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Improvements in neuronal recording quality of

microneedle-electrode devices

Abstract

In this study, we proposed a coaxial microneedle-electrode with a coaxial
structure using VLS crystal growth method with the aim of improving the quality
of neural measured technology. In order to solve the high electrode impedance
that was a problem of the conventional VLS crystal growth method, we propose a
source follower circuit using Si-MOSFET and a thin technology for low
invasiveness. Furthermore, in the conventional neuronal signal measurement
generally wired measurement, and there is a problem that the behavior of the
animal is inhibited by the cable and the signal quality is degraded by the noise
from the cable. This can be solved by measuring neuronal signals using wireless
technology, but conventional wireless measurement systems have problems with
large size and heavy weight, and cannot attach in small animals such as mice.
Therefore, in this study, we propose a wireless measurement system using small
and lightweight Bluetooth technology for mice as a way to further improve the
quality of neuronal measurement technology.

First, we proposed a coaxial cable—inspired microneedle-electrode device to
explore potential improvements in the quality of the electrophysiological
recording using microelectrodes. The  fabrication of the coaxial
microneedle-electrode was based on a VLS-grown silicon microneedle and the
subsequent layer-by-layer formation of metal and insulating layers to realize the
core and shell electrodes for individual needles. The neuronal recording
capability of the fabricated electrode device was confirmed by conducting
multichannel recording via the core electrode and the shell electrode using a
mouse in vivo. Connecting the shell electrode to the reference line of the
amplifier yielded a differential recording at the localized region within the tissue,
which resulted in an improvement in terms of SNR and firing rate in the
recording. As demonstrated in this paper, the coaxial microneedle-electrode will
contribute to improving electrophysiological recordings including ex vivo and in
vitro applications, similar to the in vivo recording, offering the possibility of
recording neuronal activities with high-quality signals.



Next, described various designs and fabrication process of the film type MOS
and various electrical characteristics. We measured the electrical characteristics.
Also we confirmed recording capability of neural signal by mice. As a result, the
response to the stimulus could be measured as the LFP, and the neural signal
through the film MOSFET.

Finally, electrophysiological recording, which has made significant
contributions to the field of neuroscience, can be improved in terms of signal
quality, invasiveness, and use of cables. Although wireless recording can meet
these requirements, conventional wireless systems are relatively heavy and bulky
for use in small animals such as mice. This study developed Bluetooth
low-energy (BLE)-based wireless neuronal recording system weighing <3.9 g and
measuring 15 x 15 x 12 mm?3, with easy assembly, good versatility, and high
signal quality for recordings. Both acute and chronic in vivo recordings of mice
confirm the wireless recording capabilities of the system, with improvements in
terms of the power spectral density (PSD) and signal-to-noise ratio (SNR)
compared with wired recording. Because of its low weight and compactness, the
BLE-based wireless neuronal recording system can be used not only in mice but
also in other animals, such as rats and monkeys, thus expanding the application
of electrophysiological recordings in neuroscience.
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Z,=100 kQ | Z,=5 MQ | Z;=26.7TMQ | Z=3 M, Zsc=4 M, Z, =10 M, Zy=10 M
ELTEEZITI &

X Vine - (3.5)

Zy :Zsl//Zp//Za =97 kQ
Zp :ch//Zp//Za =97 kQ

XBSHEVW IR F—271F

Vouts = 5.36 X 1075 X Vi,
b, NIE S Z M ENE R OESRE TH 2100 pwv & 325 L, 5.36x
107° V &R 0 MR BAHBIEEO S AT A A4 XR<20 )V THHDT, 71
Ar=2  LEEFEVE /A XDHER+HICREVWTED 70 A =7 X8R

WeBEXbND, FMANT A —F —OFRFBHED oD TEHREZ CAD ETHER
TOHMBEMOLA T U FE2ER L, ERLELVA T U NI 3.6 THD,
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Pad Probe site

— Core metal

| Shell metal

!
|

K36 27Xy LEEEMROT v L A7 7R

F v AR A4mmX2mm T2 T F 2 v LHREEMNS 200 um MR T 4 R A T
LAT YU MZRo TS, £, 3HAIPICERERmPLDORFEFRAZ S TEDIC
vV arvERICHT AN —barF 7 bEFRTIBAN—7 BHRABICT D
REFE LTe, 31 aT7 Ry LHREBMO LRI T A —F—IZOVWTE
EHORLDOERLEHT S,

K31 AT XTI LMREBEBBOZLFENT A —F —

Sub. Resistivity | <3000 Qcm Metallization material Au/Ti

Chip size 4 mm X2 mm Insulator Si0z/
Parylene-C

Pad size 180 um X130 pm | Metallization thickness | 200 nm/30 nm

Interconnection | 60 pm Insulator thickness 1 um

width

Interconnection | 3700 pm

length
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33a7 XV /LHREMBOER

AiE CREFF LT A—F =2 0 LTERBICaT X v LR EmRDER
RPN —L2EBFEHLTIT R il o278 — 250 TIEER
1 RIIZaT7THF Y AMREMO T X F ¥ — M E2iEH# Lz,

a7 Xy VMR ERO e A A (K 3.DICERET S, FT. EE 4
nch, JE& 525 ym ® ¥V 22> (Si) (111) FEREZMHEH L., 2IRM VLS FEdb R E
EERAWD OB (Si0,) % 1 um wet BB{LCHRKT 5, ®iIZ7+ VU YV
7774 —FATW, Tu—T 2K ET L5 OBRELZ BHF (Buffered-HF) %
MnTxoyF 7L, VLS Wi RIEDOKIGHE TH 5 Av Z K FEE 2 VT
i, V7 b A THEEACWTARAY == 7 2479 (E& 6 pm, JEE 200 nm),
WRIZ VLS fida i REE 2 AW T, BImER 2 pm, RS 240 pm O 7' v — 7 %2 JB
m¢5(lsjwom%%\wsﬁmmE@T%WL*ﬁﬁbtpmym%lw-
RIE (Inductive coupled Plasm-Reactive Ion Etching) # AW TErE L., FKIZ
o — 7 d D Au-Si A E %%?éo%%¢é7u~7ﬁ®@@®k
2. JEEX 1 um @ SiO; Z PE-CVD (Plasma Enhanced-Chemical Vapor Deposition)
k> CTHERT 2 (X 3.7b), RICa T &EMEZ RF ANy X ) 7iEE Y 7 A
7 A A WT Au (200 nm) / Ti (30nm) ZpE$ 25 (X 3.7¢), 74 ~U VT
TI74—lCF.Tev v ar T AT FHOTEBGEEZELEZIT o T
o Tild SIOREAEMEDOHENMBHZH LT, HEELZMR D N1 & — F&Lf
HREZITRo TS, a7EMEICEMEEETH S Parylene-C % &35 1L
@lumﬁﬁb\3&%%K7ﬁ%vyxﬁ%ﬁﬁf%éva~:~?4yﬁ
EHEEHA N7 MV AMNEBAL. . ZO% T+ MLV YA NEYRAZ LLTO
2 I ITARIC KAy F U TABICKY e —T R a2 by RERD
Wi 57 @ Parylene-C % [ RF 2R £ 5 (X 3.7d), WIZ¥ = /LEM [Au / Ti (200
nm /30 nm)] AT EMEFAEAICARNyZ Y VT THREL, 20 %27 F %y R
mH T —TIRAE TORMNSX — % FAK (HCI:HNO3=3:1) & DHF (HF:H,O
=1:50) FHWE Y2y by F U7 TREY—=0 T 2827795 (K3.7e), AT
VL—a— 22T 7e—72FKICVIY A MNEBAMAL,ERMICIFTAE S a2—§
%mwvax%%%ﬁféom77xv®$m¢$%%wf7m~7%%
DODAHAZRO L, EREHREFRBEICY 2y by F U7 THRAOEZITY, KT
fiR 7 XA A D4 {K % Parylene-C (1 pm) THEE L., KEZlC 027774*\7:1:/7“/
JHEHWTEBDELNmE Ny FOESEZRO0T 2 (K3.71),
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=X

Si needle SiO,
r | /i Yl
I

Parylene

(d)

D] 1]

Au/Ti Parylene
(f)

D,
D

X 3.7 27Xy /LREMmD T vt AKX
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K3SIIEH L 7zaTxvy A~ 7 a7 a— 7B MOEERE X OELEHEHD

SEM B ZznZznrd, M3g@ixzarxvry i~ 7 7o —7EMOAENR
SEM#BTH D, ERLE-EMIT., B 240 pm, LMER 4 pm, 7 v — 7 LK iH
ﬁ@%umk&ofwé l3am ()T e > 2 i K L 7= SEM & & #5 X
Thd, 7a—7kEHEs Il 2EMOBO & (E XY L LV MLK
X) X7 EM, /::/l/fﬁﬂif%ﬁ’b%ﬂ4um 2um Th oo, Fo. w5
DERNEMERIZI0pm THY EEFK~DODF A=V ZEBTH LN TE HHERE
oL TR, =7 EMm, BRGEEE, > = VEMm, BRI L SIRNICEmE
BET LS ENTET TS,

3.8(d). (e)lEX. FIB (Focus-lon-Beam) 7% H VT &R % FE S5 [m ~CIHr L.,
B OB Z2IT 72 SEMIG EHAXTH D, WMEBEO/BRE, 7ok x7T
RS L 7=, CVD lE° A Z L Parylene-C DEMENEUN RS KFETE TWD
ZEMEORENELNLTWD Z & 2R LT,

T, arv7xFvx AT e —TEMOSEEVIE, 4 4 F VLS KE
HEEEZAWESA, BRT DTN, 230K D VLS fEREREE S IZEREEO
50%~70% CIE® 32 Z LN TH D,

Core(Au)

Parylene
Shell(Au)

_ Parylene

X 3.8 fEflL7-7 o — 7 EMEZFokmX
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34a7 XUy VHREROES R

AiEI CHER Z Lica 7 % v v L8 M %2 FPC (Flexible-printed-circuits) ~~
IJAY—AKRT o7 arZr7 47 xRK*T (CW2401 Chemtronics) % il \»
THEREZITSTZ(M3.9), BELET AL RICONWTHEHEELQNFMELZ HJE LT,

X 3.9 FI L 7= a7 F > v L #pEEE M

341 BRA VE—F U RHEIE

EELEZEMOA L E—F o A WE L, WEROMIEX A M 3.10(a)ll 7L
#H 9 %, 734 2% PBS (Phosphate-Buffered-Saline) (Z21J, f Y E— X VA7
FTIAF =K VMEET o7, HAEEIX 1Hz 225 1 MHz £ THIE L, EHifEA
AT AL 100 mV THEZAT o7, A VB =X 2 AME 21T - 72k R &2 X 3.10(b)
IZREHE L 72,
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Impedance =V /|

(a)
v H ol
N N
%10 "??;I*'% She”
- ?""'?--;,_,_7
-g b - " s
== e/
- - At e
g 1 O i }‘i"i'-'i ¥
£ TR
8103 h
S 10
@
©
((b]
£ 100 e
= 10% 10" 10% 10%® 10* 10° 10°
Frequency[Hz]

310 (a) A Y E—F U AHPWEOHER. (D)T T F ¥ ¥ LHRBEMHOA > B —
X AR

HEMBEITT7EM490MQUNS 59kQ, = /LEMG60MQAMND 56 kQ T
HV ., IkHz ICB T 5 A4 L E—F L 2T 28MQ, 3.6 MQ & 72 5 7= (n=6), = DIk
IEERT O VLS fEdh il BB L IZIERZE O TH 5 (E £ 3um, BB E Au [4].
B lum, ME Pt [3]), T F v 7THOALA L E—F L 2ADELHOETH DN K
KT 10%ThHo7m, ZTDOA 2 ¥E—HK 2 AL Parylene-C = v F > 7 O % i
BT L L TEESEDLENTE D,
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3.4.2 0/1 tb @ B &

BRHiA = RAEBRE LT AL RO T, BER ST AM KON L)
DODREHIT-72, O/ tLkOWPEIEX., TDT (Tucker-Davis Technologies)fl: i o fi %
E 5 MES & X 3.11(a) D EIEE 2 F W TIT 2 72, TDT D FEMIZ DU TIE B R AT §k 2
R A LT,

TDT 7° & 600 mVy, D A A — FEZKE (1 Hz~10 kHz) OfE 5% /)L, 60 dB
@Ty?*—&—%“éﬁ6muwp’ﬁﬁéﬁ AHEEKE AN Y ¥ —

IANNTH, TDT OANICIE Yy —LVDOANBEELT AL ZOHNES % A
ﬁb%@%kéoﬂmbtﬁ%#ﬂ31MMT%6OM FERIT, a7 EM 67.3%.
vz VEM 59.8%TH o 72 (n=3), T OMEIFMBEFEIIZ T4 2METH B [2][3].

