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Abstract：The nBn infrared（IR）detector is designed to eliminate the Shockley-Read-Hall（SRH）generation-re⁃
combination（G-R）currents，which will effectively reduce the dark current and increase the operating temperature
of the detector. Due to the compatibility of the manufacturing process and the existence of a substrate with a per⁃
fectly matched lattice，the nBn infrared detectors based on III − V compounds including type − II superlattice

（T2SLs）materials have been developed rapidly. Through theoretical simulation，the nBn infrared detector based
on the HgCdTe material system can also effectively suppress the dark current. However，the difficulty of remov⁃
ing the valence band barrier hinders HgCdTe nBn infrared detector development. This review will elaborate on the
physical mechanism of nBn detectors to suppress dark current，and then introduce the development status and de⁃
velopment trend of nBn barrier detectors in different semiconductor materials.
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摘要：nBn红外探测器旨在消除肖特基-里德-霍尔产生复合电流，这将有效降低器件的暗电流并提高工作温

度。由于制造工艺的兼容性和晶格匹配的衬底的存在，基于 III-V化合物（包括二类超晶格材料）的 nBn红外

探测器得到了快速发展。通过理论模拟，基于HgCdTe材料的nBn红外探测器也能有效抑制暗电流。然而，去

除价带势垒的困难阻碍了HgCdTe nBn器件的发展。本综述将阐述 nBn探测器抑制暗电流的物理机制，并介

绍nBn探测器在不同材料体系中的发展现状和趋势。
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Introduction
Infrared detectors are widely applied in communica⁃tions，medical treatment，astronomical observation，in⁃frared imaging，night vision，and guidance［1-3］. With thedevelopment of society，the demands for infrared detec⁃tors have become diversified，which has continuouslypromoted the development of infrared detection technolo⁃gy. Infrared detectors have developed from the first gen⁃eration to the third generation，and the detection mecha⁃nism is constantly improving and developing（as shownin Fig. 1）. At present，the new generation of infrared de⁃tection technology is developing in the direction of largearea array，two-color and multi-color，digitization，highframe rate，hyperspectral and single-photon detection［4］.The core competitiveness will focus on the concept of

“SWaP”：smaller size，lower weight，and lower powerconsumption［5-7］.In order to suppress the influence of dark current，the infrared detector needs to work at or below the liquidnitrogen temperature，which greatly increases the weightand power consumption of the detectors and reduces thereliability［8］. Therefore，increasing the operating temper⁃ature of infrared detectors is an important research direc⁃tion. If the temperature required for normal operation ofthe detector is increased，not only can the purpose of
“SWaP”be achieved，but also the startup speed of thedevice can be accelerated. It can also significantly in⁃crease the reliability of the detector. Considerable effortshave been made aiming to increase detector operatingtemperatures to realize high-operating temperature
（HOT） detectors over the past decades［9］. Among thenew emerging strategies cascade infrared detectors［10，11］，InAs/GaSb type−II superlattices（T2SLs）［12］，and barrierstructures［13］have considerable progress.In 2006，Maimon and Wicks proposed the nBnstructure device for the first time，and developed it on ashort-wave infrared detector，using InAs material as theabsorbing layer and AlAsSb as the barrier layer［14］. Sub⁃

sequently，the nBn structure was applied to InSb［15-17］，In⁃AsSb［18-21］，T2SLs［22-29］，and HgCdTe［30-35］ detectors. Re⁃lated technologies have been developed，and some prod⁃ucts have been applied. The nBn detector is designed toblock the flow of majority carriers through reasonable en⁃ergy band structural design，while minority carriers canflow freely. Fig. 2（a）shows the schematic diagram ofthe energy band structure of nBn detector. It consists ofan absorbing n-type layer，a large bandgap barrier layer，and a thin n-type contact layer. The thickness of the ab⁃sorbing layer should be comparable to the absorptionlength of light in the device which is typically several mi⁃crons，while the contact layer is for biasing the device.There is a special type of heterojunction between the bar⁃rier layer and the n-type layers：all the bandgap differ⁃ence appears in the conduction band offset which blocksthe flow of majority carrier electrons，and there is zero va⁃lence band offset which allows the free passage minoritycarrier holes［23］. To suppress the dark current effective⁃ly，the barrier should be located near the minority carriercollector and away from the region of optical absorp⁃tion［36］. Placing the barrier in this location allows photo⁃generated holes to flow unimpeded to the contact whilemajority carrier dark currents，re-injected photo-current，and surface currents are all blocked. Besides，the samedoping type in the barrier and active layers is the key tomaintaining a low，diffusion-limited dark current［37］.Dark current is an important indicator that restrictsthe detection performance of IR detectors. Generally，the composition of dark current is very complex，whichincludes diffusion current，G-R current，tunneling cur⁃rent that includes direct tunneling current and trap-assist⁃ed tunneling current，etc. In addition，due to surface de⁃fects and non-ideal electrodes of the device，there aresurface leakage currents［38，39］. The magnitude of the G-Rcurrent is linearly related to the intrinsic carrier concen⁃tration，while the diffusion current is proportional to thesquare of the intrinsic carrier. As the operating tempera⁃ture rises，the intrinsic carrier concentration of the mate⁃

