5 44 345 3 0 AP NS N2 3 1 Vol. 44, No. 3
2025 4 6 A J. Infrared Millim. Waves June,2025

XE4HS:1001-9014(2025)03-0365-06 DOI:10. 11972/j. issn. 1001-9014. 2025. 03. 006

58 & I E T B RS 1 i 57 48 S U St AR iR

Rélg", HERE', IRX'", B W', BREEY, #RER
(1. EHFRHERE BT S H RSB, 1 2012105
2. thIERIEBE LR RITFIEAT LAMRIE S AR A T R, 1 200083)

FRy

BEATRABTHOMRMBN LR EORE, FRTAELGUABLEARRNBHNERREREHE
BETRABEALARDT —HEH TEAARR S BAEACRAERFEY, FLHTEE B
TARERAEEH BRI ER LGN TR HAREREN, ERUERSSE, £k T RAEH A F L Rl E
AT 95%, BLAE AR A HLH A le FAB A Ay R AR T, Ot v R R ey R B R B T K 160% ., BT T AR
EAUTRAREERESHNERN, WHELL B MR EREHEF IR B MR E T ARt

x # W:EREA; 2ETH; BES
FE 5250439 XHERFRIRAD : A

Photoelectric conversion of critically coupled quantum well devices
in the strong coupling regime
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(1. School of Physical Science and Technology , ShanghaiTech University, Shanghai 201210, China;

2. State Key Laboratory of Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy of Sciences,
Shanghai 200083, China )

Abstract: To enhance the net photoelectric conversion efficiency of quantum well infrared photodetectors, this study in-
vestigates the matching conditions between radiative dissipation and coupling strength in devices operating in the strong
light-matter coupling regime. A critical coupling model distinct from the conventional intrinsic and radiative dissipation
matching is proposed. Through an analytical model, the contributions of intrinsic thermal dissipation and coupling
strength to the critical conditions are quantified. The results indicate that, with optimized matching parameters, the net
photoelectric absorption efficiency, excluding thermal dissipation, can exceed 95%. Moreover, under the synergistic
regulation of the strong coupling mechanism and critical coupling conditions, the photodetection response can be en-
hanced by up to 160%. This work highlights the importance of optimizing dissipation and coupling parameters under
strong coupling conditions, providing theoretical and design guidance for improving photoelectric conversion efficiency
and enhancing the performance of quantum well infrared photodetectors.
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Fig. 1

Schematic diagram of the photodetector device and energy level distribution: (a) schematic diagram of the device: input

optical field S;, and output optical field S,,; radiative dissipation coefficient /", and nonradiative dissipation coefficient I, ; cavity

mode electric field £, and vacuum Rabi frequency Q,. (b) schematic of the energy level distribution: ground state £, first excited

state £, collective excitation electronic energy level £,, Fermi level E,., and extraction level £,



31 RNV 5 SR X B T 5 1 s PR 0 e 267

0, =T0meV, i AR E 0B T RN o, =

[l +(0,)" = 130meV. [ 1(b) 7% 1 W IX d5k
B AN R O 4 R R T S TR 4 R R 4
JeR S 1 55 B T LA o OB AR TR B, RS
PRASTF S5 (1 2(e) ) Hp T LA S 15 0 4 %
B TR MR = A T A TR R A TR
25, 0B 80 K IR, L4 i i L% i H BE AL 0, =
11 meV. A TBEHSE R IG% 7 (o) 7T
LA 38 3 e 7 4 SO0 e R AR A A ) (] 2
(b) . (d)). MAERSFIH, A ERK: A(w)=1-
R(w) - n(w), AT LL3E— 25 15 51 38 05 1 $RE R
Alw)(E2(b)).

2 IEipiEAY

CL A SCHR B BRI HE L A B T F AT 70 A 4
SRR RIS AR 00 B B4 DL JRC 0 IR AR AR A S ), T
1(b) BRI T BE b S~ o - A IR 0 458
THT 5B T RS R T,
L HLF-REZR 8] AR 25800, AT LS A
(hw, )" -2

i

H=H +H, + P+ (a —a)P,+
4F,,
hﬂfzk(c%c% + 031;03/.») s (1)
r ot 1 ——t N e
Hof, H, = B(a a+ )RR BRI T 0906 4 10

Ha M RO TR R SR B, 1, 5
%%%%%%ﬁ%dy=2@;m+a@g%%
R 12 Al R ERAR P AT, ho, BT 02y, =
(,012)  FE I, 37 50k T 155 85 T PRt L %
A o F R TR S R 2
T E S i (a P - P o) HiR T 1 F12 662