(a) O/l ratio =V /V|,

Vin - C\D Vout

(b) N

o 1

4@ | /Shell

08 % 1 H.%m + e

S |

-(7) 06 e 11 llﬂ

2 0.4

£

202

o

3 ¢ ' '
10° 10’ 10° 10°  10*

Frequency[Hz]

B 3.11 (@AHALORERE, )27 F ¥ v L EmO A Mk
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34378 A =0 R5LRICT A XADMANEDRIE

WRicar7vyz Vo4 rE—H AL X XU ZAE2HELE,JEL RS
BEX 312173 T, WMERITK 3.10@)ER—ThH DN, T /341 A& ABHEAEK
IR ERF CTHIEZIT - 72,

HEMEZRDE 1 kHZIZBWT 623 MQ &> TS, ZhIEy = /LB
DALE—Z L ADK1TREER>TEY, +0R A E—F AT D, Ml
SABALFHHIOE S 100V THY . 623MQD A L E—F A TIEM 5%D 7 1
AN—=7NREETIHETHD2 1000V O 5%F 5uV THYFHHIT AT LD
ATNEN)ARXD ) ARXLLT 200V THY T 25 EMBEICERL R0, L
L., AR LBIREL BERoTWS, ERKEKE L CIXEELE FPC £ E
THLIZBEBAN—INRELTWVDEEDELEEZOND, EHELTWDH FPC MR
DB ARMZHRELEZDN FPC CERMEEIH 1) AR THH 2% 7 7 X
F—Z BNREELTWVWDIRER LR o2,

| | 1

S . 10

GJ 1012<§OOO X —

© ? Oi) X X ] LL

- 3 1

= r °oox xxxxxxxxx‘@_)' &

C 9? Xxxx!( GJ

) 10 : Xx XXXXO0 0 8

© ;X 00000 ; 10 (4v]

E 6 ix X Oooo "C"_J
E (o] .

8 10 ! Oooooo ] (qy)

C ’: X OOC') Q.

® , | ®

@ 10°! 16" °
0 .1 2 t3raTTtE 6

CEl 10 10 100 10 10 10 10

Fregency[Hz]
X 3.12 a7&EM, Yo LBEBBBOL L E—F A Ty XU H U RARM

a7 X Ty VEM O FF X Parylene-C IZIKF L TW5DH, AMEOERTIE
[ R 72 W 23 12 M F T R U OB ) 2~ & B A BEAL T 0 & 1 D A B BRI 2
T IE 7 B2, KT Parylene-C (X, Si X SiO2. Au 72 & O R BF & 1L E MR
RS 0AHBEREKBREAL, EMHBORMODEN/HRLL E—F X
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DI TPFLCLEIY RN DHD, A VE— X ADETIE. H—D=a2—a b
DEZPENRLSBoTLEI>IRET TR EEZOMEN»S OfF 5% HE LT
LESI>LDOMAEFEHINTLENERELTEMETZ2GEEREELTLE S,
Z D7 Au & Parylene-C & DEEFE N EZ TR D1 DICT N A 2 & H W TIER R
AT o T,

IEHBBRITT N A AR Z AR BEKPIZOTZIRET 65SCETHIEL., 1
VE—H U ZADMEBREN D DDA L E—F AN 10% A LS THlE
Lo, FEBRAERIE, 40 HEABRBE KPS v E—F U 2ARET D
EE o, EFBICEMEOIAAZZ LEBEOMARBREZREE T 220~ T 20
KR Z38SCERELT L= 20U bHHEAE L,

k = Aexp (— g—;) ..(3.6)

T 2T kR B A B LA T | Ea 1S PR = R L — (93590 Jmol ) |
RIZAMAEH (8.314 JK'mol'), TIZIRETH 5,
GOXNO KIS HE TN 38CL 65COlLE &Vt TET L

kes
In— =2.89
ksg

LD,

B.OXDFERND 65CTOREIT, 3BCOEBRE FTD 28 fFICHYET 2, T/
A AR A L E—F U ANE 10%P LIz HEMN 40 HTH-7=D T, K 115
HICHYT2LEA6ND, 2ORET, ~ TV ZORHEHIET 3 2~ HREIT-> T
WHZEaBEAL LT RICRIMERNITADL EEZLLILD[5].
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35a7F VU NLHREBOAEER

AT XX VMR EMOG AN LB T DD A AW BIYEREAT
S, RBAERIZ, BEHRINAZRFZOIMHEZESOKRBEZETEY ., ik
BEROEBSVED DB EICES W THEmE L,

FPF. U ROBERIC s oL T e F R UL LA CORAGMBEEZTEH L, <
UADBEBEE ., EEERE, KMEEZBELHIE RIS Inv =2l —4
— & AW T 1 REMEER B N LV (SIB) 187 NA 22 fl A LJINE % 35 2 72
S, WEF, ~7VAONMF%Z 1 ms @O SV ATYERAKEZ L, FRNEEAT
7=,

33 1%, BMWERBRTOT AL ZAFAMEBEOHMEK TH 5, £ 3.2 1TEWE
BROGESRME., K34 IXMEROBMKEK TH 5.

(c) Bregma (mm)

6 5 4 -3 -2 -1 0 1 2 3 4

43,13 B EBRBENE K (a)T S A AR E OB, (b)EBRFOFE, (o)
T NA A O R NALE O FE A

42



DT

3.14 U E % o g X

# 3.2 ®EWMEBROGESM,

Mouse type C57BL
weight 25.7~36.0 g (n=2)
anesthesia Uretane/ chlorprothixene
0.26ml1/0.13ml

3.5 /T ZF ¥ v 2V ==—n Ui

B EBR O R AKX 3.15 12508 % Lz, K 3.15a 3 L O 3.15b (2 & # R %
AT, a7 EM (X 3.15al~a4) B LY = /LEM (K 3.15b1~b4) & b2, #l%
2B ~20 ms AR ISE L 72 R PT 4 & #E (L (Local Field potential: LFP, 50 ~ 300
Hz) (X 3.15al, 3.15b1), spike 1§ 5 (¥ 3.15a2, 3.15b2, 500 ~ 3000 Hz) %
neEnfER SNz, £, RITEE 100 B OFH T —2006, BEMEME (/A4
ANV D40) iz THRESISNERE 7Ty bLETAXY—7 vy b (K
3.15a3, 3.15b3) B A N7 T LAEEHE (Peristimulus Time Histogram :
PSTH) (X 3.15a4, 3.15b4) OFER LD, WA LEGEERSOTHEKICR L TH
HKEINTERBETHHIENDLLDL, ZNOLDOBRERNLMHEMAN CORFTRZ T
Y URNAEHMETY) ZENTET,
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(V)
o

Spike LFP (uV)

Trials
(4]
o

Firing rate
(spikes/s)

N

Spike LFP (uV)

(spikes/s)
N B
o o
o o
T~
O
2

Firing rate

r

-8.05 0 0.05 0.1
Time after stimulation onset (s)

315 a7 F Ty VHREMRD LT ¥ o R VFHRIRE R - (al)HIE L 7B ST Kt
L 50-300 Hz ® LPF % 7»J 72 LFP 15 5. (a2) MIE L7215 5 1ZxF L 500-3000 Hz
T BPF & 7~} 72 spike 55, (a3) BERME (/ 4 AL X)L dD 40 ) ZBZ THHY
Skl E7vey bl A —Tay O, (ad) B A T T NEEHE
(PSTH) @K, (b)) E L 7215 5 2%t L 50-300 Hz @ LPF % 7>} 7= LFP {5 7.

(b2) ME L7215 B 2% L 500-3000 Hz T BPF % 2 1J 7= spike {8 5. (b3) &L
i (/AXVXAVD4o) ZExTHREBINEARE ey NLETAZ—T R Y
FOK, (b4) B R NT T AEEHE (PSTH) DX
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Fl . a7BEME 2 VEMTRGLEEZH A RE—0O =2 —n1 /{557
EO MR ZAT O IOt S Tz spike 15 75 O IR IE Lk &2 1T - T2,

N
o)
o

AL
N
o

(o))
o

20 60 100 140 180
Core peak-to-peak voltage (pV)

Shell peak-to-pﬁak voltage (pV)
o
o

X 3.16 a7 EM, >/ VEBIZBIT 5 EEIRERO AN

Spike E 5 ABH SN MO a7 EME Y = VEBORE SIEEZHC L,
B HEERTIE 0.014s 705 0.03s TB IR o7-, fEEX 316 I2E#T 5., ¥ 3.16
HHDHEATEMY 2 NVEMOESPEMRD LITTry PSR TWDZ D
ML, 2, a7V VERTREGELEGEERR —DO=2a2—m 2 THDH I L
EEWHRLTWD,

a7 EME Y 2 VEBBOGEFICH LT tREEZITV, 2L FE—0E 5% &
LTWDEDNMREE T T, a7 EMAELRNIZY o VEMERET —X & LT, &
BnEResbo0bL L, TAI—O0BEANPGIRAELET —FThHo &REMRGE
72T Welch D t BREZAIToT0, MEZAT > 7o R BALKAE 1% TIF HE R0 3
HEIn7e, ZniF, a7EMmE o VEMTITN A REZEZIRAELTVWD Z &N
SN, MOMENLRE - BEETHEIENEbRTVDHEEY, a7 EME L
MECHREEINEZR —=a—arOBMN MRS, a7EBRTHRHINERIC
Vx VEMICKHEZ TRESRELED THDLIEEZLND,

352 RFTHZER == —wn V&l

RN 2T v 2 NVAHREFZOFRICKII Licizd, 27 F 2 x L& E W
DR R TH D, RPTH 2RO ZB G R 21T 572, FEBRILAMERDO T S A R
ERIALEZRETa X X —UORKREEE LMELZIT-> 7, EROBBRKIL,
B 317 IRt L7z, RIEBRED AR I, ZREMEZEAEWMNLDL T X ¥ /L
BMO Y 2 VEMASAEELIZAOATHDL JHEMBEEOSFHETAERLEFEKTH
%, FEBEFEREZK 318 IZ/RT,

45



§ Vibrator
onsy

DT

Signal Devi

3.17 T84 A7 5 T E F OB X

Ref 4 1

Signal

Spike[uV]

Trials

600

Firing rate
[spikes/s]

a00 (34) |
.
0 i

\ ’0.05 0 0.05
Time after stimulation onset[s]

318 a7 ¥ Uy MR EMO HATHY ZBFHEE R - @D)BEIE LIEFITx L
50-300 Hz @ LPF % 22F 7= LFP 1§ %, (a2) HI&E L7215 52 % L 500-3000 Hz T
BPF % 72 72 spike 1 5. (a3) BERME (/ A AL X)L dD 40) ZHZ THRES
NleliZx7ny NLET7AZ—7my hOM, (ad) B A N7 T LNEEHE
(PSTH) @ X

46

0.1



4 3.18 Z % & ATH O R & FAR ISR 2 5 ~20 ms & (RIS 59 2 &K
N RZ 5 (X 3.18a2~a4), £7- PHST ICbMBRESISENRAZ T 6N 5,
£7-. LFP O IRIEIZX 3.15a1 KV s/hs<hoTWD,

