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Controls of pressure-driven micro-droplet formation and optimum encapsulation in
microfluidic system

Mathias Girault, Akihiro Hattori, Hyonchol Kim, Kenji Matsuura, Masao Odaka, Hideyuki

Terazono, and Kenji Yasuda.

1. Introduction

As a part of the on-chip cellomic project, a
complementary microfluidic method was
investigated in order to compartmentalize
sample into constant volume. To reach this
goal, we examined the creation of reproducible
water-in-oil droplets capable to encapsulate
object such as cell clusters. In the literature, the
formation and encapsulation of objects are
often limited to the random case and can be
modelled by using the Poisson’s distribution.
This approach expects that the flow in the
channel prior to encapsulation can -carry
objects without sedimentation. However, this
statement is often violated in the low range of
pressures and contributes to  separate
encapsulation and sorting chips to overcome
this phenomenon. Although the sedimentation
was not fully investigated by comparison to
other parameters such as droplet speed or
sorting mechanisms, it appeared to be crucial
that the development of integrate chip needs a
better characterizing of the range of pressures
and an exploration of the relationships between
parameters monitored in ‘real-time’ and the
flow pattern.

In this project, we investigated a method using
a pressure-controlled system in order to create
an emulsion of homogenous micro-droplets
able to contain objects with a diameter size up
to 20 um. This study also describes the
different flow regimes with a particular focus
on the generation of stable droplet flow,
needed to develop sorting microfluidic
applications. This detailed approach could lead
to find the most suitable experimental setting
capable to control the encapsulation of object
in a stable droplet flow.

2. Material and methods

A dual pumps system composed of two
independent compact air cylinders was used to
generate the droplet by flow focusing an
aqueous stream with two streams of fluorinated
oil containing a surfactant. All pressures are
reported relative to the atmosphere. Inverted
microscope equipped with a CMOS camera
was used to capture digital images during

droplet formation. This camera was connected to
the computer where LabVIEW 2013® software was
installed. The stable droplet flow pattern is defined
as a single droplets flow centred in the
microchannel and moving linearly through the
channel. In contrast, the unstable droplet flow is
defined as multiple flows of droplets which linearly
or not moved in the microchannel.

Dual pumps
system

Optical microscope equipped with
an high speed camera

Figure 1: Schematic drawing of the experimental
devices and pictures of the six different flow
regimes (scale bar 50um). (a) is the micrograph of
the channel filled with sample (sample only), (b) an
annular flow pattern, (c) the droplet with diameter
size higher than the channel width (plug pattern),
(d) the unstable droplet pattern where the droplets
are not centred in the channel, (e) the droplet
centred in the channel (stable droplet pattern), (f)
shows the channel only fill with oil (oil only).

3. Results and discussion.

3.1 A competition between the inertial and the
viscous forces in a fixed geometry

By using the dual pump system, combinations of
400 different pressures were measured and the
associated two-phase flow patterns were recorded.
Flow patterns were discriminated into six different
cases characterizing either droplet types or single
phase flows (Figs. 1, 2). Then, droplet flow types
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Figure 2: Relationship between droplet shape
and the pressures applied on the sample and oil
inlets. The different flow regimes observed in
the range of pressure used were delimitated by
the black dotted lines.

were categorized into stable and unstable
droplet patterns (Figs. 1d and 1le, respectively).
Among the different flow regimes, the
minimum droplet size (=30 um) of the chip
was slightly smaller than the flow focusing
contraction width (50 pm) and indicated the
strong geometry dependence in the pressure-
controlled system. Moreover, results showed
that the droplet diameter was limited to ~70
um in the stable droplet regime flow at the
frequency higher than 2 Hz. The specific
diameter of the droplet corresponding to the
half of the channel could be linked to the
change in dominant force between the inertial
and the viscous forces”. In this context,
calculations of the Re numbers were performed
according to the geometry of the microfluidics
devices in view to verify if any possible
increases of the Re numbers can describe any
change in the flow regimes. With a Re number
lower than 0.5, the flow should be laminar in
the channel and droplets are expected to move
straight through the channel. As unstable flow
was observed, this result suggested that flow
regime can not only depend on the formation
area but also to the subsequent parts of the
microfluidic device. This integrative approach
was in agreement with the study of Lee et al.
(2009)” which reported that droplet formation
could depend on either the upstream geometry
and associated flow field or the geometry and
flow field in the downstream channel.
Consequently, our results indicated that precise
control of the droplet flow type can be reach
by taking into account the entire geometry of
the channel and illustrated the complexity of
the flow type prediction based on the single
Reynolds number value calculated at the
droplet formation area. As we observed that

the Re numbers can not easily describe the change
between the stable and unstable droplet flows,
additional indexes were investigated to better
identify the range of stable droplet domain.

3.4
3.2
3.0

o 28]

N 26

B 247

5 2.2 1

= 20

3 1.8

®  Plug
O Stable droplet flow
4  Unstable droplet flow

i !FZ(F'sampIE.-"F'c»i\)O'g2
(R2=0.04)

03 04 05 06 07 08 00 10 1.1 12 13 14 15 16
Psample/Poil
Figure 3: Relation between the droplet to the
orifice size of the sample channel and the sample to
oil pressures. The cross symbols are the plug flow
regime (fig. 1c), the white circles are the stable
droplet pattern (Fig. 1d) and the black triangles
shows the unstable droplet pattern (Fig. le). The
black line is the power regression curve calculated
using the entire data set (n=382).

