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Fig. 1. Schematic diagram of the NFTPV system.
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Fig. 2. (a) Imaginary part of the conductivity of BP, where n = 5x10% cm?; (b) real part of the permittivity of hBN, with the

shaded regions indicating its hyperbolic regions.
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Fig. 3. (a) Output power P, (b) energy conversion efficiency 7, and (c) SHF of the hBN-InSb structure with different optical axis

orientations; the bandgap frequency of InSb, w,,, = 2.62x10" rad/s, is indicated by the black dashed line, where the thermal emit-

ter is bulk, and d = 20 nm.
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Fig. 4. (a) Output power P and (b) energy conversion efficiency 7 of the four structures as a function of the vacuum gap distance,

where the thermal emitter is bulk.
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$458. FEH (13) 3, Quuove I TR 2 T UL L LI
i, AT T R AR B 5 Tk R A FLRE
A AT L, B GRE DC A R IZE o A 3 St
A7, B TR R B AOR Y [ S AL 2 G B
IAh, HF InSb-BP/hBN Al InSb/BP-BP /hBN 4%
FIY SHE 7458 T8 45 5 30 ] 15 2138 5, i K%
H 3R & hBN-InSb 25 )11 2.1 511 3.7 7%
{HA5 1 B A &, InSb/BP-BP /hBN &5 ¥4 7547 B 4
RUUFAY SHE o B & 5 i S 80037 AR e K
T B S e 48 3 T %

9T B hBN fhi& 1) HPPs 5 BP Hif k&
) SPPs Z [H] ) 4= AL 8N X AN ] NFTPV 28544 $E
RERIRZM, (51 5(b)—/(e) £l T R[FZEH 1 PTC Bl
FAAT AR TC B IO A2 4. BT hBN AR Ay
P, InSb-hBN Z5H)Z [A] () PTC 2 A AE R [X 35,
Horpginy 11 B PTC 5847 XA .3, anlEl 5(b)
Fizs. 24 BP s A GIR H it B, InSb/BP-hBN
SEFITERUH XS Y PTC S24F X815 3 58| 3
— R RIDCFREFRERRAI K, R AR LT Hh i
B T8 5(a) HEIWAS SHE WM. SRT, t T4

I N PTC WASSHER, 77 BRI B3 A= 40k
B, Xt D) R E R HERCRAZ BRI 2
J . FEE] 5(e) FTLAEF, 4 BP [AlW I & 7R A
SRS FGAR B, InSb/BP-BP /hBN 454 7F
BRI R 25 B B N ) PTC S8k B B 58 . 76X
il X3P, BP H1f%) SPPs 5 hBN 1/ HPPs &/
FABNTE L T —Fh A2 AoT, U 2R 45 2 - 14-
FFRALOT (hyperbolic surface plasmon-phonon
polaritons, HSPPPs). iy Bl 41 % DA I i) K5 F
PTC &4y X33 i 3 225 F InSb o M BRiE 5
HSPPPs Z [AFHAFE G, A=A 1T Z e
K5, $4% T InSb/BP-BP /hBN 45 # i Hh o) .
TERUM A Z b, 25 IR T 45 B8 K- 75 A
JG (surface plasmon-phonon polaritons, SPPPs).
XE— P32 IR T R AR, £ BP/hBN A
T AL I 5 2L 37 S AR RN . FEATBRAIR LT
FLAEF XU A Z Ah X 38, PTC 54 136 K 5
JT SPPPs I TTHR. X 2 SPPPs JE UM 5% 73 32,
HR R AT U 45 S RS A AR BP 8 R 22 [0 (4 46638 %
A, XA N 2T SPPPs BB 3. SR
M, X255 R W& ERR, WML NFTPV
ar R BB HAACR. 7E18] 5(d) Y, InSb-BP /hBN
ZERIY PTC DX 8 32 2 HE 15 Tl BRI O 25
) N A5 B 3 5, X FZIH T InSh A A BRE 5
HSPPPs Z [0 B3 H A . B TG At 1R B
# BP, R LU TR PTC KIBULFE A&, W
BT A, PTC By kit (10) NEHz2m SHF,
HEMPE T aefE R BE L ke, >4 PTC 7E4F B
R DL B3R A, AR (9) X Quoove MFRIBA,
FIE A= 15 nm i 2 TES D WV NGIRIUB IR 0 d A VIO O

