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Fig. 1. Measurement schematic diagram of bulk materials.
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Fig. 2. (a) Schematic diagram of thermal and electrical
parameters measurement of MEMS suspended island struc-
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Fig. 3. (a) Wheatstone bridge device for measuring resistance R, at low temperature end*?; (b) the temperature rise measured at

the heating end and the low temperature end as a function of power. T, sensitivity of bridge method isl mK, thermal conductance

sensitivity is 10 pW /K.
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71 SiN, B AR, TR SCEEMOR TR AR5 (o) 383 DU ER BT
fFE & (Cr/Pt = 2/30 nm, M # O FKFR0). HAE
R ofe DU A e T FLBEL s (d) AL ARSI B as SR k. 4K
fLJ& 58 i BCP G203 15 (e) ZfLAERH H L ] #E AL
iy e SURER

Fig. 4. Schematic of the integrated microdevicel®: (a) Silic-
on micro-ribbon connects two suspended islands(30 pm X
40 pm)for thermal contact with low stress SiN, films,
length, width and thickness of silicon tape are defined;
(b) each suspended island is connected by six low stress
SiN,, cantilevers to support micro suspended device; (c) elec-
trical measurements are made with four probes (Cr/Pt =
2/30 nm, marked by the blue arrows), the rest of the canti-
levers are used to measure two serpentine resistances; (d) por-
ous silicon micro-ribbon suspended device, nanoholes are
made by BCP lithography; (e) definition of pitch and neck

in porous silicon micro-ribbon.

h TR ZALRERUH B A a i, R T — Rl
T BEAL R Y (block copolymer, BCP) 41 %¢ i) ]
YIRGUKOEZI T2, ikl 5 s, B4, poly(styrene-
block-2-vinylpyridine) (PS-b-P2VP) LR Y jieis
1£ 300 nm JEHY SiO, #IIE I, SR 5 A7 A H R
B K2y 3 h, DAMGSER B ACHES AR 1 T . 2 54
AP I EAE £ I2 3 30 min, it FH P2VP
DI A K G i FLBR. A6 75° 5ifA T, i i T
WIERAEEM ) BCP I LU — 2 Cr ik, i@
kAP, Cr ANRERHTY BCP B SR MAL, B
BT Cr FLHEERE. Ry T Cr FLIEALEL 5 31 ) 45
HER e b, 19 7 —2 BCP By Or 2L
R SR HGRBIR ARG HEF (< 3%) . 24 300 nm
JEHY Si0, PR h ZI bt Z R4 1) Cr 2L
AT s K P MR AR KR R T L. 25 h e
) Cr ZHLIMEBIIF 54 78 B T0H 25 1 s A4 b, 3 i
AEBE TR BCP B, HEEF 21U Or i,
FiF DRIE il Z LM, il 2 )5, KR
AR Cr 2153 CR-7 # 1 min, FI3ERZ: Cr
AR, 2 e 0 s ety R [R) 1) 25 R
T 200 i A B s I 2 FLRE B R F, WA 4(d)
Fi7s.

|
(4) Cr deposition

% lLTOp viewJ (RREERRRNR R %
 n :

— (5) Encapsulating Cr

;300 nm SiO, holey mask

[ ] 1
(6) Releasing Cr
holey mask in HF
[Res=eRensS ]

(1) Spin coating

(2) Toluene annealing
H
|
(3) Reconstructing holes

5 ETHBULRYAAKI 2 0 7L T L
{43
Fig. 5. Process flow diagram illustrating the 7 steps of the

(7) Transferring Cr
holey mask and

| Cr holey mask on Si ribb0n|

block copolymer based nanolithography!*!.

3.1.3 & Ep

AR 5 MEMS 25 48%) 12 I FH T
KAF R I PERERF ST, i | AR AR S A A R Y
A8 TR 4 548 ) R TR R B 2 RGE, A b A 2
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mr.

1) Si Lt

2008 4F- Boukai &5 M il ¢ T AHALL B I £ B =3
SE G R ST gRZ RS IR RE. AR Z
WEAE T Si YKL IR 5 & MK B — S A 2 B 1Y
D 3 A P 2 PR SRR RE R ORI . SCEerh
AT Si 9K BEH R AR ST 20500 10 nm x
20 nm, 20 nm x 20 nm, &R ILHCK, 18R
YKL RS 1) R F1 2% BT 4B 28K -, ZT {EAH b ik
FEABHT 100 F5090k35 . XFTREER 14 20 nm x
20 nm, BAWEE R 7 x 10" cm 3 IR LR,
7E 200 K WY ZT {52928 1. B Si 9K HEr
WK, ZT {E¥/)N, 2008 4F Hochbaum 45 491 3 i+
A AR 20—300 nm HPRLEE Si gkt 52
¥ & LA MY 50 nm A Si YRR IS REE
BTN 1.6 W/ (m-K), ZT {H5%] T 0.6. i@
IHTE St GIKRE i — 2Dl A s dn A, AT LA 208
INEERHP VTR 2017 4 Zhao 45 1) B 1y ) ) 1
T HEAL 5 nm EZFUEEAKL (FLERRN 43%) HY
AR FIR ISR TREIRE 0.33 W/(m-K).
2018 4 Ferrando-Villalba %5 07 %} 4 J& 4 B 1k 2%
2l ) 25 B4 4% 1) S Pk 2 FLRE AN KR £ B B P B E
T THE, LR B, X EAHR 90 nm 1 ZfLEE
gk (FLB R A 35%45%), PG HRMEME
0.87 W/(mK).

Si TN AT AR R BE ) EAA 9K R, #A
SR HARAORH B3 I REAIG, (FZRE R T4k
28 FBL. 2014 4F Ferrando-Villalba 45 8] il & T J&
¥4 17.5 nm LS Si 2, EER FERHS
K 19 W/ (mK); ZJF# it FIB 8 Si 2L
500 nm ¥, 10 pm KAGKH, BT FIB BI/EH,
LA Si 2B IR AR B T T AR, HC R
F 1.7 W/(m-K); I HOGE K Fgs b, fEER T
IR AT 9.5 W/ (mK).

