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Wavelength extended InGaAsBi near infrared photodetector
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Abstract： InGaAs photodetector is widely used in SWIR detection.  Bi incorporation into InGaAs can reduce the 
bandgap， extending the detection wavelength.  By controlling of the In and Bi compositions， the detection wave⁃
length could be extended to over 3 μm from InyGa1-yAs1-xBix， lattice-matched to InP.  An In0. 394Ga0. 606As0. 913Bi0. 087 p-

i-n photodetector is designed and its performance is numerically investigated.  Dark currents and responsivity spec⁃
tra are calculated with different temperatures， absorption layer thicknesses and doping concentrations.  A 50% cut⁃
off wavelength of 3 μm is achieved.  The proposed structure provides a feasible way to fabricate InGaAsBi based 
SWIR detector with longer detection wavelength.
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波长拓展型 InGaAsBi近红外探测器

冯 铎， 代金梦， 曹有祥， 张立瑶*
（上海理工大学 物理系， 上海 200093）

摘要：InGaAs光电探测器广泛应用于短波红外检测。在 InGaAs中掺入 Bi可以减小带隙，延长探测波长。通

过控制 In和 Bi的组分可使 InyGa1-yAs1-xBix与 InP晶格匹配，同时，扩展探测波长至 3 μm 以上。设计并研究了

In0.394Ga0.606As0.913Bi0.087 p-i-n光电探测器的光电性能。计算了不同温度、吸收层厚度和 p（n）区掺杂浓度下的暗

电流和响应率特性。获得了 3 μm的截止波长。该结构为拓展 InP基晶格匹配的短波红外探测器的探测波长

提供了一种可行的方法。
关 键 词：铟镓砷铋；暗电流；响应率；短波红外
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Introduction
Short-wave infrared （SWIR） detectors have been widely used in night vision， optical fiber communications and environmental monitoring， etc［1］.  Because of the high optical absorption coefficient and carrier mobility， InGaAs shows good performance in SWIR detection at room temperature.  The cutoff wavelength of In0. 53Ga0. 47As detectors， lattice-matched to InP is 1. 7 μm.  The In com⁃position is further increased in InGaAs to extend detec⁃tion wavelengths， however， high In content introduces lattice mismatch， thus deteriorates the device perfor⁃mances［2， 3］.  Many efforts have been made to compensate the lattice mismatch， such as introducing InxAl1-xAs grad⁃ed buffer layers between InGaAs and InP substrate［4-7］ and using In0. 66Ga0. 34As/InAs superlattices［8］.  Whereas， 

the device performance is still nonideal， comparing to the performance of the device fabricated with strain-free InGaAs.Dilute bismides， which are formed by incorporating a small quantity of Bi atoms into the traditional group III-V compound semiconductors， have attracted wide atten⁃tions［9-10］.  The isoelectronic energy level of Bi lies in the valence bands（VB） of most III-Vs［11］， which results in the VB anti-crossing in dilute bismides， thus reducing the bandgap of dilute bismides.  Moreover， Bi incorpora⁃tion could increase the spin-orbit splitting energy and suppress Auger recombination［12］.  The bandgap reduc⁃tion of InGaAsBi is about 56 meV/Bi%［13］， which is from the VB upshift［14］.  In incorporation into InGaAs offers a bandgap reduction of 10 meV/In%［12］.  InGaAsBi can be lattice matched to InP by controlling the In and Bi con⁃
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tents.  Also， the detection wavelength of InGaAsBi could reach and exceed 3 μm with proper In and Bi contents.  Till now， the highest Bi content in InGaAsBi is 7. 5%［15］.  Strong photoluminescence spectra were achieved from both InGaAsBi thin films［16］ and QWs［17］.  An In0. 76GaAs⁃Bi0. 027 photodetector on InP with a 50% cutoff wavelength of 2. 63 μm at RT was demonstrated in 2018［18］.  In0. 47GaAsBi0. 07/InAlAs single quantum well with an emis⁃sion wavelength of 2. 5 μm was realized in 2020［19］.  Good electrical and optical properties make InGaAsBi a potential material for fabricating optoelectronic devices.In this work， we proposed an InyGa1-yAs1-xBix photo⁃detector which is lattice matched to InP substrate by ad⁃justing x and y.  Dark currents and responsivities of the InGaAsBi detector were investigated theoretically.  With the proposed structure， a cutoff wavelength at 3 μm was achieved.
1 Method 

