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Abstract

Monitoring the body temperature with high accuracy provides a fast, facile, but powerful route about the human body in a

wide range of health information standards. Here, we introduce

the first ever ultra-sensitive, and stretchable gold-doped silicon

nanomembrane (Au-doped SiNM) epidermal temperature sensor array. The ultra-sensitivity is achieved by shifting freeze-out
region to intrinsic region in carrier density and modulation of fermi energy level of p-type SiNM through the development of a
novel gold-doping strategy. The Au-doped SiNM is readily transferred onto an ultrathin polymer layer with a well-designed
serpentine mesh structure, capable of being utilized as an epidermal temperature sensor array. Measurements in-vivo and in-
vitro show temperature coefficient of resistance (TCR) as high as -37270.72ppm/°C, 22 times higher than existing metal-based

temperature sensors with similar structures, and one of the hi
temperature sensors. Applications in the continuous monitoring

ghest thermal sensitivity among the inorganic material based
of body temperature and respiration rate during exercising (i.e.,

in a sweat environment) are demonstrated with a successful capture of information. This work lays a foundation for monitoring
human body temperature, potentially useful for precision diagnosis (e.g., continuous monitoring body temperature in COVID-
19 cases) and management of disease relevance to body and skin temperature in healthcare.

1. A HHAE

s olatd  EIEL AN XF, DR =2 ¥ ¥R
TLUEHAZ Qe H AKX 7|20 LD UELCH 1, 2]
Cryst dgigoz Mg LQLUESE AT Ofs
LIS AE7E QUUX|DH [3-5], HIO|HA LY ofzlo],
wolnp e IHFO st EXDHY G XK&EHQ
TUEHYLS E7tsTULCE 2 £0o, Wxje A=ZL}
Hio|3{A ZHES (COVID-19) LHpdle H28 2L EAS
Hio|g{A Zgol ¥ Qg FHS= 20| a8

2oiFLIch (6]
HO|M(R) 7HUEHE AFSYH J|ZO| 2y & UXE 2%
So| oK 9| ALBEIS WHLICH R Fojzts 252
e SFE 4 AN, R Jfatel By U Y9
Afolo] iR Z L CHY Yol gl 2

we 4 dgUrh [|xNeER, NF X 2 o
o[ SHE AABSD 5Y HHAEE Y
=

A

il
2
0

0
> 1A B> 1= oo

4m

ra
=

g0 [t 08
rot oA ox m¥ 10 mjo

Ho

LICt [2, 7, 8]
CHEX 2l —'?—7|(inorganic) M=l A 2| Z(silicon)2
L Ats}d (oxidation  resistive

2 7l(organic) =0 H|sf
property) 22 Qlg MET| ATt Y ZAHONM =2

HEldE EO0|H ZH(doping)dt €2 12 Y= HE

E=E
= UAgHoh H2lE 7 22 M= temperature
coefficient of resistance(TCR)It ZtHE MIIHOoZ =2

Z=E  MITLch =3 MEsE EZE(phase  change
materials)0ll H|&H AZ|2 7|8t MAMol wHE SE Azt
=ete HE T oYU [0 ™7 HEE(electrical

conductivity) H X (piezoresistive effect) =t #2

>
1o
lo

=]
=

|
=]

Ajm

EHE(dopants) X =8 sEE H OISt
[10] #2 =&=(deep impurity)2
He2|29 H=0] ofHX  F=I(fermi
= A0 @ UAE=E A FHAZ
] AL, H2[E LE=THSINM)O
JEHe2 FIle= A2 OR

>

0 0X
o>
I~
il

_I

OF mot 1y
$

o3 13 B
o njo [0 @ ofp pX MU
tu S
oy
>
£
rlo

P-type silicon Gold doped silicon

Gold doping  «

(iii)

>

}.’

Low Temperature : High p High Temperature : Low p

Gold 2 Silicon * Boron « Free electron

Z2E =4 H2|2n 22 MY HAHUE
Ao A, HHE SE AIZS 7|He R K&
Z0FY ZUHYS o mRo 524 HFSte
s st 2 =nZE AU BEF
og0|E A7fstLICt SiNMe| 2 =X

el

[=}
Lo 2 o

—_

X 0|
Y

AR
El SiINM 25 MM
SEE NOESEMN

(- Pl R | o

HZ0| oHXl F97F olsstn M3t oL X|(Active
energy)?t B7tst0 Z=7F 3AA FHELCE Au EEE
SINMQ| Z=HEE E2|0|0|E(polyimide) 7|H22 F7|1



d= dZds =gt N ZXE FETFEY 722 iz
HEJSHH s& odolo] ZIoiX|ls BEE Hastg =+
UEFULE  Au ZZE SINM 22 HME Fdsts ZE
Mzs ENQ NNy ez 3N RStz
38 7ts80l =Lt [13] 2= 78 S M2
ZLHY FXE flf et 7Ie2 AHStR M2s