PPV RIG TR N &, = 1/3CvL, Hrp
v AR, C AP AT E R =, L, R
RS A R, o] LGB R AT
An R E— 2 U /N RCT R AE, 2010 4F Tang 45 49 X
ZALRERCE AT T AR A AT, 24 FL 1A HE [ 2 7E
60 nm, FLFAE 1634 nm Z 0] 281k, Y4B Jeik
7E 3.1 x 10"8—6.5 x 10" cm 3 Z [A]Af, $oe e
FEILE B S R 3 RO, ARSI T, B R
PN 34 nm /N 16 nm B, ZFLEERGE AR

7.2 £ 0.7FFMKE 1.8 £ 0.2 W/(m-K); XfT
fi% (3.1 x 108 cm 3), 1 (2.0 x 10" cm 3) FFE#E
Z (6.5 x 10" cm3) B ZALAEHT, Seebeck FREX
439 R 470 + 32, 270 + 22 F1 197 + 14 pV/K,
BB FURE X I 48 2% B RERCHT 3 01 (R 2L A5 A9 11
FIAXT R TARRIRE N, SEER R
B TR RN BE LR, Ak
2.0 x 10Y cm 3, FYR TN 24 nm B, 2L
WO ) ZTAEIA TN T 0.05, S AH I fE G 9 5 4%
H2i% ZT fEAR T Se i il i) ZfLaECH (2T =
0.4, 300 K).

TR RIE AL, K 6 PR, 2017 48
Park %5 B0 & T 41 & 6(a) F1 6(b) B 1S N
80 nm Y ik 44 K HF RN I Rk 0 K AT . 2 56 0 A5 1Y
PR ML 47 W/ (m-K) (KR FEREIZ 31
W/ (m-K) (EFEREGIKE). 2018 4F, Park g b1
S AR TR A5 AR ST T A 6(c) A1 6(d) F
N B JEERE A 75 nm B kA0 KA AP MR, Hodp
REGRKAT HATBRARZERE) , 1 T L Y 58 B RIS
3982 830 nm FI 130 nm. S2EG A5 () B R
it 5 TR L ) P 9/ IN R R R 3G 22, BN 24
45 W/(m-K) J8/h312) 31 W/ (m-K).

==
395 nm | |
e :
5( ——

(a) (b) (c)

6 T B (SEM) Mg (a) 99K (470 nm
52, 80 nm J& )0 (b) HEIE AN KA (470 nm 5, 80 nm &, B
ZE1< 395 nm) P (o) BRARGSHIGUKAR, FEALIENEN 970 nmPY;
(d) BERES R A, FEIE ALIETEE D 70 nmbY

Fig. 6. Scanning electron microscopy (SEM) images: (a) Nan-
oribbon (470 nm wide, 80 nm thick)®; (b) serpentine nan-
oribbon (470 nm wide, 80 nm thick, 395 nm long slit)P;
(c¢) ladder-structured nanoribbon with rectangular hole of
970 nmPY; (d) ladder-structured nanoribbon with rectangu-

lar hole of 70 nmP.

T & A BT, s 250 9K &bk
ZT {Hesite—9hiAk. 18 2003 4, Li %62 7F 20—
320 K (RSB NG T B2 58 Fil 83 nm
Y ER A Si/SiGe M AR K L T K. R X
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$E Si /SiGe # fiA% 98 K2R A9 A T 23R HUAR R R T
Si KL RIS R Z. i H 2012 4F Lee 45 153
XM [E (vapor-liquid-solid, VLS) 77 ¥ A= B 19
SiGe GKRLEHEAT T ML PERE I &, & BLAE 450 K
i, SiGe KL FHRAMLE 1.2 W/ (mK), ZT
HILE] T 0.46; 2t BRI AE 800 K B, ZT {H
St 2. 2017 4F Li % DU BFSY T BTN AR TS
b 4 5 AR o 2 14 44 ] P TT Si/Si0, 22 Tb A
KBS f i R L MR R, B R 5 LT A Y
Ik Si0, s B B, Si Al SiO, BY R B 43 1 R
20 nm FZ) 2 nm. SZEG R I, XFF& 1 Er Si/
SiO, KM, HIFREZ R 24 nm, 7EFIR NS
RN 7.64 + 0.6 W/ (m-K); £ 2 Bl Si/Si0, 44
KIHIFAE 300 K G 6.2 + 1.08 W/ (m-K);
235 5 B, TR 3.28 + 0.18 W/(m-K).
IR, MR 5 J2 Si/Si0, 24 fhgi K ik
AR BT RGN 5.3 W/(mK). R AYK
IR 2 T2 23R § Si0, )2 s Fid B A5

BT UL AR 2, 38 0] L i 5 SR A BRI
MRHGI G, H i, 2019 4F Choe %5 5% #F58 T 59
TR BBES X Si 9K (2 pm P8, JE 120 nm, K
20 pm) FFRAEZM. SLH R, JFLG Si gk
BREAY R AE R TR 65 £ 5 W/ (m-K), it
72 x 105 F1 1 x 108 BT /em? B IS G, T
A3 30 W/ (m-K) il 2 W/(m-K).

2)InAs N5

2007 4F Mavrokefalos 5% 6] 3@ i3 By, 7 o )% %1
FR S B 20 o B AR il 28 1 98 BE R[], JEEBE R
40 nm K InAs J&, Fflid Zyvex S100 K E\ 5
R, Kb I InAs 94K JIE AR 54 55 B DUE 25
& MEMS Z5 M a8 L. SE8e A3 1Y InAs 442k
JEAE 300 K # ZT {65 0.008.