070401-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070401
30
— InSb-hBN
—— InSb/BP-hBN
- —— InSb-BP/hBN
. —— InSb/BP-BP/hBN
g 20f
;
g
=
G
= 10}
3
o
0
5 6 7
150 150
3
1.0
100 100 0.8
£ £ 0.6
~ ~
Ral Ral
0.4
50 50
0.2
0
0+ 0+
150 150
3
1.0
100 100 0.8
£ £ 0.6
N ~
«Q «Q
0.4
50 50
0.2
0

w/(10' rad-s—1)

& 5

(a) 4 B &5 11 SHF BE MR MAE KR, (b)—(e) AFLH T PTC Ff A 453 FJC i 490 % 2L X R

w/(10' rad-s—1)

(b) InSb-hBN;

(¢) InSb/BP-hBN; (d) InSb-BP/hBN; (e) InSb/BP-BP/hBN. H: ¥ & 5 &8 Jg &b}, d = 20 nm
Fig. 5. (a) Variation of SHF with angular frequency for the four structures. (b)—(e) The dependence of PTC on angular frequency
and dimensionless wavevector for different structures: (b) InSb-hBN; (¢) InSb/BP-hBN; (d) InSb-BP/hBN; (e) InSb/BP-BP/hBN.

Here, the thermal emitter is bulk, and d = 20 nm.

At (13) G KB EE J, AR s (14) 42
THi T P SR, 25 PTC 164 B AR LA R[]
A HER, XSERAR G T I0HE = A L I BB LA
JEAXFERL, FE(9) 2 Querow K. TR
i (15) 2 L H 0 = P/(Qavovet Qoelow) X 100%,
Quelow MG KAEA DT RS H T 232 1 [ B 14 KT 43
RS VA N e (AU B T B0 B W Y TR N
B b B A3 4 Fb AN [F] 25 48 BP J2 7 B 19 AS [6) X6
NETPV #{4-:RES M i Py BRI .

T E5E BP A HHLFIRE n X NFTPV &

GivERERImR, 6 Hhasfil 1 3 A EAR R H
LR T A Hh D3RR R, 7R 8 6(a) h, B
H A HLTHREE M 5% 1012 cm 2 9% 5103 em 2, 3 Ff
SEFE A TR T, O PR R TR
122Xt BP ' SPPs 5 hBN H HPPs 244k 4=
TR, ISR T I R, 385 T NFTPV
Z Yk o, Hof, InSb/BP-hBN 45 44 iy 1y
4K fx o B %, InSb/BP-BP /hBN 4544 kb T v 45
K3, 1 InSb-BP /hBN £, & 6(b) J&R T4
— AR AR AR L #: InSb-BP /hBN £5#4) 1)
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E 6

3FPESHIEY (a) S th DR P AL (b) RERLAE AR 0 5 BP AL TR E n BICR. (o)—(e) 2 A L TR E R IR, 3 Fhdh

¥ i) SHF BE AR IASALE R (c) 5x102 em 2; (d) 2.5%10% cm 2; (e) 5x 10 cm 2 H #k 548 A1 # d = 20 nm