3.2 Limit between the stable and unstable
droplet flows

Abrupt change between the stable and the unstable
flows is difficult to quantitatively describe in the
small channel because of the lack of velocimeter
that can measure turbulence in microchannels
without beads addition. This limit is also
particularly important for common microfluidic
applications, where the position of object must
follow a specific path through the channel such as
in sorting experiments”. The figure 4 shows the
droplet speed at different constant oil pressures
depending on the pressure ratio Psample/Poil. By
fixing the oil pressure and increasing the dispersed
phase fluid, the hydrodynamics of the two phases
flow was characterized by two phases, i) a first
phase, where the droplet speeds were nearly
constant or tended to decrease (up to 200 pm s-1,
oil pressure: 15 kPa), and ii) a second phase, where
a sudden increase of speeds were measured between
Psample/Poil 0.6 and 0.8. Excepted for the oil
pressures equalled to 11.5 to 12 kPa, these two
phases characterized by a minimum of the droplet
speed mainly ranged between Psample/Poil equal
0.6 and 0.8 correspond precisely to the transition
between the stable and the unstable droplet flow
regimes. The critical value of the minimum of the



droplet speed also suggested that the increase
of pressure on dispersed phase not necessary
led to an increase of droplet speed moving
through the channel.

1.90
1.857

1.30
1.25

14.5

v a o
4 ° [ ]
ol :
K Vo o ve ] [ ] "
=~ 4701 V.v 77 P ° ° Oil pressure
e I * * ® P'S in KPa
€ 1651 * * =) o °
£ s e ® 105
- [ E5 S o ve Ane [ e [ J 11.0
0 1557 A, a L} :
=3 P ®- 115
£ 150 aca, L) . 120
'S 1.45 A ° < G 1215
2 (e}
S 1.40 G QioniGron Qe & A 130
J [ | = 135
1.35 .. [ ] ® 140
v
.

15.0

1.2

0 — —
0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Psample/Poil

Figure 4: Droplet speed (mm s-1) at different
constant oil pressures (kPa) depending on the
pressure ratio Psample/Poil.

3.3 The suitable flow for
encapsulation

The percentage of encapsulation of the 20 pm
beads depending on the pressures ratio
Psample/Poil is shown in Fig. 5. The
percentage of encapsulation is characterized by
a drastic increased (0-100 %) in the stable
droplet phase. This rapid increase was found in
the range of pressure lower than 0.1 kPa which
is the detection limit of the pressure sensor.
The limit between the oil-only flow and the
stable droplet regimes shows the lower
percentage of droplet encapsulation (0 %)
when the oil pressure was maintained either at
5 kPa or 10 kPa.
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Figure 5: Encapsulation of 20 pm standard

beads (%) depending on the ratio Psample/Poil.

The upper (black dots) and the bottom panels
(black crosses) are the encapsulation of beads
when Poil was fixed to 5 kPa and 10 kPa,
respectively. The dotted gray lines show the
limit between the different flow regimes.

In contrast, the limit between the stable and
unstable droplet regimes was characterized by the
higher encapsulation percentage (~100 %). These
results indicated that the most robust encapsulation
of the beads 20 pm (high frequency and the speed
of droplets) was found in the higher Psample/Poil
ratio and suggested that the higher Psample/Poil
ratio of the stable droplet regime located near the
limit stable-unstable droplet flow regimes appeared
to be the most suitable range of pressures for the
sorting experiment using our microfluidic device.

4. Conclusions

By using a pressure-controlled flow focusing device
two single phases and four different multiphase
flow regimes were observed and their conditions
were examined. Although the Reynolds number
was always lower than 1 in the droplet formation
area, unstable droplet regime flow was observed
and suggested that in addition to the viscosity, the
channel geometry in small microfluidics is
important and should integrate the entire chip
design either than a single section. Results also
highlighted that the limit between the unstable and
stable droplet regimes was the most suitable for
sorting application due to the compromise between
the droplet size, frequency, distance between two
consecutive droplets and encapsulation of beads.
The limit can be detected using the drastic change
of the droplet speed found at the threshold between
the two regimes. Finally, our results showed that
the increase the sample inlet pressure not necessary
increases the droplet speed underlying the
difference in speed between the carrier fluid and the
droplet flow.
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Algorithm for the precise detection of single and cluster cells
in microfluidic applications

Mathias Girault, Akihiro Hattori, Hyonchol Kim, Kenji Matsuura, Masao Odaka, Hideyuki

Terazono, and Kenji Yasuda.

1. Introduction

As a part of the on-chip cellomic project, a
complementary microfluidic method was
investigated in order to compartmentalize
sample into constant volume. Control of
creation of each compartment was achieved
within this past year. This stable dual-flow
system opened several opportunities in the
field of the cell biology. However, detection of
cell in each compartment was particularly
difficult without suitable algorithm capable to
track a target in the flow of images".