Fig. 1 History of the development of infrared detectors
图1 红外探测器的发展史
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rial will also increase significantly，and the dark currentof the device will transfer from the recombination limit tothe diffusion limit.Generally，the G-R current is derived from the ther⁃mal excitation and recombination of carriers that occur inthe depletion region of the p-n junction. And the SRHcurrent is the G-R current which caused by the defectcenters in the depletion region. Impurities and defects insemiconductors will form certain energy levels in the for⁃bidden band which can promote the excitation and recom⁃bination of carriers. The nBn detectors with a large band⁃gap barrier layer will increase the energy required forelectrons to transition to the impurity and defect levels，thereby suppressing the generation of SRH current. Dueto the restriction of the growth process，surface passiv⁃ation process，sample shape，and other external factors，surface leakage will also be introduced，and it may evenbecome the dominant mechanism of device dark current.The surface leakage current in nBn detectors is sup⁃pressed by its multi-carrier barrier［40，41］. The spatialmakeups of current components in nBn detectors areshown in Fig 2（b）. The diffusion current is formed bythe diffusion and drift of carriers on both sides of the de⁃pletion region of the p-n junction under the action of anelectric field. Auger recombination［42］ is that when a car⁃rier transitions from a high energy level to a low energylevel or recombines through a bandgap，the released en⁃ergy is transferred to another carrier and transitions to ahigher energy level. Owing to Auger diffusion currentsbeing generated in the same region as the photocurrentsin nBn barrier detector，Auger currents share the samespatial makeup as the photocurrent［43］. Fig. 2（c）is thecurrent components of traditional p-n photodiode. Themajority-carrier dark current，surface leakage currents，and SRH generation current can almost be eliminated be⁃cause of the existence of the unipolar barrier layer.The typical Arrhenius plot of the dark currents as afunction of temperature in nBn detector and in a conven⁃tional diode is shown in Fig. 2（d）. Generally，the diffu⁃sion current varies as T3exp（-Eg0/kT），while the G−R cur⁃rent varies as T3/2exp（-Eg0/2kT）which is dominant by thegeneration of electrons and holes by SRH traps in the de⁃pletion region. （Eg0 is the bandgap extrapolated to zerotemperature，T is the temperature，and k is Boltzmann’sconstant）. Tc is defined as the crossover temperature atwhich the diffusion and G-R currents are equal［44］. Con⁃sequently，the dark current is then limited to the diffu⁃sion contribution. The slope of the lower portion of theArrhenius plot for the standard photodiode is roughly halfthat of the upper portion. The properties of the nBn de⁃tector（blue line）show the extension of the high-tempera⁃ture diffusion-limited region to temperatures below Tc. Inthe low-temperature region，nBn detector has a lowerdark current than the conventional photodiode. Com⁃pared to the conventional photodiode，it should exhibit ahigher signal-to-noise ratio at the same temperature andoperate at a higher temperature with the same dark cur⁃rent. Moreover，the Teledyne Technologies published anempirical expression in 2007，called“Rule 07”，for esti⁃

