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Fig. 1. History of infrared photodetectors.
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Fig. 2. Raytheon company investigates the use of photon trapping structures with varying fill factor in HgCdTe detectors for use in

mid-wavelength infrared (MWIR) detectors??.
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Fig. 3. Photo-trapping (PT) structure®!: (a) Schematic representing a single pixel of an array with 8 pm pixels; (b) three dimen-

sional view of 3 x 3 pixel array.
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0.2 ---Non-PT .
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Wavelength /pm

4 HAMEITIEEE N 6 pm 89K OEAEH SR B OCAE A EUE ALY (a) S S5 (b) Hi 7 ROR P
Fig. 4. Calculated (a) reflectance spectra and (b) quantum efficiency for a single 6 pm pixel of the PT and non-PT arrays/?.

0.2 pm

2.0 pm
0.2 pm
SOI device 0.25 pm
Si04 3.0 pm
Si wafer

K5 (a) SidtH R M/RERE; (b) SidhICH IS 109 n-ip G H AT, HEB /ML n, 1, p B Y
Fig. 5. (a) Schematic of the Si photodiode; (b) the n-i-p photodiode structure on an silicon-on-insulator (SOI) wafer, the integrated

tapered holes that span the n, i and p layers24.
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Fig. 6. FDTD numerical simulations show the formation of lateral electric field modes around holes when illuminated by a normal

incident beam of light?!: (a) Cylindrical holes; (b) funnel-shaped holes. Top, X-Y plane; bottom, Y-Z plane. Time increased from

left to right: T = 1.4, 6.2, 11, 16, 21 fs.

120701-6


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 12 (2019)

120701

Br—A~ SR IRIR LS, HoAth i RECE T LA B %
W Y. R4 R 5 i A B3R TH A A5 B os i DL 7.
T A5 BT RO T S R VR E, TEOGHLAR
N5 8308 1 PN T 4 i A /BE%ILEEE RERA
TR S VA T = W2 KA UM & NN B
¥ 2 4 J&m Y, 4 Bouchon 4% B ﬁfi GaAs (|
R E S LA S, RS Ee, BRI T
10 pmPFHIEEAT B2 100% (WIS v (1 5 B b 4
JE S, GniEl 8 B, Ak vEE 2o 150 nm.
P2l 4 Jm S, nT DA i s o A 25 R4 7 T
JE I DCTE B 0 T S BRI 21 1) 33 5 R H At )y
fig. Chang 4 P2 fE & 7 L0 AMEI S L E S 2R
FLIR 3, SEEE T AE 8.8 pm 4k 130% BYy3G5s. 4R

ASPP

Z5F) f Thio 4T 2001 $2& H B3 2 J5 76 % H 480
AR B TR Z BN B A4 IR R T LK
YR AER IR A0 AN, A O A B —/IME T
J&i, AT LAREARIE L3 L skt S BB 4. Echtermeyer &5 %7
A BIEER NG E T2 &, KIam
AR N SREETE T 400%. QSR AN ] J& 4 0 4 Ja o't
WA J7 AT BN HEAT, T AT I ERIAS ] Fr)
KA. Laux 55 B0 3@ 52 531 1E] 9(f) Fr s () 45
¥, 4530 1R LAy EE = AN B PRI 5E )
) 2R THT 4 B IOT A5 4.
Jri 35 B WO R B R AT LB 3 2 ShEH. 24
2 T A AT L= A LSP )4 4 K Bk e xif
PeRan LA 725 (. e B X LSP A IERf A

-MANAR ks

H1

E 1Ea V \J \J V 2t

P 7 2RI A B IO R T R (4 R T A R SO B 8 AR T 2R T LT 4K B T B AR A gl R T )R

R TR R

Fig. 7. Representation of surface plasmon polaritons: Under the excition of injection light, the density of electrons in the surface of

metal experience a little change, which correspond to the collective excition modes of surface electrons.
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Fig. 8. (a) Fabrication steps of the metal grating; (b) SEM photograph of GaAs; (c) streamline diagram of Poynting vector. At the

resonance wavelength of 10.05 um, the light field is almost completely confined into the slit!l.
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Fig. 9. (a) Schematic diagram of the SPP structure with the metal hole array on the quantum dot infrared detector®?; (b) SEM
photograph of the metal hole array SPP structure?; (c¢) SEM photograph of the bull's eye detector*; (d) the bull's eye structure

with slitP; copyright 2011 American Chemical Society (e) schematic diagram of graphene-surface plasmon photodetector®; (f) po-

