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Current and Future Challenges for
PM, ; Automatic Measuring

Devices as Examined by Parallel
Tests Using the Filter
Measurement Method
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Japan Environmental Sanitation Center
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1. PM, 5 Measurement Method 4t

W Discussed by the PM Measurement Method Expert
Committee, Air Quality Task Force, Central
Environmental Council

B Fine particular matter included as an additional item in
the Air Pollution Continuous Monitoring Manual

B Standard measurement method

B Automatic measuring devices: equivalent to the
standard measurement method

HTEOM

M (3-ray absorption method

M Light scattering method

®m Hybrid method using both B-ray and scattered light

Components of an Automatic
Measuring Device

1. Sampling tap 4. Detection unit
®m  Within 3-10 m above the m  Within 1.5 m from the outlet of
L g/m‘t{nd{ _ gl the particle sizer
mea':ttlecrglrilh?t ]ror:'zvznc’:sa;)article " ﬁ-ray absorptlon, TEDN,
o light scattering, and others
2 Dehumidifier 5. Arithmetic and data processing
m Heating method ®  Computation of mass
m Diffusion and dehumidification concentration
pipe B Humidity adjustment
B Clean air dilution B Volatile component
H Others adjustment
3. Particle sizer
B Cyclone
B Impactor

B Others



2. Method for Evaluating Automatic
Measuring Devices

H Set a control limit

B Set standards required for automatic measuring
devices

B Method based on quality management

Bm Compare the measurement values and required
standards (control limits) to make judgments using
respective data in terms of compliance

B The number of non-compliant data items is used to
making judgments regarding equivalence

Application of Control Limit

[o)]
o
~
2]
o
~

60 7
’

& L i 2 7 | vE o/ 7

g /b8 I 2 4 7 4

E ’2 0 )8 Jes 2| B iy

£ 40 - Rt £ 40 - P 2 40 - and

?’ / // / / '?’ ‘ /la/ / US) / /// /

@ o w 7 4

£ /’/ 7 £ J‘//‘/ £ ..‘// 7

L 7 > 7

E 20 ‘S £ 20 - o 7 E 20 A S/

3 ‘s 3 7 = /

2 Vot 2 i 2 "/

g S g v g s

g i ® < 2 7

g 0¥ . : - 20

L 0 20 40 e = 0 20 40 60 ©« 0 20 40 60

Reading using standard measurement method (pg/m3) Reading using standard measurement method (ug/m®  Reading using standard measurement methad (ug/m?)

Example of control Example of a device Example of a device
limit with equivalence without equivalence



Judgment Characteristics

B Parameters for evaluating equivalence
B Number of data items n
M Py.: probability of a non-complying device being
rejected
B Must be 0.95 or greater

® o: 1-a represents the probability that given data
falls inside the control limit

® r: maximum allowable number of outliers from the
control limit

B How do these parameters change when the
number of data items (n) changes?

Relationship between the number of
data items n and Py

B Py increases along with increases

in the number of data items 1 -
® P.: probability of a non-
complying device being 08
rejected

B The greater the n, the betterit 0.6 1
is for selecting the right device %

B N needs to be determined so 0.4 -
that P; > 0.95

0.2
How to calculate Py
Probability of mistakenly accepting a 0 — T T
non-compliant device 0 20 40 60 80 100 120 140 160 180
_>1-PR n

If a given condition requires
compliance in all 4 fields,
then Pk can be calculated as 1- (1-Pg)*




Relationship between the number of
data n and o

B o has a discrete distribution 0.1
B As n increases, o
becomes smaller in a 0.08 1 %%%%%%%%®
narrow area %%%%
) 0.06 - %%
B Smaller o leads to a W|dera %%
opening of the control limit  , ,, | )

(see Figure 3 in resume)
M r does not change in this  0.02

range
W Further sreqss 0.0 ° 0 2I0 4I0 6I0 8I0 1(IJO 1é0 1;-0 1(;0 180
causes o to surge and r to .
change
9
Control limit, oo and r
0.5
B Smaller o results in wider y
opening of control limit .y -
® Wider opening of control limit
results in smaller r o
0.1
cix? +(1—QJ02 0
A - X o -1.96 5 1.96 4
Du=K, m 05
K, _.;2: Cumulative distribution function of the standard normal
distribution taken for 1-a/2 04
Example: o = 0.05then K = 1.96 0.3 90%
o =0.1thenK=1.64 53
C,: Criterion for acceptance
o,2 Estimated error variance of the standard measurement 0.1
method
m: Number of devices used for the evaluation (two devices 0_4 =164 - 168 2

are planned for the evaluation test. Thus, m = 2)
10



Relationship between the number of
dataitems nandr

W r shifts gradually along 2
with the change in n 20 | =
m Once n is determined, r -

for maximizing Py canbe 15 | &=
identified - _-'