[ET ST v i BN (SO R S T s Sl S
(ﬁ"wpl)ZAz

o A T HL T 0 (8~ 8 A A
BT S B0 S B T KA . S DU iR, (a -
@) P R T 12 BEIGE i T 5 5 2 1)
MR AR o 5 — 50 R0, (chey + chey). kAR
Fohhr, Fon 2 M3 REL IR MY B ZEAS 5 o 12
B 2 1 B T 1 T 4 A T R 5 490 R A
FHB 2R ) 13 AL BRI 2 W AR

R B 2 2R BT L e S R I B 2R
R(w) =S, |, 1S, i £ R

Sp=1+
I,
. F.) 0}
w-ow)-|T, +——|+
l( ) ( 2 i(a)_a;Zl)_’}/m

(2)
Hf 0,= /N, Qy ~ 11 meV, N, J& 254 P9 i1 T 3
B OB RASCP G RE A2, =g, EE, =
130meV H A& ¥ 95 B , I, ~8.8meV Ml I, =
2. 1 meV 73 sl 52t Jis 1) 4 56 AR BOR IR 48 S AR AR 8L,
Y, = 12 meV , &5 B P A OC RB G R AT 1Y A 80t
B S R EIE L AN E 2(a) FiR o
RGN 7538 2 5 B R T VAT i
AL S TR I R IR AR T — 4]
VLA AT SR i i AR £ M T R AL, 2R R0 T AR A 9%

Jitie
TERSASZRAE T LR AT LR
Iph = 67]\[3 ’ (3)
Ty

Hoeh v, R4 3 e GRILREZL M TR SRR, 7, 2
3 5 4 BRI ERAS ] . X TR ASDER S0, N,
SR |S, | RIE . B, LU R
MR E R (@) = 1, /0, S, | kN

e

w,N,
N, 2 TR WS &= G, N Gy = 1/(1 +
T /rg), Ho o 5 2 RN 3 REG 2 R % o RE A O
AIEREAE BT IA], ;' = 207y ,/ (02 + v3). X H 0, =
4.7 meV EKIRBEFRGIRIE 0, 2 2 F1 3 BEHZIH]
HIBEH 2, ¥,y = 2 meV & 2 FI 3 BEGIRAEAH I 14t
B AR 7, AUE AR R Ly =

T L L MR <G <1,

Ty Tz Ty .

R (w)=

GiGy(@)n (@), (4)

A PR i I — M T Ot Ok R
TE T — YR R R AL AR

TEARGE BB T GBI &% (QCD) B P, G, ¢
PROM TR BB p,, H HLR R A e R RT3 F o — A
KB BR TR FRHCRAN, S G, 5820 TR
T IRER o, 5 BBER ML 2 REZL X T
DLEVIRE . il IR 0, = 0, I, G, I8F]
FRORAEL, I DMHZ AT A8 25 31 B AU DU Sk

PREL Gy (@) AT A ALR R



368 AN/ RS9 S g o 44 %

? 3
—~ = —1-Rw)
308 gos
< 2
506 2 06
g 0.4 © 0.4
=202 g- 0.2
0 . . Z o . X
80 100 120 140 160 180 < 80 100 120 140 160 180

Photon energy w/meV
0 0.2 04 0.6 0.8 1
() ——

n(w)
uni

rb.units)

Photon energy/ meV

80 100 120 140 160 180 80
E /meV

B2 ol 2 00 4% 09 B S R M I AL R 2 (a) TR E =
130meV, g=Q, ~ l1meV, w, = 141 meV 514 F 1) 52 5t
THEL; (b) TERHRIZ&AF T SRR 2R, 3 i3 A (o),
BLN 1 - R(0), LELN n(w); (¢) PR BER AR E G5
FHEVA ST 5 (d) BUR AR E A 2R iR
e

Fig. 2 Reflectance and Absorption Efficiency of the Photode-

100 120 140 160 180
E /meV

tector: (a) Reflectance spectrum under the conditions of E,. =
130meV, g=Q,~ 11 meV, o, =141 (b) Absorption effi-
ciency spectrum under the same conditions, with the shaded
area representing 4(w). The blue line denotes 1 - R(w), and
the red line denotes 7(®); (c) Reflectance spectrum mapping
obtained by varying the cavity mode frequency E.; (d) Ab-
sorption efficiency mapping obtained by varying the cavity

mode frequency E .