mation the performance of state-of-the-art HgCdTe photo⁃diodes dark current versus normalized wavelength-tem⁃perature product（λcT）［45］. Hereafter，Lee et al. suggest⁃ed replacing Rule 07 by Law 19 corresponding exactly tothe background limited curve for room temperature［46］.The internal photodiode current may be several orders orfmagnitude below Rule 07 versus given cut-off wavelengthand operating temperature. Ideal nBn barrier detectorsare expected to exhibit diffusion limited performance orig⁃inating from Auger 1 generation matching Rule 07［47］. Todate，however，experimentally prepared barrier devicesstill show diffusion limited performance.Compared to the conventional p-n photodiode，be⁃cause of the near elimination of SRH and surface leakagecurrents，the nBn photodetector requires less cooling tooperate optimally and has simpler processing require⁃ments. Under the conditions of lattice matching and ener⁃gy band matching，the nBn structure could be extendedto different material systems which will be discussed inlater chapters.
1 Research status
1. 1 III–V compounds barrier detectorsIII-V materials can provide stronger chemicalbonds，and the band edge is less dependent on the com⁃position，hence it has higher chemical stability［48］. Fur⁃thermore，considering the cost of detector materials，III-V materials have great advantages. The diameter of theantimonide material wafer reaches the order of 10 cm，sothe detectors fabricated by III-V compounds with largerareas and higher uniformity［49，50］. The Bandgap align⁃ment of several III-V materials is shown in Fig. 3（a）.Among the III-V materials for fabricating barrier detec⁃tors，there is a material system consisting of the near lat⁃tice-matched InAs/GaSb/AlSb family of semiconductors—the 6. 1 Å material family with room-temperature energygaps ranging from 0. 36 eV（InAs）to 1. 61 eV（AlSb）
［51］. Fig. 3（b）shows the schematic diagram of the va⁃lence band offset as a function of lattice constant［52］. Thismakes the 6. 1 Å lattice-matched family the potential ma⁃terials for designing the barrier detectors with the desir⁃able unipolar band alignments by adjusting the elementalcomposition of the compound. Moreover，the bulk GaSbhas a direct bandgap in the short-wave IR（SWIR），InAsin the MWIR，and InAs/Ga（In）Sb superlattices in theSWIR，MWIR，and LWIR［53］. The 6. 1 Å materials canbe epitaxially grown on GaSb and GaAs substrates. Inparticular，4-inch diameter GaSb substrates became com⁃mercially available in 2009，offering improved economyof scale for fabrication of large format FPAs arrays［48］. Atpresent，the barrier detectors have been successfully ap⁃plied to the III-V materials system and commercialized.
1. 1. 1 InAsSb barrier detectorsThe InAsSb is an important candidate for fabricatingMWIR detectors because of the high carrier mobility，rel⁃atively small dielectric constant，and self-diffusion coeffi⁃cient at room temperature. Due to a nearly zero band va⁃lence offset with respect to AlAsSb in the valence band，InAsSb has emerged to play a dominant role in the de⁃
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signing of the nBn detectors. The InAsSb were grown on
either GaAs（100）or GaSb（100）substrates and the n-
type doping is usually reached by either Si or Te ele⁃
ments.

Klipstein and Weiss have described the detailed
growth procedure and device’s characterization of
InAs1-xSbx/AlAs1-ySby nBn MWIR detector［20，44］. In 2011，the Klipstein team achieved the InAsSb/AlAsSb nBn de⁃

tector with a cutoff wavelength of ~4. 1 µm and a dark
current close to ~3×10-7 A/cm2 at 150 K［54］，as shown in
Fig. 4（a-b）. The device was fabricated nearly lattice-
matched to the GaSb substrate，which exists a typical
strain of 500 ppm or less. It discussed the cutoff wave⁃
length increases with decreasing absorber layer doping
because of the Moss-Burstein effect［55］，which blocks in⁃
terband optical transitions in the absorber layer with final

Fig. 2 （a）Bandgap diagram of nBn barrier detector，（b）spatial makeups of the various current components and barrier blocking in
nBn detector，（c）bandgap diagram of the p-n photodiode，（d）the schematic Arrhenius plot of the dark current in a p-n photodiode and
nBn device and comparision with Rule 07 & Law 19
图 2 （a）nBn势垒探测器的能带图，（b）nBn探测器的电流组成成分，（c）p-n结光电二极管的能带图，（d）p-n结光电二极管和 nBn
器件中的暗电流以及对比Rule 07和Law 19的Arrhenius原理图

Fig. 3 （a）Conduction（filled）and valence（open）band offsets for the 12 binaries，（b）valence band offset as a function of lattice con‐
stant［52］