10 - .-.

||=F.'
51 &
@
0

0 20 40 60 80 100 120 140 160 180

n

11

Relationship between o, Py and r

M P, and r change when o changes
B The figure below is an example with n=72

Broader control Narrower control
limit with small r limit with larger r

M

r=5

Enlarged-view—
| == 3]

0.8

0.85

0.8

Pr
0.75 0.80
! I
e —

Pr
0.4

0.2
0.70

[” |
Yy
M,
l”’//,, 1y

0.65

0.0

T T T _4 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.01 F=40.02 0.03 0.04 0.05 0.06 0.07

a a



Concept of Py

H Probability of a non-complying device being
rejected (Pg)
B A case when P achieves the maximum value
A case when Py, is fixed at 0.95

B Choice between Pz Max and Py Fix is only a matter
of probability. It is enough to verify the equivalence
with either of the two.

13

o and broadness of control limit

Effective number of measurement days 73 Effective number of measurement days ?3"‘1

Number of valid data items of automatic Number of valid data items of automatic

measuring device 71 measuring device 71

Number of outliers 23 Number of outliers 7

r 18 r 6

K 1.456 K 2.185

Slope 0.97 Slope 0.97
. 60 _. 60 -

Y
o

N
o
1

Reading using automatic measuring device (ug/m?®

Reading using automatic measuring device (ug/m

o

0 20 40 60 0 20 40 60

Reading using standard measurement method (ug/m3) Reading using standard measurement method (ug/m3)

Pg Fix: Larger than the original o Pg Fix: Smaller than the original a@ 44



Judgment Characteristics with Device A

(Urban Area)
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0.84

R Y
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st ri "
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Pass
Fail
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=" 1

076 |

P
L pa=ked=
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074
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072
002 004 006
Broader control
limit with sm‘aIler r
-

01

012

Narrower control

3. Equivalence Evaluation Test

B Round 1:

® Winter from December 21,
2009 to February 2, 2010

(37 days excluding the period from
December 28 to January 3)

® Summer from July 20 to August
29, 2010 (40 days)

B Round 2:

® Winter from December 20,

2010 to February 15, 2011

(50 days excluding the period from
December 28 to January 3)

B Summer from July 20 to August
29, 2010 (40 days)

B Testing area:

® Urban area: 1 Daishikoen, Kawasaki-
ku, Kawasaki, Kanagawa Prefecture

B Non-urban area: 1182 Sowa, Nishi-ku,
Niigata, Niigata Prefecture

Iil;nit with larger r

15

Urban Non-urban | Integration
area area of the two
areas
Summer
ZE:)I g‘)
4 separate o
Winter fields S
= i
1L )
Integration
of the two
seasons Group 1

16




Entries in the Evaluation

B 7 companies with 12 devices participated in the evaluation test

Device name (manufacturer) Measurement principle Particle sizer Dehumidification
method
(1) PM-712 (Kimoto) p-ray absorption Virtual impactor SMART
-CALCULATION
(2) PM-717 (Kimoto) B-ray absorption Cyclone Dilution method
(3) BAM-250 (Shibata) p-ray absorption VSCC Heating method
(4) FPM-377 (DKK) p-ray absorption VSCC Heating method
(5) APDA-375A (Horiba) p-ray absorption VSCC Heating method
(6) FHB62C14 (Thermo) p-ray absorption VSCC Heating method
(7) 1405-DF (Thermo) TEOM Virtual impactor Diffusion and
dehumidification pipe
(8) EDM180 (Grimm) Light scattering Optical classification | Diffusion and
dehumidification pipe
(9) SHARP 5030 (Thermo) | Hybrid method using g-ray and | VSCC Heating method
scattered light
(10) MP101M (ESA) Hybrid method using g-ray and | VSCC Heating method
scattered light
(11) 5014i (Thermo) p-ray VSCC Heating method

