtx t ( 'wavelength_axis_T.csv ' ,  del imi ter= ' , ' )  

xshape  =  xaxis . shape  

pr in t (xaxis [(xshape[0] ) -1] )  

xaxis  =  np.de le te (xaxis ,  xaxis [ (xshape[0] ) -1] )  

data  =  np. inser t (da ta ,  0,  xaxis ,  axis=0)  

data2  =  np. inser t (da ta2 ,  0,  xaxis ,  axis=0)  

data3  =  np. inser t (da ta3 ,  0,  xaxis ,  axis=0)  

data  =  np. loadtx t ( '02_di fferent ial_resul t s1.csv ' ,  del imi ter= ' , ' )  

data2  =  np. loadtx t ( '02_di fferent ia l_resul t s2 .csv ' ,  del imi ter= ' , ' )  

data3  =  np. loadtx t ( '02_di fferent ia l_resul t s3 .csv ' ,  del imi ter= ' , ' )  
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# Transpose  a  mat r ix  "da ta"  

data  =  data .T  

data2  =  data2 .T  

data3  =  data3 .T  

dshape  =  data . shape  

 

# Dele te  the  wavelength  da ta  exis t s  in  the  f i r s t  l ine .  

data  =  np.de le te (da ta ,  0,  0)  

data2  =  np.de le te (da ta2 ,  0,  0)  

data3  =  np.de le te (da ta3 ,  0,  0)  

 

# Def ine  mat r ix  before  smoothing  as  "motodata"  to  compare  before  and  af te r  

smoothing  waveform.  

motodata  =  data  

dshape  =  data . shape  

# Merge  ar rays  hor izonta l ly  

 

# Genera te  a  mat r ix  wi th  a l l  zero  da ta .  

# Since  the  Four ier  t ransform must  be  a l igned  wi th  the  amount  of  da ta  to  the  n th 

power  of  2 ,  i f  the  amount  of  da ta  i s  insuff ic ient  for  4096,  genera te  an  ar ray  wi th  

a l l  the  miss ing  da ta  as  0  (dummy data  genera t ion) .  

data  =  np.hs tack( (da ta ,  np.zeros( (dshape[0] ,  4096  -  dshape[1] ) ,  dtype=np. f loa t ) )

)  

f reqdata  =  np. ff t . ff t (da ta)  

f reqdata[ : ,10:]  =  0  

data2  =  np.hs tack( (data2 ,  np.zeros( (da ta2 .shape[0] ,  4096  -  data2 .shape[1] ) ,  dtyp

e=np. f loa t ) ) )  

f reqdata2  =  np. ff t . ff t (da ta2)  

f reqdata2[ : ,10: ]  =  0  

data3  =  np.hs tack( (data3 ,  np.zeros( (da ta3 .shape[0] ,  4096  -  data3 .shape[1] ) ,  dtyp

e=np. f loa t ) ) )  

f reqdata3  =  np. ff t . ff t (da ta3)  

f reqdata3[ : ,10: ]  =  0  
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# Fas t  Inverse  Four ier  Transform  

smoothed  =  np. ff t . i ff t ( f reqdata)  

smoothed2  =  np. ff t . i ff t ( f reqdata2)  

smoothed3  =  np. ff t . i ff t ( f reqdata3)  

 

# Return  only  the  rea l  par t  a f ter  inverse  Four ier  t ransform ( imaginary  par t  i s  

t runca ted)  

smoothed  =  np. rea l ( smoothed)  

smoothed2  =  np. rea l (smoothed2)  

smoothed3  =  np. rea l (smoothed3)  

 

# Dele te  dummy data  genera ted  when  Four ier  t ransform.  

smoothed  =  np.de le te(smoothed,  np.s_[dshape[1] :4096] ,  1)  

smoothed2  =  np.de le te (smoothed2,  np.s_[dshape[1] :4096] ,  1)  

smoothed3  =  np.de le te (smoothed3,  np.s_[dshape[1] :4096] ,  1)  

 

# Waveform af te r  smoothing  

ax3  =  f ig .add_subplot (1 ,  3,  3)   

ax3.se t_ t i t l e("Smoothing")  

ax3.se t_xlabel ("Wavelength  (nm)")  

ax3.se t_ylabel ("" )  

for  num  in  range(0 ,  60,  12) :  

        ax3.p lo t (xaxis ,  smoothed[num, :] ,  l abe l  =  "{0}  min" . format(num))  

ax3. legend( )  