To reach this goal, we developed a new and an
original algorithm capable to detect cell in an
image. In contrast to currently existing
algorithms, we  herein  proposed the
identification and reconstruction of cell edges
based on original approaches that overcome
frequent detection limitations such as halos,
noise, and droplet boundaries in microfluidic
applications™. Reconstructed cells are then
discriminated between single cells and clusters
of round-shaped cells, and cell information
such as the area and location of a cell in an
image is output.

The method developed in the present study is
the first image processing algorithm designed
to be flexible in use (i.e. independent of the
size of an image, using a microfluidic droplet
system or not, and able to recognize cell
clusters in an image) and provides the
scientific community with a very accurate
imaging algorithm in the field of microfluidic
applications.

2. Material and methods

The algorithm proposed in this study was
deconstructed into the ten different steps
described in detail in additional notes 1 and 2
of the paper (in press). Briefly, these steps
firstly defined the minimum gradient of the
light condition from a background image.
Using this gradient, wavelet decomposition
and fusion were processed on each image
captured with the camera. Three correction
methods were proposed in order to eliminate
the false positive edge caused by a change in
light intensity in the background, undesirable

small particles in the image (size lower than four
pixels), and halos around cells. The detection of cell
clusters and possible droplets was computed using
the Hough circular transform. Following the
detection of circular objects, three linking methods
were performed in order to link the different parts
of the edge. These methods: i) connected two edge
pixels separated by a pixel undetected as an edge;
ii) detected the ends of the existing edges and
continued them where the smallest distance in the
neighboring pixels was found; iii) linearly
continued the edges in eight different possible
directions based on the angles of the existing edges.
A flood fill algorithm was then added in order to
complete the «cell structure and output
morphological parameters such as the cell area and
cluster detection for common microfluidic
applications. In the case of microfluidic
applications with droplets, a comparison of the
distance between the centroids of the cell and the
droplet detected was used to locate and output
morphological information of the cell for each
droplet.
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Figure 1. Examples of images of cells encapsulated
in a droplet and the result of the image processing
algorithm developed in this study (scale bars are 30
um, red and blue circles are droplets and cells,
respectively). a is an image of four entire droplets
captured with a camera mounted on a microscope. b
shows the result of the algorithm of three droplets
in which the left one is partially masked. c displays
two cells in contact encapsulated in a single droplet.
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To test the accuracy of the algorithm a set of
500 images of of human promyelocytic
leukemia cells (HL-60) were captured and
tested using our proposed algorithm. Using the
toolbox of the ImageJ software, the area of a
cell was estimated by manually drawing the
edge and counting the number of pixels as part
of the cell. Decisions regarding cell edges were
made by visual inspections and the contrast

between the regions of the cell and background.

3. Results and discussion.

Figure 1 shows three common examples of
images of a cell encapsulated in a droplet. The
large red circles displayed the droplets,
whereas the small blue circles represented the
locations of the cells detected. These examples
showed that the algorithm developed in this
study was capable of detecting multiple cells
inside the same droplet and also a cell in a
partially masked droplet. Using the Hough
transform, the droplet-sheath boundary was
masked with accuracy and the cell was
correctly isolated (Fig. 1). The small spot
observed in the partial droplet in the bottom
panel also confirmed that the Hough transform
had the ability to correctly identify a cell and
disregard particles with smaller diameters.
When a set of 500 images of cells encapsulated
in droplets was processed, comparisons

between the size areas of the cells calculated using
our algorithm and the manual counting method
showed a significant linear relationship (y=1.01x-
1.45; R2:0.96, n=500, Fig. 2). The high coefficient
of the determination associated with the value of
linear regression close to 1 confirmed the efficiency
of the proposed algorithm to overcome the droplet
boundary  limitation and return  accurate
morphological information.

4. Conclusions

We herein developed a new algorithm capable
of detecting the edges of cells with complex
shapes in an image in the presence or absence
of a droplet using the Hough transform and
gradient method. Since the gradient method
alone cannot detect a continuous cell wall,
additional linking steps were included in the
image processing algorithm. These linking steps
consisted of exploring the minimum distance in
each neighboring pixel at the end of the already
detected edge in order to extend the edge.
Moreover, linking processes using straight lines
appeared to overcome the issue of cell parts
with brightness close to the halo. Comparisons
of the sizes of cell areas with five common edge
detector-based algorithms revealed the high
efficiency of the proposed algorithm for
detecting the edge and the linking process in
isolated or droplet encapsulated cells. The



algorithm was also tested on cluster cell
images, and the results obtained showed
that it contributed mathematically to
detecting the morphology of round-shaped
cells aggregated in clusters and output a
precise area value. The algorithm proposed
in this study may be integrated in an
imaging cell sorter in order to more
accurately identify targeted cells or clusters
flowing in microfluidic devices after
conversion in a low level programming
language.