4. Evaluation Results

17

B Equivalence was acknowledged with 8 devices from 5

companies
M@ |G |@ |G |6 | @] @ |© |10]0)]()
Pr Max Pass | Pass | Fail | Pass | Pass | Pass | Fail | Fail | Pass | Pass | Pass | Pass
Pr Fix Fail | Pass | Fail | Pass | Pass | Pass | Fail | Fail | Pass | Pass | Pass | Pass
Equivalence? | Yes | Yes | No | Yes | Yes | Yes | No | No | Yes | Yes | Yes | Yes

Note)

+ With exceptions of devices (2) and (10)’, the above measuring devices were
evaluated based on hourly measurement data converted into a daily average (23
hours from 12:00 to 11:00 on the next day) in accordance with the standard
measurement method.

measurement for 24 hours from 12:00 to 12:00 on the next day.

Device (2) was evaluated based on the 23-hour average in accordance with the
standard measurement method.

Device (10)’ was evaluated based on the direct measurement including the

18
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FH62C14 (Thermo)
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MP101M (ESA/BAM)
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5014i (Thermo)
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5. Considerations to Make while
Using Automatic Measuring Devices

1. Impact of a semi-volatile component and
moisture on the measurement

2. Importance of evaluation of measurement
results taking the characteristics of the
automatic measuring device into account

3. Management of data

28



Impact of a semi-volatile component g
and moisture on the measurement

B Factors of difference between the measurement
data according to the automatic measuring
device and the standard measurement method

(1) Sublimation of semi-volatile component
(2) Impact of adsorption of gaseous component

(3) Impact of humidity and the dehumidification
performance of the measuring device

29

Difference observed between S

measurement methods (Case in the US) g

B Results with TEOM (heating to 50°C) are 20-35% lower than
those with FRM

B Impact of sublimation of the nitrate aerosol

B Results with TEOM with FDMS (function to adjust for volatile
components) are 9-30% higher than those with FRM

M Partial sublimation of PM2.5 during FRM sample capture

B Results with B-ray absorption method (without dehumidification
function) are up to 30% higher than those with FRM

B FRM involves weighing after the conditioning process (21.5
+1.5°C, 35 £ 5%). But the automatic measuring devices
directly measure the captured particles, which in fact
increases hygroscopic impact such as that of sulfate.
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Effect and Impact of Dehumidifier

Control by heating to 35°C Control to RH40%

80 - 60
* :Device V (normal)

y =1.54x -2.93
r=0.96
601, =63 P

40 A

40 A
Q :Device V (dry)

Reading using device V (pg/m®)
Reading using device S (ug/m?)

y =0.99x +0.71 20 4
20 A r=0.98
n=71
p <0.001
0 T T T 0 T T
0 20 40 60 80 0 20 40 60
Reading using standard method (ug/m?) Reading using standard method (pg/m?)
B A greater match with FRM is achieved by fitting a
dehumidifier '
B Note that constant-humidity heating method tends to result
in smaller values during winter or rainfall 31

Importance of Evaluation of Measurement
Results Taking the Characteristics of the
Automatic Measuring Device into Account

B Some measuring devices tend to be biased vis-
a-vis standard measurement
m Devices that tend to result in larger figures
m Devices that tend to result in smaller figures

W Careful attention needs to be paid to devices
that tend to result in smaller figures in view of
the intended purpose of the environmental
standards

32



Management of Data

B[t is important to attach to your measurement
results information that identifies the automatic
measuring device used for the measurement

B This makes it possible to examine the results while
taking the characteristics of the automatic
measuring device into account.

33

Expected Further Improvements

B Improvement with respect to divergence from
the standard measurement method

B [mprovement with regard to impact from
dehumidifiers

B Compliance according to evaluations using both
Pr Max and Py Fix

B Compliance according to evaluations in each of
the 4 fields

B Improvement in terms of the slopes respectively
corresponding to the 4 fields

34
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(2a)
(2b)

BT, BEAFROLMnRENES
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DREFER % Mt (i) & L TR—F et
THRERRXNET AT 2. ok, HER
Rk, AEEmENEITRIE L2 BIEEOEY
EE+5, LTFTIE, ERY=XEAE)OHE
BEDIZ DWW CHIERRRDEEY , nElDOREIERS
BoOHT, HERM#BAS (D>Dy) IKH RSN
HBIERRDPAMELUTO L &, HIEFRES
LT A FRERHTH, 0L E, &
MitEEEG) E R THEFROF T, HER
FE D E\WEIE J5 3 (Least Favorable72:IK)