A0 B A4 7B AL G BF o LFP % 2 1% . EPSC (Excitatory postsynaptic currents) X° IPSC
(Inhibitory postsynaptic currents) 72 & DT F 7 AEMIC L 2 EHAGDLE D HE R
BENL2EBEHGENOEETCHD, 2O F 7 ZAERIZFHRARENE S, BEO#E
BHoa—n Db DOANTEoTLEVWHEEBEZ =2 — 1 v 0% K
(Summation) 2 Z %5, Z ® Summation N 2 D5 2 EIZ Lo THEHED =2 —1
VIR LEGENMTHD LFP BBLHIIS D, ZREMPE +0ICE WL AL,
MREMESHEMOD ESZ DL LT TAEROELEEZRET S Z
EMTARETH DL, ZOFETIINABNPORBAT L VA X ZWEIELIENTE
DR AFT T XxARABACHMAT 2 Z S ICERT S 7 4 XARRATIZHAE
LTW5b /A4 XEMG, DEBEVIBEIEDLZ ENTE RN, 3.18a2 X v .
EBMNZHREMDO EOMEPDL S EME T um OMEIZHDH Z LI L - T,
BE Y ORFNREZFTHENMTA . 7 AEBEROEAIC L D IRHEHH L ES %
WEISHEDHZLENTETEBY, Spike EEMNFBEITETWDLZERN D, 20O
HEEmESREMOERHENSEMECHIETEL0X. 58 1 ECTRR#E LomRE
MTEIEEELRARETHY A7 F Yy LHREBOFEDO—>THD, ZIn
5, a7 X vy LHREEMRICLY AEEORVFRMEZZHRESE L 2 &N H
BETHLIENMHERTE D, 500 Hz LT OFRMESORENBH TS 2,
WREZLRT D2 /A XHWPLTNDLEERL, SNR L =a—nrrDREKBMET
& % Firing rate & ik L 72, 3.19a (X [FEI R EFHIBEE O o 7 B, 8o o
7 AR D SNR., 3.19b |X Firing rate DX ToH 5,

B 3.19 L0, ZHFHUTIEZF v o1 GHH & E L. SNR 2% 6.6+2.0 dB »»
51006 dBICHm ELTCWBZ Ry n5d, £7-., ZHIZ LV Firing Rate b %
F X R IVEFHI O 2254150 spikes/s 2> 5 570+ 60 spikes/s (Z[A] kL 72, Firing rate
W ELEBHBE LT, /A XN EAD L2 LI XY spike & H o B A 2
THROVBRHAINAETRENM LD THLI, ZNLDOERNL=a2—v DG
Mzmm BT 52 &ENTER,
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X 319 Z2F ¥ > x b, ZEBFHEEO T 2 v LR EMDO SNR 72 5 NI
Firing rate @ g

3.5.3 iMAR %% o> 8 5 5T

ST R VMR ERR R R L E SR L 2RISR YO F A — O n R
o AR O BAEREAL 21T o 72, X 3.20 (2, B ARTE O~ T 2K
FOR (LB TOMAR, HABROMRTEEZZWZRRT, Zhiy, BEo
FIANICHESS LA R SNARNWZ ERbnD, 2O ENnbYS ., BMEAD 4 um,
e K S5 L 10um o MR B IS & 0 L TR A P D AL~ o0 1R A 8
WTET0HIRDNG, Eh. BHE F)ORAIH LT HHMARZT S
N, a7 X p L RER S R AR% CEBICEEGA RN L RHERTE L,

After penetration

3.20 27 ¥y LR E MR O FIl AR DN R EE
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3.6 ¢ ¥

RKETIEZ, RAWEENSTA T 7287 ‘a7 vy MEREMREZHKE L.
TANA ZDOFE-E XM AT o7, FRLET AN 20 BRI, 1Eko
VLS #Ef R EEEZAVWEEMEFRBE TCHLIN, v~V A Z AWV 8WER O
R.aT7THF XY VEMBOF RO =2 THDLRHFITHEKICET 2T v 3t %
FEH L, £, V2 VEMEZSREME Lz, MEBEAN CORMME#H =o2 —B&
VEFAITIX, BFHIE S O SNR E R AKBEOM A2 FEB L, X 72EMmOR A
fli Cix, Ml 7 m — 7 IC KRR 2 /R Lo, EMmoE&IHARR CIX, E
WHEE 2 CERIAT 720, BRES ERIERBREIT o2/ R 40 B HED
TZASUAERNTHRELTIS BORERITA DI ENDLND T AL ADE
MLZE%RZERIELL, OO ENORIEEELZH a7y~ A1
I —T7E M T —nr oS EE ER L,

AT F X NVEMO T —T R, BURTIE 240 um TH H, 2L, A 1 mm
EO~ 7 ARMEEIZENTH+aoREITIERY, SEIH WL VLS ik E
EETIE, CNETICA0m EDO T —T R T ot 22 L TETW5D,
L2L, MEYE (e —%—) OoflHIcEY, TORE I FH KT 700 um N RKE T
HO ., FAIEHTRENTOLHABEMRE L LZHEG, TOES (>2mm) I
TRV, FFICRKMEEOESAHN 2mm OV Lok MISHAT 5720120,
EIRAR+HTHDE, TOEHL5H%IT VLS EEEBELR LRI ek 2AD0H BRI
F570—T7DHEABRLETH D,
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HELTCLEATR T TR HA—VILEDLDLEEZLOND, ZDT T A X A —
VEHLTEDICTA TN (M F) ZROBMICERT S L, £72 RIE
ZVE—N TS TARIATIIELTLHZELETHEHEETLIZENTE D,

7 4V L8 NMOS Y — 27 v UDAEKRESIRBRENDEZEIMET DD, v U
AN AEREREIToT, VLV Z UVHBETO~ T 20 1 IRIEMHEKEE (S1B)
NTARAL 2 AL, G zRE L., FREMEZNELLZ, WEOME., Si =
— FVEMBAR TIX LFP 5 5 O JEILIT 2 7223, Spike [ 5 IT DWW Tidk, B2
FEREGDHZENTER Lo, WIZHAL Si =— FLvEMZEZH ALK EE T,
WA ZEL 7 A LLABNMOS Y — 27 10 U &2k L7 RETHE ZIT- -,
ZOFfER . LFPE 5 W QT Spike G R ZMMET HZ &N T&E T, £/, LFP {5
DM 725 M= —8a DO KHE TH 5 Firingrate DE MBSz, T
X, ZA4NVEBY 2753800 Xb54 =X U AEHIZEY, Si =— KL
BWOA =X ZANRFD L, BEICKDIEBERENWD Lo, 704 v
= AP RY AR AXEZRBLEZE, 20D XD A XIZHB N
TWEMRESPRGETEDL LR TETEDOTH D,

INHEORERNS, 74V LH Si-MOS YV — A7 U AkHAWVWSDZ LT VLS
R EEICZ VIR TS Si=— RLEBEBOXRATHLEEmBA L E—F R
ERRRL, @B a—un it 21725 2 L 2 HEFEL -,

70



2% SR

[1]

(2]

(3]

[4]

(5]

(6]

Y. Kubota et al., “Nanoscale-Tipped High-Aspect-Ratio Vertical Microneedle
Electrodes for Intracellular Recordings,” Small, vol. 12, no. 21, pp. 2846-2853, 2016,
doi: 10.1002/smll1.201600172.

H. Nyquist, “Thermal agitation of electric charge in conductors,” Phys. Rev., vol. 32,
no. 1, p. 110, 1928.

J. B. Johnson, “The Schottky effect in low frequency circuits,” Phys. Rev., vol. 26, no.
1, p. 71, 1925.

FHHE, = ERME, “EFHaXRBRE~D Uf 2 A4 X0)5H,” 5%, no. 3,
pp. 29-32, 2000.

Z. Celik-Butler, “Low-frequency noise measurements as a characterization and testing
tool in microelectronics,” pp. 200-205, 2008, doi: 10.1063/1.44574.

A. Okugawa, K. Mayumi, A. lkedo, M. Ishida, and T. Kawano, “Heterogeneously
integrated vaporliquidsolid grown silicon probes/(111) and silicon MOSFETs/(100),”
IEEE Electron Device Lett., vol. 32, no. 5, pp. 683-685, 2011, doi:
10.1109/LED.2011.2120590.

71



5 B
ALY VRAEFHEIT R T A

511X L ®IZ

ARETIE, MBIEBZ VA VL ATHBENITZAD VAT LIZOWVWTHBRRD, i
RKOMFEFHPTIZ, MEEBMEFHNGEEL S — TV TERTL2OP KW TH D,
L L, MfREZIL, FRICMBEAAEMIZTE At pv A —F— L FEFITWNREZT
HOHNENED ) A XD BEEZITHI ETHRETHBAREICR>TLE
VR =T ABIEB LIZBICRAET D A XFEAKEF LD BRELS (mV
F—F =) MREBFOMENAAEICR>TLEY, BEMICEmREZ DAL
Y EEICENTHET 2L, 207y —7 VoRE$ITRT L2V, 2. B
MATEN FOEBRICBW TR BMIER Ty —7 AR #$Wodghx 28 CLE > BN
HLHT, =T NVNOEBE RN DN, WERY — 7 vE AW ICEMm S
ArHlgR 2 B T 20D EE L VIRBZKR/NICMA D 7O, B & G0 & (5
ICHIB DRI E CORMERBICT A ETMRETHZENTE D, Lo
L.ERZELS T2 FETE, BEEBRCTOLAETHY BEFER L o R MGEH
PR HBATE T COFRIREZR E TIIITHEA A KD TLE I DB FEN TIE
A

ZZ T MENROBY~EWMEE D%, TOEHLE~T A YL R AT
LEHEFEL F—TNEHNTICHAT 22T/ A X2 R/NDBICHMA D LN
T&5, L2rL, ESBICEET 271X, MEX R OFEE & [F % F 7215,
MELLLARTNE LR, £, Ny T UV —2FDEES FERICHE X5 5
MOKELD L +HICB LAadE 2oy, BIE, BE - TWnW5bH Y
AXY VARG AT A[1]-[811F. E i dH v | (5 J7 X1 Wi-Fi, Bluetooth (X 5.1) .
Radio Frequency B EZHWEbL OB Z W, —HFTCINLDOY AT A, 7 v b
BREDHBREVEYMITNEZL | HELH gt BEL . UV ARLED/NEY
M A7 LFIFEEETHD (K52) [3] FICBEEMIEINALTWND AT A
T, HImE #S 72 £ 13 ASIC (Application specific integrated circuit) (272> T\ 5 b
OMFEAET, BERAKBLMEDOLONZ S LHAENE Y, £ 5.1 ICHERE
ENTVWAIREMRIALA T LRI AT AIZOVWTORBOREZTDHL -,
PennBMBI (£, XY VA N=T RFEICL > THEREI N TWSD BMI IS HIZH T 7=
TAVXYVAFHPI AT ATHD, 7T 74— AT 42 —F— BUH—
J— R EaHEHLTEBY ZERERESZRENLATETH L, L2L, A XN
56x36x13 mm’* & KE WO T v haxd G e LI AT ALATHDH, WAND (X, 7
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U7 V=T KRZECE S THREIENTWVWDEET v 32 VT ALY LVAGFHC AT
AT, A X1 36x33x15 mm?, B 17.95g, F ¥ * /L 128ch TH DB, A
AMRKREWNWTZD T vy "R EOLBHREREME E NMSHT N4 2 & LTHHA
ERTW5, TBSI 1T, HAETHKRENTWVWDH L AT AT T AD X ) R/NEY )
BHIRTHZENARET, VAT LAY A X b 22x22x22 mm*, EEH 4.5g &N
2. HEIEE S S ) ASIC THIF SN TV A DI AENE W, £ 2 TAE TIL,
N TH DL~ T AR R LE LEZBRETHD, ASIC Z2bLT, H—HKETH D
Bluetooth Z flWW/— &, SILAMZEE 72U A VYL AHB L AT AICHOVW TR
T 5,