Results of this study were accepted for
publication in the journal Cytometry Part A.
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WK TERRDZHV EVDMEELR DI & LY
DEPNCESZ & CRBIC RSN Z LD (3D
X (2)2MH),

B 3 13 FRICER S 500kH z D ETER & §rER & A ilA
BAHETRE 10 mERE 20y mDRY ZF L HKES
LB THD, ETHEEROLEZ RS T 5 LR 10,
m&HRZE 200 mDORY AF L UEKIT & BITEER DD
PLE N —EARCAE 5, D TSI 2 B L2y B s
ZEINNT % & ORI IR DB WIS U CTEMER O D
NMENLBEIL., TNENOHY AVDOAMEICHIET S,
HE LV RDRAR 10 mORY ZF L BRI 2k
20pum DAY AF L VERBEIRO L 0.5 TH Y | EiR
R (0.6) LIZIEMURRE 2o TND,

2. 4 TA/OMIEMEBERRSSEL ZHA
BhtE AR RRERI

B IS X DIRMEE A3, b o & b FRBITFI
TE DD, A 7 aiftfhT 34 2 (F > 7)) TOHHIRENE
LT v 2 TOIGH To D, ATH 7R & IRAE - 2 BEEI L,
WORL T3 % e E2 95 E CHAEDEIETH DI H
Db BT EROEREEI FIE D E N ITEOSBERT 7
S IVE—HFHMTTHY | ~A 7 2§l TOMFALERIHH A0A
LI EREEEE 5= TH D,



BEKOFF

HBEKON
(BBHER

HBEKON
(FBS 3018

%J:T:O)Eﬁ 100 um

FEEMEBEBETH D, AFFRO—ERE LT, L
BC & » THERL LTz~ A 7 a YA XD 53 IR Fi i o 43 I
SUTHBEE 2 R &, ThE 7508} 2 BRI S i B 0>
1 OO MBI IRME DS S & D HREZ F oWk T » 7
DRIFELIFTL TV D,

3. ERRUSEDEE

B O AERFIH O EALD5r8 & LT, i TN
B TG T 2 LA D T R, v HE, R O]
ARSI TR, Fv BT —v 3 UBEAE LRV
TIRAERBEO X 5 R BEBICER R Th - T %e
WHETE D Z EDRIBEN TV D, A%IL, WncshE
RIZF ¥ BT —2a RS ol - iE T & 5800
MBAFTE B0, v A 7 BT /S A 2 DOREE A BEGE L7z
A FmER O, BRA~OICHZRRTTH 5, £1-,

DNA > LTV ERELRESREDTOY=atL—Ya % H

a9 7o, BE R EZ RSB U @SR
AIHIC KD PESIEDOHLZ B LT WEXTH D,

(&% k]
1. M. Ohtsu, Optoelectronics, 10, 147(1995).
2. P. Debye, H. R. Anderson, H. Brumberger, J. Appl. Phys., 28,
679 (1957).
3. A. Gossler, A. L. Joyner, J. Rossant amd W. C. Skarnes,

K2 BERKMIEICLSDNARGBENEMKRTE.
LREFBERBHA. PRITESRESNER. TRITESTRRHN
FIE3NEDDNAYSRE—DHRTHERL TS, BERRES

Science, 244,463 (1989).

ICEYEERDEEDHICKEE 21V SRE—HARELTKE ~_

{E2THRLDATM %,

0 = T R%KkEq Asin(2kx) — 4mekR2®E,
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.
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3 HEEBRNELHERNLEZRAVEHMATLE,

BERDOAZRE LI-EZHZ10um, 20um DR FIE. EHITEER
DEXOHI—ERICHESR (LEEa), BT 7dDAR), SHIZES
EMZDEBHMFIEFORBRICHELTEENHIOBHT S (FTEED).
EIS7DDER), (RPEDQXTR: MAFOEE, k: BEFROKH.
Exc : BEROIRILEY—FE. A: EH. x : BHFOMLE. ¢ : FEDH
BE /K BHFOEHLYDERZEBDES, Oo: MAFOREDELL.
Exc : ENINY B EFREE)
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1. [FL®IZ

AU AT —FBEHENS (Polymerase chain reaction: PCR)
TN O AR T 1 H(DNA, mRNA)Z fli 5 HIIZTH~ %
TEE L CHARFETH D, OIS AT Y T4E
Ml Vo AMBIEOSBICEEL LT TR AT
N RN AR DRE, B OMAEMREIC S K5,

BE, Foxld, HIRAN TR Z D2 AEMBAROREA =X
LD EHEET 2720 A ek 2 AR TH D
AN O AR T OFBLE - 2257 2 — Ml L~ Lo b
R 2 Z EICRY A TE /o, FxXBIEE TIZ PCR
O EZFA L —MREN T —7 v NEETORAE
AR S RS B IR T D 2 E A B L T & T, BRRYIC
I SRS T SREEIET A2 TE LR duficZE(k L,
L A % BRICAT 5 F OB RN BB F B LB X
— N O FR E 72 DNA & 5 UM T mRNA % R 50012 &K
R4 5 Z & PCR % E#IZAT 9 FIT & 0 SFHO B
THRBEE LV E M T LN TELZEEZHMEL
T3,

