®50% % 18/2023F 1 A/HREH*,

Je LR N Y HLER  ZRAIE 55 PE B2 b

BRE Y RES KBTS, Rt
AR SR A, WL BRI 430205
PR S R S HE RSB, WAL B 430072;
PRI T2 B, AL I 4300725
PRGBS E AR R P, A TS M R T S, e IR 430072

FEE LA RN T L AR R I A — AR L A O s BRI WL B TR R AR S R A 52 R R A O A
TELL AN RN B 25 0 BB AT T I (4 N R T 5t o BT 400 SRR v B S80 J T A 8 2800 T R e ko 8 L e ¢ 00 75 oK 1 8
T, e A B S A 5 AT A R e R 9 R — R B A RERIE B A8 AR BT O vk o R AR R B R 3R B A B O £
R SCEE A FEAL b A SO RO AL RO A BILEL 05 BB RHRE OGS B0 5 s R R, DL R R R S = AR Y

HERMEAT T W BG4 A B AR 28 AR S I T R A PRI 52 5%
KEER RIG; OCHORRL; PR T ED A 2 Y R

MESES TN247 XSS A

1 51 5

I BRI 2 R G 1R o £ B A i T BE A L 2 —
Moo XFFIEMPRN A 2 L T B, Hh e oDt f
RN 22 AT AR A B EL T 12 B P O R
e F o AR 1 L B2 T T i A RT == R AR Bk
A SRR T R A, AR R A B BRAAIG , Thi HL ' R
I P B AT R S B O R N R R B 2 R . A%
G210 06 PRI A5 52 PR TS 32 T i R s AR o
I E) AR A AR 2 PP i o ' R AY (I A2
FAFCE v R P PR R AT PRI K B2 A R B
AR o D380 AE PR IR LD FI R 2% 0k Be L i TG T
A RE /0N, 38 A B AR A B SR AR Ot B R
N0 18 A 0 7 T EL 75 B AR AR AR AR AT, EABRR /£
WO BT R R RS T PR A R . X LB IRR
BNt A 5T T AR O R RIS AR R R G
ZRIE . HPRIELL AN 198 B ACER AR B A R R R ]
() F2 B B S B R R B ZL A PRI X T A R A A
B S GE R CEM BRI IS W A R . K2
(P29 0. 3~3 mm) B I AE 6 57 15 K 2 %0 B
B, JFEL AT RUBE 36 70 7 4R 3 A1 5% S RE 4%, 76 22 ke i %
FERESEE (BT 2 W A e O A A U AT ) R A
P o Unfa 28 80 4 by I BIR 4], 52 B b 4 i 8 3 0K
o 2% 1 B ) il O A TN S > T IR I ) G B R 2 )
AR OFTAR 2R FT AR AL AT R s e R

DOI: 10.3788/CJL221306

Ot B4 R SR SR — b M P OIG JR AE  BRRNE  2
FHRErR B SR R ™ AR R AR S B L BRI AL D, B AT
ATTE i I AR TARRIOL A . 1T AR A A
K = A BT AR AR O S5 B ARG BT 9T, 2 N
oK' 7 8 2 R R R Fi W 7 ) D' A FL 200 2R 1 R R
i A R TV TR G F T W AL A R BE AR 5 T
B 7T —RPNUR o A SO AR R A AU AR A
SRR RE A b, 0O A 2800 9 BIL T | A B A
FERHE T P REIN U7 15 SR AT T 2R R B 0 e
AR KSR DF RN GRS %

2 JEHR RO Y I ) 0E

2.1 e AERMALE
2.1.1 #xjgE

ATT3E A S Sl 3 R S0 S T e AR B
JCIRE AR B R B T R G AR 2 R AR T
IACHL IO 7 A R T /LY R RN o 2 TR D' A L B 1Y TR
R B ZALE AORHAY 28 DL e AR B B T IR R el
ROR IREREPE (LU VTR 55 eI AIDE R
RN A% AT LA T AR TR 2 i A5 B0 T, AT LA T AR TR A i
JEAEOLT o Tt A 5 O Fs b L3R g 't 2K A 280 A o 17
JE{EL[A] B A 2 5 BORAM A4 DR RS SRR 1/
UTAFR R B T A AR AR AR A 00 T R SR IR 2
7GR RN, BB T o G A R AR B4 A% O R R TR
P PR A A B O T AL B S o AR R 3R

