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HeARREAT L 3G KT 100 475 12 A1, Hochbaum
25 18] S PR THLRE (14 Si g K £ tha vl L g 241 4l
HAT R HB/NEZ 1.6 W/ (oK), 7EZ R T
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R, R R I R AR, AR,
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EEXT St QRBAFAEN )8, A SCHRGE T —Fhk
TSRO T AR B 71 (focused ion beam,
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2RO T T Sz i D421 AR S SR B 45 SR R
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17.75 W/m K. R8T 202 H T Rl
ST, 30 RO AN B E A T SR
MG TEA PR D) R R 7 < 5207 TG
BT, Si /AR 373 K MY ZT A% T4
0.056, WL THUA Si AHEL

2 SIS
2.1 Sif/MAKFHHRESMT
211 # %

SEER AR AR AR XU SOI (silicon on ins-
ulator) Al Fr. SRR RN (220 + 10) nm;
FZMIREE R 3 um; JIEJZEEEE A 500 pm. HAE
JEARRERE, EE B RN T IRSEAS. o T
2, EEHIARMER RCA T 204 SO # [ Jr it
AFVEVE. fom i £k 72 A 2 YORZ]L 2 1k
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I, RN TR AE R R Si /A KR S
PCKGE, S HE BRUR EE R 1(d) Fios.

M sio. Si

1 Siff/gk it & (a) SOL& B J; (b) TH
JREEZI; () BHAUZ 2000, (d) A& HF B

Fig. 1. Si micro/nanobelt preparation process: (a) SOI
wafer; (b) top silicon etching; (c¢) buried oxide layer etching;

(d) gaseous HF release.
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JE£, IB 4 Gat B F AU ARXEZE 5 LR 42 AT T A9 E
2, TOH I S8 OO FE S IR T 82255 R AR
TR R, a0 SRR R R, LY
Gat B35 e L W R B 232 2 E A2,
i 2% AT A R Ar JC 3 S B 3 4 3 I A R B 1L
B% (scanning electron microscope, SEM) [& £ 1}
TR, Tk R0 DSOS o e 67, 3 ™ B i U035
T 22. 4R DL B o3 A, ARRSER PRI Ti & @ AE N
YIEIR R 2, K 2(a) Bis. 76 FIB Ga Y& 2
Ja, H—E RS HEF BER AN TR )2,
K 2(b) 4 W45 1 T FIB Gat B F Y1 #1151 Si
/9K ) SEM .

Si02 )

T REA
Tif#4 2
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®/ FIBbIH SRSt
BERTi
frir 2
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1% Si 1) SEM [&]

Fig. 2. Process of the FIB milling: (a) Cross sectional view
of fabrication process; (b) SEM image of the released freest-
anding Si.

2.2 WETEHHEE

ELEFER (100) SRR Sif, JEEEZ) 375 pm.
TEH A& Z A0, [FIFREE AR ER) RCA T XA ik
TG Ve, R S5 R Hl A AR an il 3 s, £
AAE: 3YOLA T L 2 G BHE T2 1 IKE
fb = S M UL AL (low pressure chemical vapor
deposition, LPCVD) &AREAE | 1 REE 2 7143
i AL 2= S AR DT (plasma enhanced chemical va-
pour deposition, PECVD) & fbfik A | 2 IR hif
% F (reactive ion etchin, RIE) -7k Z| Al 1 1K

DY H 3L S A AL (tetramethylammonium hydro-
xide, TMAH) &R IRIE 1.

(2)

&3

SEEMH SRR (a) LPCVD A RKAKR
RALTEE; (b) 4 Jm B3 W) & Mg I8 da B A 5| H Ll () RIE
Z i AR A s (d) B g S5 Il e A RR A

Fig. 3. Micro-suspension structure preparation process:
(a) LPCVD growth of low-stress silicon nitride; (b) metal
stripping to prepare serpentine resistors and lead electrodes;
(c) RIE etching of silicon nitride; (d) release of final suspen-

ded structure.