#51 REORUYA YL XFHR T ZT A

PennBMBI [8] WAND [7] TBSI [3]
. 56 x 36 x 13 36 x 33 x 15 22 x 22 x22
Total size 3 3 3
mm mm mm
Total weight - 17.95¢g 4.5¢
Power 290 mwW
consumption
Transmission 2.4 GHz
2.4 GH . H
frequency GHz (Bluetooth) 3.05 GHz
Transmit range - - -
Number of 4 ch 128 ch 15 ch
channels
Sampling rate 21 ksps 1 ksps -
ADC resolution 12 bits 15 bits -
Battery life - 11.3 hrs 6 hrs
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a b c
NMIC 1 NMIC 2

Power regulation

WAND circuit

board d.c.—d.c. converters

Stimulation core Bandgap

[EENVNNERRI fhdeir
J - il
SoC FPGA ¥ X g 3 O (e BRFRRNV IS

64 front ends and stimulation multiplexer

Battery pack

Microdrive
headstage

RadiiSos: . Digital core
Antenna |¢——35.6 mMm ———P|
d =
Y Antenia WAND board
1.8V
Power
th Radio SoC regulation Battery
a
[=]
Microdrive =Q
< > - 32 &> f 25,1812V 1 —
- o | Stimulator & =
. System SoC FPGA
o nE&EED Y
J—]j 7/ ax Commands
Radio SoC
i Closed-loop Data E t
S : control aggregation !
i ' Serial peripheral
g o Artefact Fast Fourier ! mter.faca—un«v_ersal
29 ' removal transform ' serial bus bridge
- i'g <> : ' A
g i 7 ! Base
=] ( Stimulation H Threshold ): station
<« ; i
Commands 1\ command detection  Ji

To PC

S1RERMYA X LALI—F 7Y AT A (WAND) @ )il E @A, /S
FU—  EWAESATEIATYLALI—F 4 VTV AT ADREA A —TK ., b)
FEE LU - O H B HE, ¢)ASIC (NMIC) OBHMEGTH, )V A YL AL a—
FUU T AT ADT 0y 7 K[7]
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Transmitter RF board Battery = Preamp
N e e e LT -
b Headstage Tramsmitter '
nputs - 1
15 Pre- tg Band ! Time High BW :
amplifiers % Pass * Division Amplificr '
- & Filters Multiplexer 1
' i
)
1 Transmit RF :
= Antenna [*=1 Modulator Battery and voltage '
1 regulator !
N '
............................... -
RF Receiver Components
. D\ RF Filter RF FM
_.'D) RF lmk ( & 604B *| Demodulator
Gain

To Neun|
DAQ <4 Output
System Bandpass Filer

De-multiplexer
P

Analog

PLL and
Clk Recovery

52 v~ RAERGLELEVAYLa—FT 47 AT A (TBSI) 1 A)y~ 7 A~
DAY VLVALVAa—=FT 4 TV AT A e R LEEOTHE B)ERIZE®E S iz
REHETF.COOVA T LAV —FT 4 VT VAT AOZEHK., D) OIAAT 16¢ch
fik FEA . E)TBSI Z M+ 2 £ 8 & ASICO LA T U hTH A2 F)La—F
AT VATLAEERDOTry JH GEROT A VY LAV a—F 4 T AT A

& TBSI @ LL#%[3]
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Design layout
Alternative

: 529

6 hrs

~

U Mass

Battery life:
Bandwidth, low cut off:

Bandwidth, high cut off:
Size:
Transmitter Frequency:

Input range:
Transmission Range:

Gain

10-100 Hz

50-4,500 Hz
~100 cm”3

2.380 Ghz
1V

60 m

: 1,800 x

45¢g
6 hrs

0.8 Hz

7,000 Hz
2.2cm”3

3.050 Ghz
4mV

4m

800 x



520 A ¥ VAFHBT AT AOFRE

K%TM\v?%%%«@%ﬁ%ﬁﬁ&Ltmﬂ-ﬁa-%m%&74%vx
%MV}%A@mﬁ%ﬁﬁ MEEBFAZ VA Y LVATHET27DICHLEHRLDL D

ESNE: L R =N Z/Fﬂ—7~\ND£@ﬁ\F7/X:y&—\274:1v—
&—\AVTU~T%6 HME 28, A/D Afagn, FT U AI v HX—F, BT D
EEODHEICKREL EETHIHEONLERERELTEERT D,

iR ICIE, MREBREV BRERANSA LV E—F X, BWMTHEAETDH R
7 hOBRE, WERZX W A —F—DESFE mVIEETLHZORIKTH 60dB 2
FIEHETHDH, o, MRS NTEZIT A/D ZHBICATSINDLID, =AY
Tvy7%%¢k@@7y%z4UTyy774w&—%M%fbéoMD%@
wld, WIEG THIESWAZESZ P0IBT E L 0ME TR TR LA,
. EmaMEIc L CLE D kﬁme~5"7§>t ZATCLEFNVWFT VA v H—C
HEBTTCLEI) ML L TCITERELEICH X220 10bit L EIZXETH D,
F7o. A/D g BIROZHEE L, ME1E 5 O spike (8 513K kHz Th 5 D
T, Yo7V 7 EHEAEZEEL T 10 ksps (sample per sec) 1T EMLETHDH, b
7 A v —I%, Bluetooth ZH "2, TEX LRV MHEEIO/NINIEH N
I ANy T U =0/ LB D 72 % Bluetooth-Low-Energy (ZXF I L7z b T
AI v H—ZHANWD, £, WA= 3 D Bluetooth # K T 13 iz 2% 3 2% 650
kbps D EE L nH 72 W72, 2 Mbps ODEEN TH ver5.0 L EEEHT 5, 72,
FITUAI Y E =D A XN, vV ARZHERT DD, vV ADHEFY A X
D 15mmX15Smm, BEI [T~ T ZASOTEA~ENHRWVIKRED 10% ~20% F2 &
[2]. EFEHERMIZ, 1 BOEE R | BREABRECTOHLIZORMBEFF-> T 2
RFRIFEEE 2 BHHE L TRkt 217 5,

EF, HERORFTHD, EMA L E—F L 2 IMQ9]E LT, EWMEY 7
k% 29 % HPF (High-Pass-Filter) % v A 7 @EEIZ, EM Y 7 o E
%45 CToDH DC (1 Hz UL FYDOREFERET S, Lo L, AKJE ko BE 51X
EﬁJXA_%5wa56ﬁ#1Hpnhﬁk_ﬁfbfmékw\f%é@
DVEISERNVEIICHy P T7EEBREZRSRET D, £72, HPFIZTE 5 [R
VHBEZ/ NS TEHEDICIRRCE I 4V E =T 5, By b4 7 EEEIT
KG.DICRRET 2L R=10MQ, = 7 ¥ C=100nF THHE L 7= R f,=0.1 Hz
ERol, TNIFEAKRBOMESZREIETEMBRNY 7 F2kRET 51213+
TH D,

1

WiEsRiE. mA v E— X U A BE R THE LM RES% mVA—4%—FT
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WS 2720, IBREEANA LV E—F L 2ADHET 7I2LY, TELRD K
SWET S, Fo, BET AD ABO L)V E TCHEMIEZITS ., MIEOH
EERDA L E—F v RTEIASA L E—F 2 Z 200 GQ D AD8422 % W T,
HWlE=R%Z 60dB IZHEL, 1mV A —F¥ —FTCHEHELIT), ETHEINZE
X, HEOHEIBERICAN SN E X, ADEBOFVIERL ) A XEHIT2D
ZHy bATZEEE3kHz D 2RO LPF 2@ L T, 7y hERET DD,
1D HPF Z @i S &5, BEOMERIZI. B 7 VX —Z2 @B LBEELLE
F% AD B TNV AT — I T&E 5 L9 21.7dB THEIRT 5, £72. A/D
EHWIMIZIEANTHLOTL_ Ly 7 X —AEEEL CEARGENDLEREZ~
BT D,

WRIZEREIE EANy TV —ThHbodN, EARBEFOmMFZH o 72D, 3.7 V-30 mA
DYVF AL A rBEMEFEHL, A X7 % —VLVAF ¥ —TKy7EEK
(LM27762) %A LTI/ 4 X3 VERZMHET 5,

7 A2 v & —{X, Bluetooth-LE Bl #& I % J&s L 7= (Raytac f: MDBT42V-N
F v 7% Nordic 4t nrf52832) £V a2— L2 W5, ZOF v FiZartu—7
— P 1IZ 12bit-SARADC (successive approximation register ADC) ###H L. 77
CVENLNKR— . FyTFT TSI ERLTEY N THLTEOEHT S, 0.
HARENTOEREMEHR S (LTHEFHRBM) Z2EEG L WD DM EICERZIT
I ENTE D, BIWoOKFEAMIL, TV ANR— b ERA LMY A I 7%
AL, P70 oA 22V TEBRBIEZTY., OFTRHELEE (v 27 b v
NA T L —4—), HEHHEE (LED) &I 5,

KB EZRATHBXEZBERL M T3 ~TLHL MEFRLEZIVMAPL R =
vy hOBEEAZX 53 IZiE#HE Lz, 72, S542F, £V 22— VDOEE,
SS5ICZEHMIE NI Y T AEBBOEE, K 561V YL A=y hEKED
Tuy 7 KEGRET L, RS2ICIFEAMELBAENE, TS THDHTA VL
ZEHWPL AT DT ONWT D EZBET 5,
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53 U4 L 22=v FDOLKK

(a) (b) 1st stage Amp (c)
BLE & Antenna
Level shift HPF

A

Charge pump

15mm
12mm

v(

15mm 11mm

1
2nd stage Amp Band pass filter
54 U4V LRa=y bDKEY 2 — /LD G H: (a)Bluetooth-LE £ ¥ = — /L,
(OIEREY 2 — L, ()BEEY 2 — L
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Serial to USB changer

B
.

Bluetooth receiver module
X 5.5 SEETa— LU 7 L2 #5s

- +3V 3.7V
~[HPF] < [Power regulator|<——— Battery
. 3V —
[Buffer and amplifer] \ —
[Band pass filter] Controller Bluetooth
v >IADCI receiver
[2nd amplifier| Yy v | S 'l It
stimulator || Bluetooth F‘J!saBo
|Level shifterl control |ftransmitter changer
i
v ~— \

|stimu|ator| | PC |

X 56 AYlLAz=vwv btDOTavIH
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#* 5.2

ARWF5E & BAENE

Tl ENTWVWATUAL YL RAITEY AT L0

BLE-neuronal

recording PennBMBI [8] WAND [7] TBSI [3]
system
(This work)
Total size 15 x15 x12 mm? 56 x 363>< 13 36 x 333>< 15 22 x 223><22
mm mm mm
. 3.9 g (with
Total weight battery) - 17.95¢g 45¢g
Power 28.6 mW 290 mw
consumption
Transmission 2.4 GHz 2.4 GHz
2.4 GH . H
frequency (Bluetooth) GHz (Bluetooth) 3.05 GHz
Transmit range 5m - - -
Number of 1 ch 4 ch 128 ch 15 ch
channels
Sampling rate 10 ksps 21 ksps 1 ksps -
ADC resolution 12 bits 12 bits 15 bits -
Battery life 2.5 hrs - 11.3 hrs 6 hrs
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53 VA ¥V RFHEITRT O

~ U AEAWEABRERICEAT2~A 7070 —T7FEM (Fa—7FE I 400
pm, Ix1mm?, JE X 525um) OA L —F o 2R EK 57 ICRE# L, £,
B CHREAERLEIVATY L AL a—F 4 U 7 AT AIOWTHIESRO F A
VOBBEBEEE A XOBEEASEEAENE LBRAX 5.8 LK 5912 L
77,

B 5.7 %25 &M MROIEBEMOEKETHD 1kHz IZBWT, A B —
B AN 11.2+480MQ(n=3)ThH 72, ZOMEIFMHMBEIEEZMET 5 ICIFEVE
Thy, EHEEHBEEILTA VE—F A2 EEDF K —F AME
(Platinum black) % X » T L Y EWIEMmHH~HRE LT o2, BEASA E—X
VA AT oA R 690+86kQ(n=3)E 0  MBREFEMTET DO+
AV E— XU ATHD I EDRMRAETE I,

% ¢

6‘10’*{??””?”
8106_ xxxxx ‘P‘PQQQ
3 I “xxx mmoc
= XXxXxx
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Input