Wi HE . 2022-10-08; f&E HHER: 2022-11-28; KABE: 2022-12-09; MELEHEZHE: 2022-12-29
HE&WB.: EXRESUAITR(2021YFA1401100) [ % H R FF 54 (12174293)

BE1EHE . zhigiang. guan@whu. edu. cn

0113004-1


https://dx.doi.org/10.3788/CJL221306
mailto:E-mail:zhiqiang.guan@whu.edu.cn
mailto:E-mail:zhiqiang.guan@whu.edu.cn

®E50%& F18/20234F 1 A/H0E#*:

LS 8s
W55 RS0 LT R4 Y e i A i, DR I 3R
TR FE WA T RGN E
X F LI e ok A SR B OE BN IR 2= AT AT LA
A 5 7R
CemeAT = Qs — Qioses (1)
AP CRILAE ;m B E; Qua e H TIMMARD
W S fig i 1) — 53 Qo R FEHL R AR 1Y B =
G, B AR ' BRHE 0N R 5L R e Ik &R
BB /INGY FE 3RS, DL S B R A i 22 o
S B RO A IR 2= B A A S = (2)
P o
AV:—JJRVT-S(T, er)dr, (2)

A AV IR 2 B B T IR 5 S(T, &) N ZE U1 72
FH e T TR KRB ;oo F1 o 3 B 8 8 1 A7 o A1 2 o
A F

P 2 2R, AT L S 5T R 1 TR 25 R
P2 bR B FE UL T 2R RO 4 A 2 0 T B L TR R S,
B 25 A BV T B HhL B0 2 15 R v BELAS B S K
VMR o LA (9 BT T L4 R IR 43 A A X R A
FIZE U138 285050 A Al R, FEop R 4 A R % ik Y
LT LU 2 JE 440 B8 S2 0, 28 UL 5 22 K04 A Sl X
R 2T LS o k8 AR A bR R E 4 T BESI
T IRHE S A 0 L 2 B R B L S A
AR Y SE 8 DX 43 =75 T L RAR G I B
2.1.2 wFHR

H BRI 72 A 5% X A e w17 WL 1 0 B £ 28 L AR 7
AR R R B bR R SR ) S i, 3
Bt TSR IR BN TS EA MR RS SR,
T 412 25 G b R 9 DL 9 2 K, k3 a4 bR
BE 5 4 6 ok 8 47 7 T3 B0 I 1 BV 3 DA T 7
T 25 3 e 3 3 A U R 3 BT 1A LA v A A 1
R R i T AR, 3 e N i DS B
A AH B S B AP RE S 8. b Ah L X T LA
IO, V7 B RO AE O T AR P BRI

e e SRR T R T 2R 0 v R iB A
WE O TRk . R R R A R B T RE A Y
o5 A0 8 P 28 K K L 5 43 A R B R R

—1

fo—{exp(E;TEF)—O—l} , (3)

R T IRESEE N g(E)dE, BT LAV iy & i 1y
T REN

=] B g(E)dE, (4)

K ENER G E A PORBED ;s o N BUR L B H 8.
T LB RES W

3 1

dn(2m' )’ E*dE

- (5)

g(E)dE=

ey L A OB 5 h o B R

T e T i n B SR (p B 2R SR I8 T A 2R
L) o SIABE T IR I 8] 7., 52 P 3h 10 731 ok £ gh 25
fili i

ar(E)_ f(E)—f(E)
d¢ T, ’