2014 4% Karg 55 7 78 Si i B W IR Rk 3
Bt L8 T AL B I B TR A5, X i R X 3ok
A KA InAs GORG AT T I RRERAE. 52
Y IASH BN 2.75 pm, EA20 125 nm /) InAs 44
KEAE 300 K B ZT {H4UH 5.4 x 104, X %
IR (4.6 pW/(K2m), 300 K) 3 /N 53
(1), TR DRSO /N ) i D) 2 Pl 3 T Ly 7R 9 T B
BRI T TR R,

3) HAbM BHR AN 25 H

AR T IHRALSE Si Kb R S

B, T IR G AR, A RIS RL. 1%
SEFE RT LA A T 75 Pl A O 4. (&
PEZE AR BEVE S B AR, DK ER /9K R,
A1 B IEAEHES.

AR S A TR b LT ] B B I 4
FHETS R, 2019 4F Jin 25 58 FI] AL S0 77 4%
FIWFFE T BiyTe;-SWONT ZE iR A2 4 b4 Al R
HUPERE. SEO0 A, A RHE E T A3 KOk
1600 pW/(K>m), i FFH3] 473 K B, P
DB/ E] 1100 pW /(K2m), T PN s U R0
0.26 + 0.03 W/(mK), 5K ZT {HAEZ T T4 0.89.

— YGRS I T 75 F I R, B
PIREAR T AR R 3. 2016 4F Xu 55 P IF5E
T AL A K B PbSnTe 40K 4L (P g
AE SAPL PbSnTe 4PKEE (98 459 nm, JE 170 nm)
B AR AT R IR 2 0.28 W/ (m-K) 8T
AR (29 1.1 W/ (mK)), ZT {582 0.035, ik
MRk — R

2016 4 Ko 4 58 T SbySes 44 2K 2k F1 44
KA AR P RE. SCR A B, ELAE N 680 nm Ay B
A~ ShySey 4K HA 0.037 £+ 0.002 W/ (m-K) #
SR, MM BHARE (0.36—1.9 W/(m-K))
le— e g, - HL7E 300 K EA3 21 ZT {60
1.55 x 10°S.

2018 4F Wang 45 01 fJF 53 1 38 48 75 W Ak 3 A=
K8 AR A W1 85 CH,NH,PbBr,, CsPbBr; Hl
CH;NH3PbIy 4K AR PERE. S50 & AR < IR
T, CH,;NH,Pbl;, CH;NH,PbBr; Fl CsPbBr; (1)
PFRIIHIN 0.22, 0.32 F10.36 W/ (m-K).

2010 4 Roh 5§ 02 & T i@t A &K 5k
AR A Bl PR T RIT R, Y Bi 9K
LM E RN 98 nm B, BT R AE M HIR Bi
8 W/(mK) Wi/Ng 1.6 W/(m-K).

2015 4F Liu 55 03] 38 o AR Ui 15 25 40 %o P
YRKATT 45 ) Sk T S AR A T TR SRR
B, M E T 100 K B, ZZ(zigzag) 77 [ 40K
G R E T AC(armchair) F IA0KA, HE Z
ZEiRY) T W/ (mK), SR 300 K B, Y ZZ
FAC J7 [ TR HEIR B T 2. 0508 & Ik
SR ZZ N AC T 1) HR 7 B e g JE K
P, BEE R Y 300 nm /N2 50 nm, ZZ 44
KA T 24 27 BRI 29 12 W/ (m-K), AC
GIKAF T RN 15 /N2 5 W/ (mK).
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% MEMS &5 o nl LRI BA e
R e 4 K A5 R A B0 S R RE I AL B R
2014 4F Wu 55 04 sg o (I 5 7 B4R 50 nm 1)
TRAKREFEZE R NG RE, 2995 137 W/(m-K).
2014 4F Xu 55 9 BFGY T B IF P2 A AR P K R
PRI R. LKL, FEZEHE T SHMEHR,
R S I B K T35 F A R, G R4
SIRFEEI R, IF SRS B R EIOR 1, X 2%
S TR E A S T B .

W EEAERY 720, AT AR R R R h A
R P S. Hehn, Alaie 25 (66 3 5o A AL £
B VF AR I LA PR AR A R L I S
Hert, T FIB XFE ST YD, IR — A it
H, I I TR A AR ABEL RN B A R AR,
Xif [ — SiN, B i IR 4T 2 WERAE, %2 3R fik r A RH A
AR /N 0.2 K/uW. 2015 4 Alaie 55 67 3 3@ 1
[ RE A OB VR 2540, il it FIB(Ga B ) il % )
PRI T THEGE. TEEIR T, 8 7 e/ NRFE
RSF > 100 nm B9 ZFLAEHEL S| T AT 75 3
SRS

3.2 ZHEWNBETREHT
3.2.1 WXz

AR i AR P OA TV N  OG, IEAE
s sg i, e R ER AN A 7(a) BN, B BY
s B P ] ) e e BELN el R B B AL, SR AR
Poam, B RGE @

(a) (b) 125
54 nm thick Si membrane
Sensing 100 G = 0.243 pW/C i
ti = Py=Viply AT=Ty—Ts AR XK , Fm = 0243 1 L T
serpeil ine Q@ H )I: H /_H\ S B-B 8 (k=359 W/(M-K)) !ll!' i G = 0.2222 YW /C
- L ¢ mm<— Platinum & 5| i i \ (5= 37 W/(MK))
0 Heater « SiN | 100 a0 o
1y fort . K(AT—0) =59 W/(M-K
| ~y Q/2 Q/2 ! & 9
. + N > DI |sor -
< Box & <
Membranes for x characterization < z
< Substrate 251 ) P
f* ° LOOW10 with PnCs "0 20 40 60 80 100
= L120W10 plain AT =Tu—Ts/C

Q=Py=Vy- Iy, (22)
Horpr, Py IR, Vi oA i I B BB e
&, Ty At e T2 F BEL A LA . AR i s S
PR 7 A A $4) ) DR v SR B A iy, A ) i
R Q/2, it 15 B LR AR i ) Pt (1 HL
BEAEL, T Pt 4 Jm % ri BB 0 OB S ek O &R
A LIS SN IRAS IR AIREE, S T, IR S hAsm i
W E FL LA L BELEL, AR Ty, 22 AT
AT =Ty — T, (23)
AT HI Py BIRFRANE 7(b) PR,
IR T R AT LIRS h
L
g
Hh, G, WG, L, W ¢ 43 51 R T2 5k
TR A B | T RE RN 7RI S R, H IR 22
AT B M X R Py, AR Q/2 = Py/2 =
Gu(Ty — Ts) WTURRIING: G, ME. ¥ G, A
PG (24) Pl DIAR R AR,