Network <

I
Analyzer| — wwireless recording
voutput system

Attenuator '
(b) 107
— Oooooooc:
o
©
<
S
0
o I
1c° 10 102 10° 10"
Frequency(Hz)

B4 5.8 (a) 7 A o JE W ECRr MR T E BB O MERG XL (b) G MR B BE D T A 2 IR B R
{63

X585 % &, 1 Hz~10 kHz THIE S 727 A 1%, 53.1~73.8dB (1 kHz T
72.6dB) ThH o7z, By bATZ7EMEH>3kHzIZ LY, LFP © R[G5 (<100
Hz) 7213 Th<, H—=a2—n  ORFEHIES (>100Hz) bEFHHT 52 &R
Lo T, MRAEMEAICE 2= —a > OMBEINEEIENMN T, K 50 pV 2 E
D/NIBRIBWCTHDLND, 74 VHEOR KLY A/DE#AE 7 VA7 — LEHT
XL+ EIELSNLE THENATRETH D,
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(a) Input
Spectrum( |

Analyzer Wireless recording
system
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Frequency(Hz)

5.9 (a) ¥EHEEIEE O AN SR A ZJE A OB, (b)¥E 0E 1] # O A ) #
BoA4X

Input-referred voltage noise(V/\VHz)
ol

59 . VAT LV ALa—F 4V TV AT LADANNWE ) 4 XDALX7 kL
Y, 50 Hz~10 kHz O @ RE&H T 1 pV R 7 4 X LU0 id, # a4t 5t
BEED Ny 72 7T 7 R A X L)L (>20uV) &L E+HpiIi/ha<, F
o, ma—a rOMBEIMEENEMIX. K 50uV Th D720, MRE SN+
N ) A XL R_ALTH B,
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S4TVA4A Y VAHBI VAT LADOABEER

541~V RXREHT A ¥ L XEHA

TRV A Y LALa—F 4 VIV AT ADOBEBLXWMNEEIT-> 2, KET
FVEBIC~ U AZHWEARERZITOVHREEORGN T 2 0MREEIT
e, BEEREITo T,

~ 7 A ({KE 31.4~33.2g,. n=7) TV L ¥ VIR (0.5% 27 n /L7 o F ¥+ [0.10
mL/10g], 7 L &% > [0.05mL/10¢g]) ZMEPENIZEN UKEFEZ 220, v~ U X & [EE
EEEIAHOCCEEL, HEF LEERO —HE2BRELTNHLL, v 7 r=—FKIL&E
MR % KR — IR IR R B (SIB) Il A L7z, 2HEMmME LT, APEkoi
T (VD) OBHFEFCAT Y LAHOXTEBRE L, EEFHEIT, EX SV
A (1ms) T SNZEM AL T L —F—ZFHL T, EERMOT 2 HEKIC
FE L, SIB TChO=a—a U FEh2{lE L, OFHIBMOHEIXZY A L AL
— T AT VAT AN BITo T,

K 5.10(a)—(c)iZ. ¥~ AD SIB LD IA Y LALa—F 47 OaNEER
DORERS X 2 x4, X 5.10(d1)ix. WE L= LFP (3RO NKX —TU — R 7 4 )L F—
[80-200 Hz]) # /=~ L TW5, LFPIEL, HIWH 5K 20 ms %12 O T HIEIZ IS E T
LRI N HER T EIRMEITH 360 uV TH - 7=, K 5.10(d2)1x. ##l L 7= spike {5 =
QWRDNE—T —RA 7 4 )L K —[500-3000 Hz]) Z/~RL CTW5, X 5100d3)IE7
AKX —Tmay bEaL, K 5.100d4)F 100 RiTo e A F 27 Z A (PSTH) =~ L T
W5, Spike 15 5 1. BIMEBHAERT O 0.01-0.3s DFE¥EFTOEAERZE (4o) DL
XVEDO FY =SV THRH LA, BFHIL7E LFP B X 2=y MNEH) DK
B, ko y v 7 AT VvEmMBI N~ 7 0/F ) A — VEMT N4 RIT X
STREBEINTEEFEELEELUL TWAH10][11], I b O EMERE IS, O
FHNE %K 20ms TEIHI TERRBNELLIIRZTONT . ISP LA La—F 4
YT VAT NESLTHIE LI MERE ST TR L o TR S s A
HEHUKIETHDLZ ENDbND,

M SIMICEIERLRNCHEAEZECTHEHALEZARFIA S 2T 4 CBERMHER 2 5
) ZMnT, B AMEZZEEE T, RO 2B E LR T RAE 5 H
ExEATo T RATB LT, K511 OWEMAKRZRTEH, 54 20 ms %
(RN X9~ % LFP 72 & WNIZ Spike JS &R WL 17 H 4L, LFP IRIE & A 420 pv &
IJA4F¥ v ALva—F 47 &b RERLS, £/, PSTHIZBW TS [A%% D Firing
rate 7o, TDOZEMNLYTARAEHWEAMERIZL T, ULV L AL o
—T AT VAT LAOMBREFHEMER LT SLAET H 2 & AR,
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X 510 ERLZUAYLRAFHMY AT A2 AW @MEER () E OB,
(b)EE ARl ABF DG E | (c)BEMmO R ANE ., (dDBIE L 721E 5 2x L 80-200 Hz O
LPF % /7~ 7 72 LFP fE 5. (d2) #I&E L 7218 5%t L 500-2000 Hz T BPF % 7~} 7=
spike 15, (d3) BIEREME (/A4 AL )LD 40) iz THRHEENZAE T 0
v LT AZ—Try hOK, (d4) E A N7 7 AEEHTE (PSTH) DX
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1L Somatosensory stim.

=N
o o

2 0 0.4
Time after stimulation onset (s)

Firing rate Trials Spike(pV) LFP(pV)

(spikes/s)
O OI oS O

5101 AIETHEICHWEZEARFU S AT 22 HWEAEER : DIEL -
f§ B2k L 80-200 Hz @ LPF %27 LFP 5. (a2) WIE L7 Zloxf L
500-2000 Hz T BPF % 7 ¥ 7= spike 15 5. (a3) ®EERME (/ A AL XD 40)
Pz B EnES 270y LTI RAZ—T oy FOK, (ad) B A NT T
L EREE (PSTH) O K
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542~ X EBHT A ¥ L XEHA

U AEHWEEEERIIBENT. YA Y LALaA—FT 4 VI VAT AENL
THBEZORENTZA ., RSN EIEINTLLLO, RIZv T A2 Wi g
EBEITOZLICLE, v U A (KHE 31.8~33.2 g, n=2) & A Y 7 )L 7 CTHEE
ATV, ¥4 7 =—FNLEmE KMEZEHRTE (V1) ~#IALL, e ML
VryERWT, A/ =— RLEMESHREMEAZICHEE L. IKE @O G
ERISTED BTF AR VESYA /v =— RALEBMRORBRVICEE L, AR
LEDZMH LT~y 2ADOHREIC05sHAEEZ L, IRISEZELZV AL AL =
—T AT VAT A EMALCRELE, £ AR, VAT LAV AT AD(E
FOEEZFHMT A0, MY AT ATREINTESTD /A4 XL SNR % g
L7-, SNRIZ. #I¥BH4ET% 0.005~0.05s D WO — 7 BEEREZ .
BRI RT D 0~0.05s O _FEHELHREZTHoTZbDOE L TERL T,

B 5.12(a)lk, ~ TV AD VI 6D T A Y L AEMFRIOBEKEE ., X 5.12(b)i%
HMFH AT ATHL TDTEZHAWVWTHIE LZMEESETHY . K 5.12(c)iF vV
AXYVAFHH AT 2 EZHWCHELZMEESTH D, K 5.12(b1), (c)iX,
FFHI L 72 LFPE 5 (3WRDANHK —U — R 7 4 )L ¥ —[80-200 Hz]) # Z N ZF iR~ L
TW5, LFPIE 5%, M%) 40 ms (SR B RIS E LB N E T,
IRIE1X 100 34T THIGHHI & &K 220 pV ThH o 72, 5.12(b2), (c2)ix. FHHI L 7=
spike 55 (2 WO NNH —U — A7 ¢ )L % —[500-2000 Hz]) #/RL CW5, X
5.12(b3). (c3)72 B TNIZ K 5.12(b4). (cd)iFE. TNEN 100 ATDO T AX —T 1 v
F& PSTH #/r L TW 5%, Spike f& &%, HIBBRLA AT D 0.01~0.3 s [l O FHI(E =
D4 IZXHTHRELETWED R T —IZESWTHRI L, £/, LFP & spike
EROWBIL, R —EAKTr—T7VEREERET L2 LICLD ., AR AT
LAETAX VARG AT AITEIVHEZITH- T2,

MR ORER, VA4 Y U XM AT A1X, 20 Hz A O & 3 £ &P <A 8
Al & bl U TRV PSD (Power Spectrum density) OfE 253 15F & 4v 7z (¥ 5.12(d)) .
CORREFT A7 == FABEMEBEROYEETOTr =T LDOE I BEN
(Fr6cm) 2D THDEBZZDLI, K 5.1203)7%2 5 RIZK 5.12(c3) & AT
=T AN RBTHETHEHNNOIBFMOBENR T A Y VAW AT LD FHN
BN DL T =T ARENI LK AIER A A ERERTED, K
512(e)l. BHEMR T A P L AFHMBIOAKRFHOREE RS, PRI
SNR O kfeZ R L TW5bH, A XYL AFHEIO SNR I 14.3%£2.1dB TH Y . AR
FFHlO 11.9+59dB &L Tm <<, AR E LT, BEnr—7 012 k5
JAZXANWDHL LT THD, o, VAT L ZAFHO SNR D UE {7 75 53 8 D
TOHILEDNHRTEL, ZHIE. VAT LAY X T L8 MT T o Rk EH
ROFEFMEZHEBEELLEZEEZTRLTWVS,
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B 512 fERLETVAY VAR AT A EFHRIFH 2T 5 &2 W@ MHEE

B : (a)E OAERG X . (b)ABREH 2 AT A(TDT) & JH WD 7= # R ) - (b1 E L
7e{E 512 % L 80-200 Hz @™ LPF Z 2 iJ 7= LFP 85, (b2) WIE L7z 5% L
500-2000 Hz T BPF % 7~ (F 7= spike & 7. (b3) BERME (/ 4 XL LD 40)

iz RSS2 ey hLETIAXZ =782y FOK, (b4) B AT T
LEEHEE (PSTH) O, ()7A VYLV RAFHHIT AT A& FWIZM&EEHE : (cl)
HIE L7215 B2k L 80-200 Hz @ LPF % 7>} 7= LFP 15 5. (c2) HIE L7218 =1
%f L 500-2000 Hz C BPF % 2> 1F 7= spike (8 5. (¢3) BERM (/4 XL~ D 4
o) Az TRHRHIhRiEZ ey hLzT7AX—Tay bOK, (c4) B A |
7T NEERE (PSTH) OK(d) AT AT A ETU AL VL AR AT A
DANNTMHE ) A XD, (e) AMIHPM I AT AETVALA VY LVRAGFUME AT LD
SNR O [t #%

-
—
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S43BHITEI T~V RTUA P LU REHA

BB IEEMRESFHNAEZ LEVA YL AHUM AT 2E2HWT, BHIZ
#) < (Free moving) ¥V A TOMKZEEZEHMMEITo72, v~ U 2D KIKLZEGRT
B (V1) ([CEmZH DAL, BENEHLZHET 27007 e Fxk 03 M
9, LED TOMRRTHIKICE D, MREFHUEIT-o 2,

LFP(uV)

Spike(uV)

E11 ) os—

© 1( );-3 © ey
Y
S i e -
L e N s S e L
el R e gl by Py P ’_‘n'wn':-'ﬁ
2%
53
O
2x
==
e

0 0.4
Time after stimulation onset (s)

