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Abstract: Since transient electronic devices can operate under harsh conditions such as electrolytic solutions or inside
the body, and be removed by hydrolysis after operation, they can replace conventional electronic devices in various
research areas like biomedical implantable devices. Moreover, transient electronic devices that can dissolve in water and
enzymes are the focus of the new concept of green technology, which can solve electrical waste issues. However, the
surroundings of transient electronic devices can deteriorate internal device components. Thus, an encapsulation strategy
is introduced for stable operation in solution by shielding the outside of a device with a passive barrier. This article
summarizes recent research trends in transient electronic devices, including their background, dissolution behavior, and
encapsulation strategies to enhance reliability by blocking water permeation.

Keywords: Transient electronics, Bioresorbable electronics, Ecofriendly electronics, Electronic encapsulation, Device
reliability

1. M I Axpazpe] Hojr Eo A w2 A dAA24e] WA

7} olHA I o F5ohe AA 7 ER Qs MEE

AR e W g iR o 2 dAujas] = Qe FEY HAAAAE Q7] AT P A 2F At
AR7)1 71056 7H B ARE JA71716] o277 FEZE fA8 3 A S Z2EFol whet A E 9 A3

A vha ool HAL olH kT Ak AFS B A 2ol o] SAEA A7) ol et olgre
ARaAe] FYAL A5 4714 £PL vlshe AR A SO AT o]eg ek 024
AL gl A gL Aanel] gl FB  BH, LAY AHLANE S5 A7 Hethe
NeaiE A HALD A2 AL B o A2 WS AN Bk

Watol met 71E AE e AL ARY ok e A /1E ARaAe) MY TH £ L AR 7 ol
o] ZAYTE0 ALA ABFA 7L A Ee whet AAAOR Wad /)7 B A5 £47 Rl

fCorresponding author
E-mail: kskg7227@snu.ac.kr
© 2021, The Korean Microelectronics and Packaging Society

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org/
licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is
properly cited.

13



14 w2z
7158 El A A E A 2} 4 A Transient electronics)” | A A]
H A ERAJE A2 {3l g F2HE glo]
= VORE AZI7F 7hs s, 78 FEdIA
T2 o) TR E o flojd FrE ALY 53] <]
5 5H EWARME AR 7120 BN &
3 2 A7) Z = (Scaffold)ol| A B vrolrt A W 2%,
o 5

A, S e oA AEE AL &4
[e) o
T =

S&gl0] 7h 2 Ho] A}

AU |

(RO
iy
4o
i)
tlo
L
2
ol
o
rr
2
X

1:]_'17-25)

WA AE AbE FE S 23 ARe)Ho) A3
2 oA, $A5E 7

5 2 gei7k A ook ShE e

(o |m
ol

4o
o

2
&)
ol
i\

=2
ro lo fu
ol

ko T tof ]-z o mu 2
N
T =

N
> ox Ho b

A
2o N % b g N o (o

A8 BE e BA e LA 94 LES
WA ] B2 QA% A 0] ot R
5 /)5S SR

HERoA s EAAAE Axarte] 74 Uelo}

o2 oy L of

B ore oEr L
K O, > et
m 3
Ll =
2 &
i O]
P‘E _IZi
N ro
S t
% o
ol N
X
=)
N
)
=
=
o
o
N

o o &

2

= ot
)
A
o

2

Az 2 e

4
=Oé

o

ANE 2271 E8H = oy ZoF 5 258 A &7
o gk Q771 o] F AN ZA A HT ERADE &
Aol gl f P e SAS Qg SR A RS
H 227t zh= o] ©@A] F 2 (Two-step operation), 7] &
I f7leR AAE SR 54, 45 2 ool mt
Aoz 27iE Aol

2.

rhe

=
—

2.1 EUX|QIE MXAXE FM6l= WM 2

AEA, WA, A4 7718 2] e dS o] &3
A AALAE AR A2 s Aol 7h
53th® Fig. 12 ERANE AALARE AL 7H53

ARG =A4, A, FAAE tEshs B w8
7174 2 AFS Yebdoh® Fig. 1(a)e 22 2(Si) Ui

ahek b A o] AR AsS HAFThY Sie B3 vt
$-3te] FFAKSI(OH),) T 4 1A (H)E A st B4
o 7}Ea) 71 "ot (Si +4H,0 — Si(OH),+2H,).'Y Si 1}

ulo] A2 AR} @ 7 7)1 85 A A28A A235 (2021)