WE 3(a) Fis, HETEAE SifmlR R IH R
i LPCVD 4: K 500 nm JE 1Y SiN, Wi, 1F 45
SE G )ZE B R, 2R B e R T
2, HIEHI4 Pt g IE HBH AT Au 51 H A%, Cr/Pt
U T L BELRT Cor/ A 5 | BR300 S5 1%
&0, SRR/ 5120 5 nm /50 nm, 20 nm/200 nm,
BB A 4 B ANE 3(b) FiR. 4R Hl &5z
J&, KA PECVD = M2 10 min, 7648
HAE K24 350 nm JE (Y SIN, SR, AR H
HI42 R T B IR TE IS 220 TMAH JE& it 72 b Pt g
JEHLBH AN Au 5| M BB B B v . =2 0 38 3 G 0 RN
RIE Fi AR & ORI RE R R B 5 14 A X7 AL
PRRSE, Zh 2 J5 00 3(c) Fiis. 78 AALREZ) 52
5, B R A B R 2 256% 1) TMAH ¥
TR AT, RO TR R FE I FE 80 °C. ik
296 h ZJa, B HICH CE AE IPA W P T T
W, TR T Ak G Bk s 45 A Y T 2.

il 5 58 B ) PRk 23 4544 SEML AN 1&] 4 Fios,
Boas gl B S AR 500 nm JEAYAIR I f1 SiN,
EBAM, 2R ZH 80 pm x 120 pm.
A SIN, & it 8 4 400 pm K| 10 pm G519 EE
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SR ®E. B4 SiN, &5 KA 50 nm JEH
Pt W IR 1T, Pt dE T8 B S VIR KA
AR 1A 4 45200 nm JB. 5 pm T8 Au 512k
54K F 150 pm x 150 pm Au 84 Pad A%,
HAp Wit £ 1m) Pt eI B BHAR AR I, T3 b PIAR
SI T2 Pt eI B 1 %) B R 38 4 ] o
W, B2 450 AR EEZ) 180 wm, 7E—~11
S Si R b A [E] E PR 1000 M voE s 254

2.3 KRS TEED

SR o Un, 7 BRI R A
BB LR L, (ERR IR i 3% 42 A IS Y =S
By, DM i HAA PR RE. H AT RO o 5 7 7

AW ) QR ET 45 L2627 W v 5%
AR SR B, Bilan: MraEmi A SR8 SIN, &
FIRE S EREALAY, JT0E T RN, 2 )5
TR ZS G R REINE ; 9K ERET 1T LIS HEHb G 7S
AFERSF R RE S, BA TR, Bz 5
MEMS g2 5 Mk T, JF BB R
ETE FIB 15 A5 = N 58 N, AN 23 A o h i
HRFUGYE. BT UL AT, AR SGEEE T AURERE T
BFERS . ST/ AR AT B R B # SEM BT
K 5(a)—(d) Fias.

K 5(a) 451 T 2053 FIB Gat VIEIIN T2 J5 1Y
FEAGUORIREL, TR RS IR, GOKIRE 77 2
HEHL RS S B82S ST T/ AR Il SRTE R sh ok

B4 B SEM A (a) B2 EME IR SEM [ (b) B2 #401E 52° B T KI5 SEM B (c) Bk fth# & SEM &
Fig. 4. SEM images of the suspended structure: (a) SEM image of the whole suspended structure; (b) close-up SEM image of the

suspended part at 52° inclination; (c) false colour SEM picture of the microdevice.

10 pm

=

Bl 5 (a) QORIREN S Sifd/giokar Sl #2; (b) T3t Pt 4@ K28z, ¥ S /A0Kas R AS 19 00 B AL 5 () 2R IREHE Si i/
YUK A PR s S5 AR (d) S P AR BE, B ST /0 KA e PR AR A S T ()RR 1, STAM/ANK AT I TE A
2000 nm; (f) F£Ah 2, Si /44K Y 585 > 800 nm

Fig. 5. (a) Contact process between nanoprobe and Si micro/nanobelt; (b) transfer the Si micro/nanobelt from its original position

m E Sample 1

! 10 pm— 10 pm

30 pm 100 pm

Sample 2

by Pt metal welding; (c) process of transferring the Si micro/nanobelt to the suspended structure by the nanoprobe; (d) fix the Si