A fUE) R B oK -2k hr 5 S 238 030 A BR L f(ED) R 3K -
B 5 53 A BRI ER

. TR AS [ BIC AL AR T DL STk A (] Y st B[R]
— ke Pt 4 IS ) Y KT LB 0 B T A L
A 455 75 2 4% 2 A R Bl B ST o BV RS Ak 2% T
1) BTRR 7o £, Horh o 287 st 4 8] # 4K

FH B IR 2% 8 05 72 25 1B A0 i v, 35 19 52 ), A 30 A
]

(6)

f“ﬂffxE>”Wiéwﬁ?*lgTEfE‘xm
HETTT SR 1814 251

f:ﬂ;mf(E)g(E)dE, (8)

j:fO\‘ME_EF)f(E)g(E)dE, (9)

I e R FEA LA 5 0 TR BT 1AL K

e B TR RE R AT R E p (5 E o’
A7 %) AT LAAS B B0 1 A G0 HL IR R R
M(8) V(9T , Hi it 5 JEE AT B %5 3 9 K B K fig )
(52 P S W RE B0 A1 ) 14 23 [8) B 2 iR 38 1 8 J52 2 1) o
At TN (9 B PIL A5 A AR B .

X TR 2B S AR R S AL, 5TA
n [ B K KL B

Fu(n)=exp(n)] & exp(—)de=exp(n)rLn+ 1],

(10)
LIRS
8 2\ ., 2 3 5
a—ﬁ(,)e%m*)ZTro(kT) +Zl"(r+)exp<77>—
3\ A 2
nep, (11)
b 5
a=¢{7y(r+”, (12)
e 2
1 K?
= K,— — |, 1
AL Tz( 2 KO> ( 3)
/\q:|7
2T (- L dfi(E)
K=—"| g(E)o B 2o yE =
3777*Jo‘£’( )z dE
3
8n( 2\ Ny 3 PRI 4
3(}12) (m )—Tro(«s+r+2)(kT) ZF_#,A,%’

s=0,1,2, (14)

0113004-2



®E50%& F18/2023 £ 1 /0 E#:

3
2mm kT \?
71_2< TUZZ ) exp(ﬁ), (15)

4
0= 1F<r+

3m?
Ko HHL TR o0 %N 5 REGA WEWR TG
s 2 5 R AL AR G Y 5 5
TE 75 AR RS iR Sl B T O o 3 A
LR R E R AW - = — 1/2, #E M AE 3)

1

4 er,(kT) ?
pp= el #T) © (17)

3x? "
SRl A e s N = NEER =)
&&“%ZM»O (18)
Z SRR AU B TR A R
11\
Ze(ZOL) , (19)
K L ZRMBL SRR, R TFIERRA N
L
L (20)
Ho

L
1+
Iy

U 2R 2 XU A~ S AR AR, 49 0 gt R A AR AR
SR R T B R R AR AR R R R R
XH

5 ) eto(AT)"

5 (16)

m

=" .’: , 21
ST o (21)
FE DL e RER IR N
dV/dx  a,0, T a,0,
fr— p N 22
AT oo, (22)
HETT, A (i ) 25 B ik Xk
, , dT
]n,p:an‘pTln.p_/ln,piy (23)
dx
BT LA BRI T AR R
0,0 2
A:Aﬁ%f#%+;@%—%)ﬁ (24)

AH 2 4 ) H T TS O LR 0, i 6, 00
N HL T HES R SR o, Fil @, 20 ) R LT RS SR
FE UL v REG AR, 20 3 R HL RS o S
2.1.3 HFHR

P REME TG R FERAS FREN T
[ Y i )

A — L‘VBUA

oy RANMOBHI FEIAES R B AR UM 7S+ RGE
S (N AE) 5 IR FE AT 5 o R 75 - FF 3RE (6
P AU R AR ) s L RR T TR AR,
— 5 exp(@y/T ) IE L, Hh @, W EEFEEE . 5T

(25)