3.2.2 #HEHE

EAEFER SOT &, TZREREEE R 70 nm.
S — 20w el m BRI 20 T 7R R
K%, ZJa A AR RIE 26 2 6F 200
ZAL, S EH F AR FLE AN 20 nm, FLIEH K
60 nm, JEH 5] HBA BIG, &l 8(a) s, &
THRTER SN ZALTUZE R Ei AR 12 nm JEAY
P (S10,) 1E M2 1R 2, FiAE Si0, JZ I
it LPCVD $ AR YU —)Z 100 nm JE YK R F1

k=G (24)

0

0 10 20 30 40
Py /pW

B 7 (a) MEMS J8 25 546l 2 55000 42 Ji 20 PR 08 () K5 3 VA0 75 ™ o B U L o 0 o L i R B 22 AU AR D 38 A9 3R, K

A O T AR AR R SRS AT YRR

Fig. 7. (a) Schematic diagram of MEMS suspended structure thermoelectric parameter measurement(®; (b) the relation between the

temperature difference and heating power between the low temperature end and the high temperature end of the plain film and the

phononic crystal film is shown in the figure. Inset plot presents the relation between x of the phononic crystal and the temperature

difference AT,
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A-A’ Step: 1 A-A

Phononic crystals etching

Si0, & Si,N,

Step: 2 A-A’ Step: 3

Cavities openings

(a) Reactive ion etching

(b) SiO; thermal growth+

(c) Reactive ion etching

low stress Si,N, LPCVD

B-B’ Step: 5 B-B’ Step: 6 & 7
A-A Step: 4 Si;N, etching from the membrane Platinum & §Old evaporation
Sidewall protection . . Wet SiO Pt and W
. Wet et SiOq et Si0s
Wet §i0:  Wet 810z Wet SiO; et S10;
o

(d) SiO2 thermal growth

(e) Reactive ion etching

i substrate

(f) Metal evaporation

B-B’ Step: 8 B-B’ Step: 9 B-B’ Step: 10
SiO; substrate exposure Si substrate under-etching Box & wet SiO3 under-etching
Wet g0, Lrand Au oo, Wet 0, Leand Au 1 Wet SiO; A
. -
] ; : s Si,N,
ESgsEE

Si substrate

(g) Reactive ion etching
i SOI Box and wet SiO,

40 pm (k)

40 pm

Sl substratc i

(h) XeF2 Si substrate etchmg

Si substrate

:Si substrate
(i) Vapour HF SiO, etching

HE Low stress SiNy, Hl Platinum and gold

Silicon membranesswith phononic

D/-‘ 40 nm
Pitch

-
60 nm

- 1 r .
Phononic crystals (PnCs)

B8 SR i A S T A U A T R IS 5 AR . TR0 TR AP IR, B I i A-ATHT B-B'UT I £k i

W R T TR, AU SEM B R T A ME S

PR, IS T BN YRR

B4, H B SEM B /R T K i, A7 il i SEM BB /R T

Fig. 8. Manufacturing sequence of thermal conductivity measurement platform of suspended thin-film silicon with integrated

phononic crystals. Process flow showed after each step of fabrication using cross-sectional view along A-A’ and B-B’ cutlines presen-

ted in the photo. The leftmost SEM image showed the entire micro-suspension device, the middle SEM image showed the enlarged

film, the rightmost SEM image showed the phononic crystals and highlighted their dimensions!®.

AALAE (SL,N,), Q& 8(b) AR, 3 =2 #F SFs/Ar
AT, T RIE ZI0h 3] Si 42T A H,
WA 8(c) Frzs. &P R A b A i Si0,
Sl R4 T2 Rk i B an 18] 8(d) s . B LAl
I SFe/Ar ALl RIE A 3L 21 Pl 53 Si,N,,
a2, 20 ARk, DUk SR 27 AR TR
mE 8(e) Fizn. SN L RS BT RE, 1
Fe: K 30 nm B Pt 2, FRVE NI AL
% Z R K 250 nm R Au 2, FHARAE R

AR G () B, 55/ THE Si w252
e, [ CHy, Ny, O, A3 RIE A BEREMBR L5
DU A K AR SiATIE LAY Si0, 2, anlEl 8(g) Fis.
SR A Tk R as ) Rk
B, HISHE XeF, SAH X I aE T R Z ik, 2
JE il A HE ZIs A2 5 218 s 20, B
PR — N EES A 12 SRR, WIE 8(h) AN
8(1) Fizs. &l 8(j)—8(1) JIi 7 Sy doe 24l £ LT )
1 168,
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JREI) i 6 A 1) B s A T LK 6 1 ) oy
A7 T AR B B A B R R s 2 AR AR,
2 Si AR R 54 nm B, %5E Si A IS
RAEH 59 + 10 W/(mK), 5k Si tH /N T 7
2 24 St F AT AR iR, PRt —
His)y, HAE/NE 34.5 & 7.5 W/(mK).