micro/nanobelt on both ends of the suspended island by Pt metal welding; (e) Sample 1, where the width of the Si micro/nanobelt
is 2000 nm; (f) Sample 2, where the width of the Si micro/nanobelt is 800 nm.
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TREFS St/ Aok F i, FE Ml A KA 25 A A 5%
TR, (HIR X Se RS A i LA Si i/ 9K
M 5, it Pt AUATEARSE (gas injection
system, GIS) BEATIREE, JHE R MU . TEAKIR
BH5 SLM/ AR RS , X Si i/ gk
Wi e T VI E], anE 5(b) B, 78 FIB V) E) 5 #2
TG, R 7 1 RET RO A B B
A, PR AT BESS MU FE S AR Oy T kA
FIB D)% i #2 b eg - 7 A TRl SR B /N i H
Wi, 29709 30 pA X} Si 8 a3 il /A8 KAl 1 I AT )
#2013 4F, Alaie 2 P IEW] T it FIB D)FIFif%
FERE T Z 5, AN 2R it et Jo m A 4 0. 7R
i IR Z 5, B S AR ERET A 5 7% 3l B e
2B ET7, T ORSE BSOS, AnlEl 5(c) B
7. BBNAARARET R St/ KA S AR S B Y
Wi, JFAEJRERUIAR Pt )@, # Si fll /9K [ E
feeas i b X5 UE, AT DL 9K R IR
H, T Si /9K IR 7E B2 5 b, Ak 5(d)
JiiR. Horh Pt & @ TURR AT DLERE Si i/ gk 5
AT AR TR Y R fh (16:17.29-52) S ik FIB
PORIRE RS 1T PIRASIR] RS AL A, anlE] 5(e) A
K 5(f) s, LU TRFROARESL 1 ARG 2. 7ERES 1
RS 2 E S BN 5E 2 )5, ik SEM K
I 7R RGE, B RS2 80nEk 1 8.

R 1 AFEBEMRST S5

Table 1.  Size parameters of different samples.
FLBE /nm JELRE /nm KB /um
Sample 1 2000 220 5
Sample 2 800 220 3
3800
(a) °
.
STO0T" o fiftons . .
= i °
3600 | L "
c L] [ ]
< . .
K 3500 o
-
3400 | .
|
-
3300

300 310 320 330 340 350 360 370 380
T/K

3 ZR53%
3.1 Pt ieREMERE

R T I AN Si B/ AR AR SR, T
WA Si /90 KA I e 23 45 4 IR R
mash . A I AR AE /N T 6 x 100 Torr
(1 Torr ~ 133.322 Pa ) I e FL&5 TR AT, DATHBR
PO IR ARER G, (0 Si Bk / 9 oRAT A in A
2 I RN i 1 2 [ — R AR . R
Tl 2 5 A6 H R T P S R 4T B 7
Z TR SCHR P PR ARGE (25290, (R PR D00 f i i
N 158 I 22 [) P R A i SR RAE St T/ A KA 1 4

FEVEA T SO 2 2 A, B e T Pt g
T L BH A T IR v . o TR AR TR Pt Mg B H
IEL 4y L 1 00 2 405 SR D D 2k v . 9L B AR Ak S L R
303—373 K, & 6 4515 T Pt W I Ha BHLRH (L b v
SR 2 . SR A5 i T AR i ) Pt eI
HL BHR BE R B3 08 TCRy = 1.46 x 10° KAl
TCRq = 1.14 x 103 K1 SZBRGE AR Pt #9I5
BERECH 3.927 x 103 K'Y, & T 50 nm JE MR
TS Pt 48 W, 1A Pt S5 Pt 4@ 2 1Ay
22 50T LUE RS [ Al 4 7 vk AT R 35

3.2 EEBHZEFN Seebeck ZEHINIZE

3.2.1 wHEERaN &

Top R it A L BEL S T LA o 5 0 o A 42 ik 4
4 Pt ORI, IR AT DIV BR A7 A TR, SRR
$t v L BER A I SRS B . P 7 S RO [R] RS Y

1.12

(b)

1.10 -
® i

1.08 b = G .

1.06 . .

R/Ry

1.04

1.02
[
(]
1.00f e

300 310 320 330 340 350 360 370 380
T/K

K6 (a) Pt HLBHREIR AL A9 EAL; (b) Pt L BE AR E B AN A8 4E, Ry D 303 K I Pt Ht BH A LB

Fig. 6. (a) Change of Pt resistance with temperature; (b) relative change of Pt resistance with temperature, where R, is the resist-

ance value of the Pt resistance at 303 K.
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Si 18 /AN KA AE 300380 K I EE VI I P A i BEL AN
FL B R ) s 5 s, T LR BEE TR E R LT
P, SFL R R BEL R AR AR S i B . el 1B 7 () WA, R
i 1A L B TR 2 B FRLRELAE, BOBEERE S 5
JERU DN, RS BEIE . I 7(b) R, AES 2
() L B R IEAR LG AR S 1 AP, X R 2E T
S Te BN 2 wm J8/N 3] 800 nm A, HY >R AY R}
RONEAS J2 DL SE AR S e T dE , T LR RE
RARZ BN, FEEIRE AW, B s IR
SN, FEGER RN T, B TR R A
HaL BH % 1) ek 20051k
q 1