图3 （a）12种化合物的导带（实心）和价带（空心）偏移，（b）价带带阶与晶格常数的关系曲线
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states in the conduction band that lie below the Fermi en⁃ergy. Also，the quantum efficiency（QE）of the detectoris dependent on the thickness of the absorber layer. TheFPA detectors with a 320×256 format and 30µm pitchwere fabricated which have high operability and a NETDof 16 mK at 150 K，using f/3 optics and a 20 ms integra⁃tion time［44］. By the standard two-point nonuniformity cor⁃rection procedure of SCD，excellent image quality hasbeen achieved，as shown in Fig. 4（c）.In 2012，D’Souza et al. have demonstrated the nBndetector in the InAsSb/AlAsSb materials system grown bymolecular beam epitaxy（MBE）on GaSb and GaAs sub⁃strates［56］. The device has a 5 µm cut-off operated at 200K. The dark current density in the pyramidal structureddiodes is reduced by a factor of 2-3，which is consistentwith the volume reduction due to pyramid formation. Soi⁃bel described InAsSb/AlAsSb nBn detectors with cut-offwavelengths near 4. 5 µm in 2014［57］.The nBn structure is considered theoretically byMartyniuk and Rogalski［58，59］. The device structure andstimulated energy band diagram are shown in Fig. 4（d-e）. Fig. 4（f）shows the I-V characteristics as a functionof temperature［60］. The alloy composition x of the InAs1-xS⁃bx absorber layer is 0. 195 with a cutoff wavelength of ~4. 9 µm at 150 K. And Jdark is 1. 0×10-3 A/cm2 at 200 Kand 3. 0×10-6 A/cm2 at 150 K（Fig. 4（f））. The detectorsare dominated by diffusion currents at -1 V bias at the
QE peaks.Subsequently，Klipstein et al. presented one of thefirst commercial nBn array detectors operated in the bluepart of the MWIR window of the atmosphere（3. 4~4. 2

µm）and launched on the market by SCD in 2014 knownas“Kinglet”（640×512，15 µm），which is the first III-VXBn detector developed by SCD to meet low SWaP appli⁃cations［50］. The working temperature of the focal plane ar⁃ray is 150 K，the power consumption is 3 W，and theweight is less than 300 g.HOT Hercules（1280×1024，15 µm）is SCD’s sec⁃ond nBn MW HOT product. It was launched in 2014 anduses the InAsSb material system. The operating tempera⁃ture of this million-pixels component can reach 150K［61，62］. In order to improve the performance of the detec⁃tor，SCD has also developed the Blackbird series ofMWIR digital detectors，the pixel pitch is reduced to 10µm，with lower power consumption and higher photoelec⁃tric performance. The Blackbird series of nBn-InAsSbbarrier detectors（1280×1024，10 µm）have the samephotoelectric performance as planar junction InSb detec⁃tors，but the working temperature is up to 150 K［63］.
1. 1. 2 InSb barrier detectorsInSb is the III-V semiconductor with the narrowestbandgap and the highest electron mobility. InSb IR de⁃tectors are intrinsic absorption in the MWIR（3~5 µm）spectral region，as well as extremely high quantum effi⁃ciency and responsivity. Therefore，InSb detectors canachieve extremely high thermal sensitivity and excellentimage quality，which has become one of the most impor⁃tant MWIR detectors. However，the InSb device has towork at a low temperature of 77 K which greatly restrictsits application.Evirgen et al. first reported the experimental re⁃search progress of the InSb IR detector based on the nBn

Fig. 4 （a）Arrhenius plot of dark current at different reverse bias values for a 300×300 μm nBn detector，（b）photoresponse spectra at
150 K（the calculated spectral response（solid line）and the measured spectral response at a reverse bias of -0. 6 V（dotted line）），（c）
image captured by a 320×256 nBn FPA detector（BF ROIC）operating at 150 K and f/3，（d）the device structure of InAsSb/AlAsSb nBn
MWIR detector，（e）the stimulated energy band diagram under reverse bias conditions of InAsSb/AlAsSb nBn MWIR detector，（f）the
dark current density vs bias voltage as a function of the temperature of the InAsSb/AlAsSb nBn MWIR detector［54，58，60］

图 4 （a）300×300 μm nBn探测器在不同反向偏置下的暗电流 Arrhenius 图，（b）150 K 温度下的光谱响应（理论计算的光谱响应
（实线）和在-0. 6 V的反向偏置下测量的光谱响应（虚线）），（c）由 320×256 nBn FPA 探测器（BF ROIC）在 150 K和 f/3下工作时捕
获的图像，（d）InAsSb/AlAsSb nBn MWIR探测器的器件结构，（e）InAsSb/AlAsSb nBn MWIR探测器反向偏置条件下的能带图，（f）
InAsSb/AlAsSb nBn MWIR 探测器的暗电流密度与偏置电压的关系随温度变化的关系曲线
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structure in 2014［64］. The structure and energy band ofthe device are shown in Fig. 5（a-b）［64，65］. The nBn struc⁃ture was fabricated by MBE. While the Al-content of thebarrier is around 20%，the values of dark current densityare easily fitted by current density due to thermionicemission（JTE）5，given by the following equation［66］：JTE=
A*T2e-Φ/kT，where A* is Richardson constant including theconduction band effective mass of the n-type contact lay⁃er and Φ is the energy difference between the top of theInAlSb barrier and the fermi energy in the contact layer
（Fig. 5（c））［64］. It shows that the total current of the de⁃vice is mainly from the majority electrons of the n-dopedInSb cap layer. In order to achieve a sufficiently highconduction band barrier to block electrons while main⁃taining a lower valence band barrier to allow the flow ofphoto-generated holes，the barrier layer of the deviceadopts a graded Al composition design. The dark currentof InSb nBn detector reaches 1×10-9 A/cm2 under 77 Kand -50 mV bias（Fig. 5（d）），which is 2×10-5 A/cm2