SR

= abebol A b vpoll EW FA °F 70 nmo] T4
A Si Uiz vbeke 37°C pH 7.42] QA=A g4 g4
(Phosphate-buffered saline, PBS) 8- ol| A 3} &< F 5
nm7} B ETh? Si Ui vpuko] spie) oo whut
o wlA| e} Fgfe] 8 27 Tl upet W 7t
AUTEED) o & Sof 8N o] pHEE= Si 7HF &3l 1F
S $5g 2dske $8F 224F F ShThY pH 64
Bl 10714 W €]€] 37°C ¢ 8- ©]
o A3 A3 b3 AR 209 B °F 90%2] F
A 2L B pH 6 2A3E & pH 10 &4
A e FA9 Si v Bheto] BFF el A i3] &
ATE? o= A7 &9 & Eolxl 42448} 0] 2(OH)
St g Y S
uhut FH 9 ThEEE] 7 7k
WA x| A F2A, AAA 2 B BA v 9
A

=

32

M ofy
|o
fl
o
N\
A

)

T 5Hh1829 §i0,9] 7hEEE] Wk Fig. 1(b)oll 223}
o] ATkSio, + 2H,0 — Si(OH),).'"¥ Si(OH), S 7}<+&
& AHE 2 7HA & Si0, Siek F-AFHA pH, 2=, FE)
o] 70| upe} #38) wkS-9] 7 A TEH59 of
= 5o Zg}=n} 7|45 2] ZH(Plasma enhanced chemical
vapor deposition, PECVD)E A 23} Si0, "HF71 ~100
nm)< A2 pH 749 12¢] W3 §qof F3 1047 &+
3 Al, 5% v|ere] T As7F AEE = pH 7.4 &4 W
Si0, &= €2 pH 12 &4 W SiO, 2 °F 80% <14
o] FA7} Ha) = Ak

Si0,¢] #-3f Wks Sm= Al A FA4 ol wek A
ol Eg4 4

(et

S

LEQ23 glem’)E ZHA =™, 37°CS] pH 7.4 ¥ ¥
Hof| A a5 7F X E Fal A A 1072 nme] 77
B3 H AT SiH 71 A ol €% Si-H #3E2 94
sh= PECVD SiO,#2 &€ 52 SiO, =l vlsf ¥ =
U121 gem’)E 7HA 1 2040 99} 7+o B Z 7o) A
°F 107! nm7} & & At} A=A} ¥ ZZH(Electron beam
evaporation) SiO, 92 34 4 4 HA = Y 2
o] Si0, AL = Q& thE 7 FA A2 2ol H] 3|
Ao 2 e A (19 g/em’)S B A THOD A=} Q)
Si0, 92 37°C2] pH 7.4 W3 &-H oA 57 2F 10 nm
7F B EATEO P E HE 7] ®a) &= Afolo| 3}
A J oARE G| el d2-go] FHA; &
3% 8K(X-ray photoelectron spectroscopy, XPS)7]H o] Al-&
FJATE0 -2 27 A F3l] =71 ol s E F3 Si0,
2t3} PECVD 212 7H7} XPSE #4418 A3} Si tiH] O
Az M &L 2002 F Zpo]7k VA ekskthe A olA,
steteFA] ol w A Hlste] Eaf Sof 7]A]=

o
27 AZx & SZH(Dry thermal growth) SiO, ¥H wj
o
&

1o 3
o



a Cc
si 4 H-0 H
\ _o H
+ 4. si + 21
4 N "
i
Rl O-H
b Si + 4H,0 - Si(OH), + 2H,
o= si=0 H—O\ H
* ™ si”
e
3.0 C \
-~ “~ -H

d Mg o o f
+ +- H Mg H
2,0 b
H H H=H
Mg + 2H,0 < Mg(OH), + H,
& L
(o] o,
+ ™H “H
0« e
MgO + H,0 - Mg(OH),
g — oW
2mm Wa® g (st
!ﬁg c\tO‘ wals

E AAzA W AR A 15

tilted view

Mg electrode -y

.