According to Vegard’s law， the lattice constant of the quaternary alloy InyGa1-yAs1-xBix is
aInGaAsBi = (1 - x ) (1 - y )aInAs + x (1 - y )aInBi+(1 - x ) yaGaAs + xyaGaBi ,　（1）

InyGa1-yAs1-xBix is lattice matched to InP when y=0. 53-1. 56x［12］.  Because the bandgap reductions of InyGa1-yAs
1-xBix are 56 meV/Bi% and 10 meV/In%， the bandgap of InyGa1-yAs1-xBix lattice-matched to InP is

Eg = 1.0465x2 - 3.9867x + 0.7511 .　（2）When the Bi content is over 8. 7%， the bandgap of InyGa1-yAs1-xBix is below 0. 41 eV， thus the theoretical cut⁃off wavelength exceeds 3 μm.  In0. 394Ga0. 606As0. 913Bi0. 087 is proposed to fabricate SWIR detector， with detection wavelength extended to 3 μm.

Figure 1 shows the schematic structure of the pro⁃posed In0. 394Ga0. 606As0. 913Bi0. 087 p-i-n detector.  The device performance is simulated using the finite element method by Comsol Multiphysics.The potential and carrier distributions are calculat⁃ed by solving Poisson’s equation and continuity equa⁃tions：

∇2 ψ = - ρ
ε ,　（3）

∂n
∂t

= 1
q ∇·Jn + (Grad - RSRH ) ,　（4）

∂p
∂t

= 1
q ∇·Jp + (Grad - RSRH ) ,　（5）

where ψ is the electrostatic potential， ε is the dielectric constant， q is the charge density， n（p） is the electron 
（hole） concentration， Jn（p） is the electron （hole） current density， Grad is the photogeneration rate， and RSRH is the Shockley-Read-Hall （SRH） recombination rate.  The photogeneration rate Grad is ［20］

Grad = Q (1 - r ) αe-αd ,　（6）
where Q is the incident photon flux， r is the reflectivity， 
α is the absorption coefficient， d is the distance from the surface of the detector.  The absorption coefficient α is deduced from the absorption spectra in Ref.  16［16］.The SRH recombination rate is
RSRH = np - γn γpn2

i

τp( )n + γnni exp ( )Et - Ef

kT + τn( )p + γpni exp ( )Et - Ef

kT

,　（7）

ni = NC NV exp ( - Eg2kT ) ,　（8）
where τp and τn are the hole and electron lifetimes due to SRH processes， γn and γp are proportionality factors of electron and holes separately， ni and Ef are the intrinsic carrier concentration and intrinsic Fermi level， Et is re⁃combination central level.
2 Results and Discussion 

Dark current is an important parameter for evaluat⁃ing the performance of a detector.  For p-i-n detectors， dark current densities mainly consist of diffusion current densities （Jdiff）， generation-recombination current densi⁃ties （JGR）， the Trap assisted tunneling current densities 
（JTAT） and Band-to-band tunneling current densities 
（JBTB） ［21-23］.
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where μn（p） is the mobility of electrons （holes）， NA and ND are the doping concentrations of acceptors and donors， respectively.  V is the bias voltage， τGR is the generation-combination lifetime， εr and ε0 are the relative effective 

Fig.  1　 The schematic structure of the In0. 394Ga0. 606As0. 913Bi0. 087/

In0. 52Al0. 48As p-i-n photodetector

图 1　In0. 394Ga0. 606As0. 913Bi0. 087/In0. 52Al0. 48As p-i-n光电探测器的结

构示意图
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dielectric constant and permittivity of free space， Vt = 
Vd -V is the total junction potential， Vd is the built-in po⁃tential， mT is the reduced tunneling effective mass， the trap energy level Et is close to the middle of effective band gap （0. 51Eg） according to Chen， et al［24］.  M2 is the matrix elements associated with trap potential.  E is the maximum junction electric field.  NT is the activated trap density.At low biases， Eq.  （9） and Eq.  （10） could be rep⁃resented by

J ∝ exp ( - Ea /kT ) ,　（13）
where Ea is the thermal activation energy， extracted from fitting the I-V curve.  The dark current is dominated by the diffusion current while Ea≈Eg， and dominated by the generation-recombination current while Ea≈Eg /2.  The parameters used for the calculations are summarized in Table 1.