{rf
& hE

55 A TR) e B (R A R B ) B8 BOR AL 2 7 IR TR PR I T 32
Wi P 647 249 e A AT 2 W ot A P 23 A Y
RECC R . 750, BRSO ) HOR T 3 252 R 6E
P RVHUR AR, B 3 S m e 1, (HUR 1 Rh
UL CAnsh g s ) o 55 2275 300 1 R AR
gl i 2 5 3R A B T R GE, T BTRR R 2 AR, RIS
T B

Xt 2 RGO BB R T B BAR A —
s (HSFX R R AR, X R A PR AR A A R
HUICAg 1N W R YN I NI S S R o e i €L B
R, X 8 — TR SR BRE, AT R

2 [,
/‘(L:/{o_g/‘(o i, (26)

SIS IE 20 R 4 5 2 A /D B P B R § 2,
9 1/3 X R LW /NE] £,/3) s Mt 5 B 25 R R B i —
SN A A B R T R

AL::X;L, (27)
o L3RR ok i AR ROR S 12 RS — AR 23 S B

SRR VAR T ANG
X R L AT i AR RL IR R
EYC N
%:”gk (28)
YK S5 P PR M BR Y ek R T AR TR
AR . Bulat 25" 358 T 7 13 A9 I 28 X6 ik - 86 i £k
VIR G INTG R o 90K G509 B4 RIS 58 1 R A1
AR i A R DTk . PR R B S g T LA
KB, M R R F R 20 nm B, SRS G R R RE T
55% . MR R Tk ARt W AR T R T
R B s iE — 2B KB 75%0 . BEA AR RSN, 9
KA L R BT 3T R R B R Y D PR AR S 2
AL X A 238 BT R ) AN A, AP e 2 i X sz
K LRI I B S MR B K . Dames %575 T Born-von
Karman #5 8 i 1F 38 25 R B & T 900 By # & 5
e P /NT 2. 944 By T STRRIY , Horh A 2 5 5 A
TR /NAR OC I e /N AT BB 75 F I S . Dames BB 58 45
R, 90% MR W K /NT 2 nm 975 F AT Y
AN TEF PN T IR T e/ NGK S5 LA BT A 90 K 45
I RST o AR /N — AN S5 R A AR A
F I8 BT, AN R BT ST . 9N K L FHE A A 1Y
HLRE BE A /N 180 2 nm, IR 2 8080 w2 7 1918
WO, NG IR E P AR E XA R . %
BRI FERERB L2 WIS FER R A S A
YK RL d R RST B98N TR AR . B4R 2 56 nm 4 fi
0 K 2 11 S 6 LR 45 S 5 R TR0 45 S X Hedn #] 1R
TN o FH G K 25 R T T B0 A A RS SR 1 R A B
0 ) e R B RO 75 B R 5 K, AR IR FL T 25K
AH L AR B B A B AR A, e R BRI iR

0113004-3



®E50%& F18/20234F 1 A/H0E#*:

A /W +m™ - K™Y

20 50 100 200 500
T/K
Bl 1 56 nm ELAR fk 44 K 2k 14 b A 0T 3 i TRLEE 19 28 4k, 520
JESCHRL S TR S B e | it 4 Sk L7 TRy I B
Fig. 1 Temperature dependence of lattice thermal conductivity
of 56 nm diameter silicon nanowires, where the solid
point is experimental data of reference [8] and the curve

represents the calculated data of reference [7]
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Fig. 2 I-V curves and short-circuit photocurrent scanned of Schottky/ohmic electrode contact devices"". (a)(c) Measured I-V curves of

Schottky/ohmic electrode contact devices without light irradiation; (b)(d) short-circuit photocurrent (I,.) of Schottky/ohmic

electrode contact devices, the laser wavelength was 633 nm, the power was 0. 18 pW (3. 67 W/cm?), and the yellow and grey

regions correspond to the electrode and Si nanoribbon
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Fig. 3 Estimated thermoelectric response by lattice temperature rising'".