N 1 W, Wy W5, 1
160,75 V21 V31V (a) _ wsl)
1+|—
Vi

Horp, 7, ZMEEG 2 FIRES 1 W sb IR a],y, o2 it
PR SEEUE N Yy =2meV,y,; = 16 meV, LA
Ly, =5meV, Gy(w) Z—MHTHERL ER
FH RO HL A OISR, R S T AR
YER. TERRMAERI Gy (o) ST TOC-P R G
& VRIS R TR ) B0 e OCTR , O E

TH T RIGRE R SRS Z R RE SR PL LG R o
1 () XARMEE REEDCHRRIKRCE , B8 %
R T IAFERL, BV T R GEMO A A GG T iR & 1k
GG LE A, VAR G SR T DA N R A AR X
PRI, R TEIE n (). (w)TTEFRIRA AT L

I

Gylw) =1 . (5)

l6Fw w!wl,

(o) (6)

n(w) =

Hrr,
Il(w) =4, (0)A, (0) - Foiw!n,;
A (w) =0 + o, +v3 — 0+ 2wy, ;
A(w) =0 - o+ 2iol”
r,.=r.+1r,.

HT v, =5meV, H v} < w3 + w,, [Fl A w?, +
!~ o, AT LRI 73, + 03, + o) ~ ol #id
HHETHI, YR 1 (0) MR IE RS R P 2
(b) Frs WIS IE R TSI T ES, I
N, B ASORT 0L B G 438 o 0T AR 5 T M A A3 32
oo TR (o) BZREATT IR AL )

16Fw’y, I,

(4’y21Flm + Fa);)z‘

tot 2

(7)

n(w)=

3 HEER

BUE, = 130 meV B, 38 3 A% S N7 (1445 70 A1 3
WIS, TR AR R A — R n(w)
AT LR, B 450 2 U R AE A, 1531 T &1 3 () , 2185
FORIMEAET M T, = 29. 78 meV I, fi KIS 0%
Mo = 93% B IEAARK I = 8.8 meV, 1, = 77%,
T T N 21%, #F— LMK (), R EAEK,
R T R, BUS RME, X (8) BRIy A 5L
P& SR AR A XU I TS A SE R
I =T FLe, % 8T WO f G % e i AT RB 4% 1k
kLT DT A2 2 5 L 4, . mT BB A AR BE I TE 2
FEH. I T HEA R B, (AR IR AR A A
HEW .

2
I = r“r+g—Ez', (8)
En’YZl

BB AT TAE T, = 2meV BIZIF T,
AR STFEBCAR R T, AR S SR g X IR
{H AU 2R . A&l 3 (b) TR, B T 45 21
(05540 5 B R (6) TR 45 21 (£L (g 2k ) 3=
PR R — Bk . X SRR AR SR R B
R TR AN S FE #0814 1 3 R 5 2R 1R T A RO R
#1200 38 AT AR R LA a E S5 T, 7 g ) B4 L 52
TH AT 2 5 T BFEL A MR a8 O PERE

Pl 4 JE /R T AEAN RN Z6AF T Ol L it e R B S LR
THUR R TR T . Ho I 4(a) HUBR THEAR TR 4%
F 1 S H R R A KA B 5 BB ) w2 AL 1Y
oo S ST L I SRS A F L B R AL
IO PR 25 2R, (8 S 4 O (N % B8 R 2 S8 PR 4 2R 41
L Z MG R RN R A5 R . T LU B, 5 R



34 RGN A5 SRl E DR T BRAS R PO & e R

369

0 10 20 30 40 50
I'/meV

0 10 20 30 40 50
I' /meV

B3 A 5 S FE BB 5 5 BE A OC 2R« (a) IRIACRL
E (o) FRKEHERSFERRE T, 192, 200 RN BIE
AT BB 5 (b) ARG FERCR KL T, S i
g T RYMRICECR A KoM, U (O SEEO BUE T B 520, 20
B N BB A AT 25 2R

Fig. 3 Relationship Between Net Absorption Efficiency, Ra-
diative Dissipation, and Coupling Strength: (a) Variation of
the maximum absorption efficiency 7 (w) with the radiative dis-
sipation coefficient /°,, where the red dot represent theoretical
predictions of the peak value. (b) Distribution of the maxi-
mum absorption efficiency under different radiative dissipation
coefficients /", and coupling strengths g. The blue solid line
represents the numerical results, while the red dashed line rep-

resents the theoretical predictions

CERUNE S B TR T O H e R R B KA SR A,
FE ARG S 2k (B (e 2k) ik — 20 it
TANZE RS ZE RN (25 5L, 28 W 6 B FE U L fig
i e s R BB 2 T A G L T B