513 ERIL7ZUA YL AT AT A%V Free-moving £5 : (a)V 1 ¥
VAR AT L 2EE L~y 2AO5E, OBDHHIE LG FIZK L 80-200 Hz
@ LPF % 72 F 72 LFP 5. (b2) HE L 7218 5 1Zxf L 500-2000 Hz T BPF % 717
7= spike 5 5. (b3) BIEMME (/A XL X_LD o) 2z THRHEINEAE2 T
ny hL7ET7AX =Ty hOK, (b4) B AT T NEEHTE (PSTH) DX,
(c) Hi L 7= spike {8 5122\ T ISI (Inter spike interval) fEAT % 17T - 7= i D X

K 513, ~Y R~¥~TU UV VAT AEHATE~ T A TOMEESH O~
UDADHEEREEZRT, FHAF, VAP LA AT ACEET L~ U 2ADOTENIC
XEEFTR o7, K 5.13(b1)iEX, &I N7 LFP B RDOANE —T — R 7
4 )L X —[80-200 Hz]) #~ L CW5%, LFPX. HEHME» 5K 40 ms % ICHF
BB E L CHRENBI S, RIEIE, 100 17T 180 pv Th o7, X
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5.13(b2)IZ, 100 RATIZ X T % spike E 5 (2K DNNF —TU — 27 1 )L KX —[500-2000
Hz]) O Z7T, X 5.13(0b3)E X 5.13(b4)iE. ZNZEN 100 RITD T 2 Z—7F
72y b &R BRI O 0.01~03 s OFICEHESZD 3c DL ETWED Y T —
ICHESWTHRHE S PSTH #77 LTW 5, spike 18 5 1%, 18P HIEE & RO
A I TPSTH ICE—Z RRZT oD, £72, K 5.13(c) L Vil
TR ETHLIEEZLND, PSTHEZ RS L 0.2 s LT/ A4 XA EN
LTWd, Zhix, vV ADEx (EMG)., HHIMMICE > THFEIH Nz T < AAT
@@E®# ODRIICE->TEIERIENTEEFTHLEEEZLND . ZNHOD
FERlE. ZuArreFxe o 23T 2@EFH TITBN ey (542 &,

X 51228B), NODOFELY, LEDORIEBEDOKR TR LY., FREZLZKRE
THEDICHRHBEOSOLRD VAT AFAENRLETCHDLIZ ENHHLE, 20
FIWEEORELREST L2 LTI DLICHEMERMBRESINEZIT O 2 &0 H
BETHD, COHBIRFAEZIT > ON 7 —XRKV—7Th b, BLIAEREEZ —
ETIToTWVDEN, 78 —XA KL= TEERITCHRIBREZFEL VWD, 2
AVIX ADE# TG LG T EZMAT L, spike G DHE TETWDNHEREAT
W (AL T T 4T 7 8), EORKRZLEICLTKRO T4 T 0O FIFRE %
RET D, ANRNA T AT 7 X EHNDZ LT, RERBOAFAEZR 2 LN T
T =TT 77 MRV AAEROT LS BATE MR DN TE D, ZhITIE
EERMBEENAIGERa Pr—FF v 7 (FPGA) WXL ETHDH, Z D FPGA
T A AR KENWTZDHEEO/NRAIZITIAETH D, £ Z T, Bluetooth ® F s
Thod, WHBN G m@fEz2ITWHlET —% % PC ~%{g L. PC L TN 21T
b\&@@%ﬂ(&%ﬁf% Bluetooth Z W TIER T 52 L TT AL ZAHKDKRELC

RREAL DS HIFF T & D,
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55 ¢

<~ U AR TRE /R & 3.9 g, 15X 15X 12 mm?® @ Bluetooth X— 2D U A ¥ L
AP FEH S AT LORG -1FRET R MR LI RAT LA DOEXAF
PEOFAM 72 6 NI, ~URAEZ AWt B, BT ERZITV., in
vivo TOMBRIE TGN OWEREIToT-. F-tRkDODUVA Y —FRLa—F ¢ v
TYATANEWRBEITD ETLHIIAYILALVAa—TFT 4V T VAT AEHND
TETIIARORKRBE VLA EZ R YD LRI LT, £, VAT AR
BET/NHNIWED, IWOIT8h 201752k, ~URREITF TR 7y MY
NCHLEATEDIHAEOEB W AT AT, EXREHZNHFROEZ LT 52 &
NAETHD, £ BEDYV AT AT —%T7 7 F ¥ Tk, ~f 7 a=—F /L&
WAEN LY ZVF v X LOiek L TE 2R\, Bluetooth £ ¥ = — /L ADC
X6 >2DF ¥ x/ (ADC ANEHIZ~=LT T L IR A-TWND) B, T
¥ RV IE>10ksps(I| KY > 7V 7 L — MEAF v R/ 30ksps) TIF 5 G208 T
X510 TF X R NAMENAETH D, L L, 2 O FiE TIEEaE B3 E T
YRINAVGHLETHY)EIRmHEOHEK, EEN/HATCLESY, 22T, 7 s~
NF T L7 (MAX4691) ZRIHERE L CEME T 7OMICHEAL, kT
¥ R NVEE 8~16ch ICHLRT 2 2 L THEEZERATHELZ 02T 2T T F
¥ U RNAFRNARE LIRS, 2O~V TF 7 L7 YL Bluetooth 2> s @ — F (BLE
F v 7, MDBT42V) THIE C& 7 un /7 LOMBEETHIENAETHD, 2O
EOBRVATLEZH WD Z & THAEMERBINTVWDLI YA YL AGFHIT AT
AX b RE BHEER VAT AEBESTLILENARETH D,

91



2% SR

[1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

R. R. Harrison et al., “Wireless neural recording with single low-power integrated
circuit,” IEEE Trans. Neural Syst. Rehabil. Eng., vol. 17, no. 4, pp. 322-329, 2009,
doi: 10.1109/TNSRE.2009.2023298.

T. A. Szuts et al., “A wireless multi-channel neural amplifier for freely moving
animals,” Nat. Neurosci., vol. 14, no. 2, pp. 263-270, 2011, doi: 10.1038/nn.2730.

D. Fan et al., “A wireless multi-channel recording system for freely behaving mice and
rats,” PLoS One, vol. 6, no. 7, 2011, doi: 10.1371/journal.pone.0022033.

R. R. Harrison et al., “Wireless neural/EMG telemetry systems for small freely moving
animals,” IEEE Trans. Biomed. Circuits Syst., vol. 5, no. 2, pp. 103-111, 2011, doi:
10.1109/TBCAS.2011.2131140.

K. Abdelhalim, H. M. Jafari, L. Kokarovtseva, J. L. P. Velazquez, and R. Genov,
“64-Channel uwb wireless neural vector analyzer soc with a closed-loop phase
synchrony-triggered neurostimulator,” IEEE J. Solid-State Circuits, vol. 48, no. 10,
pp. 2494-2510, 2013, doi: 10.1109/JSSC.2013.2272952.

M. Yin et al., “Wireless neurosensor for full-spectrum electrophysiology recordings
during free behavior,” Neuron, vol. 84, no. 6, pp. 1170-1182, 2014, doi:
10.1016/j.neuron.2014.11.010.

A. Zhou et al., “A wireless and artefact-free 128-channel neuromodulation device for
closed-loop stimulation and recording in non-human primates,” Nat. Biomed. Eng., vol.
3, no. 1, pp. 15-26, 2019, doi: 10.1038/s41551-018-0323-x.

X. Liu, B. Subei, M. Zhang, A. G. Richardson, T. H. Lucas, and J. Van Der Spiegel,
“The PennBMBI: A general purpose wireless Brain-Machine-Brain Interface system for
unrestrained animals,” Proc. - IEEE Int. Symp. Circuits Syst., no. June, pp. 650-653,
2014, doi: 10.1109/1SCAS.2014.6865219.

H. Sawahata et al., “Single 5 pm diameter needle electrode block modules for unit
recordings in vivo,” Sci. Rep., vol. 6, no. October, pp. 1-12, 2016, doi:
10.1038/srep35806.

A. Fujishiro, H. Kaneko, T. Kawashima, M. Ishida, and T. Kawano, “In vivo neuronal
action potential recordings via three-dimensional microscale needle-electrode arrays,”
Sci. Rep., vol. 4, pp. 1-9, 2014, doi: 10.1038/srep04868.

Y. Kubota et al., “Nanoscale-Tipped High-Aspect-Ratio Vertical Microneedle
Electrodes for Intracellular Recordings,” Small, vol. 12, no. 21, pp. 2846-2853, 2016,
doi: 10.1002/sml1.201600172.

92



6=
we ¥E

AKmXTlE~A 7o =—RFLrEREBAVEHRFREROESHEE BB L
L., ¥EKSifEHKED 1 > TH D VLS (Vapor-Liquid-Solid) & ft ik & % % H
W AR R AR EmAE AT RMEEEZE L7 2 v LR EMRE 72
EL., KD VLS R EEOREThHoTmmWEMA VBV — X v A E kT
572012 Si-MOSFET Z W72 Y — 2 7 0 UK, KEFEAL D720 o AL
fiaE L, SOICHROMBREZHITITARIFUL KB THY, ¥ —7
M ED2EMITHOIE, ¥ —T V) A XL DEFEOHIEBMETH->T=, =
T, VATXY VL AEIREZAWD Z & TMIEEZTHZENTEDLN, kDT R
TALATIE, VA ZXPKREL, FLEROBAICEWVWTH, v U AR ED/IEYIC
T LD ENTERNP ST, Z 2 TARMILTIT S B 725 M EREEHAE T 0 &
BilbE LT~ AZExtg L L/ T &7 Bluetooth HiFZ W7D A ¥ L A
Al AT ADOR-ELIT o 12,

Bl E T, FEMERFESCKEME AT N A 2O Tk~ RKIF5E D
HZ# L7,

B2 ETIE, RIRELRFAMEMEIER ST 272D VLS K EIZ DWW T,
Z ORI, EEOFEMII OV TEHE L -,

BIETIE, a7 Uy LMREMO KRG (MR, HE, Mgk, 7
DAR—2, LAT TR, FR ot 22BN, EEIEHRLET AL 208
BRERENS Ay — T A EETHLa Ty VEENMMERTEDL L ERL
oo ERLTEEMmMODA V=X 2 A ZZnEHE L, kD VLS
MR EEBEFBEEOHETHDLIZ L 2HRE L, . MRESTOREREN
EWRT DD U RAEZHAVWTCaTEME =2 VEMICLDIZ T v o 2L
HEMNFHEIT T2, T AD 1 WIKMEKTE (SIB) 7 A/ A2 HAL, J/
FTESGBNM THDLFP 2L NICH —=a—1a VIZH KT D spikef5 5 O E % 1T
ST RER . AMICH T AR EEENENMET LN TE, MBERTEHTOE
FryorxNh=a—u CFHERR LI, T4 A2 ALTRECREREEE
L. Vo VEBWMEZSHREME LRI EHHBOERGIToTZ, TORE. £
F v U RVERIEEIC N E R HEE K (SNR) TH 1S, ==2—81 D3 K
L Cd % Firing rate I3 2.5 FBmMEL7E, ZOEPO AR TCIERE LT
FUOXLMBREBBRIT, BOEWE SN ITZAL I LE2HEIEL L,

HATETIH., AERNEOALTE L TT 402 MOS B Si-MOS 7 > 7 O 4 ff
mat (N4 v Ee—F o2 BKE, 74X, VA4 70 M), fFR7n kX %2k
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NROEBIZT 4 VLT MOS TN ADERFER, 2o K EEKM RN
WL, BEXOFEZRAELZHERE, LEWHEOY 7 R ERINTZZD, 77
A HA=VEWOLT I AFEERE L, £, HRIE S OIS E N % ik
BT DO, ALY 22 HWTHIBRANEAMF R 21T o 72, & O R R0 5t
THIREEWET LI ENTE, 7 4/ 28 MOS 1T X 288G 5B OB ICKD
L7,