(a) Simulated lattice temperature distribution in silicon

nanoribbons under continuous laser irradiation; (b) simulated voltage distribution along silicon nanoribbon direction
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Fig. 4 Simulation results of photothermoelectric effect in silicon nanoribbons™. (a) Simulated spatial distribution of electrical
potential, electron concentration and electron temperature in silicon nanoribbons at 16. 2 W «cm™* laser power density; (b) laser
power density dependence of carrier temperature difference AT between two ends of Si nanoribbons; (¢) laser power density

dependence of open circuit voltage V.
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Table 1 Performance summary of photothermoelectric detectors in the past three years

- . Spectral  Response N Noise equivalent Sp'cc'iﬁc ) See'bfack
Active Material range time Responsivity power /1/(an . detectlvlgy D /l Coeff1C1erjE /
Hz %) (em+Hz'"** W H) (pV.K')
Ti-CNT-Pd"" UV-THz 7 ms 10.6-158 VW ! 0.05-0.63 (0.4-5)x 10° 125
EuBiSe, UV-THz 200ms  0.59-1.69 V.W ! 0.27-0.67 2.9 % 10° 1000
NbS,™ UV-THz <10ms 1.64-6.9V.W ' 2.5-10.7 1.7 %X 10° 38
Graphene oxide'"”! UV-THz 34.4ms 8.73X10*V.W! 20 4.23 % 10°
SrTi0,™ UV-MIR 1.5s 0.6-1.2V-W ! —1000
Graphene/doped-PANT" MIR-FIR 1s 2.5V.W! 6.8 107 21.8
CNT/PVA™ MIR-FIR 1s 0.1V.W! 35 4.9 % 10° 25
Graphene/PEDOT : PSS MIR s 0.27 VW' 1.4 % 107
Co:BiCuSeO™ Vis-NIR ~ 0.194 s 0.48V-W! 30.7 2.9 10° 349
Photonic crystal (Bi; Ag; TiO,)"" Vis 3.9s 0.26 V.W™! 7.5
MAPbI,/ graphene oxide ™ NIR 1.47ms 4.4 X 1077 V.W™! 7.17 —4.7
MoS,"™ Vis-NIR 372 ps 23.81 AW ! 1.18 X 10" —6 X 10°
NdShb,"* Vis-NIR 15 ps 4.9X 10 *A-W !
HgCdTe™ MIR 13 ns 2.5A-W' 10°° 2 X 10"
PdSe, Vis 4 ps 1.3X10 AW ! 2.55 X 107
Sittt Vis 120 ms 10°V.-w! 9.9 X% 10°
Black phosphorus'™’ THz 0.8 ps 297 VW' 0.058 198
Graphene!™ THz 30 ns 105V.W ! 0.08
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Table 2 Performance parameters of photothermoelectric detector

Parameter Definition Expression
R,=1,/PorR,=V,/P
Responsivity Ratio of photogenerated current or Here, P is the incident light power, I, and V, are photogenerated
(R) photogenerated voltage to incident light power  current and photogenerated voltage, respectively. The units of R,

and Ry are A« W ', V«W ! respectively

The rise time 7, is the time it takes to transition
from 10% to 90% of photogenerated current/
voltage and the fall time z, is that the time from
90% to 10% of photogenerated current/voltage

Response time The units of 7, and 7, are s

Py = l'.v/Rf or Py = "U,\v/Rv

Noise The minimum optical signal power that the . .
L L Here, iy and vy are the current spectral density or voltage spectral
Equivalent photodetector can detect or distinguish from the . . . . .
. . . . density of 1 Hz bandwidth, respectively, with the unit of
Power total noise (environmental induced, internal ve 2 y
A+Hz "“and V+Hz "*. R, and R, are the current responsivity and
(Pys) generated, etc. ) o . . . e
voltage responsivity, respectively. The units of Py is W« Hz
Specific . =/ £ A/ AN
pectii Comparing the performance of photodetectors ) D_ S. /Pxe AS“ Ifﬁ‘/v‘\ ) ..
detectivity P I . . Here, S, is the working area of the device. The units of D" is Jones
. with different sizes in the normalized bandwidth Ve s
(D) orcmeHz" e W™
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Abstract