B XTI E CIOERIMRET L —YF—2FA L
SEANEERL FEBR K &2 R L7283 PCR J5iE DB AL
L [12]), SHICHECHA LT W DI/ E#H
PCR B AR L T& 7z, I BT, MEERAKE AW @l
PCR DL EIZEIT D 5T, Al PCR 24i& o Endtk &
WOBMMEAZED D=0 U T L% A I PCR IZHIH T %

et HEE 2 E ISP L — R OMEE 2 BRI LTz, £z,

BT BRI OO S TR P 2 IR 2 72 ob iR ith 0 A
EYV 2= VOBRREIT S IRERICOVTHE T 2,

2. HEBREHEBR

2. 1NEBEE)TFILEALPCREBDRK
INE TR EED TELFIERFOME L E X T,
X 0B OREEY B LIRS ORE EEER 0L H
iTolc, Fle, oo/ EERbE B L,
Mg CIREEoNTICh o mIREa Y br—F — %4
BAICHISAT = & CEMICHT 2 2 B A Bi5 L1,
BT, REEOF R TH MR ETE T T2 dIca sk
WZED U TNAEA LR HRD K5I, AERLE ICHEE
SR Z B L, EENEICHEAAT Z L ITEII L,
FEFRE LT, A BT 7 2B TR BRI & koA v
— R CHE# PCR 2172 FITHI Lz, F7z, Fiicleu
SR AR TRIBIC BRI LT,

N H&%K

WL, V3E sz, & B gm BT

1. —AEBER) 7IL2 A L PCREERM. FRICHKLLH
RBRHBEABL TS,

2. 2EBAKAE—FDEWZEITERISETOE
REM DR

WHE O PCR HECTHEA SN TV EAVF ZHE -
T AWICEEB I EBRAK & AW ¥ A T IXIR IR TE
U I Al OB TENE I B % X T RIREMER B B, 2 2
T, 2 IRERIZ BT 2 BOGHE TOENEZ EMEIZ DWW Tt %
B2DZETHNPDI, HiEE LTRMEI AT EZ AT
FOGHE % 2 WotHICIE LIRFEZALIZ R T D IRE 0 fi %
WE Lz, @miiad 94C, KIR%Z 60°CICRE LikiE%x
2,4,6,8, 10mL/F> CHFET LT,

ZORER. PIE 10mL/F O RE, JIE SRR SR E IR
WCRMRICE b L, BEMICHER Lic, —J7, Mz LT
WZPEWV BREIREE BT 2 E TR 00D L 912720
& HICHIE IR ORI A T DFAE LTz, 2mL/FT R
WCIEREREICEIZE L Wik E CRAE L, Thb o
FERICE D I K Z 10mL/FHIT IV TZEE LTl SR PCR
DTEXDLHERHAL M E T,
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B 2. BRAKDFEDEVICK ZRGETORESTREME

a—e £TIX 10mL/FHTHOEER . f-h FTE 20L/BIZH 1T DR
ENf, b & c FBEREEENTORENMEERX NI SLIZL
=%, a [ERFHDER M S LEBRIICELD-HD, f-h
L/ IZHB T 2RO TR TR, BRKDREEZTFSHZLETRES
FICLSHRBEDZELNHELMZHE ST,

F7o. ZOREENE 2,4,6,8, 10 nL/F THE LR
X 32T,

10mL/s ° 4mL/s
6000 e 6000
) 5ooo§ o3 5000 3
e 4000 § e o 4000 8
2 3 £° g
©
g 3000; g o 3000 3
£ 0008 £ 2000 g
o
= 10002 8 1000 5
0 3 0
o
6000 =] 6000
o 5000 § 3 5000
I3 4000 § 2 o 4000 £
g 3 £° g
fad ©
2 3000; 8o 3000 3
£ 2000 8 £ 2000 §
2 S e g 2
1000 2 © 1000 2
o
%0 2 4 6 8 10 ° © 0
Time (s) Time (s)
6mL/s
6000
2 90 5000§
£ a0 40005
3 3
© o
3 70 30002
£ 2000 8
s o0y 1000 2
%0 2 4 6 8 10 °

Time (s)

3 RIRKDEENDEILIZE S PCR RIGERD B L 19—14,

FERL L LT, i 8mL/s PA b 3 Ui SR 2 R AN RR TR
FEICRBICEB b L, ZBEMICHR LIz, —F, iz L
FITRE FREREICBIET 5 £ TS5 X 91272
D & BICHEEIEOWEENAIT LT BF3AE LT, 6ml/s I
BWCIEREREICEE LWk E TRAE L,

2.3 HEEPCREZEDREZFMAL-RAHR
PHES2—ILDOEASK

CHIVE TR ZMED TE IEERKB DM EE PCR L&
W A ORES— TR TNWD Z EBbno
7oo ZOREEZFATIE BETRSNTHND Y T
A 2 PCR 2B OHREO—E & U CTHEHEI S T 2 dlfig it
BROIHT B ATRBIZ 72 B Z & &R LT B, iR BB 4T &
X PCR CHYME L 7= BB T EEWIC R L R 2 {KIR2 Dk~
I BTV 2 & THEIEFO EENTEHT 5 IRE 23
B2 2 &, 808 LB BT EY O — AL RIS 2 JE
TOHENTEDHMFILETH D,

HUTIL
RiEFL—k
YR—re—4—
=AF
YR—k R~
E—4—
RERIEER

(RILTATE—E—RAVY

4 BRAKETAV:BEHBAITES 21—

T T, EERAKOFEEZ R LT, @R 23 T RE 7R
HEOEREITo72, K4 X% LI BB 2R L
TWo,

WIT, AR LT IEE OB OZEIT OV TR LT,
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FORER, FREIREG0,72,85,95C)Tkt L TH— 7284y
MERTZENbMhoT,