Po=0, f1=1, ¥r(w) = Va(n)
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STEP 1. MR AU E R T 5 EFEE G Pe,
HEEEHRPcEED D,

STEP 2. n&#Y72{EILHET 5,
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oK LT, AERMEPPLAT 2= &K
DEEHEELE Az RD 5,

STEP 4. HERRFE « HEHEEAL,
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T BPeMPcLA T 72 61, HIFERR o HE
B dcZE AL LTHRAT S, PadiPc
BPRBZI-b, nkntld LT, STEP3IZES,

4 BREHFARFXETOISL

HE BRI (ORI T 2 R ARG FIRD
STEP3,4%4 X3 5 7=HiZ, REL PMinspect
% LT,

- AAEIH

n: STEP2TED B ¥ T NH A Xn
m: (O)DRBREEm, T 4 741 Ml
CA:H|TE FRF(6) D Ca
CR:R & REER TEHT &,
SRR B CRA i DR B Cr
ML: HIERR(ONDX, FHEFRIET VX
REGHTREZARATIONEN
VarX: ZEHEHIFEEDBRE S Box® DHEEE
Pp: AT AEREFRNERERIZTS
LR (FEE), 7 4 7 &V M E0.01,
L: Step 3 TCaDHEZEHINT SN T0.0123 5
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Ac:  HIERRO)DOHCHDHZ LBFFEh
D E I EEE
alpha : I E R (6)Da

BetaMIN : 43 @B CAu? O T C, WATHIE

FERBHERF(O)IMH D HeFE

Ppactual: Zr# B CA»2DOT T, HIESA%Z

BEREE LT HAEERROESE

Pc : DEBISCRAAD T T, MEFAERE

TEKETHHBEERR

LLF A%, PMInspectDR=— RTH 5,

PMInspect< functmn(nM VarX,CA,CR,ML,
t'eiél ;—'l:@@ﬁ@ Bes\%gi}/

{PA <- 1-Pp

alpha<-seq(0.01,PA,(PA-0.01)/L)

K<-gnorm(1-alpha/2)

CA1<-(CA*ML)*2+(1-CA™2/m)*VarX

CR1<-(CR*ML)"2-+(1-CR"2/m)*VarX

Dmin<-sqrt(CAL/CR1)

BetaMIN<-2*(1-pnorm(K*Dmin))

Ac<-gbinom(PA n,alpha)

Ppactual <- I-pbinom(Ac,n,alpha)

Pe<- pbinom(Ac,n,BetaMIN)

PAtable<-cbind(n,m,Ac, alpha, BetaMIN, Ppac-

tual, Pc)

PAtable[order(1-Pc)[length(alpha):(length(alpha)-

Best+1)],]

}

555
FI AR - n=80, m=2, VarX=8:65,CA=0.10,
CR=0.15, ML=10, Pp=0.01D%E D H 7

> PMInspect(80,2,0.55,0.1,0.15,10,0.01,10000,3)

nmAc alpha BetaMIN Ppactual Pe
[1,] 802 11 0.070368 0.1780992 0.009993861 0.2142583
[2,] 80212 0.079188 0.1914311 0.009933872 0.2150257
[3,] 80 211 0.070270 0.1779478 0.009890383 0.2152701

Zh XY, 0=0.070368, AHEHEEEA=11L

Wi EFEROb & T, AEEMRRIZ0.00999, H
BEEMEREIT02146E VWO REHFXNEIRET S
ZEBTED,

5. EREFEOEHMMEFTME~DER

AFHx, 40EIOIETTHIE 2248k, 23
THRVIEL, ThENORRERICEHRBR

FED (K2£MB) FEEAPThi[5],
HZFE (A1) 2E (¥

FRMT—43 20 FRMT—43% 20
BEEERT 20 BERERT 19

NALEDE! 2 0 NALEOE] LANe)

r 3 r +

K 2.054 K 1.812

G0 60

y = 1.1442x + 0.2029

= |.1444x + 0.8437 A
R =0963

Ri=

09606
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BE Xk
(1] BEEE (2009 : 4. BEEERIFEIEOEMIE
& LTHRWS BBl ERR O ST, Fk
BREFHESKIEETSM/RYE R E
EfZEES ﬂ:,

uncil/toshin/t

https://www. env. go, ip/co
T—h2101/,02. pdf
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and Hall.
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High concentration PM2.5 event analysis which derived by new particle formation at Tokyo urban area