BSETIH, MREHZTIVAVYLATHENTEDL VAT AN TR,
B, WIEsHR., 74 VYL A=y bOKMEEF, EFRZ2To7-, (ERH LT A ¥
VARE Y AT AOMIERII 2R L. E72 /A4 X6+ S 0%
RLUTE, MRESFREGERNDEHERT IO~ A2 HAWVWEABERZIT- 72,
DR, BEER, AHETHLEERLDICHRESFZRE T LN TE, £
T ROFERFHP AT L L L, AIREORMETHL Z L EMIB LI, £
=T ) A AR LI LI KD SNROBMbLMERLEZ, 2 X oERML
TIATY LAV AT ALY GMERMRESFTIENITI 2 ENTE T,

AWML TIE, REMICE AT AT Sy LREM, 7 ¢ L L7 Si
-MOS 7 > 7, UA XLV AFH Y AT 2H)ZHOWTa%al, ®E, FEMl 21T - 720345
VAT LE DL, ARNAEOADRIMME TITO 2R KRBTz, T
RIZOWTIEHA%ZOBREE L THEZEZIT> TWVE 0,

KBS, A%OMBERELE LT, SEERDM T TR, RFECTHRE L
782 X v BMI (Brain-Machine-Interface) 72 & @ b b o H -~ 7= #F 28~ &
HREIFZWVWEEZZ TS, 2RI, a7F Y VHREROI LR 5 @M E
b ZEmMmiL, 7 4 /L A% Si-MOS 7 > 7O D AHZF I, VA ¥ L AEFHH T A
TADEILRLH/NH, ZF ¥ XN ETO TS MERH Y | BITEOK R X
DL EIORLDMRFFMENROFBELRILETHD EEX D,

ARl O IERE RN AR RO BSCERICHEZBE ~LMT R BhiF &k d
TEEHIFFLTARIOBRIEL T 5,
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HHBEIIBW ITo =M L2 LD D0 TH 5,
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Il o THIGTEE) R EIEE L WS 2 B0 F L G R K U
(T2 TR OML EAEICHEACTREOE LS AR LT,

A EH#ED HICHY, HEE, M2 £ LEEEHINAERY 4
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&k 1

a7 XV ¥ VR ER

x1 arFIy L MREEMRO T e 2 F ¥ — b

ek AF ¥ —F

No | L& H A & I5f [ 1§ %
1 P fb. Aip 4L B HPM(SC-2) HCIl:H,0,:DIW=1:1:6 10 min
K v DIwW 10 min
SPM H2S04H202=3:1 10 min
K B DIwW 10 min
. Wet 2 1k, T:1000°C, . .
2 fize 1t 330 min FERA VLS H
H2:0,=1:1=250(1/hr):250(l/hr)
% A BN —
3 74 KUY , T:160°C 5 min
OAP 15t 1000 rpm 2"9 4000 rpm 5s / 20s
OFPR8600-52cp
10s / 40s
15t 500rpm 2" 4000 rpm
7Y R—=7 T:110C 90 sec
7* MUY Light integra:20 45 sec
B4 NMD-3 90 sec
7K B DIW 90 sec
WA F_—
T:130°C 3 min
7
N 0O Ashing RF:200(W), P:20(Pa)
4 Bk 90 sec
0,:100(sccm), mode:Plasma
5 7 arin BHF HF(50(wt%)):NH4F(40(wt%))=1:6 12 min
(B LB M) K e DIW 10 min
. . RIE-etching RF:100(W), P:1.0(Pa)
6 W7 a Rk 450 sec
SFs:10(sccm)
7 LA MRE SPM H2SO4H,0,=3:1 10 min
K B DIW 10 min
2 A T S — . :
8 ZE , T:160°C 5 min
OAP 1511000 rpm 29 4000 rpm 5s / 20s
OFPR8600-52cp 10s / 40s
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1t 500rpm 29 4000 rpm

7Y X—=7 T:110C 90 sec
7+ bU YV Light integral:20 45 sec
Bl 4 NMD-3 90 sec
7K B DIW 90 sec
RABFR— .
T:130°C 3 min
7
~ 02 Ashing RF:200(W), P:20(Pa)
9 BlAKAE 90 sec
02:100(sccm), mode:Plasma
10 |BHF BHF HF(50(Wt%)):NHsF(40(Wt%))=1:6 11 min
(RREE 2B A) | KBE DIW 10 min
11 & 7K 5 Thickness:200(nm)
12 V7 47 Remover PG 1 day
13 | A v V=P =P — 35 mm 4
. SioHe:5(sccm), PH3:4(sccm), .
14 VLS k& 300 min 240 pm
T:760°C
ICP-RIE APC:0.45(Pa), Trigger:3.0(Pa)
] PFC:600(Pa), Anttena:50(W) ]
15 Poly-Si & % ) 45 min
Bias:100(W)
SFe:18.0(sccm), 02=9.0(sccm)
) ) PE-CVD P:67(Pa), RF:30(W), T:300(°C)
16 7 u— 7 % _ 18m20s
SiH4:120(sccm), O2=65(sccm)
| Ti RF:0.2(kW), P:0.2(Pa) _
17 ANy B Y T 40 min A MR -
Ar:40(sccm)
Au RF:0.2(kW), P:0.2(Pa) ]
20 min
Ar:40(sccm)
O3 AT Al — . :
18 74 KUY » T:130°C 10 min
OAP 15t 1000 rpm 29 4000 rpm 5s / 20s
AZ5218E
10s / 45s
15t 500rpm 29 2000 rpm
7Y X—=7 T:110C 90 sec
AT L —2a AZ5218E:0K73=1:3 )
— bk T:110°C
Ot TuY s arry oA F— A
sec
Light integra:330mJ/cm?
TR E NMD-3 3 min
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7K B DIW 3 min
19 Ty F T Aqua regia HCI:HNO3=3:1 90 sec
7K B DIW 5 min
DHF HF:DIW=50:1 5 sec
7K B DIW 5 min
Parylene-C dimer:1.8(g)
. Funace:690(°C), Vacuum:25(Pa) "
20 | RULra—h _ . Ji& T 6 o
Vaporizer:175(C)
Chamber Gauge:135(C)
T RF:0.2(kW), P:0.2(Pa) _ N
21 | ARy B2V 40 min 75 M b
Ar:40(sccm)
Au RF:0.2(kW), P:0.2(Pa) ]
20 min
Ar:40(sccm)
G5 A A~ — -
22 I » T:130°C 10 min
OAP 1511000 rpm 29 4000 rpm 55/ 20s
AZ5218E
10s / 45s
1t 500rpm 29 2000 rpm
7Y R—=7 T:110C 90 sec
A L— AZ5218E:0K73=1:3 )
— bk T:110°C
Ot Tuavzrsarr A4S — A
sec
Light integra:330mJ/cm?
Big NMD-3 3 min
K e DIW 3 min
23 Ty F T Aqua regia HCI:HNO3=3:1 90 sec
K DIwW 5 min
DHF HF:DIW=50:1 5 sec
K DIwW 5 min
Parylene-C dimer:1.8(g)
Funace:690(°C), Vacuum:25(Pa)
24 AWV E=E ol
Vaporizer:175(C)
Chamber Gauge:135(C)
B A Al — . _
25 7+ MUY Y T:130°C 10 min
OAP 151000 rpm 2"¢ 4000 rpm 5s / 20s
AZ5218E 10s / 45s
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1t 500rpm 29 2000 rpm

7Y X—=7 T:110C 90 sec
AT L—1 AZ5218E:0K73=1:3 )
— k T:110°C
&t Tuvzsvarr A4S — A
sec
Light integra:330mJ/cm?
Bl 4 NMD-3 3 min
7K B DIW 3 min
02 Ashing RF:150(W), P:60(Pa) ]
26 Pad BA 1 15 min
02:40(sccm), mode:RIE
27 LY A MBRE AZ Remover
O3 AT AN — -
28 I » T:130°C 10 min
OAP 1511000 rpm 29 4000 rpm 55/ 20s
AZ5218E
10s / 45s
15t 500rpm 29 2000 rpm
7Y R—=7 T:110C 90 sec
AT L—1 AZ5218E:0K73=1:3 )
— k T:110°C
& Ot Tuavzrsarr AT — A
sec
Light integra:330mJ/cm?
Bl NMD-3 3 min
K e DIW 3 min
. 02 Ashing RF:150(W), P:60(Pa) )
29 S Vi BR D 10 min
02:40(sccm), mode:RIE
30 LY A MBRE AZ Remover
B Af AN — . :
31 74 KUY » T:130°C 10 min
OAP 15t 1000 rpm 29 4000 rpm 5s / 20s
AZ5218E
10s / 45s
15t 500rpm 29 2000 rpm
AR T:110C 90 sec
AT L —2a AZ5218E:0K73=1:3 )
— bk T:110°C
&t TuY s arry oA F— A
sec
Light integra:330mJ/cm?
TR E NMD-3 3 min
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7K B DIW 3 min
. 02 Ashing RF:150(W), P:60(Pa) ]
32 | SEumBA O 28 min
02:40(sccm), mode:RIE
33 Ty F T Aqua regia HCI:HNO3=3:1 90 sec
7K B DIW 5 min
DHF HF:DIW=50:1 5 sec
7K B DIW 5 min
34 LY R MRE AZ Remover
O3 AT AN — -
35 7x MUY , T:130°C 10 min
OAP 1511000 rpm 2"¢ 4000 rpm 55/ 20s
AZ5218E
10s / 45s
1t 500rpm 29 2000 rpm
7Y R—=7 T:110C 90 sec
A L—z AZ5218E:0K73=1:3 )
— k T:110°C
& Ot Tuavzrsarr AT — A
sec
Light integra:330mJ/cm?
RS NMD-3 3 min
7K B DIW 3 min
. 02 Ashing RF:150(W), P:28(Pa) 28+
36 | JEbm BA 1 :
02:40(sccm), mode:RIE min
37 LY A MBRE AZ Remover
38 | F AT ¥ v 71k
39 Ny lr =
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T2 MEEFFHT AT A(TDT)

K X EETHEH L 7ZMREFHE S AT A TH5H TDT(Tucker-Davis Technologi
es)fL A 2T DOV THHT 5, TDT O REMEKIZ, v~ 72 =—F
VBN LRG LEMBRETE S A 1O EBEIELR(ZC64)TY 77 L v A
WAL ZEMMEE 2T, YT S THIERT V2 NVIE S~ LA SR D (PZ2),
FOANMEF~ERENTH%T VH NG BFAEE Y 2 — L (RZ2)~HE % & 1 Win
dows PCN®D HDD ~7T —Z B3R ffsihvd, ZOT VENVEFLEEY 2 — /L (R
Z2)TlE, T BEOIENMCHLER., OF R oW HERMEB R 2R LT
BRghc&x, AL X —T7 2 —RALDOBELAETDH D,

frek 3 REM FPC

X1 a7 %y /L#HREME®ER FPC

K 11X, a7y LVHREMOFEEIZH W FPCEWRTH D, Z O FPC M.
NR—=ZAMERY 4 I N, BB EHIM TER I TEY ., BEREROE S 49 mm, Bl
5 0.1 mm. BLAREIRE 0.1 mm TEE SN TWVWDH,
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T &% 4

ek AF ¥ —F

4ch MOSFET(Y — R 74 1 T)

# 2 4chMOSFET O 7 ut AXAF ¥ — K
Step | Process Conditions Times
1 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
2 Initial Oxidation 0X1 :1000°C
Oz : 250l/hr 60min
Nz : 2500/hr 10min
3 Photolithography Bake + OAP & Resist coat + Bake
(First layer) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16]
Mask : Zero (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
4 Alignment mark Si-RIE
formation
Recipe 4 (SFs : 10sccm,1.0Pa,100W) 8min30sec
5 Resist remove SPM (H2SO4: H20,=3:1) : Boil 10min
DIW overflow 10min
6 Photolithography Bake + OAP & Resist coat + Bake
(P-well) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16]
Mask : PW (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
7 Ton implantation | BF3 : 60kev,7.0x10'2¢m™
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(P-well)