The performances of the InGaAsBi p-i-n detectors are investigated with different temperatures and thick⁃nesses of InGaAsBi and doping concentrations of both In⁃AlAs and InGaAsBi.
2. 1　Temperature　Figure 2（a） shows the variation of dark currents with temperatures.  Dark current densities decrease with the decrease of temperatures.  Under a reverse bias of -10 mV， the dark current densities are about 1. 32×10-2 A/cm2 at RT and 2. 09×10-13 A/cm2 at 77 K.Trap-assisted tunneling （TAT） and Band-to-band tunneling （BTB） currents are both negligible at low bias and significantly increase with the bias， which is associ⁃ated with the field enhancement leakage process as Trap-assisted tunneling and Band-to-band tunneling.  The tun⁃neling carriers may bridge the forbidden gap directly and give rise to BTB current.  The TAT and BTB I-V charac⁃teristics are simulated at large reverse biases （-10~-2 V） and shown in Figs.  2（c） and （d）， respectively.  It can 

Table 1　Parameters used in this calculation
表1　本计算中所使用的参数

Parameters

me

mhh

mlh

mT

εr

τp

τn

τGR

μp

μn

εr

NT

Et

M2

Units

（kg）
（kg）
（kg）
（kg）

1
（s）
（s）
（s）

（cm2/（V·s））
（cm2/（V·s））

1
（m-3）
（eV）

（eV2cm3）

In0. 394Ga0. 606As0. 913Bi0. 087
0. 043 m0

［25］

0. 130 54 m0
［25］

0. 053 14 m0
［26］

0. 032 4 m0
13. 88［27］

1e-12［28］

3e-12［28］

1e-8［29］

1 000［28］

3 000［29］

13. 88［27］

2e-5［28］

0. 51Eg
［24］

1e-23［24］

Fig.  2　Dark I-V curves （a）， total dark currents， diffusion and 
generation-recombination currents versus 1 000/T （b）， trap-assist‐
ed tunneling current I-V curves （c） and Band-to-band direct tun‐
neling current I-V curves （d） at different temperatures of InGaAs‐
Bi detectors.  The thickness of InGaAsBi is 1. 5 μm and the dop‐
ing concentration is 5×1015 cm-3， the doping concentration of InA‐
lAs is 1×1018 cm-3.  The temperature increases from 77 K to 300 K
图 2　InGaAsBi 探测器：（a）不同温度下的暗电流-电压曲线，
（b）暗电流、扩散电流和产生-复合电流随1 000/T的变化，（c）不
同温度下的缺陷辅助隧穿电流-电压曲线，（d）不同温度下的带
间直接隧穿电流 -电压曲线。其中， InGaAsBi 探测器中，In‐
GaAsBi的厚度为 1. 5 μm，掺杂浓度为 5×1015 cm-3，InAlAs的掺
杂浓度为1×1018 cm-3。温度变化范围为从77 K到300 K
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be seen that both the TAT and BTB currents are indepen⁃dent of the temperature.  Because the InGaAsBi photode⁃tector usually works under low bias， the TAT and BTB currents are negligible.  Only the diffusion and genera⁃tion-recombination currents are discussed in the follow⁃ing sections.  Arrhenius plots of dark current densities against 1 000/T are shown in Fig.  2（b）.  The dark cur⁃rent densities decrease exponentially with 1 000/T.  The thermal activation energy Ea is fitted from the I-V curves.  When the temperature is above 240 K， the fitted 
Ea is about 0. 4 eV， close to the bandgap of InGaAsBi， the detector is dominated by the diffusion current from 240 K to 300 K.  When the temperature is below 240 K， the fitted Ea is about 0. 2 eV， close to half the bandgap of InGaAsBi， informing that the generation-recombination current is dominant at the small reverse bias.The normalized responsivities of InGaAsBi detectors at different temperatures are discussed under a reverse bi⁃