Fig. 6. (a) Output power P and (b) energy conversion efficiency 1 of the three structures as functions of the BP free electron con-

centration n. (¢)—(e) Variations of SHF with angular frequency for the three structures at free electron concentrations: (c) 5x10? cm 2,
(d) 2.5x10" ecm%; (e) 5x 10" cm 2. Here, the thermal emitter is bulk, and d = 20 nm.
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WNIE 6(c)—(e) AT, LT BT B
R XA SHF 7304 BA 8255200 . 12K 6(c)
M = 5x10'2 cm 2 I, 3 FhesHan) SHE F84E
HE T BRI LR BRI X 8K, 551 /2 InSb/BP-
BP/hBN 45 7F w = 0.5x10" rad/s 4 F B 54
FURY PRI TR B LA DX B Dk
/N X H TR TR BP WY SPPs 3L
R, B0 DL FREREIR T InSb 47 Bt
AT, JCREIE A (R BRI 3 A o Fi AR R, R4
InSb/BP-BP/hBN %4 14 B A7 4 i 1 G B, {H
TAFBRAR L, EAROE T D, SBO T
RBCRARAE FHALK . MHELZ R, InSb/BP-
hBN Al InSb-BP /hBN %5 ¥4 7577 B 431 32 LT [X sk
ff) SHF KT InSb/BP-BP/hBN £5#4), 19T
)2 BP Z5#4rh SPPs WU DR BERLSS . 1R BRI
PLE X8k, 3 FhabHe ) SHE W% 4830 . X Fok i
I3A 22 5 55 InSh/BP-BP /hBN Z5#4) ik i o) %
= T I3 SN PIRPEEAE, ABHACRARAR, Qi 6(a) BT
. BEE AREFIREREE n = 2.5%x10" cm 2,
InSb/BP-hBN A5 A4 i B DAL X5 Bl fe K
() SHF & {E, X KT SPPs (o k1 midifesh, 14
SR T 5 11 HPPs R A . [ES H M2,
InSb/BP-BP/hBN Z5#4 8%k SHF (AKX T InSb/
BP-hBN %5 14, {H J& H W& {8 X 35 % T InSb/BP-
hBN 5 14, 3X 5t 5 BOH it 21 28 5 T InSb/BP-
hBN 25 4. 715 B R DL X knT DLBH 8 3],
4 InSb/BP-hBN 454 B A Hi HL 53R BE A3 K,
FAEAAT T X80 SHE W ] B3 K, X s
PAFEIE R FHBOIRMT. 2 n = 5x10" cm 2 i,
InSb/BP-hBN Z5tE7EH BUTAR DL FAsiy 1T XIS
BT ERY SHE ek, KW m A i 7R EEAT 2
HoR RS BE H A C A BEABAS LA B AR AR
[t T, InSb/BP-BP /hBN #1 InSb/BP-hBN £5#4
FEAR BB DL 1A SHE ZE88A4~ [ Fh A -k B2V ]
PR FFEARACE. FEA BRAIR LAF X4, InSb-BP/
hBN Z5#4) SHF 3 HAR PR E5 A BT R 5E/]N, 3X kk
B 7 A AR, Bk T RO RFRACR. I,
it D AR A BT ST B R YR BRSO ok
A BRI DL RO 7 i, mRCRRY 2
S U B e T B DL b 5 B R LR B Y
FHXF L Bi: InShb-BP/hBN 1 InSh/BP-hBN £ #4)
H T BT LT B 25 A A /0 AT B A 3R LA
A RO T He I, P EAT S R AR