 

pl t . show()  # Draw graph  

 

# Inser t  wavelength  da ta  "xaxis"  in  an  ini t ia l  co lumn  

smoothed  =  np. inser t (smoothed,  0,  xaxis ,  axis=0)  

smoothed2  =  np. inser t ( smoothed2,  0,  xaxis ,  axis=0)  

smoothed3  =  np. inser t ( smoothed3,  0,  xaxis ,  axis=0)  

 

np.savetx t ( '03_Smoothing_sensor1_af te r_di ffe rent ial .csv ' ,  smoothed.T,  del imi ter

= ' , ' )  
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np.savetx t ( '03_Smoothing_sensor2_af te r_di ffe rent ial .csv ' ,  smoothed2.T,  del imi t

er= ' , ' )  

np.savetx t ( '03_Smoothing_sensor3_af te r_di ffe rent ial .csv ' ,  smoothed3.T,  del imi t

er= ' , ' )   
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Appendix E Python program for the extraction of 

Q points from spectra data 

This  program opera tes  in  the  fo l lowing  s teps .  

1 .  Input  smoothed  da ta  "03_Smoothing_sensor1~3_af te r_di fferent ia l .csv" .  

2 .  Calcula te  the  t ime course  of  the  Q poin t  f rom the  input  da ta ,  and  save  da ta  as  

"04_Peak_spect ra_sensor1~3.csv" .  

 

impor t  numpy  as  np  

impor t  matplo t l ib .pyplo t  as  pl t  

 

data1  =  np. loadtx t ( '03_Smoothing_sensor1_af te r_di ffe rent ia l .csv ' ,  del imi ter= ' , ' )  

data2  =  np. loadtx t ( '03_Smoothing_sensor2_af te r_di ffe rent ia l .csv ' ,  del imi ter= ' , ' )  

data3  =  np. loadtx t ( '03_Smoothing_sensor3_af te r_di ffe rent ia l .csv ' ,  del imi ter= ' , ' )  

 

dshape  =  data1 .shape  

dshape2  =  data2 .shape  

dshape3  =  data3 .shape  

 

i  =  0  # Var iable  parameter  to  count  Q poin t s  

n  =  18  # Number  of  Q  poin t s  in  the  pr ior  forecas t  

 

t ime_number_0  =  np.zeros(n*2,  dtype  =  f loa t ) . reshape(n , -1)  #  Array  to  s tore  Q 

poin t  1  

t ime_number_1  =  np.zeros(n*2,  dtype  =  f loa t ) . reshape(n , -1)  #  Array  to  s tore  Q 

poin t  2  

t ime_number_2  =  np.zeros(n*2,  dtype  =  f loa t ) . reshape(n , -1)  #  Array  to  s tore  Q 

poin t  3  

 

l i s t s  =  l i s t ( )  # Array  for  t emporary  s torage  of  Q poin t  va lues  

np.ar ray( l i s ts ,  dtype  =  f loa t )  

Q_point  =  np.zeros(0 ,  dtype  =  in t )  

Q_point2  =  np.zeros(0 ,  dtype  =  in t )  

Q_point3  =  np.zeros(0 ,  dtype  =  in t )  
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# Peak  ext rac t ion  of  sensor  1  

for  hnum  in  range(1 ,  dshape[1] -1 ,  1) :  #  Scan  hor izonta l ly  

    for  vnum  in  range(1 ,  dshape[0] -1 ,1) :  # Scan  ver t ica l ly  

        i f  data1[vnum,  hnum]  <  data1[vnum+1,  hnum]  and  data1[vnum,  hnum]  <  da

ta1[vnum-1,  hnum]:  # Ext rac t ion  of  spec t ral  va l leys  

            l i s t s .append(data1[vnum,0] )  # Add the  wavelength  of  the  va l ley  of  the  

spec t rum in  an  in i t i a l  co lumn  

            i  =  i  +  1  # Record  the  number  of  Q poin t s .  