OB &, 7K 36, B fith ((ABDRREBBOM RRMBBHEREM L Amni et

Introduction
> EECETAMsERREREAROLTOGS > RESCHEMEETMELIPM SIS DT, RE
HEMTRELESMICEE TG WAL R RS I E{T o1
> EEOWEISNTHIANERLY, > MRENEGSSSARABEH ERLLOR ‘ HESERI—S AR B AR T RS R
L ] 42 (NO3)
B FFE 0TI FEEATRRERE B FUESD LA (NH)
B BEFZ B> vPTIIUE
30 RUETESE
1012 2w R o - =
wn2oEEA GO MEREB &= Fik |7 A
SeBuAnENE o E TSRS R Tt 1
—-—1015 21 " R . :
iecean a Py HEMRE  MPWPSIOOP  grmzherss _ e T
—a—0) PEAmdl E L ln_r; PMasETRBE  KIMOTO PM-712 a’amnﬁ; IIHMIBIS.HE.HB.H.NS
Juws :
i_f: - lax PMLOSTEIEE KIMOTOPM714  pHITRINGE :
e )
H e HNOABEE Thermo Model 42iTL. F=a—4#43 : *
= uee ! 4
" [‘“ ) NHaBE KMOTOANHAE < 7B7E—HdE
SPEEI IS IS S e TovHTIE - i
oo 5 PErT I NoYRIE KIMOTOACSA-1A  SESMEHEES 53”&’;‘:;:?;’22
[ ERRES AT ARERNROBMENTREND | [ MRTLE-YLOBRICLIPMBRESHORE | TREH SRAHODE WS
T A5
$HITFEMA A2 OB % (Kulmala et al,, 2012) BIRFERASUHIDWT, 4017 R o 16
-aBsMY L % = "
® 9083, SHAERFO RN (Moving Median) ££5 e L v B EEEHHTERAAUIAEL
@ Nesom > Nozsom LB ERIERT @ Class3 2BMABOMTFHRENEONE & - - W8 g —h. OFHICHATHTF O
@ @CHRLESEMIZEOT, EMEFORTHRE @ Undefined: BREGHFRENELAR = 10 } j, Eele 4, o ‘l? i
D5 i LEELENEEL TR B vyl dna et i cooa i el [ Y 0 U s ¥, bt B GREFREHBRIBFE A REA T,
@ @OEEMOEEYHL1LEMUNTOOLEVNE ’ o : i AOEHI=S>TELTH
EHAEBMEASHFERAUNETS s hean ST AR R T R R Aaara A sAea e m R eanAnd  RESMTVACEMNTMEID
E 1 / particles cm? 8 0 - =
5 = g SR : |®m¥!@NH4~o:m$ﬁ2ﬁER§#ﬁ§¢ |
8 i i = t i FAARHNG, NH2 & FEHNANO 2 & OTFBIEEKp & il
N = g £ w- g + i NH,(g) + HNO(g) «» NH,NO(s)
'; ;:;o E o ob o 4’ o 5 Sk S (Seinfeld and Pandis (zms)) —_—
- “w s D a0 - 24220
i | & 3 Ky e = 4.6 ————6. 1xin 290 E:> Ky meas = [HNOs] % [NH;]
g - = ; DDUD nD R —— st
oy LB i P |@ nHanO:D AR~ OB TERE |
£ o & e l I " T BHNNO: AR AR DRHE Bt
BE "E = e o NH,(g) + HNO;(g) & NH NG (s) - NH,NO (1)
-3 WJBE 4o 5o HNANOI D RR I H I (Seinfeld and Pandis (2006))
N T ] | - N 2 bt morr =22 1 1 6954 [ wmomsRELL
1B 27 33 <A 5B 6A 7A 2A A WELALR E 2
'R :Formation Rate(ﬁ;iﬂﬁﬁ);%ﬁﬂtl}fgﬂi aueined  Chinl .t WOzl 5 54 |®H25040)$ﬁﬁ:'§i°§1§§’~f l
. Ady LA A = o BRew a2k H AYRH25040) EREFE IR EAD BH2504 oy D B 1 (Mikkonen et al. (2011))
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Surface plasmon resonance transducers with membrane structure
toward gas-sensing applications

Takahiro Shimodaira, Shogo Suzuki, Yoshiki Aizawa, Yasufumi limura, Hiromasa Shimizu
Dept. of Electrical and Electronic Engineering, Tokyo Univ. of Agriculture and Technology,
2-24-16 Naka-cho, Koganei, Tokyo, Japan 184-8588