WIZ, BRFE U B AR AT Y 2 — L TO T D) —
P& fREE L7z,

% 9 BA Y FOBFEFNZBWTRHE UV > 7% VTt
fRER M 2T ol & ZAH KR A v b & BIIEE CIRE
{82.9 C (standard deviation: 0.4 C)} 2B\ T
Y—s % AT5Z N0 @RS EY 2 -1k
LCOMIRELEZ SREIZEE> TWD Z EBHLNE T,

Pointl

o
N
»n

Point 2

N

Point 3

=
wn

Point 4

Point 5

Point 6
" A s - Point 7

Point 8

-

Fluorescence dF/dT

o
o

o

o
&

Point 9
50 60 70 80 90 100

Temperature (°C)
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3. FEERUSEROERE

AEIORIZE Y, ZE LT-@E#E PCR EEOEML
DOTFTREME, HIE T& 2B lIaFOBEE LR TE 5 ATREME %
LM Uiz, S%OWY A E LT, 1RO ARS
FORBEZRBICRPCTEAKEZR ESELF 1Y
T L— g CER O RSN T BARRY 7 S E PR S &
B89, 4 PCR OE#HBHIX My 712720505 0 |
BT TR <, @l PCR ICHS LK B BRR & h
DB, TNHRIKE OHEHRICL Y X0 ISAHEO
JRVEEE OBR%E & B8,

(&3 3Cik]

1. H. Terazono, A. Hattori, H. Takei, K. Takeda and K. Yasuda,
Jpn.J. Appl. Phys. 47 no. 6 5212 (2008)

2. H. Terazono, H. Takei, A. Hattori, K. Yasuda, Jpn. J. Appl.
Phys. 49 no. 6 06GMO5 (2010)
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1. [FL®IZ

A BT 2 RAEMNTHIMIIZZH DS 3y
BEROBEE Y T ETHE SN TR Y, 2N 623 H AR
ROIRIUN 4y TR A M 0 IR TR R M OIRE & LK
XD, Bl ZIEA MR T, EFMia L ik L7256
R 22 S A~ — B — 0 T OFRBIEN B NS L
EBAYLTEY, 202 &b bl EfER T 554591
DFBUEEL0A7 T AL S Oy & I O ME % FT T 2
ZEIEALNTHD, Lo T, o Filikom ok
RIS S LIS E OBIR & 9 Ay 0 B AHE L 2 B i
T 57D iE, MR E#RT 5 2B O LRSS T OREE - iR
BEIRIE, S BIZEN BT DOEK & 22/ RTES A % 5 2 DAl
JREA CEEFEIGT 2 Z EBNMHEE R B,

B X, BB ORI RIE S % | A HAL T HERRRY
WZEHEIT 272912, Bk & 7TohifR - e ORI TR~ =
— 7 Z AR U CIEN S T 2 MR AZRR L R E
HE T WIS (FE-SEM) TZ OIF(ENLE & Mol 1A%
DM B % & 22 5 e T 2 Ik OB R At T X
Too FORER, RY ZAF L UVEKREEICEREBEZERAICL
DHERS X B2 2 L TR 7RIk - TEDOF R T A ERLC
52 ). ERUZTF 2R iox LTE STy
FRAVERZAT 5 Z L2k 0 By 7O XS 72k % Uiz
WK Zeam S /b a2 FRTE 52 L2 A b EBR
&R /R IZR LT FE-SEM KB TRHZ1TH 2 &
WCEY . gholEEa L TR DEE LTEBOREY
AT RE (— I F B BRI REVWILRIEEETE2EK
T 2005 78D) THHZEBIEWLNILTE
7o ZIVE TOMFSETIL FE-SEM B T-FHlC X 0 s
&SRO Z B ECTE D2 NN o =, A UM
D48 THMET /R ORENF 72 53554 FE-SEM R4
BIHEDL R TR NMIEDL ) REENEND DER
BRI AN 8 ST W o 1o 728 ARBFZE Tldd: s T
DIEE & FE-SEM RN E =2 M T 2 FOBHROE &
P A 4T o 72,

2. HEBREHEBR
2. 1 FRKERT/ HFOEHR

BT RAE, R IS HERLE LAY A F LR

B, 7t sl SFE

I
B

gz, #H

R HEZEKE I L0 SR %2 WAl S 7-1h . AW iR
BEITWARY AF L UVREGHRET S5 L TIER LT
2], RYUAFLUHRITY A AREME LTHW SR DK
£&200nm & 300nm D iR A FIH LT 0  E#fRE (CV
) 13 FTHD, TNHEDOEMEIZ Au % 5, 10, 15 F
i 20nm HEE S H7- b0 EENEFNER L ECUV-A4
VUM ELTWVR Y AT L VR B iR E LTz, ERIC X
v, RIS 200nm F 721% 300nm, JEE A 5, 10, 15 F 720X
20nm O, EFF 8 FHD FER A v K Au RS KT %
VRS U 7=, RS L 723k An T/ K13 — B K iz 45 ik
SE7- BT Si R EICTHE T UFE SR SE BT
FE-SEM #ll 4T~ 7=, £/l 7=81c, 72 SiFtk
R Au #EEZ FREORE CTHRE S 2 (BLT, Au F
) ZAER U, PR RGNS 2 - & RO TR
FERET 5 2 Lic X 0, T ST O SO R~
D52 7L L7z,