MgO

dielectric ——* >
vy

MgO
dielectric

P =T .
e L E_J _-]

silk substrate

top view

-

5 min 10 min

Fig. 1. Schematics of transient electronics and their components: (a), (b) Chemical dissolute reaction of Si and SiO,. Adapted with
permission from Ref. 18. © 2012, American Association for the Advancement of Science (c) AFM topological image in pH 12
PBS solution at 37C to test the dissolution of 100 nm thick SiO, square pads formed by PECVD on thermally grown SiO,.
Adapted with permission from Ref. 26. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (d), (e) Scheme for the
chemical dissolute reaction of Mg and MgO. Adapted with permission from Ref. 18. © 2012, American Association for the
Advancement of Science (f) Dissolution testing images for 150nm thick Mg trace at room temperature DI. Adapted with
permission from Ref. 18. © 2012, American Association for the Advancement of Science (g) Structure and dissolution behavior
of an electronic device that can be hydrolyzed and removed in DI at room temperature. Adapted with permission from Ref. 18.
© 2012, American Association for the Advancement of Science
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Fig. 2. Examples and performance of transient electronic device structures based on Si nanomembrane, Mg, MgO: (a) Transient n-type
MOSFET array and I-V curve with various (1~5 V) gate-electrode voltages. Adapted with permission from Ref. 18. © 2012,
American Association for the Advancement of Science (b) Transient strain sensor and time versus resistance curve during periodic
strain test. Adapted with permission from Ref. 18. © 2012, American Association for the Advancement of Science (c) Transient
temperature sensor array and I-V curve at various (25~75°C) temperature conditions. Adapted with permission from Ref. 18. ©
2012, American Association for the Advancement of Science (d) Transient photo-image sensor array and a sample of scan output
from sensor array detecting. Adapted with permission from Ref. 18. © 2012, American Association for the Advancement of Science
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Fig. 3. Various implantable transient electronic device applications for biomedical monitoring, treatment, and therapy: (a) Transient
intracranial pressure sensor. Adapted with permission from Ref. 21. © 2016, Nature Publishing Group, a division of Macmillan
Publishers Limited (b) Transient brain-mapping device. Adapted with permission from Ref. 22. © 2016, Nature Publishing Group
(c) Transient implantable drug-delivery device. Adapted with permission from Ref. 23. © 2020, American Association for the
Advancement of Science (d) Transient electrical stimulator for nerve regeneration. Reproduced from Ref. 24. © 2020, the
Author(s), under exclusive license to Springer Nature America, Inc.
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Table 1. Summary of encapsulation materials and their protection performances

Effective protecting

2;[26231 Encap (St"}lll?;l;r;sr;aterlal Dlsz)}iiuctll;r;stsr)a cer Dissolute condition duration Ref.
gory (approx.)
MgO (800 nm) 10 hours 18
Si0,/Si3Ny4 (500/500 nm) o 2 days
S0 ALD-Si04/Si3Ny (20/500 Mg (300 nm) Defonized water 7 d
Inorganic  and -SI0-/SisNs ( nm) (RT) ays 26
SI3N4 Trlple SIOZ/SI3N4 10 days
(200/200/200/200/100/100 nm)
Single crystalline Si (1.5 pm) Mg (200 nm) PBS solution (37°C) 2 months 30
Silk (o= 89.8 %, 100 pm) Mg (300 nm) Deionized water (RT) 100 hours 18
Organic Candelilla wax (300 pm) PBS solution (RT) 15 days 71
Mg (50 pm) :
PBTPA (500 pum) PBS solution (37°C) 60 days 77
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Fig. 4. Concept and efficacy of encapsulation for transient electronics: (a) Time versus resistance change in Mg electrode (300 nm thick)
during DI dissolution test at room temperature with MgO (400 nm, 800 nm) or silk (45.0%, 89.8% crystallinity, each ~100 um
thick) encapsulant. Adapted with permission from Ref. 18. © 2012, American Association for the Advancement of Science (b)
Experimental setup for observing two-step operation behavior in MgO encapsulated transient device. Adapted with permission
from Ref. 18. © 2012, American Association for the Advancement of Science (¢) Two-step operation of transient n-type MOSFET
with MgO (400 nm thick) and silk (89.8% crystallinity, ~100 um thick) encapsulation at room temperature DI. Adapted with
permission from Ref. 18. © 2012, American Association for the Advancement of Science
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Fig. 5. Examples of inorganic encapsulation research: (a) Strategies with PECVD multilayer (left) and ALD (right) to reduce water
permeation from the defective pinhole. Adapted with permission from Ref. 26. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim (b) Serpentine Mg trace (300 nm thick) dissolution test at room temperature DI. Local dissolution initially occurred
in the defect site and rapidly extended through the metal trace. Adapted with permission from Ref. 26. © 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim (c¢) Schematic of monocrystalline Si nanomembrane encapsulation strategy. Adapted with
permission from Ref. 30. © 2017, American Chemical Society (d) Mo electrode dissolution sensitivity at 37°C PBS solution
without (left) and with (right) monocrystalline Si nanomembrane encapsulation. Adapted with permission from Ref. 30. © 2017,
American Chemical Society
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