ABSTRACT

We proposed and demonstrated a new modulation scheme of surface plasmon resonance (SPR) sensor for higher
sensitivity. We fabricated novel SPR (ransducers with wedge membrane structure on the Au thin film (Otto
configuration) for gas sensing application. The transducers are composed of SiO, / gas flowing layer / Au trilayers,
fabricated by wafer bonding of SiO; substrate on Au thin film on Si substrate via the ball spacers to define the thickness
(7) of the gas flowing layer. There is variation of 7 within the sample owing to the inhomogeneous bonding force during
the adhesion process, leading to variation of 7 and modulating the SPR within the single transducer. The SPR was
measured with attenuated total reflection with a glass prism. We measured SPR for different positions having different ¢
by images detected by a camera with focusing and objective lenses. Asymmetric intensity distributions in the images
were fitted with the simulated reflectivity, meaning that the obtained images correspond to the SPR near the cut-off
condition in Otto configuration. We observed the shift of the intensity distribution upon the change of the excitation
condition through different 7. Based on the new modulation scheme, higher sensitivity is expected through analysis of
the observed images.

Keywords: Surface plasmon resonance, transducer, membrane, gas sensing, modulation scheme

1. INTRODUCTION

Surface plasmon polaritons (SPP) are quasiparticles by collective electron oscillations coupled to lightwaves at the
interface between a metal and a dielectric, which enables strong optical confinement at the interface and miniaturizing
the optical devices. Slight change of the refractive index (RI) of the dielectric modifies the propagation constant and loss,
which has been applied to surface plasmon resonance (SPR) bio-sensor through measuring RI at the metal surface [1].
Highly conductive metals (Au, Ag) have been used to excite SPP and applied to sensing chips in SPR biosensor. It has
been demonstrated that the propagation constant and loss of SPPs can be modified by transverse magneto-optic Kerr
effect (TMOKE). Enhancement of the sensitivity and magneto-optic figure-of-merit (FOM) in SPR sensors with
ferromagnetic metals (FMs; Fe, Co) has been reported by modulating the resonance condition through magnetization
reversal [2, 3].

Most of the experimental studies for magnetic modulation of SPR have been carried out exciting SPPs with an attenuated
total reflection (ATR) setup in the Kretschmann-Raether (K-R) configuration, where SPPs are excited at the surface of
the metal layers deposited on dielectric prisms by illumination through the prism, as shown in Figure 1(a). On the other
hand, in an Otto configuration (by inserting a dielectric layer of lower refractive index between the prism and the
metallic layer), an additional degree of tunability is available, since the coupling between the incident light and the SPP
mode can be optimized by the thickness of the intermediate layer between the prism and the metal layer, as shown in
Figure 1(b) [4]. We have demonstrated the method to enhance the FOM in Double-layer Dielectrics and Ferromagnetic
Metal (DDFM) structure composed of Al,04/810,/Fe. FOM of 100 % has been achieved with wavelength tunability of
1300 and 1550 nm [4].

*h-shmz@cc.tuat.ac. jp; phone/fax +81 42 388-7996; http://web.tuat.ac.jp/~h-shmz/lab_index_eng.htm
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In this paper, we report a proposal and demonstration of a new modulation scheme of surface plasmon resonance (SPR)
sensor for higher sensitivity. We fabricated novel SPR transducers with membrane structure on the Au thin film (Otto
configuration) for gas sensing application. The transducers are composed of SiO, / analyte (gas flowing layer) / Au
trilayers, by wafer bonding of SiO, substrate on 200 nm-thick Au thin film on Si substrate. We fabricated wedge
membrane structure during the bonding process, leading to modulating the SPR within a single transducer. The SPR was
measured with ATR with a glass prism. We measured modulated SPR signals according to the change of 7. Based on

the new modulation scheme, higher sensitivity is expected through analysis of the observed images from the modulated
SPR transducers.

R= PZ/P1

S—
Glass prism

Figure 1. Schematic images for setup of SPR sensor with (a) Kretschmann-Raether (K-R) configuration and (b) Otto
configuration.