2. 2 FESEM REIEFEBOEEEEILAE

TERL L 7=k & B T/ B ix 2 Z U EE 5kvV
D AT FE-SEM S FFHHI 24T o 72, BifgIE 8 By b
T L—R =& LTHE LI, BHEMNTY 7 &R LT
WD Si FEHRC Au TR T/ B OBEEE % T T E &
bLTz, BEREEFBTO AT S RFEEa FF X b
TS D BE, SEE ORESRECHB R ORERER L
K WESMH CTOEEYERT 572010, RO BMEILE
1Tofc T, RIUCKHRTRRLIBPERED Au F /Fi+ (&
Au FHIE) [T MR fE O E B i 21T - 72[3],
FT. RFEFGT THRBI D 20nm HED Au FHKE
DFEFEFERNEZ 1, T BT 50 S EH R 43 DR E
Ty, & L AEEORE (Z0FEBR TS, 10 £721% 15nm)
O Au TR EREE 1, & L7z BT, RORDHIEED
B > Au I DR eHEEFE A T, 2 55 L7z,

iz =y 1) ! Qe - Li)
Bonl LIIHEBEHESN Lo THY, B D HE
Mo I, #FE0KE LTTay b L, BE#ENIT
% FE-SEM XHFEF 2> b T A FOELERD T,

2. 3 ERRKEES/HFOIKREL FE-SEM K&t



BEFREEOERK

PL b &5 7 UBHERL L AT HIE OB 21T o 72 BT,
A3 5, 10, 15, 20nm @ Au EEAJE, Ki£E 200nm O Au F
J R R 300nm @ Au F / RiFZFZE LD FE-SEM X
HETFHEZTo 7, K LIS LN &RE O K HE T4
THDHN, AulREN Snm 75 20nm ~FEIMT 52> T
A B ORENR S5 < 72 DB BIZE S 72 [4],
IO & EREET D7 OICKRE, FIEEDF /RT3
FOEHRED [, 23 H L, AuEORME L CF ey b

L7c, 2 I3ZDORRE 7 F 7L LTELDELDTHD

RIS LB AR 2 7~ L2 [4], X 2 2R XL 512, Au
R DN T 21D T RIS B I T, & I3
%K%m(wwﬁﬂL\%@ﬁﬁ®%M@@%iAu$ﬁ
28 3.61%/mm. 200nmAu 7/ Hi+ 2% 2.24%/nm. 300nmAu
F R 2.58%/mm T&H > 7=,

20nm ZiF

AuiEfE
. FIE200FE =1%300nm
fEIE5, 10, 15% 1=1%£20nm

T ERLEEK Au -/ HFE KU FEED FE-SEM Ji%‘fa

FEtAM& 4], (a) Si R (Onm) EIZ#EHLLF=5, 10, 15 20nm
O Au Fi8E, Bar, 50umo (b) EE L f=hZIREE Au -/ RiF
DEHXR, (c-]j) HiE 200nm D FEE 5nm (¢), 10nm (d), 15nm (e),
20nm (f) . BV 300nm DFERZ 5nm (g), 10nm (h), 15nm (i), 20nm
(J) DENE Au F / HiF, Bar, 500nm,

IZ U2, 200nm Ki§ & 300nm hiT- 0B EEH ANy O -
Bl (241%/Mmm) Z%F LT, IR oo 8 B 8 4y
(3.61%/Mmm) X 1.5 FRENSTEN, TOEIT Au Tt /KL
FTONHEROEBIC LD B2 EMTED, K1
mLTzERY B LT Au T /2 R i ERIR CNER I 22
MEAT D0 7PREEE LT 55, FE-SEM X E 1
FHHICIEEHH L 72 IS AR EF R REALTEINLK
Fahi-E %;@ﬁﬁ1#@ﬁktfﬁ%énétm EY
ZER DOREIE R 2 FHE U 72 BB 132208 5 D AFAE DS S
%ﬁﬁzyhix\_mﬁb %@F%Iﬁﬁk®§&b
TRNTZEBZHILD, WIT, 200nm KZF & 300nm BT
i OBEEEHE N3 D 72T 15% TH - 7o iy, TS 13RI ZER
EATLRESEOEERNPSELNEERETHDL 2 &b%
BEEEPE Ny D213 T VR F IR O ZEE KM LI D ThHh
HLEBEZDHZENTES, L, RIBRN15HBRDZ &

WXV B 15%0BENET D Z LN Gh
S, UkaFLosb L, FE-SEM KHE B2 F T &
MZIBWT, EIR T HE R ORI 23N 5 & B 53
BRI 5 2 &, /&R D Y A X8 1.5 i
700 EHERK 15%EALT D 2 LR ghoT,

110

100

90

80 ['Grad = 2.24 (200nm)
R? = 0.95463
70 P

60 o
R Grad = 2,58 (300nm) -~
S R?=009439 .-~
-

40 | Grad =361 (Film)
R?=0.93452 © 200nm
30 © 300nm

® Film

20 —— Line fitting (200nm)
Line fitting (300nm)

-=-- Line fitting (Film)