as of -10 mV.  The InGaAsBi p-i-n detectors are with a 1. 5 μm-thick InGaAsBi layer and a doping concentration of 5×1015 cm-3， and InAlAs layers with doping concentra⁃tions of 1×1018cm-3.  As shown in Fig.  3（a）， the respon⁃sivities reach maximum at around 2. 4 μm， and the 50% cutoff wavelength is about 3 μm.  The variation of the re⁃sponsivities under different incident wavelength with tem⁃peratures is shown in Fig.  3（b）.  The responsivities are almost unchanged with the temperature.
2. 2　Thickness　Dark current densities of InGaAsBi detectors with different absorption layer thicknesses are further dis⁃cussed and shown in Fig.  4.  The dark current densities are calculated under a bias of -10 mV at 300 K， and the doping concentrations of the InAlAs layers are 1×1018 cm-3.  The thicknesses of InGaAsBi increase from 0. 1 μm to 3. 0 μm.  As shown in Fig.  4（a）， the effect of the thicknesses of InGaAsBi on dark current densities is sub⁃tle under low reverse bias and increases with the reverse bias.  Figure 4（b） shows the relationship between dark current densities and the thicknesses of InGaAsBi.

Fig.  3　（a） Normalized responsivity spectra of the InGaAsBi p-

i-n detector under different temperatures， （b） responsivities ver‐

sus T at different incident wavelengths.  The responsivities’ spec‐

tra are calculated under a bias of -10 mV， from InGaAsBi detec‐

tors with the 1. 5-μm-thick absorption layers， the doping concen‐

trations of 1×1018 cm-3 in InAlAs layers and 5×1015 cm-3 in In‐

GaAsBi layers， respectively

图 3　InGaAsBi p-i-n 探测器：（a）在不同温度下的归一化响应

率谱，（b）不同入射波长下响应度随温度的变化曲线，拟合条件

为：在-10 mV 偏压下，吸收层厚度为 1. 5 μm，InAlAs 层和 In‐

GaAsBi层的掺杂浓度分别为1×1018 cm-3和5×1015 cm-3

Fig.  4　Dark I-V curves with different thicknesses of the absorp‐
tion layer （a） and total dark currents， diffusion and generation-re‐
combination currents versus the thickness of the absorption layer 
under -10 mV（b） of InGaAsBi detectors.  The dark current charac‐
teristics are simulated at 300 K.  The doping concentration of InA‐
lAs and InGaAsBi are 1×1018 cm-3 and 5×1015 cm-3， respectively
图 4　不同吸收层厚度的 InGaAsBi探测器的：（a）暗电流-电压
曲线，（b） -10 mV 下总暗电流、扩散电流和产生复合电流随吸
收层厚度的变化关系。其中，拟合温度为 300 K，InAlAs和 In‐
GaAsBi的掺杂浓度分别为1×1018 cm-3和5×1015 cm-3
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The dark current densities increase with the thick⁃nesses of InGaAsBi increasing from 0. 1 μm to 0. 36 μm， where the InGaAsBi layer is completely depleted， and decrease to a stable value with the thicknesses fur⁃ther increasing.  As shown in Eq.  （9）， the diffusion cur⁃rent is insensitive to the thicknesses of absorption layer， while the generation-recombination current is proportion⁃al to the depletion width.  When the absorption layer thickness is small， the InGaAsBi layer is completely de⁃pleted， thus the generation-recombination current in⁃creases with the thickness of InGaAsBi.  However， with the thickness of InGaAsBi above 0. 36 μm， the InGaAs⁃Bi layer is partially depleted and the depletion width would decrease with the thickness of InGaAsBi， thus the generation-recombination current decreases.The influences of the absorption layer thicknesses on responsivity are calculated and shown in Fig.  5.  The variation of the responsivity with the thickness of the ab⁃sorption layer is determined by diffusion and absorp⁃tion［30］.  When the absorption layer is thin， the absorption is dominant， thus the responsivity increases with the thickness of the absorption layer.  When the absorption layer is thick enough， the diffusion is dominant， thus the responsivity decreases with the absorption layer thick⁃ness.
2. 3　Doping concentration　Figure 6 shows the dark current characteristics of In⁃GaAsBi detectors with different doping concentrations of InAlAs layers.  As shown in Fig.  6（a）， the influence of the doping concentrations on the dark current density is subtle under large reverse bias.  The variations of total dark current， diffusion and generation-recombination currents under -10 mV with the doping concentrations are shown in Fig.  6（b）.  The diffusion current decreases while the generation-recombination current increases with the doping concentrations.  Because the diffusion current is dominant， the total dark current decreases with the doping concentrations.Figure 7 shows the responsivities of the detectors calculated at 300 K under a bias of -10 mV.  The doping concentrations of InAlAs vary from 5. 0×1017 cm-3 to 1. 0×1019 cm-3， resulting in a depletion width variation from 76. 5 nm to 108. 1 nm.  As shown in Fig.  7（b）， the re⁃sponsivities significantly increase with the doping concen⁃trations of InAlAs increasing to 2. 0×1018 cm-3， and then slightly increase with the doping concentrations further increasing.Figure 8 shows the I-V characteristics under differ⁃ent doping concentrations of the absorption layer.  The thickness of InGaAsBi is 1. 5 μm， under which the In⁃GaAsBi layer is partially depleted with the doping con⁃centration varies from 1×1015 cm-3 to 5×1016 cm-3.  The generation-recombination current decreases with the dop⁃ing concentration in InGaAsBi， while the diffusion cur⁃rent hardly changes.  With the doping concentration in In⁃GaAsBi increasing from 1×1015 cm-3 to 1×1016 cm-3， the depletion width decreases from 419 nm to 41. 9 nm， thus the generation-recombination current significantly de⁃creases.  When the doping concentration increases to 3×