P4 () Al (e) 2 5l i m TR THA T B
HL I N BT T A A A, Hor B 4(b) KB L R
Bk 25 255 1 AR 6T T 220 W6 Bk 25 A58 17 A9 6 F i 7 e A (.
PR TR, B KT B 1] 3K 70% 03X — &5 SR E W]
T B 2 AN X ' HL T N R A TR . T 4 () R
TERFEA T I AR A SR X T P R B 2 5
I (32 THIR 2, 7F w,, = 135 meV [T 35 3 047, 42
T 40% . S5 SR T SR HE A X H e B 4 4 T
g, E— 20 B ARl A U, I PO A AT
BP0 B 4 AT E 45 1F

F4(d)dt—2RR T8 HiE ik S s

%0~
o
~

—Critical condition
—Tunnelling cffect
Zero tunnelling

e =
S =]

%]
=]

Promotion Percentage (%)

—_

150 160

110 120 130 140 10 120 130 140 150 160
w31/meV w31/meV
0 40 80 120 160
- :
=(9) (D) —
g% ) ; )
% 30+ : 25
&
§ 2 > 20
5 10 g1
n‘ .
g o =
2
5 .10 5
g
2 0
& 110 120 130 140 150 160 120 140 160 180
w3l/meV w3l/meV

Pl 4 Ol v o O A R L5 B 2 200 R e S 5 2 AR A 56 2R
I3HT e (a) g = 11 meV I, AN [A] 25 Ol it i b % 5 (i B
FEULREL ooy, B AL < W5 10 S22k 3R 25 TR 2 000 Il 12 i
TG S EE R 8 (SRR U5 TR EE 2 000 ) 25
LTSRN MG R 0N I 25 2R 5 (b) 75 PR 2 A0 AH X
TR TEEE O L HL IR R AR T 0 L5 (o) BTl A
B AR AFAR X T 18 B 27 S5O ) D' FL W O 5 48 T 7 L5
(d) BRI 5 500 B g, AN U A 5 A AR X T T I 25
B ARG HL R R A B T 43 FE AR AT

Fig 4 Analysis of maximum photodetection response with
tunneling effect and critical coupling: (a) Maximum photode-
tection response versus extraction energy level w, at g =
11 meV: blue line considers tunneling and critical coupling,
orange line considers tunneling only, and red line ignores tun-
neling. (b) Percentage improvement in response with tunnel-
ing versus without tunneling. (c¢) Percentage improvement un-
der new critical coupling versus tunneling only. (d) Heatmap
of response improvement under the new critical coupling ver-

sus conventional critical coupling as g varies

AR T WU SRR G 2% PR R E s TR AR T A 2y
oA T LAFE Y 0850 e A A o B DXk, AR S0y
I FARG A F AL TE O 3, 3R TR R de v 0
160% . X —45 R AW, Bl Fpl & 25 VFRERS 3 4
7% P B 2 RN AT - R 1 P RV A
B HICZR B LA R 5 5 B2 DS JCORT i SR & 2R PRk, AT
DA 55 8 9 1 R R W R R RE o T 7 AR 5 X

LD ST A SCHO BT DL G
M 26 PR .
4 #Fig

AR SCEE X 9 A G Bl ) 2 XN iR B2 A
RMER oA T U R RS R 8 T PR e



370 L1 b 5 Ak B 44 %

W2 WAL 22 00, DT A5 21 2 1 AR 13 R 8, o 2 ST
IO TR, 3 AT A5 3 TG SR A 2 1 1) i B A
AU Ak T SRR R BRI B 5 B AR v F IR
R TR . I AT DL AR BLAE G i f R v
WFFE 200, 38 3 A VT FE 2578, 1 s R 1T 48
11 95% , IAE R 2 S 5500 Rl P S 30 F 1) 1 23R e ey
160% 4T o BEAl , 7Rl A DX 3 P, AR SC AR 7Y
FE 105 Y 1 4 38 5 S R HICORTR 5 5 X v ' r R i
AR A TN LY B S LR el A S e R
REOLAL PR AL TR Ty vk o AR SO TAEX i — 20 42
Fh i BFLL AR I 5 6 B A O B — 2 1)
27 5 SRR AE AL SRR A dn M e R
BRI 28 D7 TR A TR

References

[1] ZHANG X, ZOU C L, JIANG L, et al. Cavity magnome-
chanics[ ] ]. Science Advances, 2016, 2: e1601286.

[2] HAROCHE S, RAIMOND J M. Exploring the Quantum:
Atoms, Cavities, and Photons[ M ]. New York: Oxford Uni-
versity Press, 2006.

[3] ROSENCHER E, VINTER B. Optoelectronics [M]. Cam-
bridge: Cambridge University Press, 2002.

[4] WEINER J, HOPT. Light—Matter Interaction: Fundamen-
tals and applications (Volume 1) [M]. Hoboken: John
Wiley & Sons, 2008.