3.3 BOtREMEBEREETRZEN

N T BRE PR S A TEIE, BUE S By 2 B
Vel B ok B RS I A, BB
AN R 2 A el 9% o, I E BRI T TR R O
P EE R R AT LA TR e P RE AL
3.3.1 WXz

B S I A SR T I A B SR 1 (time-
domain thermoreflectance, TDTR) 7£ 1 x 102 Pa
HAS NI T R, HAS SRR T e IMERARS
Ui, P IR . TDTR HoA & Sl i — Ao ]
DKL B TR AL SR BEAT NI, 25 I 2R
THAEBOCFRE RS SR AL, L0 R Y
Sk v B 4 3] 5 Y0 2 ) O L PR g M 4 09700,
F O(a) % T 3 F0OR A 56 ¥ (152 nm, 92 nm,
60 nm) 9Kk TDTR {55 FEHaE] 1284k, Hod
AORZ I LA 50900 15 pm A1 145 nm. HC
5 s SR I B 2R AL Bl RE BN ) 358
AR . e e W) B O IR IR S, 2T it
FETRIRTH i, SRIG SR8V ), JH T 5 A AR
TILEHE, AP B IBORE B ERRE . 25 1 T il
Tk b R AR AL (A T) FIRE i S5
AL (AF) ZIRCER, ATLA RN

AF/F=C.AT, (25)

w-—=152 nm, 65 W/(m-K) (b)
——92 nm, 60 W/(m-K)
60 nm, 47 W/(m-K)

-
* Experimental data

—
o
T
—~
)
N

-,

Normalized reflectivity change
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BEBTIRRGH, UL SFg/ Oy SARAE Jy i 2 55)
T2 T0ZRE)Z . e i P UL 25 PR 42T o8
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PR A 5 S5 R LT I T REROK £ N — 2
P IR GOR 25 R IR R AR Y Si gk
LB R 15 pm B, SEREA 152, 122, 92, 80,
67 1 60 nm M, X R Y FCE R 5 51l 65, 63, 60,
57, 53 A1 47 W /(m-K), 44K Lk 1Y 5 B ek /Mot 2 1
BTG R, SEAORL AT RBRR. MR E R
B BE LU AN K 2 SRR FE /NI, PR SRR Bl /N R I
YT AR GUOR G ) B R SE R 89 nm,
KT R SR 300 nm, A 300 nm. 38 i3 %)
$i R 89 nm WYKL AT EL, 158 T —4E s
TR R ST R RS, S REY
58 W/(m-K), FuAHR RSF 4R T2 K Y
%, FEJEH TR IR T AAAE TAURE i U 2L
N Z AR, A — B A RN A PR AL R AR B P &
FEAER, B30 B T — 275 - ARG K G54 18 R 3
Paps S GOPRA Ve

PBS EOM

u
L

h ' >

Filter | il
[Lockein ——4 N N — [
I ZocKAn T ™ o LU
Detector  Beam splitter PBS Objective
Sample

B9 (a) ANIFTEEEMIRL R SIE () ARG ()M; (b) B TR Ikt RE0M TDTR 525625 B 7R & 5

Fig. 9. (a) Experimental (scattered points) and simulation fitting (lines) for three nanowires of different width™!; (b) sketch of the

TDTR experimental setup based on an ultrafast-pulsed-laser system!(™.
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(a)

Air-suspende

K10 SifH TGRSR SEM IR (a) B AT 2R G T (b) BORBIE PRSI, 7R 1 ot 42 J 0 i B 2 R i

rn A, Forp R R SE R 89 nml™

Fig. 10. SEM images of Si phononic crystal nanostructure: (a) Global image of suspended structure(™; (b) enlarged device structure

diagram showing the central metal pad and fishbone shaped crystal, where in the neck size is 89 nm!(™.

F 1 WEAEE BN SRS
Table 1. Measurement of the size of suspended h-BN

samples.

JFFEE S /um BIEMKE /um
h-BN1 12 +1 9.0 3.0
h-BN2 12 6.7 5.0
h-BN3 11 6.5 7.5
h-BN4 5 6.6 7.5

3.4 EBEFEAFRUMEB=RLZEN
3.4.1 MK RIE

WSS R A B AR IR A5 T, X 4 FOR
A RS AR S EA T T, A RO N8 1 B,

I G AABH FBR E A & 12(h) R, Hodr, T,
Ty, Ty, Ty 533K 4 4% Cr/Pt & J@ 4R B
R, AJZMR h-BN FIF 1 AR SiN, 45 1) S S EH,
Ry, J2& h-BN #£ 5 Wi 9 4 4~ Cr/Pt/SiN, &
BB INBE, R, A1 R, Zi#EH: UJE Cr/Pt 4k
FIFHERY Cr/Pt B Z A SIN, [ #ARH. 760
AR, g HB—4 UJE Cr/Pt & @it m
MR T 4 S5 BEh R AR, DAfe &%
BRI (AT), j=1, 2, 3, 4). X T%H
Sh—Z UIBFIPISAHEA S REN S, &m&nh
ML HRTHE FERR AR, BE AT, = T,— Ty =
20TG , j =2, 3, 4, Hh Ty BASEAGIRIE. 540, U
TG SR L P S AL TR T ATy = 3/2AT,—
1/2 (AT, + AT + ATy). 4 % Cr/Pt/SiN, B
HBAME (R,) ITE2AEF, 256 K 11 (h) TRk
BHER S, AT LM U B 4 J8 2 1 0% 00 B 15
H, Ry =2(AT, + ATy, + ATy + ATy)/Q, Hrh
Q72 U B4 J@ 4 iy s A 2. 38 5 A DL 23 A

Al AR EIEIE Y h-BN FIR 1 AR SiN, 25 A 555%
PBH Ry, Ry = Ry(ATy ATy)/(ATy + AT,). &
TFAY h-BN A1 R E PR SIN, S09MN SN G, =
1/R,,. 4% A h-BN I, A AR R B A 5 0
BT WA SIN, KT (G). 2, ST
h-BN B S FIMBA SR G, = GG, Fl R, =
1/ G,. 143119 h-BN £ 5 i BHALFE Y 5B (Ry)
A EH (R.), B Ry = Ry + R, o Ry =
L/(ktW), K, L, t, W43l 277 h-BN () #5
ROREEREMGERE, ME 11(a) s, v LG
75 5 R 0 RUBE N L S BRI i h-BN R
fits () 2 ORI ] RO, AT DA 3 1 7 S e A
EIF h-BN FE T &L %A R (0002) fAs 55 80M
PO AR R, B 11(b) JB/R T A ki
MR EE 1Y SEM &,

3.4.2 #H&EFHE

PG E 12(a)—12(d) i 258, ¥ 22N
7 AALT (h-BN) A5 7% 7% 91 272 FE B SIN, 2
il B B FETEHESE | 55— 4 JZ R h-BN M h-
BN ByoR i A b 3025 218 754 K20 290 nm JEHE
W EIRERT IS |, W& 12(a) Fs. 85— KRR
HNEIR P EE (PMMA) J2 el ekt )2 LI
HLF O AR AT EDE AL, (i CF,/0, 555
F 20 b B R R DB 2R h-BN, LUE I 1Y
h-BN a7, Fifi 5, A AOCZI S m R T8
TEFIEALRY h-BN JEFETTR Au XfERRiC, 2018 12(b)
B, 85 =40, BR2) 1.5 pm JEH) PMMA #EZ2
JERBIGEMYE . Z S 1% WA RRE
Wb, HTBR AR, Dl PMMA 258
K. J2IR h-BN BEF RIS SRR C R 2 E PMMA
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(a) 1000

w (c)
::‘:\
.