Significance Photodetection is essential for obtaining optical information and computation. Photothermal and photoelectric
detectors are two types of detectors that are widely used because of their different utilization advantages. The advantages of
photothermal detectors include their broad spectral response and the ability to function at room temperature. The disadvantages of
photothermal detectors include their relatively low detection speed and efficiency compared to photoelectric detectors. Photoelectric
detectors exhibit high sensitivity and rapid response, but their material bandgap limits the detectable wavelength and typically requires
operation under cryogenic conditions for small photon energy. The key scientific and technological demand is to overcome the
bandgap limitation of materials and achieve room-temperature light detection in mid- and far-infrared and even terahertz bands.
Therefore, investigations of related materials, mechanisms, and device design principles are urgent.

The photothermoelectric effect is a photoelectric detection mechanism that uses the thermal effect generated by light and
combines the thermoelectric response properties of materials to generate electrical signals. It has the advantages of zero external-bias
operation, broadband optical response, and no bandgap limitation. Thus, the photothermoelectric effect has potential applications in
infrared and terahertz photodetection. With the potential impact on the efficient utilization of hot carriers in nanomaterials and the
demand for long-wave detection at room temperature, research on the photothermoelectric effect has rapidly advanced in recent years,
with new materials and novel device designs emerging in this field. However, the mechanism, simulation, measurement methods of
relevant material parameters, design guidelines, and detection performance of photodetectors based on the photothermoelectric effect
still urgently need to be clarified and summarized in this field to deepen our understanding and enrich research tools.
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Progress Starting from the physical mechanism of the photothermoelectric effect, we systematically examined the factors
influencing the photothermoelectric effect, such as the Seebeck coefficient, carrier mobility, optical absorption efficiency, and thermal
properties. We reviewed the conductivity and Seebeck coefficient improvement method by adjusting the bandgap and effective mass of
the carrier density of states through energy band engineering. We presented a theoretical formula and experimental method for
optimizing the thermoelectric figure of merit by regulating the material selection, nanostructures, phonon spectrum, and thermal
conductivity. The physical mechanism of the photogenerated carrier process was also discussed. We presented experimental
differentiation methods for the photothermoelectric and photovoltaic effects (Fig. 2), clarifying the different electromotive forces and
photocurrent origins. We introduced a detailed multiphysical simulation model of the photothermoelectric effect using COMSOL
finite-element simulation software and discussed the critical parameters for improving the photothermoelectric response. We
summarized the experimental methods for measuring the material conductivity, Seebeck coefficient, thermal conductivity,
thermoelectric merit, bandgap, carrier mobility, concentration, effective mass, and carrier scattering mechanism. We reviewed the
research progress in photodetectors under the photothermoelectric effect in the past three years, particularly in one-dimensional carbon
nanotubes, [l -V semiconductor nanowires, two-dimensional materials, and materials with phonon-polariton characteristics. The
performance of the photodetectors based on the photothermoelectric effect is summarized in Table 1. We introduced the optical,
electrical, and thermal design guidelines, critical performance parameters, and recent applications of photothermoelectric effect
photodetectors.

Conclusions and Prospects Photothermoelectric effect photodetectors exhibit advantages of broadband optical response,
nonexternal bias, and room-temperature operating conditions. Thus, they have promising applications in the visible, infrared, and
terahertz photodetector regions. The photothermoelectric effect can also be applied to photovoltaics, material characterization,
spintronics, and valleytronics. Before the bright application prospect, several vital problems remain to be solved for the
photothermoelectric effect, such as the response speed, synergy effect of the photothermoelectric/photovoltaic effect, and
optimization of thermoelectric materials with high carrier mobility. With continual research efforts in photothermoelectric effect

photodetectors, extended applications based on the photothermoelectric effect are expected.

Key words detectors; photothermoelectric effect; hot carriers; Seebeck effect; multiphysics modeling
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