    Q_point  =  np. inser t (Q_point ,  0,  i ,  axis  =  0)  # Store  the  number  of  Q-poin ts  in  

an  ar ray  

    i f  l en( l i s t s)  <  n:  # I f  the  number  of  a r rays  i s  l ess  than  the  number  of  Q poin t s ,  

add  0  to  the  end  of  the  a r ray  to  adjus t  the  number  of  a r rays .  

        for  num  in  range(0 ,  n- len( l i s t s ) ,1) :  

            l i s t s .append(0)  

    t ime_number_0  =  np. inser t ( t ime_number_0,  0,  l i s t s ,  axis  =  1)  # Add the  va lue  

of  Q poin t  to  co lumn 0 .  

    pr in t ( t ime_number_0)  

    l i s t s [ : ]  =  [ ]  # Delete  the  contents  of  the  a r ray  tha t  s tores  the  Q poin ts  

    i  =  0  

t ime_number_0  =  np. f l ipud( t ime_number_0)  # Fl ip  the  a r ray  ups ide  down  

t ime_number_0  =  np. f l ip l r ( t ime_number_0)  # Fl ip  the  a r ray  le f t  or  r ight  

t ime_number_0  =  np.de le te ( t ime_number_0,  0,  1)  # Dele te  a l l  co lumns  wi th  zero 

e lements  in  columns  0  and  1  of  the  a r ray.  

t ime_number_0  =  np.de le te ( t ime_number_0,  0,  1)  

 

# Peak  ext rac t ion  of  sensor  2  

for  hnum  in  range(1 ,  dshape2[1] -1 ,  1) :   

    for  vnum  in  range(1 ,  dshape2[0] -1 ,1) :   

        i f  data2[vnum,  hnum]  <  data2[vnum+1,  hnum]  and  data2[vnum,  hnum]  <  da

ta2[vnum-1,  hnum]:  

            l i s t s .append(data2[vnum,0] )   

    Q_point2  =  np. inse r t (Q_point2 ,  0,  i ,  axi s  =  0)   

    i f  l en( l i s t s)  <  n:   

        for  num  in  range(0 ,  n- len( l i s t s ) ,1) :  

            l i s t s .append(0)  
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    t ime_number_1  =  np. inser t ( t ime_number_1,  0,  l i s t s ,  axis  =  1)   

    pr in t ( t ime_number_1)  

    l i s t s [ : ]  =  [ ]  

    i  =  0  

t ime_number_1  =  np. f l ipud( t ime_number_1)   

t ime_number_1  =  np. f l ip l r ( t ime_number_1)   

t ime_number_1  =  np.de le te ( t ime_number_1,  0,  1)   

t ime_number_1  =  np.de le te ( t ime_number_1,  0,  1)  

 

# Peak  ext rac t ion  of  sensor  3  

for  hnum  in  range(1 ,  dshape3[1] -1 ,  1) :  

    for  vnum  in  range(1 ,  dshape3[0] -1 ,1) :  

        i f  data3[vnum,  hnum]  <  data3[vnum+1,  hnum]  and  data3[vnum,  hnum]  <  da

ta3[vnum-1,  hnum]:  

            l i s t s .append(data3[vnum,0] )  

            i  =  i  +  1  

    Q_point3  =  np. inse r t (Q_point3 ,  0,  i ,  axis  =  0)   

    i f  l en( l i s t s)  <  n:   

        for  num  in  range(0 ,  n- len( l i s t s ) ,1) :  

            l i s t s .append(0)  

    t ime_number_2  =  np. inser t ( t ime_number_2,  0,  l i s t s ,  axis  =  1)   

    pr in t ( t ime_number_2)  

    l i s t s [ : ]  =  [ ]  

    i  =  0  

 

t ime_number_2  =  np. f l ipud( t ime_number_2)   

t ime_number_2  =  np. f l ip l r ( t ime_number_2)   

t ime_number_2  =  np.de le te ( t ime_number_2,  0,  1)  

t ime_number_2  =  np.de le te ( t ime_number_2,  0,  1)  

 

# Dele te  use less  a r rays  caused  by  the  d i ffe rence  be tween  the  number  of  Q poin t s  

in  the  se t  va lue  and  in  the  ac tua l  measurement .  

for  num  in  range(0 ,  n-max(Q_point )+1,1) :  

    t ime_number_0  =  np.de le te ( t ime_number_0,  0,  0)  

    t ime_number_1  =  np.de le te ( t ime_number_1,  0,  0)  
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    t ime_number_2  =  np.de le te ( t ime_number_2,  0,  0)  