° .ha‘
b oo

4.15 pm

K/ (W-(m-K)~1)
[ ]
‘0
tvﬂ .

3.82 pm

&
® & 5 layer h-BN
» ® 11 layer h-BN
m Bulk h-BN [Sichel et al.]
¥ h-BN nanotube [Chang et al.]
A 1 layer h-BN [Lindsay et al.]

30 100 500
T/K

11 (a) BFEEAERP A S b JLHEZE B AY h-BN A 5 A AR OGRS AR T2 I 179 (b) OB 2540 1) SEML 8T, R0 45 14 1 AFE il o h-
BN1; (¢) P> 7.5 pm &, 11 J2F1 5 258 7F h-BN i B9 R BRI BE B0 8 L 5C R, 1 5 Al AN R SEBR 25 R AT 1 % [ 17

Fig. 11. (a) Schematic diagram of the relevant dimensions of the h-BN sample suspended on the central frame of the microbridge
devicel™); (b) SEM image of micro-suspension structure, the sample on suspension structure was h-BN1™): (c) the relationship
between the thermal conductivity of two samples of 7.5 um long, 11 layer and 5 layer thick suspension h-BN and the temperature is

studied and compared with the experimental results of others(™!.

(a) (b)

12 HEdh h-BN BB RIS P (o) ZERGASEALY) (L0 6) B SRR (R 6) THFSRI% A9 JLJZ h-BN L (44 6); (b) %
IR LW &bRid (&) MBEEA K RMILZE BN PMMA 2 (CEiEW); (o) 8 S8 5% & T PMMA 24k 2 (#6);
(A)PMMA JZ A fitJ5 , 0 B h-BN J2 & P2 7E BLas 2 00 0 SIN,HEZR |5 (o) MR 45 () 7E K& 14 3¢ PMMA 2 ; (g) % f#
PMMA 258 R 7ERE 1A 11 2 h-BN FE & (h) W56 B A SR80 %, (e)— (g) #4320 B8 4 43 AR 3 25, 10 Al 5 pm

Fig. 12. The h-BN sample transfer and device diagram!™: (a) A few-layer h-BN flake (green) exfoliated on top of a Si substrate
(gray) covered by thermal oxide (red); (b) Au marks (golden) on the substrate and a PMMA layer (semitransparent) covering the
patterned few-layer h-BN ribbon; (c) PMMA carrier layer transferred on top of the microbridge device (blue); (d) few-layer h-BN
suspended on the central SiNz frame of the microdevice after the dissolution of the PMMA layer; (e) microbridge device; (f) PMMA
layer aligned on the device; (g) an 11-layer h-BN sample suspended on the device after dissolving of the PMMA layer; (h) equival-
ent thermal circuit of the measurement device, the scale bars in the (e)—(g) section represent 25, 10 and 5 um, respectively.

JEE L, EEPRAE IR TOUER. 25 A8 /K A i T XIS, AnlEl 12(c) F1 12() iR, &
ke, R PMMA B2 B T TEIES A 500 nm A EIFEALRY SIN, BT 4 5%
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EIEAL R 10/70 nm JE RS Cr/Pt 4824 Bk, W
Kl 12(e) fis. 50U, MEABETKIERG, Kt
£ 150 °C [ EZS i TR KA B, 3 n] DIBg 2
AR h-BN FGC 17 25 4 22 B) RS B . B S R
PMMA A AN 25 60 °C AN RV T
SRIGTHE. B 12(g) o T — e B4, %Ik
F RN 11 )2 h-BN BESZH L 7.
A%V S BT I T h-BN AR Y
P 11(c) Fin. TR &l &t e & Bt
R DAAER G YR, R EYIRRY
SEARIE T A0 h-BN HEA TR, FEH TR
B WER AT S h-BN BE i IR R B RO R
fifi 5 )2 h-BN FE 5 A9 R fE =00 T BRAIRE 2
250 W/(m-K), #8111 11 )2 h-BN #f i 78 = JEL I )
PG R AN 360 W/ (m-K), 3T 4R 18 B9 B h-
BN B EEHI{E. 2010 4F Seol 45 M) F1| 1% 45 44 i3
W T BIE P2 A SRR ISR, RBEE IR
T, BRI HASR(E R I 600 W/(m-K).

3.5 BZFIRSEM

Hl AR Ak LR, AT DL I R, AR R
B IR B L, PP A RR, 00T LU
T RS VOERE 25 b A e M .
3.5.1 MK RIE

38 2 PUREH I VR B R 3R A T B K
2R 1 [ AR A AL 00 2 ) SABH S sk
FEANEL 13(c) B, FEMEd fE v, 26 ¢ 5% Pt/SIN,
2R DA E R () S, R = A #ivg, 1 1e)
FEFH PUE DN AR AR R I VORI R TR (e B
FHEIREH R, ,, &5 j %% Pt/SIN, KAFERET (6;.)
AT L A (7 PR AT 3 ) b BEL A AR fR SR A,
ST DL 1 pA B IESL TR . o Po H B
LB AL R I OC R, HLRHL A Bl v LG fb i
TR FE AR AL, 24 i F G TE 1—4 3 BN & A AR AL
SIETT IR 4 x 4 DI EE, X R R e T
0.0 /(IV), 1, Horb VR (IV), 23N EE 0 S4B R
R AN AR E AR, B, Y5 AR Tk
InFARE, AT AR 05, SRAFH 5 AR T AE
SYORE il SAL R BT (6, 0). PR aERS
JES A AR T F BEL b B 2 )T BB T A A iR L
RPN B, PRAE R R R T2 1 P iy
R TE (0) AT LAZBEATE. S5 48, Dl e ) s