8 Resist remove SPM (H2SO4: H,0,=3:1) : Boil 10min
DIW overflow 10min
9 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
10 Drive in annealing 0X6 :1150°C
N, : 2501/hr 540min
11 tnitial oxidation BHF(Until water repellent check) 90sec
film remove
DIW overflow 10min
12 Wafer cleaning HPM(HCI: H2O2: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
14 Field oxidation OX1 :1000°C
H2/07 : 250/2501/hr 240min
O : 2501/hr 10min
N2 : 2501/hr 10min
15 Photolithography Bake + OAP & Resist coat + Bake
(Active) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16 ]
Mask : AR (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
16 Surface O, asher Recipe 11
hydrophilization
17 Field oxidation film BHF 90sec
etching
DIW overflow 10min
18 Resist remove SPM (H2SO4: H20,=3:1) : Boil 10min
DIW overflow 10min
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19 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
20 Gate oxidation 0X3:1000°C
O3 : 2501/hr 60min
Nz : 2501/hr 10min
21 Poly-Si deposition LPCVD : 605°C, 79Pa, targeting 3500A 77min
22 Photolithography Bake + OAP & Resist coat + Bake
( Poly-Si . ,
patterning) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16]
Mask : PS (nega)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
23 Poly-Si patterning Si-RIE
Recipe 4 (SFs : 10sccm,1.0Pa,100W) 7min30sec
24 Resist remove SPM (H2SO4: H20,=3:1) : Boil 10min
DIW overflow 10min
)5 Gate oxidation film BHF
etching
DIW overflow 10min
26 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
27 Poly-Si oxidation 0X1 :1000°C
0> : 2501l/hr 60min
N2 : 2501/hr 10min
29 fon implantation PH; : 60keV,4.0x10'5cm™2,700pnA
(nMOS S/D)
30 Photolithography Bake + OAP & Resist coat + Bake

(Well contact)

Resist coater Recipe 8
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Expose
4 inch aligner [ light integral 16 ]
Mask : WC (posi)

Development & Rinse

Resist coater Recipe 37

Bake : 120°C Smin
31 Surface O, asher Recipe 11
hydrophilization
32 Oxidation film BHF 13min30sec
remove
DIW overflow 10min
33 Water remove Bake : 120°C Smin
34 fon implantation BF; : 30keV,4.0x10"3¢m™
(Well contact)
35 Resist remove Si-RIE 7min+15min
Recipe 1 (O2 : 50sccm,10Pa,100W) 10min
SPM (H2S0O4: H202=3:1) : Boil 10min
DIW overflow 10min
36 Wafer cleaning HPM(HCI: H2O2: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
Spin dry x2
37 TEOS deposition LPCVD
706°C, 0.3Torr, targeting S000A 70min
38 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
Spin dry x2
39 TEOS densify 0X4 :1000°C
annealing
N2 : 2501/hr 20min
40 Photolithography Bake + OAP & Resist coat + Bake
(Contact hole 1Ist) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16 ]
Mask : CH (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
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Surface

41 o O, asher Recipe 11
hydrophilization
TEOS oxidation
42 ] BHF 5min30sec
film remove
DIW overflow 10min
43 Resist remove SPM (H2SO4: H,0,=3:1) : Boil 10min
DIW overflow 10min
Nature oxidation
44 ] DHF(HF: H>0=1:50) 30sec
film remove
DIW overflow 10min
45 Metal sputtering Aluminum sputter(1000W,50sccm) 13min
46 Photolithography Bake + OAP & Resist coat + Bake Smin
(Metal Wire) Resist coater Recipe 8
Expose 10sec
4 inch aligner [ light integral 16 ] 45sec
Mask : MW (nega) 90sec
Development & Rinse
Resist coater Recipe 37
Bake : 120°C
Surface
47 O, asher
hydrophilization
Recipe 01 (O2 : 2.81/hr , 1.4Torr , 600W) 90sec
Metal patterning(1
48 Aluminum etchant
st)
H3;PO4:CH3COOH:HNO3:H,0=10:1:1:2) :55°C | Imin30sec
DIW overflow 10min
49 Resist remove aceton
50 B Rank PE-CVD Recipe:1 T:300°C 17min
Si0; deposition SiH4:75sccm N20:120scem P:65.5Pa RF:50W
51 Photolithography Bake + OAP & Resist coat + Bake

(Contact hole 2nd)

Resist coater Recipe 8

Expose
4 inch aligner [ light integral 16]
Mask : CHS (posi)

Development & Rinse

Resist coater Recipe 37
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Bake : 120°C Smin
5H Contact hole metal-RIE
open(SiO; opening)
Recipe 8 ]
(CF4 : CHF3=12:20sccm,2.0Pa,100W) S4min
Cooling time Sminites every Sminites
53 Resist remove aceton 10min
54 Metal sputtering Aluminum sputter(recipe:42)
57 Photolithography Bake + OAP & Resist coat + Bake Smin
( Metal patterning ) _
nd) Resist coater Recipe 8
Expose 10sec
4 inch aligner [ light integral 16] 45sec
Mask : MWS (nega) 90sec
Development & Rinse
Resist coater Recipe 37
Bake : 120°C
58 274 metal patterning | metal-RIE
Recipe 8
(BCl15:Cl12:0,:CHF3=40:8:16sccm,2.0Pa, 100 11min30sec
W)
59 Resist remove aceton
60 Hydrogen annealing | 400°C
H2/Nz : 0.4/10 I/min 60min
61 Laser dicing
62 Laser dicing
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&% 6

ek AF ¥ —F

7 4 VA 4ch MOSFET(Y — A7 1 )

#3 74/ A4chMOSFET D7 mt& AF ¥ — |
Step | Process Conditions Times
1 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
2 Initial Oxidation 0X1 :1000°C
Oz : 250l/hr 60min
Nz : 2500/hr 10min
3 Photolithography Bake + OAP & Resist coat + Bake
(First layer) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16]
Mask : Zero (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
4 Alignment mark Si-RIE
formation
Recipe 4 (SFs : 10sccm,1.0Pa,100W) 8min30sec
5 Resist remove SPM (H2SO4: H20,=3:1) : Boil 10min
DIW overflow 10min
6 Photolithography Bake + OAP & Resist coat + Bake
(P-well) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16]
Mask : PW (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
7 Ton implantation | BF3 : 60kev,7.0x10'2¢m™
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(P-well)

8 Resist remove SPM (H2SO4: H,0,=3:1) : Boil 10min
DIW overflow 10min
9 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
10 Drive in annealing 0X6 :1150°C
N, : 2501/hr 540min
11 tnitial oxidation BHF(Until water repellent check) 90sec
film remove
DIW overflow 10min
12 Wafer cleaning HPM(HCI: H2O2: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
14 Field oxidation OX1 :1000°C
H2/07 : 250/2501/hr 240min
O : 2501/hr 10min
N2 : 2501/hr 10min
15 Photolithography Bake + OAP & Resist coat + Bake
(Active) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16 ]
Mask : AR (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
16 Surface O, asher Recipe 11
hydrophilization
17 Field oxidation film BHF 90sec
etching
DIW overflow 10min
18 Resist remove SPM (H2SO4: H20,=3:1) : Boil 10min
DIW overflow 10min
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19 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
20 Gate oxidation 0X3:1000°C
O3 : 2501/hr 60min
Nz : 2501/hr 10min
21 Poly-Si deposition LPCVD : 605°C, 79Pa, targeting 3500A 77min
22 Photolithography Bake + OAP & Resist coat + Bake
( Poly-Si . ,
patterning) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16]
Mask : PS (nega)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
23 Poly-Si patterning Si-RIE
Recipe 4 (SFs : 10sccm,1.0Pa,100W) 7min30sec
24 Resist remove SPM (H2SO4: H20,=3:1) : Boil 10min
DIW overflow 10min
)5 Gate oxidation film BHF
etching
DIW overflow 10min
26 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
DHF(HF: H,0=1:50) 30sec
DIW overflow 10min
Spin dry x2
27 Poly-Si oxidation 0X1 :1000°C
0> : 2501l/hr 60min
N2 : 2501/hr 10min
29 fon implantation PH; : 60keV,4.0x10'5cm™2,700pnA
(nMOS S/D)
30 Photolithography Bake + OAP & Resist coat + Bake

(Well contact)

Resist coater Recipe 8
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Expose
4 inch aligner [ light integral 16 ]
Mask : WC (posi)

Development & Rinse

Resist coater Recipe 37

Bake : 120°C Smin
31 Surface O, asher Recipe 11
hydrophilization
32 Oxidation film BHF 13min30sec
remove
DIW overflow 10min
33 Water remove Bake : 120°C Smin
34 fon implantation BF; : 30keV,4.0x10"3¢m™
(Well contact)
35 Resist remove Si-RIE 7min+15min
Recipe 1 (O2 : 50sccm,10Pa,100W) 10min
SPM (H2S0O4: H202=3:1) : Boil 10min
DIW overflow 10min
36 Wafer cleaning HPM(HCI: H2O2: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
Spin dry x2
37 TEOS deposition LPCVD
706°C, 0.3Torr, targeting S000A 70min
38 Wafer cleaning HPM(HCI: H20,: H,0=1:1:6) : 120°C 10min
DIW overflow 10min
Spin dry x2
39 TEOS densify 0X4 :1000°C
annealing
N2 : 2501/hr 20min
40 Photolithography Bake + OAP & Resist coat + Bake
(Trench) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 18 ]
Mask : TRENCH (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
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Surface

41 o O, asher Recipe 11
hydrophilization
Oxidation film
42 BHF 22min
remove
DIW overflow 10min
Trench  open(SiO;
43 _ RIE
opening)
Recipe 4
10min
(SFs¢ =10sccm,1.0Pa,100W)
Recipe 1
10min
(O2 = 50sccm,10Pa,100W)
44 cycle 40,43 2times
45 Photolithography Bake + OAP & Resist coat + Bake
(Contact hole 1st) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16 ]
Mask : CH (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
Surface
46 O, asher Recipe 11
hydrophilization
TEOS oxidation
47 BHF Smin30sec
film remove
DIW overflow 10min
48 Resist remove SPM (H2S0O4: H202=3:1) : Boil 10min
DIW overflow 10min
Nature oxidation
49 DHF(HF: H,0=1:50) 30sec
film remove
DIW overflow 10min
50 Metal sputtering Aluminum sputter(1000W,50sccm) 13min
51 Photolithography Bake + OAP & Resist coat + Bake Smin
(Metal Wire) Resist coater Recipe 8
Expose 10sec
4 inch aligner [ light integral 16 ] 45sec
Mask : MW (nega) 90sec

Development & Rinse
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Resist coater Recipe 37

Bake : 120°C
Surface
52 o O; asher
hydrophilization
Recipe 01 (O, : 2.81/hr, 1.4Torr , 600W) 90sec
Metal patterning(1
53 Aluminum etchant
st)
H3PO4:CH3COOH:HNO3:H,0=10:1:1:2) :55°C | Imin30sec
DIW overflow 10min
54 Resist remove aceton
55 B Rank PE-CVD Recipe:1 T:300°C 17min
Si0O; deposition SiH4:75sccm N2O:120scem P:65.5Pa RF:50W
56 Photolithography Bake + OAP & Resist coat + Bake
(Contact hole 2nd) Resist coater Recipe 8
Expose
4 inch aligner [ light integral 16]
Mask : CHS (posi)
Development & Rinse
Resist coater Recipe 37
Bake : 120°C Smin
Contact hole
57 metal-RIE
open(SiO; opening)
Recipe 8
54min
(CF4 : CHF3=12:20sccm,2.0Pa,100W)
Cooling time 5minites every Sminites
58 Resist remove aceton 10min
59 Metal sputtering Aluminum sputter(recipe:42)
60 Photolithography Bake + OAP & Resist coat + Bake Smin
( Metal patterning ) .
Resist coater Recipe 8
2nd)
Expose 10sec
4 inch aligner [ light integral 16] 45sec
Mask : MWS (nega) 90sec

Development & Rinse
Resist coater Recipe 37

Bake : 120°C
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61 2"d metal patterning | metal-RIE
Recipe 8
(BCl13:Cl12:0,:CHF3=40:8:16sccm,2.0Pa,100 11min30sec
W)
62 Resist remove aceton
63 Hydrogen annealing | 400°C
H2/Nz : 0.4/10 I/min 60min
64 Laser dicing
65 Packaging
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