0 5 10 15 20 25
Au layer thickness / nm

2 R A/ HF B & UFIEED FE-SEM RETEFHExT1E
BTl nEEQBRML.

3. BERUSEORE

FE-SEM S TR BV T, Bk 70RifR, Juk CfE
U7 BIRE R T BT A R TIC kT AR S L
TRIFFIAT 2 Z L #ME LESE. R4 (k.
FIER) OF /R FIFE&TRUEEa S R A N TH DL
ERH Y | F—RTOBEIEL &2 MA D 2 L BEHRD
NI T A HINZDe R D, AFROFMERN G, Au %
L L725A . Inm OREZENRK 2.4%0 X E AR
LD FE 15 EORBRIENK 15% D K S E TR
ERDBZEDBHLNI R ST e D KR T R T & E
T DB AR B IEE 2 ) — 12T 2 b3t &
D Z NI o Tz, B OF 2 RIHERE T, B
EEREERALTY 7 F ) A— bbb TR % i
Loo@BREEAER L Ty, Fh A AREME LT
FIHENTWERY ZF L UEREZEHFME LTRIHLTY
LI DRRBEIL IR T EH—ThHdZ b, X
FE-SEM SUH e 7 3HRNC 38 1T 2 B 7/ RL 1+ 2 AR

DZOIELIET R EATHD Z LR HRINT, SHITZ
DF) A 4D LT, RN 28 R RE 72 F- /) KL F- AR D
NFTZT 42— BEC LTV FETH D,
(&3 3Cik]
1. H. Kim, K. Yasuda, H. Takei, Sens. Actuators B, 142, 1
(2009).

2. H. Kim, H. Takei, K. Yasuda, Jpn. J. Appl. Phys., 49,
048004 (2010).

3. H. Kim, T. Negishi, M. Kudo, H. Takei, K. Yasuda, J. Electr.
Microsc., 59,379 (2010).

4. H. Kim, H. Takei, T. Negishi, M. Kudo, H. Terazono, K.
Yasuda, e-J. Surf. Sci. Nano Technol., 10,301 (2012).
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1. [FL®IZ

~7 m IR O H s B B B ORI D A & IR T
EINAE R 5 ATALERE I, AmB PRI VTR b 5
AP LTREOOE S TH D, BRI ZEINT 2 72D D RFK
HIZRFEDOOE DI T 4 VA EZEH L2IREETH Y |
B EAR D RN 7 4 /& JE A IS B i 2 iE S
DI LT ROERLY RELMWAIEL & D5 HETH
%, BMERFETH DD FHINTNDNR, 741
& I g S 2 BRI BRI L TNEZ 5 2 4%
ERDHO, ZDTH T 4 VF IR ETEE OIS 1
TLEI EWORMBERN DD, —FH. BloFikL LTI
Kok 2 TR EIER 0 BRI 7 v U RE
DR+ Rm A TER AL EET 27 v —
THaFTa— N LEBRICHIIEER EIREGT5Z & T8
Kk H MR mICHE G T 2, 0%, MRk
RS & N 2 & BERAOhL 1234 L 72 B AUAI R 23 (=]
W END LW A TH D, [EUURFERMED & < FIA
HEETH D Z ENBIASFIHEN TV D P, BIRAYITHE
AT D70 =TT RRE SN TR WHIIIZ S LT
WHARTRETH D,

AWFIETIE R 7 1 v ZIRIETE & B KORL - R Bk o
R & i 2 7=, 5 LW SR I B9 2 B & B 5
L.BWD X 2 7l v TR OBESHRL 7 (LT, "magcup”

(=771 v 7)) 21F84 5 515k, mageup ME & REGIGE
MO TR, magcup Wi~ 7 v —7 51 % [HEL T DB
DEEACEFE & mageup EAADBRIZOWTIFE AT 72
DT, HOMRERET D,

2. HEBREHER

2. 1 magcup DEEAE

magcup OYERLTIL, T E TOMIENIM, KU R
FUUERESHR L L CEEEFILEATRA Lo ik cEl
L7z X UDIFEZEREROR Y AF L UEKE VY =
VIR BICHERE Lo, R LTI, mageup &AM
BN A E L CTAWAESATRRN 10um 705 100pm, fEHN
INERE TR UM E A BT 5 A130 100nm 2 5
lum BROW & e, I, FAR BICEE LR Y 2AF 1
VR E B 2SO IEE NIT AL, IR O B REVE RS R &
PLEELTHE SIS, BiEReERE L Cix=y 7L
(Ni) % vy, BREEIE 20m 235 20nm O&PA T, 1nm H7
TR L7 B CRAMERIE 2 R Y 25 L Bk RIC/ER

(=¥ O T VAN (P SR T O AN

I
B

L7z, BEMERIEZ 1 kit H 72 0 BB T 2 5411,
Ni # H225 L% ISR A A H22AKE L, SHICNi %
FBEARET D Z L TIOD NI B4 HE L -RifEtis 4 1E
BT, ABFE TR LT @by A% (Si0,) %
v, Zo? Ni B2 oS 2558123Z20MIZ 15nm
D Si0, BEA L, ZOTRZHERY RS Z LIk
V. NijJBE SiO, BRRREICHER L- B EE R 2F
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