larization dependent multi-wavelength SPP structureld.
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Fig. 10. (a) Absorption spectra of TiS, nanosheets; (b) quantum well infrared detectors enhanced by LSP and SPP together; (c),
(d) electric field distribution of nanosheets of LSP resonance and non-resonant model*!l; (e) ultra-wide spectrum graphene detector
auxiliary by silicon quantum dotsi*?; (f)—(h) Au arrays enhanced MoS, phototransistors/*’l.
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Fig. 11. The band diagram of plasmon hot electrons. Schot-
tky barrier is ¢p. The illuminating light photoexcited elec-
trons in metal, generating electron-hole pairs. Taking con-
servation of momentum in to consideration, this process

may be aided by phonons or impurities!*3.
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Fig. 12. (a) Schematic diagram of LSP-based photodetector; (b) SEM photo of photodetector based on LSPM; (c) schematic dia-
gram of photodetector based on SPP; (d) SEM photograph of photodetector based on SPP thermoelectron; (e) photocurrent map-

ping of SPP plasmon thermal electronic devices!*4.
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design.
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Fig. 21. (a) Energy band diagram for interpretation of optical gain in graphene/quantum dots heterostructure™; (b) schematic dia-

gram of CMOS integrated graphene/quantum dots focal array planel™); (c) schematic diagram of mid-infrared pure black phosphor-

ous photodetector™; (d) high gain and high responsivity InAs nanowire™; (e) high performance mid-wavelength InAs nanowire!(™.
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Fig. 22. (a) Schematic diagram of photovoltage field-effect transistorsl™; (b) gain-bandwidth product for different types of photode-

tectorsl®; (c) schematic diagram of mid-infrared graphene detector through interfacial gating of InSb; (d) the photoresponse of

device in (c) at various temperatures!7].
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Fig. 23. (a) The ferroelectric hysteresis loop 300 nm P(VDF-TrFE) film capacitor; (b) the IV, characteristics (at ZERO gate
voltage) with three states of ferroelectric layer, and the three states are fresh state (ferroelectric layer without polarization), polariz-

ation up (polarized by a pulse V, of —40 V), and polarization down (polarized by a pulse V, of —40 V) states, respectively; (c),

(d) the cross-section structures of the device and equilibrium energy band diagrams of three different ferroelectric polarization
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Fig. 24. (a) The schematic diagram of the graphene-PZT field effect transistor; (b) schematic of a graphene pyroelectric bolometer;

(c) working mechanism diagram for the device in panel (b) 87
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Fig. 25. (a) Structure diagram of graphene/Ta,0O5/graphene tunneling diode; (b) infrared responsivity curve of variable incident

power with 3.2 pm wavelength; (¢) h-BN/b-P/h-BN vertical heterojunction photodetectors; (d) 7.7 pm infrared responsivity of h-

BN/b-P/h-BN vertical heterojunction photodetectors!?%4.
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Fig. 26. (a) Structure diagram of p-g-n heterojunction photodetectors; (b) responsivity of p-g-n heterojunction photodetectors;

(c) absorption spectrum of b-Asg g3Pg7; (d) mid-infrared response of b-AsP/MoS, heterojunction photodetectors!®sl.
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Fig. 27. BP/MoS2 infrared photodetector®: (a) Photocurrent with 1000 K blackbody source and the dark current; (b) detectivity
comparison of typical infrared photodetectors; (c) response time.
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Fig. 28. The tunneling effect (a) and avalanche effect (b) in

(a) I O LR 4%

p-n junction under large reverse bias.
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Fig. 29. MIM structure diagram used for InGaAs/InP avalanche photodiode[!%-11%: (a) Polarization selective structure; (b) non-po-

larization selective structure; (c) and (d) are the SEM image.
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Fig. 30. (a) IV characteristics of BP/InSe APD; (b) noise and gain of BP/InSe APD; (c) traditional ionizing collision process; (d)
ballistic avalanche mechanism of BP/InSe APDI!!1],
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Fig. 31. The diagram of ionization process: (a) Hole injec-
tion; (b) electron injection.
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Fig. 32. The photograph of 128 x 128 HgCdTe APD FPA fabricated in DRS and the average gain/''%l.
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&l 33
Fig. 33. The 3D real time imaging print screen of HgCdTe APD fabricated in Sofradir!''sl.

B (UMK ~ 9.7 pm), 78 77 K B TARERE
T, 58 100010,

#: [# Sofradir 2 &) Rothman 5§ 117-119] i 2%
T 53 10000 M BITER 1, JFAFE] T 320 x
256 1) HgCdTe APD #E V- IHFRII &, SCL T 3 /9%
IR 3D A% KRG, AR SERL T OB
15 um, 384 x 288 /i) HgCdTe APD £V, 3t
77 BT SR s R, 3D H k&
A 33 s,

[ 5 % K % HgCdTe APD #4717 —
RIS, T ERE B IR AR YRS 5 R
FH A S E RN 43 S AE 5 0y i £ T BAT e 3 2k

100
(a) Planar
High B ion implantation energy
10—3 -
<
g 10—}
2 \
o 109 n==5.0x10" cm—3
n- =25x10% cm—3
n~ = Grade layer
10-12 1 1 1 1 1
—6 -5 —4 -3 -2 -1 0
Voltage/V