2. PRINCIPLE OF OPERATION
2.1 Modulation of SPR with K-R configuration

Surface plasmon resonance with fixed RI and wavelength under K-R configuration is determined by the metal thickness.
There is an optimum thickness providing minimum reflectivity and the smallest dip, leading to accurate readout of the
resonance angle to detect the RI difference An. Figure 2 shows calculated reflectivity R as a function of angle of
incidence in SPR transducer of Figure 1(a), where the wavelength A = 1360 nm, and RI of analyte is set to 1 as a test
case. With increasing the thickness of Au layer (d) from 16 nm, minimum reflectivity became smaller, and d = 24 nm
provides the smallest reflectivity dip corresponding to the cut-off condition. Thicker metal brings higher reflectivity
owing to smaller penetration to the Au/analyte interface. In order to modulate the resonance condition by modulating the

structure in a single SPR transducer, it is necessary to prepare the Au thin film with different thickness on a substrate,
which requires complicated fabrication process.
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Figure 2. Calculated reflectivity as a function of angle of incidence in SPR transducers with K-R configuration of Figure 1(a), where
the wavelength A = 1360 nm, and RI of analyte is assumed to 1 as a test case. d is the thickness of Au thin film.
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2.2 Modulation of SPR with Otto configuration

In SPR sensing, it is necessary to measure the incident angle dependence of the reflectivity, as shown in Figure 1(a).
Rotating and aligning the optics are required for the incident light source and detector, which worsens the reliability of
the readout of the angle providing minimum reflectivity. It is well known that introduction of the focusing and objective
lenses and a camera for detecting the reflected light, improves the reliability on the readout process, as shown in Figure 3.
It is possible to measure the reflectivity upon the deviation of the incident angle (A6) with a single image by using
focusing lens providing A, without moving the optics and transducers. Single dark line can be observed with a camera,
which corresponds to the angle providing the minimum reflectivity. The focusing magnification of the lens and spatial
resolution determines the resolution of the readout of the incident angle.

When a dielectric layer of lower RI between the prism and the metallic layer is formed by parallel bonding in the SPR
transducer with Otto configuration as shown in Figure 4(a), an image is obtained as a dark and straight line as shown in
Figure 3. It is possible to modulate the resonance condition in a single SPR transducer in Otto configuration, by making
wedge structure (the thickness of the cavity 7 is modulated) through the bonding process, without modulating the
thickness of the metallic layer, as is required in the K-R configuration. We can get not only angle dependence of the
reflectivity in the horizontal direction but also dependence of the reflectivity by different # in the vertical direction in the
image. It is expected that single image provides a lot of SPR signals under various conditions, leading to higher
sensitivity by modulation of SPR and analysis of the obtained image, as schematically shown in Figure 4.
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Figure 4. Schematic images of the SPR transducers and detected SPR images with Otto configuration fabricated by bonding,
for the cases of bonding to parallel structure (left), and bonding to wedge structure (right).
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3. SIMULATIONS AND CHARACTERIZATIONS

3.1 Modulation of SPR with Otto configuration

We have simulated the reflectivity R as a function of the angle of incidence in SPR transducer with Otto configuration.
Figure 5 shows the measurement setup for the wedge SPR transducer by lenses and a camera, and simulated reflectivity
with = 3.034, 3.134, 3.234 and 3.334 pum, where the wavelength A = 1360 nm, and RI of analyte is set to 1. Here, right
angle prism was used to couple the incident light with SPP in order to compare with that of our experimental results as
shown in the later section. With increasing ¢, reflectivity decreased, and 7 = 3.234 pm provides the smallest reflectivity
dip (cut-off condition). Smaller ¢ brings higher reflectivity and wider dip owing to larger reflection at the Au surface and
stronger coupling with SPP.

y ‘ A=1360-1550 nm

R o Increasing t (3.034, 3.134, _
e | 0.8 =.3234and 3334 pm)
06
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0.4
0.2
I I\
o 44 44.2 44.4
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Figure 5. Left: The measurement setup of the wedge membrane SPR transducer by using lenses and camera. Right:
Calculated reflectivity as a function of the angle of incidence, where the wavelength A= 1360 nm, and RI of analyte is
set to 1. /s the thickness of the cavity for gas flowing layer.