AN&EHez BLEHISE 7|52 o 20FLC

2.9 Wy
HX SOlsilicon on insulator)?|0| Thermal evaporation2

Atg3lol g2 2 F (10nm)g BAst = MaTt BES
SZ0A  1000~1100°Co] HEst 22 25 Y

SINMO| 0] =8E £ JU=F o0k 2 OfF Au ZHE
SINM (300nm)2 1.5um E2(0|0jEpP)) TL=E TASCE
HAEL Au ZEE SINMO gf2 0 CHeh MEfX of&
ZENAE U0 4 x 4 TH 0|8 #= FETFET
TERE  HAMSHLCE  400nm  Cull Z& CQIHHUEE
M5ty Qo S&ED FEFLES AR IfHJELUCH

encapsulation 2 {lt =7t PI B2 3% SIE OIA3E

A8t 2H RYED FLAH FETEtt xR
ofgELtt dxel & FH7t ~35 pm 0|22 I|F0f

FHY I S22 ¥F0| ZtsgLt O =, XE HYsH|
g #8849 HoOZIF H F=o =&Y, AHE Au
=EE SiNM 2= A ofgojo] FAELL Au =EE
SINM 2k MM o0 mFo s = 84 HOIZE
=0 50|12 AT IR0 FAHSIL, O[F 083K H 2,

=g 52 ZUHY & & ASHCL

4 mine, R

a2 2. Au ETZE SiNM &5 MA ofg0] AR

3. A+ #Eut
MEZ CHE o4 7He] BAt 2ol 2 0|E shadow
maskE A0 S|EY ZLHEZ TASIYSLICE O
b= Ay SEE SINM 25 Al ofo|7t 1M s IR
7t02tE AFESH Aot B YX|St= =2
2O FL|Ct
Q)

‘ ‘% V 27.0
‘ 26.0
“ ‘ 25.0

a3 3. Au ZEE SiNM 2 MA ofzfo|z F-st
fE2X¥oz go| 7y ZXtoi| et 3 E™
Au EWE SINM 2% MA = -37270.72 ppm/°CE 7+
=2 TCR2 E9 HHH, J7|E9| 5O 3 2& MAet 84
ZEE SINM 2% Mol TCRE ZtZH 1691.07 ppm/°C A
1771.25 ppm/°CE LIEFHELICE ESH Au ZEE SiNM
2 dMe & B SHO| i) S22 HHE
AlZH< 9ms)E 2O FL|CT.
Au =EE SiNM 2= A ofgfole
to-cell variation)2 HAESH Zits FA|

2t = A= 0.8%
Ogtez, A 7t HE50| Aol Q82 2% EoFL|Ct
258 31 JtEsts ¢ M3 HoE Z2LHESHE
HEZ Sl XQ MEMI PEEE =RISAS LI
SHEOIM oIzt mRol AU F AEAHZ
Z=HSEL|C Finite Element Analysis(FEA) Z1t= 2

Ehuni)z HAG0%) R Of(bi) = HAHOA Au
SINM 2= A ofgjole] 7|HX #HEo| &t
ASS OISR SLICt Est HX|Q| 7| dist
MY EO| 30%E ME5I 50008 7|0 CHH
2EPH HAEE TASIYUSLICE Ol 7|AN HEEE

2oELc

Rest Exercise Rest

5 10 15 20 25 30 35
Time (min)

Exercise

04

6
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 46 48
Time (min)

8 4 Au EZE SINM 22 HMME ZH-s
AMOIE2E & AEHY M2 A =28 2HEHE
HOIL XY 22 Y W20 &M N2t =55
AN&EHez RLEHYSH:E A2 e o @sHEL St

0| 2AE Au ZEE SINM 2% 4X| FX|= AO|2E
st E52 2& X0 ZXoHY 2N 2= Bl
= d=st ZUHS=H dSHSLICH

|

ocooiMm-d
oF 32.3°COIM 34.1°CE oSS W AuZt

3 H=20 AL
El SINM 22 MAMO| Mah2 F 42%2| HI8Z Xt
S LIEtL= BHH, 7|E9 BEI| 2 2%9| Mg
MME 023%2] HE2 22 HIE EQLICL SA|0
E X2 FF3 pleteeto] AAHYGE 2oIst &Lt

ZLEHYE =5 Zite o9 Hetof| ol st 8=
= = i
=

rE H1 Ho % off re
ot oFl ol 0%

Ot

k1

ot

jot

|

I

HojFLCt ol2{gt &t o] Au EEE SINM 2k
MAMZF =30 w2 BSE 24X = A2 TE S29)
Dizstn Ao oLt 7|8 EX|ste West S0
Aozt =50 ot 2= H3lE FEsH ZLHIE +
ASE EOFLCH

4. Acknowledgements
0] ¥+ = National Research Foundation of Korea (NRF)
Mol XS Hot +=HWSIAZ. (NRF-2018M3A7B4071109
and NRF-2019R1A2C2086085).
581 23
[1] C. Liu, et al., Adv Healthc Mater 2021, e2100383.
[2] S. Y. Hong, et al., Adv Mater 2016, 28, 930.
[3] K. E. Crawford, et al., Extreme Mech Lett 2018, 22, 27.
[4] S. Han, et al., Science Translational Medicine 2018, 10,
eaan4950.
[5] D.-H. Kim, et al., Science 2011, 333, 838.
[6] H. Jeong, et al., Science Advances 2021, 7, eabg3092.
[7] L. Tian, et al., Advanced Functional Materials 2017, 27.
[8] L. Tian, et al., Nat Biomed Eng 2019, 3, 194.
[9] R. C. Webb, et al., Nat Mater 2013, 12, 938.
[10] S. W. Jones, IC Knowledge LLC 2008, 23.
[11] N. Ferdous, et al, AIP Advances 2018, 8.
[12] H. Bracht, et al., MRS Proceedings 1997, 469, 25.

Heartrate (bpm)



[13] K. J. Yu, et al., Nat Mater 2016, 15, 782.