[5] SCULLY M O, SVIDZINSKY A A. The super of superradi-
ancel J . Science, 2009, 325(5947): 1510-1511.

[6] VASANELLI A, TODOROV Y, SIRTORI C. Ultra—strong
light - matter coupling and superradiance using dense elec-
tron gases (1] Comptes Rendus Physique, 2016, 17 (8):
861-873.

[7] TODOROV Y, SIRTORI C. Few—electron ultrastrong light—
matter coupling in a quantum LC circuit [J]. Physical Re-
view X, 2014, 4(4): 041031.

[8] THOMAS A. Tilting a ground—state reactivity landscape by
vibrational strong coupling [J]. Science, 2019, 363
(6427): 615-619.

[9] GARCIA-VIDAL F J, CIUTI C, EBBESEN T W. Manipu-
lating matter by strong coupling to vacuum fields [J]. Sci-
ence, 2021, 373(6551) : eabd0336.

[10] ORGIU E. Conductivity in organic semiconductors hybrid-
ized with the vacuum field[ J]. Nature Materials, 2015, 14
(11): 1123-1129.

[11] HAGENMULLER D, SCHACHENMAYER J, SCHUTZ
S, et al. Cavity—enhanced transport of charge[J]. Physical
Review Letters, 2017, 119(22): 223601.

[12] DICKE R H. Coherence in spontaneous radiation processes
[1]. Physical Review, 1954, 93(1 ): 99-110.

[13] VIGNERON P B. Quantum well infrared photodetectors
operating in the strong light—matter coupling regime [J].
Applied Physics Letters, 2019, 114(16): 161103.

[14] GUNTER G. Sub-cycle switch—on of ultrastrong light -
matter interaction [J]. Nature, 2009, 458 (7235) :
178-181.

[15] SHEN J, ZHU T, ZHOU J, et al. High—discrimination
circular polarization detection based on dielectric-metal—
hybrid chiral metamirror integrated quantum well infrared
photodetectors[ﬂ. Sensors, 2023, 23(1): 168.

[16] WANG H, ZHEN H, LI S, et al. Self-rolling and light—
trapping in flexible quantum well - embedded nanomem-
branes for wide—angle infrared photodetectors[J]. Science
Advances, 2016, 2(8): ¢1600027.

[17]JINX Y, LIW W, LIT X, et al. Enhanced absorption of
infrared light for quantum wells in coupled pillar—cavity
arrays[ﬂ. Optics Express, 2023, 31(5): 7090-7102.

[18] ZANOTTO S. Perfect energy—feeding into strongly coupled
systems and interferometric control of polariton absorption
[J]. Nature Physics, 2014, 10(11) : 830-834.

[19] SUNY, TANW, LTH Q. et al. Experimental demonstra-
tion of a coherent perfect absorber with PT phase transition
[1]. Physical Review Letters, 2014, 112(14): 143903.

[20] PENG B. Loss—induced suppression and revival of lasing
[J]. Science, 2014, 346(6207) : 328-332.

[21] PISANI F, GACEMI D, VASANELLI A, et al. Electronic
transport driven by collective light—matter coupled states
in a quantum device [J]. Nature Communications, 2023,
14(1): 3914.

[22] UNTERRAINER K. Photon—assisted tunneling in semi-
conductor quantum structures [ M ]//LIU H, CAPASSO F.
Semiconductors and semimetals (Volume 66). Amster-
dam: Elsevier, 1999: 127-186.

[23]1 GIORGETTA F R. Quantum cascade detectors [J]. IEEE
Journal of Quantum Electronics, 2009, 45 (8) : 1039-
1052.

[24] WEBER E R, WILLARDSON R K, LIU H, et al. Inter-
subband Transitions in Quantum Wells: Physics and De-
vice Applications[M]. San Diego: Academic Press, 1999.

[25] TODOROV Y, SIRTORI C. Intersubband polaritons in
the electrical dipole gauge[ﬂ. Physical Review B, 2012,
85(4): 045304.

[26] DELTEIL A, VASANELLI A, TODOROV Y, et al
Charge—induced coherence between intersubband plas-
mons in a quantum structure[ J]. Physical Review Letters,
2012, 109(24) : 246808.

[27] SIRTORI C. Resonant tunneling in quantum cascade lasers
[J]. IEEE Journal of Quantum Electronics, 1998, 34
(9): 1722-1729.

[28] DELTEIL A. Charge—induced coherence between intersub-
band plasmons in a quantum structure [J]. Physical Re-

view Letters, 2012, 109(24) : 246808.