B 34 SFEHLE (a) A 4SS (b) i

Current/A

Sofradir 2% & | ] HgCdTe APD 3D SZ I A% 5 & 118

M7 iz HgCdTe APD 2%44F, I HAE HgCdTe
APD Jey 3l b7 i 45 L EE T B T — S R
HA AR PRAEZ (120020 BESE T HL 1 AR p-ien 4544
HgCdTe APD #afF 45t R LA S SR I B XoF I v
TSR, 45 SR WY B e B R 2 P D R ey 337 5
S [ 8] % 27 FEL 2 HegCdTe APD I Hi, I B M
A R I HLA R R T AR In SR 844
ST B AR RR B T G I, dnlEl 34
fiR. BB BRAE S ATt s VAR S ME ikl & T
W g5 1000 MBI, OF HEA S5 EFR -
TE A 1 RE.

TGRS — LD MRI R S Y B

10-3F (b) Mesa
High In doping concentration

106
10~*

10771 - — 1.0 1015 cm—?

n~ =5.0X10%% cm~3
——— n~ =1.0x10% cm~3
1 1 1

—6 -5 —4

Voltage/V

-3

oK 5 D' L PRI 8 RS ) 2T B L e i e (121

Fig. 34. The LV characteristic of planar (a) and mesa (b) HgCdTe APD with variable fabrication process('?!l.
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Fig. 35. Structure and band diagram of hot carriers in-

frared photodetectors!'22],
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Fig. 36. Photo response of hot carriers infrared photodetect-
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Fig. 37. Spectral weight diagram of hot carriers infrared
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Fig. 38. Spectral weight diagram with variable pump light!!?2.
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Fig. 39. Structure and band diagram of nBn devices.
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Fig. 41. Schematic diagram of (a) design of InSb nBn structure and (b) energy band of InSb nBn structure .
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Fig. 43. SWIR InAs/GaSb/AlSb/GaSb nBn detector based on Type-II superlattice: (a) Structure diafram; (b) quantum efficiency;

() dark current characteristics; (d) detectivity at different temperaturel!3!.
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Fig. 44. (a) Photograph of long-wavelength infrared (LWIR) InAs/GaSb pBp device based on Type-II superlattice fabricated by Is-
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Fig. 45. The dark current of (a) MWIR and (b) LWIR HgCdTe nBvn, nBn and DLPH devices; (¢) and (d) show the detectivity of

MWIR and LWIR devices, respectively!144.
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Fig. 46. 128 x 128 long-wavelength/mid-wavelength two-color HgCdTe infrared focal plane: (a) Dark current characteristic;

(b) spectral response; (c) two-color imaging.
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Recent progress on advanced infrared photodetectors”
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Abstract

Modern infrared detector technology has a history of nearly eighty years. Since the first PbS photodiode
was put into use during the World War 11, infrared detectors have achieved significant progress, even the third-
generation infrared systems have been proposed. In the past decades, the traditional infrared detectors
represented by HgCdTe, InSb and InGaAs have been widely applied in military, remote sensing,
communication, bioscience, and space exploration. However, the increasing applications demand higher
performance infrared detectors. Especially in recent years, the intelligent infrared detection technique was
strongly demanded in many high-tech fields such as artificial intelligence, virtual reality systems and smart city.
Therefore, the fabricating of infrared detection systems with smaller size, lighter weight, lower power, higher
performance and lower price has become an urgent task. At present, the infrared photodetectors are in an age of
rapid change, and many new type of advanced infrared photodetectors come to the fore quickly. For the
purpose of summarizing these detectors, they are reviewed covering four parts: microstructure coupled infrared
detector, infrared detector based on band engineering, new type of low-dimensional material infrared detector,
and new directions for traditional infrared detectors. In the infrared detection systems, these photodetectors can
be fully used for their prominent performance. The microstructure coupled infrared detector can improve chip
integration with high quantum efficiency. Precise design of band structure will raise the operating temperature
for mid and long wavelenth infrared photodetectors. Owing to the unique structures and physical properties,
low-dimensional material infrared photodetectors have shown their potential application value in flexibility and
room temperature detection systems. The ability of avalanche photodetector to detect the extremely weak
signal makes it possible using in the frontier science such as quantum private communication and three-
dimensional radar imaging systems. The device based on hot electron effect provides a new idea for far infrared
detection. The barrier detectors will reduce the manufacturing cost of traditional materials and the design is
also very illuminating for other new materials. In this review, firstly we present the history of infrared
photodetectors in short. Then the mechanism and achievements of the advanced infrared photodetectors are
introduced in detail. Finally, the opportunities and challenges of infrared detection are summarized and

predicted.
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