under 135 K and -50 mV bias（Fig. 5（e））［65］.As shown in Fig. 5（f），compared with the InSb PINdetector fabricated by MBE and standard planar processof SOFRADIR，the dark current of nBn device is signifi⁃cantly suppressed. The nBn detector can operate at atemperature of around 120 K，which is 20 K higher thanthe PIN device and 40 K higher than the standard planarprocess［67］. Such a result demonstrates the potentiality ofthe application of the InSb nBn detector.In addition，the DAT-CON company of Slovenia has

developed MWIR FPA based on XBn-InSb detectors，in⁃cluding the CLRT series（640×512，15 µm）and CLRTHD series（1280×1024，10 µm）. The detective spectralrange is 3. 4~5. 1 µm and NETD reaches 25 mK［20］.
1. 1. 3 T2SLs barrier detectorsThe type−II superlattice material has become the fo⁃cus of the development of the third generation of infrareddetectors for its inherent lower Auger G-R rate，large ef⁃fective mass of electrons（small tunneling current be⁃tween bands，small dark current），adjustable energyband，and good uniformity. From the perspective of theT2SLs structure，the electrons and holes are spatiallyseparated and localized in self-consistent quantum wellsformed on both sides of the heterointerface［37］. Theunique“broken bandgap”energy band structure enablesT2SLs IR detectors to achieve higher device performanceand operating temperature in MW/LW IR detection. Inaddition，the advantage of T2SLs for IR detectors is theproperty to tune the wavelength by adjusting one of thematerial components and fixing the other［68］，which is es⁃pecially crucial in the design of nBn detectors.InAs/GaSb heterojunctions were found by Sakaki in1977，which are generally considered to be a materialthat can replace the current mainstream HgCdTe with itsunique characteristics［69］. In the InAs/GaSb T2SLs sys⁃tem，the AlAsSb barrier layer is generally used to fabri⁃cate the nBn detector，owing to the InAs/GaSb T2SLshaving an almost zero valence band offset relative to theAlAsSb barrier［48］.

Fig. 5 Design of the InSb nBn barrier detector，（a）design of InSb nBn structure with InAlSb barrier layer including Al grading from
15% to 35%，（b）calculated energy band diagram at T = 110 K and V = 0 V of InSb/InAlSb/InSb nBn structure with 50 nm-thick InAlSb
graded composition barrier layer，（c）Arrhenius plot of the dark current density collected at -50 mV where thermionic emission regime is
identified，（d）J-V curves performed at 77 K of InSb-based nBn detector（solid line）and InSb PIN diode（dashed line），（e）J-V charac‐
teristics of nBn structure for different operating temperatures，from 105 K to 175 K，（f）Arrhenius behavior of three different types of
InSb-based photodetectors［64，65，67］