 

# Add a  t ime te rm in  column 0 ,  depending  on  the  number  of  co lumns  in  the  mat r ix  

t ime  =  t ime_number_0.shape[1]  

t ime_number_0  =  np. inser t ( t ime_number_0,0 ,np .arange( t ime) ,axis  =  0)  

t ime  =  t ime_number_1.shape[1]  

t ime_number_1  =  np. inser t ( t ime_number_1,0 ,np .arange( t ime) ,axi s  =  0)  

t ime  =  t ime_number_2.shape[1]  

t ime_number_2  =  np. inser t ( t ime_number_2,0 ,np .arange( t ime) ,axis  =  0)  

 

np.savetx t ( '04_Peak_spect ra_sensor1 .csv ' ,  t ime_number_0,  del imi ter= ' , ' )  

np.savetx t ( '04_Peak_spect ra_sensor2 .csv ' ,  t ime_number_1,  del imi ter= ' , ' )  

np.savetx t ( '04_Peak_spect ra_sensor3 .csv ' ,  t ime_number_2,  del imi ter= ' , ' )  
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Appendix F Python program for smoothing 

Raman spectrum data 

This  program opera tes  in  the  fo l lowing  s teps .  

1 .  Input  obta ined  Raman  spec t rum data  "Spect ra .csv"  and  wavenumber  da ta  

"wavelength_axis_T.csv" .  

2 .  Smooth  input  Raman  da ta  by  apply ing  the  Savizky–Golay  f i l t e r.  

3 .  Draw the  or ig ina l  and  smoothed  Raman spec t ra ,  and  save  da ta  as  

" smoothing .csv" .  

 

impor t  numpy  as  np  

impor t  matplo t l ib .pyplo t  as  pl t  

f rom  sc ipy.s ignal  impor t  savgol_f i l t e r  

 

# Input  wavenumber  da ta  

xaxis  =  np. loadtx t ( 'wavelength_axis_T.csv ' ,  del imi ter= ' , ' )  

data  =  np. loadtx t ( 'Spec t ra .csv ' ,  del imi ter= ' , ' )  

 

# Transpose  a  mat r ix  "da ta"  

data  =  data .T  

 

# Dele te  the  wavenumber  da ta  exis t s  in  the  f i r s t  l ine .  

data  =  np.de le te (da ta ,  0,  0)  

 

# Def ine  mat r ix  before  smoothing  as  "motodata"  to  compare  before  and  af te r  

smoothing  waveform.  

motodata  =  data  

 

# Moving  s tandard  devia t ion  =  savgol_f i l t er  ( input  data ,  the  number  of  

approximate  da ta ,  index  of  polynomial ,  mode="wrap")  

smoothed  =  savgol_f i l t e r (da ta ,  121,1 ,  mode="wrap")  

 

# Figure  drawing  dec lara t ion  

f ig  =  pl t . f igure()  
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ax1  =  f ig .add_subplot (1 ,  2,  1)  # Set  the  le f t  s ide  when  drawing  in  1  row 2  columns .  

ax1.se t_ t i t l e("Or ig inal  data" )  # Graph  t i t l e  

ax1.se t_xlabel ("Raman  shi f t  (cm-1)" )  # X axis  l abe l  

ax1.se t_ylabel ("In tens i ty  (a .u . ) " )  # Y axis  l abe l  

ax1.p lo t (xaxis ,  motodata[0] )  

ax1. legend( )  # Draw a  legend  in  a  graph  window  

 

ax2  =  f ig .add_subplot (1 ,  2,  2)  # Set  the  r ight  s ide  when  drawing  in  1  row 2 

columns .  

ax2.se t_ t i t l e("Smoothing")  

ax2.se t_xlabel ("Raman  shi f t  (cm-1)" )  

ax2.se t_ylabel ("In tens i ty  (a .u . ) " )  

ax2.p lo t (xaxis ,  smoothed[0] )  

ax2. legend( )  

 

pl t . show()  # Draw graph  

 

# Inser t  wavenumber  da ta  "xaxis"  in  an  in i t i a l  co lumn  

smoothed  =  np. inser t (smoothed,  0,  xaxis ,  axis=0)  

np.savetx t ( ' smoothing.csv ' ,  smoothed.T,  del imi ter= ' , ' )  