3.2 Fabrication Process of Wedge Membrane SPR Transducer

Based on the simulations, we fabricated SPR transducers with wedge membrane structure on the Au thin film. The
transducers are composed of Si0, / analyte (gas flowing layer) / Au trilayers, by wafer bonding of SiO, substrate on 200
nm-thick Au thin film on a Si substrate via the ball spacers with diameter of 2 pum to define the thickness (¢) of the gas
flowing layer. A Au thin film was deposited by electron-beam evaporator with 3nm-thick Ti layer on a Si substrate.
Figure 6 shows the bonding process for a membrane SPR transducer. Ball spacers with diameter of 2 pm were mixed
with the adhesive composed of epoxy resin for the process preparing the panel of liquid crystal display. We coated the
adhesive on the surface of a glass substrate, and bonded with the Au surface. The bonded sample was baked at 100 °C
for 3 min. and annealed at 150 °C for 1 hour. During the annealing, bonding force was applied by a plate of 1 kg. Inset
of Figure 6 shows the picture of the fabricated membrane sample (2.4 cm x 3 cm). We can see the variation of 7 within a
sample, which was characterized by an optical interferometer. Since the area of the adhesive is 5 times smaller than that
of the gas flowing layer, there is an inhomogenity of the bonding force upon the glass substrate, leading to different 7 and
modulating the SPR within a single transducer, as schematically shown in the inset.
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Figure 6. Left: The bonding process for a membrane SPR transducer, composed of SiO, / analyte (gas flowing layer) / Au trilayers, by
wafer bonding of SiO, substrate on 200 nm-thick Au thin film on Si substrate.

3.3 Measurement Setup and Characterizations

We have observed the images of the fabricated sample of Figure 6 with an experimental setup of Figure 5. We mounted
the rear side of the glass substrate on a glass prism by index-matching oil, and a p-polarized incident light with a
wavelength of 1550 nm is introduced from a wavelength tunable laser with a focusing lens (x5 magnification). The
intensity was set at -8 dBm, and reflected light is collimated by an objective lens (x20 magnification), and detected with
infrared camera with the pixel size of 18.1 x 19.5 um. Prior to observing the images, we analyzed the angle resolution of
the image by slightly rotating the sample with stepping motor and 0.0053 deg./pixel was estimated as a factor of
conversion from the pixel to incident angle. We obtained the images of different positions having different 7 with the
distance of 200 um and step of Az = 10 pm along the z direction of Figure 7. Figure 7 shows the obtained images of two
points (A and B). The distance between point A and B is 30 pm. Asymmetric intensity distributions of the images in
horizontal direction can be fitted with the simulated reflectivity in Figure 5, meaning that the obtained images correspond
to the SPR near the cut-off condition in Otto configuration. The position of the dark part (minimum reflectivity) for
point A (larger {) is located at right side compared with that for point B. We estimated the thickness of the membrane ¢
by fitting the simulated reflectivity with experimental results for the point A and B by treating 7 as a fitting parameter. ¢
was estimated to 4.0 (point A) and 3.7 um (point B), respectively. The reflectivity is converted from the image, as a
function of the incident angle, and shown in lower right of Figure 7. The slope of the reflectivity at smaller incident
angle of sample A, is larger than that of sample B. The slope monotonically increases with increasing f between point A
and B, which is the same tendency as simulated reflectivity of Figure 5. From the series of measurement results, SPR
transducers with wedge membrane structure on the Au thin film were demonstrated in a single sample.

t=3.7)1m

44.07 44,17 44.27 44.37

Figure 7. Upper left: Obtained reflected light images from two points (A and B) of the bonded membrane SPR transducer. Lower
right: Converted angle dependence of reflectivity as a function of the incident angle from point A and B.
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4. SUMMARY

We proposed and demonstrated a new modulation scheme of surface plasmon resonance (SPR) sensor with Otto
configuration for higher sensitivity. We fabricated wedge membrane SPR transducers with Au thin film for gas sensing
application, and simulated the SPR characteristics. The transducers are composed of SiO, / gas flowing layer / Au
trilayers, fabricated by wafer bonding of SiO, substrate on 200 nm-thick Au thin film on Si substrate. We used adhesive
mixed with the ball spacers, which have been used for the process preparing the panel of liquid crystal display, in order
to define the thickness (7) of the gas flowing layer. We confirmed the variation of 7 within the sample owing to the
inhomogeneous bonding force during the adhesion process, leading to modulating the SPR within the single transducer.
The SPR was measured with attenuated total reflection with a glass prism, for different positions having different ¢ by
images detected by a camera with focusing and objective lenses. Asymmetric intensity distributions in the images were
fitted with the simulated reflectivity, meaning that the obtained images correspond to the SPR near the cut-off condition
in Otto configuration. We observed the shift of the reflected light intensity distribution by the change of the excitation
condition through different 7. Based on the new modulation scheme, higher sensitivity is expected through analysis of
the observed images.
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