图 5 InSb nBn势垒探测器的设计（a）InSb nBn器件结构设计图，阻挡层为Al组 15%至 35%渐变的 InAlSb，（b）具有 50 nm渐变组
分 InAlSb势垒层的 InSb/InAlSb/InSb nBn结构在T = 110 K和V = 0 V时的理论计算的能带图，（c）在-50 mV偏压下的暗电流密度
的 Arrhenius图，其中确定了热电子发射状态，（d）基于 InSb的 nBn探测器（实线）和 InSb PIN二极管（虚线）在 77 K下的 J-V曲线，
（e）105 K到175 K不同工作温度下nBn结构的 J-V特性，（f）三种不同类型的基于 InSb的光电探测器Arrhenius图
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Rodriguez in the university of New Mexico appliedthe nBn structure to the T2SLs detector for the first timein 2007［70］. In 2015，SCD presented the long-wave FPA
“Pelican-D LW”（640×512，15 µm） using the pBpstructure，which is the first LW FPA product of SCD［71］.The absorber layer and electrode layer of the device areInAs/GaSb T2SLs，while the barrier layer is InAs/AlSbT2SLs. The alignment between mini-bands is shown inFig. 6（a）. The operating temperature of the detector is77 K，and the cut-off wavelength is 9. 5 µm. The darkcurrent is as low as 4. 4×10-5 A/cm2 at 77 K.Northwestern University reported a short-waveT2SLs photodetector based on the nBn structure in2017［72］. The device was fabricated on GaSb substratebased on InAs/AlSb/GaSb T2SLs，and AlAs0. 1Sb0. 9/GaSbH-structure SL design was used as the large bandgapelectron barrier（Fig. 6（b））. The photodetector has apeak responsivity of 0. 65 A/W at room temperature at1. 9 µm. At 300 K and 400 mV bias，the dark currentdensity is 8×10-3 A/cm2 and the D* is 1. 51×1010 cm ∙Hz1/2W-1. At 150 K，the dark current density is 9. 5×1010A/cm2，the quantum efficiency is 50%，and the D* is1. 12×1013 cm∙Hz1/2W-1.The T2SLs IR detectors have developed rapidly inthe past 10 years. The focus of future research is on thedevice structure design and FPA technology. The barrierdevice structure is expected to further reduce the darkcurrent of the device and enhance the performance.
1. 2 MCT barrier detectorsIn 1959，Lawson invented the direct bandgap terna⁃ry compound semiconductor material with continuouslyadjustable bandgap width—Hg1-xCdxTe［1］. By changingthe component x，the bandgap width meets the infrareddetection of three atmospheric windows of 1~3 µm，3~5µm，and 8~14 µm. Meanwhile，there is an absolutelysmall change of lattice constant with component x makingit possible to grow high-quality heterostructures. The ad⁃vantages of the high quantum efficiency of the HgCdTematerial make it a key core IR device that is widely usedin the optoelectronic system of military equipment［73，74］.

However，there are several drawbacks associated withHgCdTe photodetectors. Firstly，the weak ionic Hg-Tebonds and high Hg vapor pressure make the epitaxialgrowth is more challenging than typical III-V com⁃pounds. In addition，HgCdTe is easy to oxidize in the airfor its unstable physical and chemical properties.Considering the successful application of nBn barri⁃er detectors for III-V materials，it is expected to be intro⁃duced into HgCdTe materials to overcome the processingtechnology limitations of typical p-n junctions. However，the implementation of nBn structure in the HgCdTe mate⁃rial is not ideal due to the existence of non-zero valenceband offset at the absorber–barrier interface which enor⁃mously limits their performance［43，75］. At low bias，thevalence band barrier（∆Ev）inhibits the holes flow to thecontact cap layer as a result the devices always exhibitlower sensitivity and detectivity. In order to align the va⁃lance band，a high operating bias—“turn-on”voltage，typically greater than the bandgap energy is required de⁃pending on the operating wavelength，which leads tostrong band-to-band and trap-assisted tunneling due tohigh electric field within the depletion layer［68］.Itsuno et al［30，76，77］. and Kopytko et al［78］. intro⁃duced the nBn structure to HgCdTe for the first time andperformed theoretical simulation calculations on the de⁃vice. The band structure is shown in Fig. 7（a）. Com⁃pared with the p-n junction structure，the nBn structurepresents tight dark current density，responsivity，and de⁃tectivity at a temperature from 50 K to 95 K and it showsthat the HgCdTe unipolar barrier device based on thenBn structure is very promising for the MWIR and LWIRdetection. Thereafter，the research group realized thefabrication of HgCdTe nBn devices. The material param⁃eters are shown in Fig. 7（b）. The dark current is saturat⁃ed with a reverse bias of approximately -0. 8 V shown inFig. 7（c）and a cut-off wavelength of approximately 5. 7µm is observed［76］. Subsequently，the results of HgCdTedevices based on the nBn structure and optimization havebeen reported successively internationally.In 2020，Voitsekhovskii et al. presented an MWIR

Fig. 6 （a）Alignment between mini-bands in the active and barrier layers of a T2SLs XBp device，superimposed on the band gaps of
InAs，GaSb，and AlSb，（b）the schematic diagram of the SWIR nBn photodetector with the inset showing the superlattice band align‐
ment of the H-structure electron barrier［71，72］