1M InSb/BP-BP /hBN £ ¥4 f 4K &l i ) 2 84805
(B TAH S RE R A FE AT BEUUR LT, 88k
R

TER 7 R TONTE A H RS 38
NFTPV 45 # 1y PTC 734, it — a7 H il
H, Y 3 8 A0 2R G2 30 3 FAOT AR 1 B 1Y 52 .
&l 7(a)—(c) JIREE A B FHREE n = 5% 10'% cm 2
it Ay InSb/BP-hBN, InSb-BP /hBN A& InSb/BP-
BP/hBN £5#4. ME 7(a) 7T LLW%E F], InSb/BP-
hBN 45441 PTC J3 A1 5 30 i # AL (4 XUt # FRe
T, SEAF S A 7 I e B hBN A g i &,
A RO R, S T oT R A 5O
B 25410, AER 7(b), (¢) H, PTC AYZEH I &
55 HLYE B4, BEDG TR Rl iE 2 # T BP
JERMEIER, BRI A AR E R, RS
3T G R G e ik W E AR, X 51 6(b) h R
PIRNZE R I D DR BRI AR & 2 B BT
W E n = 2.5x10% cm 2 B} (& 7(d)—(f)), 7T
PLF #] InSb/BP-hBN 2544 1) PTC 5247 X 48l i 3
PR, BN SRS B 52 HAE A R, A
EAR NP st e RS E BURZL Y I UK 2 AN (TE]
SR T RS SHE. Xof N, FHoa AR LA i s
DI D 0 P i, AR s T R A i — 2D 4R T
R4 InSb/BP-BP /hBN Z5#4 1) PTC 5277 X I
bl FL VR BE RS RTINS, (B PTC 4045 X
B %/NTF InSb/BP-hBN 454y, S2hi# SHF 1§
(HEAE. SR, MIE 6(d) AT I, InSb/BP-BP/hBN
() SHF W(E 7 7 XU B T, X R W 4 T B S8 Y
RS R, Ho i 8 2 220 T InSb/BP-hBN 454
HAMETFREHR - PREE n = 5x10" cm 2
it (& 7(2)—(i)), InSb/BP-hBN %544 () PTC 32
IR B RREE, WX AT 0TI T o B 1O
FRE M A, 20 AR R AR RS RN . (EAR T
HJE, F 7(h) # InSb-BP/hBN 45#4 1 PTC 43
ATE S A R L HRRE T S S B i R, et
DCIARXS RN, 3% — R R R iER 7R 1 A IR
X S5 B WO B TE A MR B BEE A T
WEETH S, BP 5 hBN YRS G488 202 W ) 2 401 i
%, S PTC7E w = 2.85x 10 rad /s AL HY 234 [X.
SIS, VR BT B AR 5 R, SHE 143
T P P R T, oA (AR S A AR T O R
55, ROMSEIL T Pk iR, B, ) H
JERSETH R L TOL TR A U S A S iR
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Fig. 7. PTC distributions in wavevector space for the three structures: (a)—(c) n = 5x10'? cm 2, (d)—(f) n = 2.5x10"% cm %; (g)—-(i) n =
5x10" cm 2, corresponding to the InSb/BP-hBN, InSb-BP/hBN, and InSb/BP-BP/hBN structures, respectively. Here, w = 2.85%

10** rad/s, the thermal emitter is bulk, and d = 20 nm.

Hrr InSb/BP-hBN Z5 4 76 iy H i oL iR B 5%
7F R RIS AR ATHE S SR, 7] InSb-BP /hBN
ZERMIPRBL S BP JZ2 A IR (4 52 R R

4 %

ASCHEH T —Ff 3T hBN/BP/InSb 5% 8 4%
ML POCIR R G, REMI T BP IEAH =
[ A7 X 25 A2 1 i 1 9 2 AL . 3 X e InSb-
hBN, InSb/BP-hBN, InSb-BP/hBN HI InSh/BP-
BP/hBN PUfffg i, 1558 LL N FZ 458

1) Fe A 5 P RE S 0 FEA S IR R A
R, InSb/BP-hBN 2544 R i fe 25 5Pk
A MEAHIPR 10 nm, AL SFEHEEE R 900 K
I, IZEE A Hh DA R i ik 1.2% 100 W/m?, BE

HFARRCR N IE R BRI 60%.

2) BP i B (1 HEVE FH: BP 78 &2 40 P Y 25 ]
P E X R B doE M. X BP iRk
IR HL M FE T (InSh/BP-hBN), AE %75 {445 5 i
HR ) S 11 [ ) 2 5 e (R P #5553 1T BP 7 w7
P B R MR (InSh-BP/hBN), 4R g% A 5L
P BR AT B 2F A= BURE, R 46 3 T 2R X 41K
XU BP fit & (InSb/BP-BP/hBN) £ 4R i H o %
S, A TR LA T fE A B e S EOCRE R
i TR