THATHY, FRIEER SR F R T A 2 B
T P4 R 2R 5 B N AR Y RS S LT LA
it a = coshBL — 1 345, Hrp f=+/4e0TP/kA
Kk, L, P, A R i e KL B A
BT, T2RERFIREER, o 23 w5
NIRRT, ZIIE/NT 1.5 x 1073, XT3l
HIEEAIRZ, ZUE/NT 1 x 1075, Rk, HRa
KT LG ANTE. R, AR 45 IR BT AN 2

B0 SRR, WIS 5 SRR rh TR A0 AT R ER PRI
aalE 13(b) Frs, It nl 5.
Ocji=20;,j #i. (26)

HEAh, DAL 13(c) HYFARHE R i AT LAAS 21 A 2%
TRLBE TR ARG R L

Qji = —0cji/Rvj, JF#1i, (27)
Qi =— Z Qj.i) (28)
J,J#1

b, 4 ZRIREETHER RS FABE

d; \2
(2
Holn, wy, Ay 2L SY RIS AR TR IRE T
ARG BB, T d; 25 j 5k HE
B O A B G OR ZRRE S I 5, A&l 13(b) B .
H X (28) 45 B SR 4 24k [ B9 A2 Bl AR 42 ik o5
AL BRI A2, I SO R R A5 2 QT i
IR AN, ERETOWEEE (2) REL:

_ L
2k A;

Ry,

; (29)

V) e oy it (=D)L
« [1‘ _ (—1)H(d771)LJ Qi,i; (30)

Hor XFF x < 0Flx = 0, Heaviside B 5K pR %L
H(x) 433 BUE A 0 A1 1. JRA5 0 BE 434 ol T

TR @ SR P2t T
1 (fh
o ()
AR TR DR LR SR A
.
26“‘/ V), _ ! ,i=1,2,3,4,
= e s[i- @y
(32)

X 4 ANITRRE B IIR R, RT3 4 MR
LAIBL, Ry, Ry, Ry, Ruy 3T 16410, /(1V),
TR, SR —ANFT Y 4x 4 4EFETTE.
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|E%EEI 1

13 %R 00 45 4 1 RN A5 S BEL IR ) (a) 240 nm BE,
220 nm J5 14 Bk 40K LR AE I O 2 RO (2 3)
SEM & F- (£511), anT5ES SEM f 7, 7E M 220 IF il“E’J'ﬁﬁ*
SR &0 OB B — A/ VIB SRR, DL B &

A il B2 T2 F U 0 98 DK S5 A 1Y 2 ik s 22 TR B A 22 () 5Fﬂ
d)); (b)740 nm &, 220 nm J5E A9 ik 44 2K LR il 190 2 B AL
WA BETOAE 4 5 BRI Pt/SIN, £k |, LR U Pt/SIN,
TR (5 i 4c2R) FN— 2% Pt/SIN, PR BE 4k (38 5 %
4,7 # i) E’J(mf“ﬁj‘ﬁm“al@; (c) M3 —4 Pt/SiN, £ LI
(TV)y 11 S MR, 0 2 8 1 A B b, 2 [

Fig. 13. Structure diagram and equivalent thermal resist-
ance diagram of the device™: (a) Optical micrographs

(left) and SEM images (right) of a 240 nm wide, 220 nm
thick silicon nanowire sample, as shown in the top SEM, a
small V-shape protrusion is patterned at the center of the
first thermometer line from the left to assist in the measure-
ment of the deviation (d; and d;) between the center of each
thermometer line and the contact point to the nanostruc-
ture; (b) optical micrograph of 740 nm wide and 220 nm
thick silicon nanowire samples, assembled on four suspen-
ded Pt/SiN, lines, and schematic diagram of temperature
distribution along the Pt/SiN, heating line (#" line) and one
Pt/SiN, resistance thermometer line (7" line, j # 1); (c) ther-
mal resistance circuit of the measurement device when the
first Pt/SiN, line is electrically heated at a rate of (IV);.

FIHBRAFI 4 Ry, 8, W RIARSE (30) 3
SRR ) B Ak SR TR

oc,z',i = 91,1‘ (CL’ = di)
RS
=1 Rb J Rb i

R (26), (27) F1(33) AILIMSE] 16 %t 6, 5 IV,
Qi (IV), BHlg, i F1 j IS FIH 1—4. X 16 X
B AT LUT SR ARAR R 13(c) e B il 5 S 3H,

=Ry;

. (33)

Hoof Ry, Ry A Ry AMHLRACKES I b A
TRBC AT IR, R 1, Re o0 Re 3 Rl R 4 AAIK
S5 SR TR Z ] 4 A s AL A AR
T 13(c) FARH HAL -
=Q2,iRe2+(Q1,i + Q2:) R2 — Q3,iRe 3,
i=1,2,3,4, (34)
TEIX AN Tr R, 3 AT RR it sy, Jf HoT LA
HRAE AR 19 0.,/ (IV), Bl Q,,/(IV), KU K 4R 15
3AMRMBYIAFE Ry, R. o Fl R, 5.
WAL, FABH R B T HIR RS DL R

Oc1i —Oc 2 = Qui (R1+ Rep) — Q2 Re 2,

i=1,2,3,4, (35)
4 DITREP R — AT AR ARAF— AR A (R, +
R..), BHET FIGRIGHY R, o FNEY 0,5,/ (1V), Fl
Q;. o/ (IV), B, MiHAW 3 DIrfese 2. [a] B,
(R3 + R. ;) FTLAMNEABH I BR A5 R LT 4 A J7
Z—3t5