图 6 （a）T2SLs XBp器件的有源层和势垒层中的微带位置，（b）SWIR nBn光电探测器示意图（插图为H结构电子势垒的超晶格能
带位置）
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HgCdTe nBn detector grown by MBE on GaAs sub⁃strate［80］. To further suppress the surface current，thereis passivation of the Al2O3 layer grown by plasma-en⁃hanced atomic layer deposition（PE-ALD）. The darkcurrent density of the detector is 3. 1×10-6 A/cm2 at 184 Kand has a bias of -1 V.At present，although the application prospects ofnBn HgCdTe photodetectors have been extensively ex⁃plored，their research is mostly at the theoretical stage.The application of nBn architecture to HgCdTe presents aserious challenge due to the difficulty of achieving an ide⁃al nBn band structure which has a zero valence band.The existence of a valence band offset seriously limits thedevice performance［81］. Present strategy in the develop⁃ment of HgCdTe nBn detectors concentrates on decreas⁃ing or even removing the ∆Ev in the barrier layer，whichwill make it have lower operating bias，lower dark cur⁃rent，and operate at higher temperatures. There are sev⁃

eral ways being proposed to eliminate valence band off⁃set，such as composition optimization and doping modu⁃lation technique of barrier layer［82-84］ and superlattice bar⁃rier layer［85，86］. The appropriate p-type doping of the bar⁃rier layer can reduce ∆Ev and increase the ∆Ec. Accord⁃ing to previous reports，by applying the barrier layerbased on the Type III CdTe/HgTe superlattice structurereplacing the single-layer barrier structure，the ideal en⁃ergy band structure can be obtained by adjusting thethickness and doping of the CdTe and HgTe layers［85］. Toa certain extent，it is worth noting that barrier detectorsare the most promising approach to achieve HgCdTe de⁃tectors operating at close to room temperature. Table 1 isthe nBn infrared detector products that have beenlaunched.
1. 3 Two-dimensional material barrier detectorsConsidering the strict requirements of lattice andband matching of designing nBn barrier detectors with

Fig. 7 Design of the HgCdTe nBn barrier detector，（a）the schematic illustration of the structure of the HgCdTe nBn photodetector de‐
vice，（b）cross-sectional device diagram and structural parameters，（c）measured dark and unfiltered blackbody illuminated I-V charac‐
teristics of planar MWIR HgCdTe nBn device at 77 K［30，79］

图 7 HgCdTe nBn势垒探测器的设计（a）HgCdTe nBn光电探测器的能带结构示意图，（b）器件截面图和结构参数，（c）77 K下测
试的平面MWIR HgCdTe nBn器件的暗态和黑体照射的 I-V特性

Table 1 Development status of nBn infrared detectors[87-93]
表1 nBn红外探测器的发展概况[87-93]

Organization

Northwestern University

JPL

SCD

Wuhan Guide

SITP

DAT-CON

Material

InAs/AlSb/GaSb
T2SL

InAs/InAsSb
InAs/InAsSb
InAsSb
InAsSb
InAsSb

InAs/GaSb T2SL
T2SL
T2SL
T2SL

InAs/GaSb
T2SL

InAs/GaAsSb
T2SL
InSb
InSb

Structure

nBn
pMp
BIRD
BIRD
nBn
nBn
nBn
pBp
npn
p×Ma
p×Mn
npn

pB×Bn
XBn
XBn

Size

1280×1024
320×256
640×512
640×512
640×512
1280×1024
1280×1024
640×512
320×256
320×256
640×512
640×512