3) A=A 1P 3EALE]: BP H SPPs 5 hBN
v HPPs 421k IE i T HSPPPs #il SPPPs, &3
H5R T 6T B SR AT e BTG AR, EAT BT R
DA DX 8, 2 Absstony 34 5 0 6 S RE IS B S0 O
A HLRE, JEPERBER T BUAZ AL TR BR A
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4) F LR B R RN : BPH B HL T
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InSb/BP-hBN %5 #4 S 81 U #AR b i 38 5] 47%,
1M InSb/BP-BP /hBN 45 4 8 FAG A YEFF1E 5%—
8% HYFARAK -, X LE 22 S5 T H H H IR P X
BT BT DR RE i 2 O R AS [R] 200

5) L% [ B i) 52 0 KL i A 45 4 ) i o 2
R I LA (1] B DT BRI T B, e 1 IR
SRR EE. ZE/ DRI T (d < 20 nm),
T BP S5 PR RE 0 Fdn 35 T A AR [ Bt
(d = 1000 nm), InSb/BP-BP /hBN 54 3% % )
71T 3t A AL 7 | S =1 B P ] B SRS

25 LR, A 51 A BP AL H S 1]
B, MINSEL T InSh-hBN T igHOBik R4 H:fE
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POCRYEREM P RA BT, W] T BP A8 [ A
YR R L 5 [ 0] i P el R ) b ] S A AL
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SPECIAL TOPIC —Heat conduction and its related interdisciplinary areas

Near-field thermophotovoltaic system based on hBN/BP /InSb
heterostructure: Multi-configuration performance
comparison and optimization”

CHEN Bosen! HU Yi! JIANG Leyong!? WU Xiaohu?3)*

1) (School of Physics and Electronics, Hunan Normal University, Changsha 410081, China)
2) (Yangtze Laboratory, Wuhan 430205, China)
3) (Institute of Thermal Science and Technology, Shandong Institute of Advanced Technology, Jinan 250100, China)

( Received 11 October 2025; revised manuscript received 24 November 2025 )

Abstract

Near-field thermophotovoltaic (NFTPV) devices enable direct and efficient conversion of thermal radiation
into electricity, showing great potential applications in waste heat recovery and nanoscale energy systems. To
enhance conversion efficiency, we propose an NFTPV system based on an hBN/BP /InSb heterostructure, where
hexagonal boron nitride (hBN) serves as the emitter, black phosphorus (BP) acts as a tunable interlayer, and
indium antimonide (InSb) functions as the photovoltaic cell. The anisotropic surface plasmon polaritons (SPPs)
in BP strongly couple with the hyperbolic phonon polaritons (HPPs) in hBN, thereby forming hybrid surface
modes. These modes enhance photon tunneling and achieve effective spectral matching with the interband
transition of InSb, resulting in a substantial increase in near-field radiative heat transfer. Using fluctuational
electrodynamics, and detailed balance analysis combined with the transfer matrix method, we systematically
evaluate four structural configurations, i.e. InSb-hBN, InSb/BP-hBN, InSb-BP/hBN, and InSb/BP-BP/hBN,
and examine the influences of vacuum gap distance and BP carrier density on device performance. Among these
configurations, the InSb/BP-hBN configuration exhibits the highest performance, with an output power density
of 1.2x105 W/m? and a conversion efficiency approaching 60% of the Carnot limit at a 10 nm gap and 900 K
emitter temperature. Furthermore, theoretical analysis shows that the spatial position of BP critically
determines the probability of photon tunneling, thereby governing the change in output power and efficiency
among different configurations. As the free electron concentration increases from 5x10'2 cm? to 5x 10" cm2,
the hybridization between SPPs and HPPs changes markedly, leading to distinct enhancement behaviors of
radiative energy above and below the InSb bandgap. These findings clarify the mechanism by which SPPs-
HPPs hybridization enhances NFTPV performance, offering new insights into and design strategies for next-

generation high-efficiency thermophotovoltaic devices.
Keywords: hexagonal boron nitride, black phosphorus, waste heat recovery, near-field thermophotovoltaic
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