= — 3 BN’ (1)
m = i
AT?2 + T3/2

p = 1/pquy, (2)

Hor g g, p AT BHE, m* B T
AR, N, 8T AL, A R B g R
By N EL S % SR B R R, e, N BOR T IS

120
115 } (a)
110 e
105 |
100 |
95
90
85
80 +
75+
70 F

65
60 | —a— Sample 1

55| —e— Sample 2
50

o——© °

R/Q

—a——n—" —n

300 310 320 330 340 350 360 370 380
T/K

o (1) JC%H( ) AT, R BE R B A iR

FrEr ik, X S5 7(b) H L BHR A A L AR
— .
3.2.2  Seebeck % # 9=

1 Pt eI L RE AT LORS ff 00 2 1A o A ity
E‘J/ﬁ%, EE?/E%B’JT?, SIAERE Sl WS 2 A SR
He, B Vg = (S5 — Sp) /(T — Tc), HeH Spy A Pt
4 JE I Seebeck R, 1 T7E 300 K I, Sp, K
/NEER 5wV /K, I HBEE IR T et B3
L, AT LA Sg — Sp, &~ Se. 43510 2t Hi i
B, Ty A1 Te 56 0] LIS 20 R AR 5 Y Seebeck
FH B 8 PR RIRST Y Si i/ 4K TE 300—
380 K il B ¥ ] P Y 2E D1 v 22 500 0 £ e .
W, FEDLTE R B Mott 56 20 A B
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Fig. 7. (a) Change of samples’ resistance with temperature; (b) change of sample resistivity with temperature.
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Fig. 8. (a) Change of wires’ resistance with temperature; (b) change of samples’ Seebeck coefficient with temperature. The uncer-

tainty of Seebeck coefficient is 5%.
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Fig. 9. (a) Thermal conductivity value of the sample at different temperatures, where the interpolation point is literature values;

(b) ZT value of the samples at different temperatures. The uncertainty of thermal conductivity and ZT value are 8% and 13%, re-
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Abstract

Currently, low-dimensional materials are a hot spot in the field of thermoelectric research, because the
thermoelectric properties will be significantly improved after the low-dimensionalization of bulk materials. In a
bulk material, its thermoelectric figure of merit Z7 value cannot be increased by changing a single parameter,
because the parameters of the material are interrelated to each other, which is not conducive to the research of
internal factors and thus limiting the efficiency of thermoelectric material, but thermoelectric material on a
micro-nano scale is more flexible to adjust its thermoelectric figure of merit ZT value. There are many different
kinds of methods of implementing the low-dimensionalization of bulk materials. In this paper, size-controllable
Si micro/nanobelts are prepared based on semiconductor micromachining and focused ion beam (FIB)
technology, and the thermoelectric properties of Si micro/nanobelts of different sizes are comprehensively studied
by the micro-suspension structure method.

In this experiment, we find that the conductivity of doped Si micro/nanobelt is significantly better than
that of bulk Si material, that as the width of the Si micro/nanobelt decreases, the thermal conductivity of the
material decreases significantly, from 148 W/(m-K) of bulk silicon to 17.75 W/(m-K) of 800 nm wide Si micro-
nanobelt, that the Seebeck coefficient of the material is lower than that of the corresponding bulkmaterials. The
decrease of thermal conductivity is mainly due to the boundary effect caused by the size reduction, which leads
the phonon boundary scattering to increase, and thus significantly inhibiting the behavior of phonon
transmission in the Si material, thereby further affecting the transmission and conversion of thermal energy in
the material. At 373 K, the maximum Z7T value of the 800 nm wide Si micro/nanobelt reaches ~0.056, which is
about 6 times larger than that of bulk silicon. And as the width of the Si micronanobelt is further reduced, the
thermoelectric figure of merit ZT value will be further improved, making Si material an effective thermoelectric
material. The FIB processing technology provides a new preparation scheme for improving the thermoelectric
performances of Si materials in the future, and this manufacturing technology can also be applied to the low-

dimensional preparation of other materials.
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