320×256
640×512
1280×1024

Pixel size

（（μm））

12
27
24
24
15
15
10
15
30
30
15
30

30
15
10

Spectral range

（（μm））

2. 22
4. 9
5. 4
12. 5
3. 6~4. 2
3. 4~4. 2
-

9. 5
4. 8/9. 5
9. 5
9. 5
4. 5/5. 8

11
-
-

Temperature

（（K））

150
150
150
62
150
150
150
80
80
-
-
-

80
-
-

NETD

（（mK））

-
11
18. 7
16. 3
<25
<25
30
15
20/25
25
25
-

21
23
25
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conventional materials is extremely challenging. Two-di⁃mensional materials are innovated to fabricate nBn detec⁃tors for their self-passivated surfaces，tunable band struc⁃tures，and avoidable lattice mismatch and interface de⁃fects. The ultra-thin and atomic-level flat ideal interfaceof 2D materials provides the possibility for designinghigh-performance heterojunction devices. Recently，Huet al. have presented a nBn unipolar barrier photodetec⁃tors based on a tungsten disulfide/hexagonal boron ni⁃tride/palladium diselenide （WS2/h-BN/PdSe2） hetero⁃structure in which WS2 is used as a visible-wavelength n-type photon absorber，h-BN as the barrier and PdSe2 asthe contract layer［94］. The structure of the device is shownin Fig. 8（a）. 2D materials are prepared by the mechani⁃cal peeling method，and through non-destructive fixed-point transfer，a heterojunction without lattice mismatchand thermal mismatch is obtained.The band structure achieved from simulation analy⁃sis using Sentaurus-TCAD is illustrated in Fig. 8（b）with drain biases ranging from 0 V to -0. 5 V. It can beseen from the simulation results that there is an obviouselectronic barrier in the conduction band. From the out⁃put characteristic curves under 520 nm laser illuminationdepicted in Fig. 8（c），the nBn photodetector exhibits adark current of the order of pA，a photocurrent of 20µA. Under the room temperature at 520 nm，the detec⁃tivity of the device reaches up to 2. 7×1012 cm∙Hz1/2W-1.The barrier photodetectors based on 2D material arecurrently in the initial research stage，and there are noother relevant literature reports. The above-mentioned re⁃search results will create a foundation for subsequent re⁃search. Therefore，the barrier photodetectors fabricatedby 2D material could have good prospects in IR photo⁃electric detection.
2 Conclusion and outlook

The efforts in IR detection technology particularlyaim to increase the operating temperature reaching theHOT demand［7］. A relatively novel nBn structure basedon a unipolar barrier has materials and thus enhances theoperating temperature because it is not limited by G-Rcurrent and tunneling currents. Research based on vari⁃

ous material systems mentioned above shows that the bar⁃rier structure has great potential.Significant effort has been devoted to developingnBn barrier detectors based on the III-V materials. Up tonow，nBn barrier detectors based on III-V materials（In⁃AsSb，InAs/GaSb T2SLs，et al.）have been successfullyindustrialized，and the performance of the devices has al⁃so been greatly improved. Among these，III-V T2SLs ma⁃terials，such as InAs/GaSb and InAs/InAsSb，are consid⁃ered to be the most promising competitor to HgCdTe IRdetectors. However，T2SLs IR detectors suffer from amajor limitation related to the short SRH carrier lifetime
（<100 ns experimentally）. Although the intensive re⁃search effort has been devoted over the last decade，littleimprovement has been acquired. Compare with the state-of-the-art HgCdTe detectors，its performance advantageis not significant mainly due to the lower quantum effi⁃ciency and shorter minority carrier lifetime limited bySRH GR mechanisms. However，it appears that T2SLsare especially potential in the design of barrier detectorsbecause of the ability to tune the wavelength by adjustingone of the material components and fixing the other.What’s more，the high quality，high uniformity of fabri⁃cated FPAs of T2SLs material system is very suitable fortoday's application needs and in an early stage of devel⁃opment which reached rapid progress in recent years，itwill have a great promise in the design of nBn barrier de⁃tectors for the future IR solutions.In recent years，new low-dimensional materials areprogressing rapidly in material growth，device fabrica⁃tion，and characterization. At the same time，the produc⁃tion of 2D-materials heterojunctions can avoid the limita⁃tion of lattice matching of the traditional heterojunctioninterface，thereby realizing more optoelectronic deviceswith new functions，high sensitivity，and room tempera⁃ture IR detection. Therefore，combing the traditionalbulk materials with excellent photoelectric propertieswith low-dimensional materials，it is effective to optimizethe heterojunction interface and avoid the complex fabri⁃cation process and large interface damage of traditionalbulk materials.The nBn barrier structure based on energy band en⁃

Fig. 8 Design of the two-dimensional materials nBn barrier detector，（a）the schematic diagram of the WS2 nBn vdW unipolar barrier
photodetector，（b）simulated band diagrams of the device under different source-drain bias（Vds）conditions（WS2，h-BN，and PdSe2

flakes act as the absorber，barrier，and contact layer，respectively），（c）output characteristic curves of the nBn vdW unipolar barrier de‐
vice under 520 nm laser illumination with increasing powers［94］

图 8 二维材料 nBn势垒探测器的设计（a）WS2 nBn vdW 单极势垒光电探测器的示意图，（b）不同源漏偏压（Vds）条件下器件的
模拟能带图（WS2、h-BN 和 PdSe2分别为吸收层、阻挡层和接触层），（c）nBn vdW单极势垒器件在 520 nm激光照射下的变功率输
出特性曲线
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gineering has continuously made breakthroughs in lowdark current and high operating temperature. This newIR detector structure with strategically important technol⁃ogy is expected to lead to the further development of anew generation of infrared detection technology.
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