Ocai —0c3i = Quai (R34 Rea) — Q3iRc 3,

i=1,2,3,4, (36)

S P2 T LR 16 AR D, o/ (1),

s, BEMEIRAT Ry, Ryo, Ry 3, Ry, Re ) Ry, Re3,
Ry + R, 1 Ry + R, MFABHAE. @it i fEn =
L/RyA, W] LAAG 3 v [A] Be g oK 2 i #4538 Horp
LA 43550 A v ) Be 4 K 2 i) B TR I A1

3.5.2 EwmwIR4H &k

EAEAEER SOI fhlR A, THZAEERESA 220 nm,
BBAkE N 5 x 106 cm 3, HAAZEFEE R 3 pm.
T 2 L RO 20 R S B S 2 Dl e T2 R A
FIFHN AV LR, Z )5 TERR RS ) S SRR VA T i ot
PN K LR R 1A Si0,, 15 3B FAY Sigh kLR,
Si KL R i R ST 43 18 240 nm- x 220 nm
1740 nm x 220 nm. Z KRR Si 9K EE
MBS — N RAE R I (PVA) )2/ 5 R
|, SRIGTE Si 4K PVA ZRYTERIES PMMA
2. ¥ PVA JZE A LB TG, B St 4Kk
5 PMMA #i&)Z—E M E 38Tk, REH
HEER I RHETE S —A Si fh IR bRl vsE i 4 B
) Pt/SIN, T . Z R AR E AL
FEE R, BRI E 350 °C, FIDRIAF] LR
PMMA #AKZ 0 H N, 5535 Si gKRE BT 7E
4 4% Pt/SIN, B0 b AP 15 4 (70, DUPRETHAm)

00,2,1‘ c ,3,0 —
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At POALEHERY Pt/SIN, BBHIE T4 (RT,
RT,, RT; F1 RT,) 4L, W&l 13(a) F1 13(b) fi7s.
Horp 4 4 Pt/SIN, BB RTEAALR N SIN, )R
J&4 300 nm, SiN, FHiKA 10 nm [ Cr fiHE 2,
CrZ2 FHVIR T 60 nm B Pt &8 )2 . 4
Pt/SiN, &8 19K B R 200 pm, %R 2 pm, %
FEZFDCZN T2 BB, A s OB 20 ] DL —
/N . B R Y Pt/SIN, BB TE
JE FEARORZE AR i 1) ) B BE R /ME 2, JF
H Pt/SiN, £k B B LA K 2548 1 56 B K A 2
VLR T2 TN 490 DK 25 ) 22 ) P 4 A T L o 6 e ),
H—AN L R T INER L Si AR SERYRE S, (0
AR R, AT UK 4 AR TR EE TR A R RS K
PO il 9 BE KA 22, DA R 4 flh T AR Sy a5 422
] 13(c) Sy it 2 B P A RH 588 Fi i

A g B s DU PR AT 435 P o o] 45 1 s A 0 IR 4
A 240 nm x 220 nm A1 740 nm x 220 nm F
PIFPHIAR AR LT T AR PERE BT, B
AT T A GORZR 1 [ PR A L. X3
PIFIRE &, A HEAIARE R, o, 1 R, 3 /N FHRE S
Hh ] B 77 B 178 #ABH. Ry 1% 7 75 BE A5 I 2 4 BH
ik 1 x 10 K/uW B9 RE &, al s B 5 e e 1)
Pt FL IR BE T 2 A 2 A PE R, T LS B2 fi
PPH/PE 1 x 103 K/pW B9l . 2017 4F Smith
S 01 X} 55.6 nm JEE A ATERE S E T T R A0
i, FRATE ZZ D710 VRN 142 + 41 W/ (mK)
(80 K), 241 4 300 K B, 4 5F Fg/NE] 65 +
16 W/(m-K).

4 4 M
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(b)

y -

Second Pt—C bond

First Pt—C bond

Kl 14 (a) - Pt—CHAEZJE M SEM E 19 (b) 55—
W Pt-C #E& ZJ5 ) SEM [&] 1)

Fig. 14. (a) SEM image after the first Pt —C bonding!*’;
(b) SEM image after the second Pt—C bonding/*?.
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Abstract

Through the research in recent decades, one has a comprehensive understanding of the thermoelectric
properties of bulk and thin film materials, and made rapid progress of improving the thermoelectric figure of
merit ZT, for instance, the maximum ZT values of bismuth telluride related materials, cuprous selenide related
materials and tin selenide related materials all exceed 2. However, these bulk materials are still far from the
requirements for their practical applications on a large scale. The theoretical calculations show that when bulk
thermoelectric materials are made a low-dimensional nanostructured materials, such as two-dimensional nano-
films and one-dimensional nanowires, their thermoelectric properties will be significantly improved. Taking
silicon for example, when the bulk silicon is made silicon nanowires, the ZT wvalue increases nearly a
hundredfold. Hence, researches of the thermoelectric performances of materials with micro-nano structures have
received great attention. However, the measurement of thermoelectric parameters of low-dimensional materials
has brought challenges to researchers, for the traditional measurement methods or test platforms designed for
bulk materials are no longer suitable for measuring thermoelectric parameters (thermal conductivity, electrical
conductivity and Seebeck coefficient) of low-dimensional materials. Therefore, new measurement methods and
test platforms need developing. In this case, micro-electromechanical system micro-suspended structure came
into being. In this approach used are the separated samples and substrates, and isolated heat transfer channels,
with which the thermal parameters of micro/nano materials can be accurately measured, and the sensitivity of
thermal conductance can reach 10 PW/K. In this review, the structures of several micro-electromechanical
systems used to measure the thermoelectric properties of low-dimensional nanostructures are introduced,
including double suspended islands, single suspended islands and suspended four-probe structures. Meanwhile,
the fabrication methods and measurement principles of these MEMS structures and thermoelectric properties of

micro-nano structure materials are described in detail.

Keywords: thermoelectric effects, nanomaterials, micro-electromechanical system structure, thermal

conductivity
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