1016 cm-3， the depletion width decreases to 14 nm， caus⁃ing a slowly decreasing of generation-recombination cur⁃rent.  With the doping concentration continuously increas⁃ing， the depletion width is extremely thin， resulting in a low generation-recombination current， that hardly influ⁃ences the total current.Figure 9 shows the responsivities of InGaAsBi detec⁃tors with 1. 5- μm-thick absorption layers are calculated at 300 K under a bias of -10 mV.  As shown in Fig.  9
（a）， the responsivities decrease with the doping concen⁃trations of InGaAsBi layers.The quantum efficiency is exponential to the deple⁃tion width［31］， thus when the doping concentration in⁃creases from 1. 0×1015 cm-3 to 1. 0×1016 cm-3， the respon⁃sivity significantly decreases， as shown in Fig.  9（b）.  With the doping concentration continuously increasing， the responsivity slightly decreases.

Fig.  5　Normalized responsivity spectra （a） and responsivities 

at different incident wavelengths （b） with different absorption 

layer thicknesses.  The responsivities are calculated under a bias 

of -10 mV at 300 K.  The doping concentration of InAlAs and In‐

GaAsBi are 1×1018 cm-3 and 5×1015 cm-3， respectively

图 5　（a） 不同吸收层厚度的归一化响应谱，（b）不同入射波长

下，响应率随吸收层厚度的变化，其中，响应率在 300 K时，-10 

mV下计算得到，InAlAs和 InGaAsBi的掺杂浓度分别为 1×1018 

cm-3和5×1015 cm-3
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3 Conclusion 
In this paper， an In0. 394Ga0. 606As0. 913Bi0. 087 p-i-n photo⁃detector， lattice-matched to InP， is proposed to extend the detection wavelength.  The dark current and respon⁃sivity are calculated with different temperatures， absorp⁃tion layer thicknesses and doping concentrations.  Dark currents increase with temperatures.  The diffusion cur⁃rent is dominant when the temperature is above 240 K， while the generation-recombination current is dominant when the temperature is below 240 K.  The influence of temperature on the responsivity is subtle.  Dark currents increase with the absorption layer thickness when the ab⁃sorption layer is completely depleted， and decrease with the absorption layer thickness when the absorption layer is partially depleted.  A similar trend is found in the re⁃sponsivity.  Dark currents decrease with the doping con⁃centrations in both InAlAs and InGaAsBi， but the re⁃sponsivities are of the opposite trend.  These results pro⁃vide a feasible way to extend the detection wavelength in 

SWIR detectors.
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