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Abstract—We report Al0.3InAsSb/Al0.7InAsSb digital alloy 

n-barrier-n (nBn) photodetectors that operate in the 2-µm 

wavelength window. The AlxIn1-xAsySb1-y digital alloy 

material system exhibits near-zero valence-band offset, 

which is beneficial for nBn photodetectors. At 300 K these 

Al0.3InAsSb/Al0.7InAsSb nBn photodetectors have achieved 

specific detectivities of 1.7 × 1010 and 3.0 × 1010 Jones under 

2-µm and 1.8-µm illumination, respectively. The dark 

current density at −0.5 V bias decreases from 3.1 × 10−3 

A/cm2 at 300 K to 1.6 × 10−10 A/cm2 at 120 K, where the 

dominant dark current component is tunneling. The area-

dependence of key performance parameters show that for 

mesa diameter ≤ 250 µm, surface defects assume a dominant 

role in the total noise. 

 
Index Terms—III-V semiconductor, photodetectors, specific 

detectivity, noise. 

 

I. INTRODUCTION 

HERE is growing interest in photodetection in the 2-µm 

wavelength window for a wide range of applications 

including satellite and terrestrial imaging [1], mapping global 

resources [2], optical communication [3], biological [4] and 

chemical [5] imaging and analysis, and detection and ranging 

(LIDAR) [6]. Recently, AlxIn1-xAsySb1-y (referred to by its Al 

concentration as AlxInAsSb) digital alloy separate absorption, 

charge, and multiplication avalanche photodiodes with low 

excess noise and gain > 100 have achieved low, gain-

normalized dark current density (3 × 10−4 A/cm2 at 125 K) 

under 2-μm wavelength illumination [7]. This material system 

is also interesting for nBn structures because the valence band 

offset is near-zero [8].  

Key figures of merit for infrared optical detectors include the 

specific detectivity D*, dark current density Jd, responsivity ℜ, 

and differential-resistance-area product RA. D* is given by the 

expression [9]:  

𝐷∗ = ℜ/(4𝑘𝑇/𝑅𝐴 +  2𝑞𝐽)1/2, (1) 
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where k is the Boltzmann constant, T is the temperature, q is the 

electronic charge, and J is the current density. To achieve high 

D*, it is essential to minimize the Johnson noise determined by 

1/(RA) and the shot noise, which is linked to Jd. Shockley-Read-

Hall (SRH) generation and trap-assisted tunneling increase Jd 

and 1/(RA), which degrades D*. The operation of PIN 

photodiodes generally requires a large depletion region and, at 

times, high electric field, which increases the dark current 

instigated by SRH generation and trap-assisted tunneling [10]. 

Since nBn photodetectors operate with low voltage across the 

narrow bandgap absorber, the depletion width is small and SRH 

generation and tunneling are moderated to a great extent [11]. 

It is also beneficial that the Fermi level is not near mid-gap in 

these devices, whereas in PIN diodes, the mid-gap Fermi level 

in the intrinsic region facilitates SRH generation, which is 

usually the biggest noise source in cooled detectors. Substantial 

progress on middle-wavelength infrared (MWIR) detection has 

been achieved with n-barrier-n (nBn) structures [12]-[19], most 

of which employ III-V superlattice (SL) structures. The cut-off 

wavelength λcutoff, D*, R0A, and Jd of different III-V nBn 

structures are summarized in Table I. The reported 

characteristics were generally obtained from III-V nBn 

photodetectors with mesa dimension ≥ 400 µm or without 

specifying mesa dimension. There have been few reports on 

figures of merit for III-V nBn photodetectors with smaller 

mesas or the variation of their characteristics with mesa 

dimensions. However, applications that utilize small-mesa 

photodetectors such as high-resolution focal plane arrays [1], 

[20] have generated interests in their surface properties. 

In this paper, we demonstrate nBn photodetectors fabricated 

from Al0.3InAsSb/Al0.7InAsSb/Al0.3InAsSb digital alloys. The 

nBn photodetectors employ an Al0.3InAsSb absorber (Eg = 

~0.58 eV) and an Al0.7InAsSb barrier (Eg = ~1.16 eV). Figure-

of-merit characteristics including D*, Jd, RA, ℜ and external 

quantum efficiency (EQE) were investigated in the wavelength 

range from 1.7 µm to 2.1 µm. Current-voltage measurements 

were conducted from 100 K to 340 K to study the activation 

energies in the temperature ranges in which diffusion/SRH or 

tunneling dominate. The temperature, mesa-diameter and bias 

dependence of Jd and RA were determined and analyzed to 
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reveal the nature and roles of defects in these structures. 

II. EPITAXIAL STRUCTURE AND DEVICE FABRICATION

The epitaxial layers of the Al0.3InAsSb/Al0.7InAsSb nBn 

photodetector were grown on an n-type GaSb substrate as 

digital alloys of three binary constituents: AlSb, InAs, and InSb 

lattice matched to an n-type GaSb substrate by molecular beam 

epitaxy [21]. A schematic of the layer structure and the energy 

band diagram at −0.5 V are shown in Figs. 1(a) and 1(b), 

respectively. Following the n-type GaSb buffer layer, the 

epitaxial structure consists of a 400-nm thick n-Al0.3InAsSb 

contact layer, a 150-nm thick unintentionally doped (UID) 

Al0.3InAsSb buffer layer, a 50-nm thick UID Al0.7InAsSb 

barrier, a 2-µm thick UID Al0.3InAsSb absorber, and a 100-nm 

thick n-Al0.3InAsSb contact layer. The doping concentration of 

the two n-type contact layers is 5 × 1018 cm−3. The conduction-

band offset (~0.58 eV) between the Al0.3InAsSb absorber and 

the Al0.7InAsSb barrier impedes the flow of generated electrons 

at the barrier. Circular mesas were defined by standard 

photolithography and etched in citric acid. Titanium/gold 

contacts were deposited by electron-beam evaporation, and the 

mesa sidewalls were passivated with SU-8. The circular mesa 

diameters were 100, 150, 200, 250, 350 and 500 µm. 

III. CHARACTERIZATION METHODS

Low-temperature current-voltage (I-V) measurements were 

carried out from 100 K to 280 K with a precision semiconductor 

parameter analyzer (HP, 4156B) in a liquid N2-cooled 

cryogenic probe station (Desert cryogenics) with a temperature 

controller (LakeShore, 331). To conduct I-V measurements at 

300 K and above, the liquid N2 was turned off. The 

photoresponse was measured using 2 µm wavelength (λlum) 

illumination with a laser diode (Thorlabs, CLD1015) coupled 

to an optical attenuator. The illumination power was ~0.46 mW. 

The external quantum efficiency (EQE) was measured with a 

laser-driven Xenon light source (Energetiq, LDLS) coupled to 

a monochromator (Newport). The photogenerated current was 

measured using a lock-in technique (Stanford research systems, 

SR810). The EQE was determined by comparison to a 

calibrated, strained InGaAs reference.  

IV. RESULTS AND DISCUSSION

Fig. 2 shows the measured dark current (left axis) and dark 

TABLE I 

THE CUT-OFF WAVELENGTH (λcutoff) OF ABSORBERS, SPECIFIC DETECTIVITY (D*), AND R0A REPORTED FOR III-V nBn PHOTODETECTORS. 

Absorber/barrier [Reference] λcutoff (µm) 
Maximum D* (×109 Jones), 
T (K), λlum

a (µm), reverse bias (V) 
R0A (×104 Ωcm2),  
T (K) 

Jd (A/cm2), T (K),  
reverse bias (V) 

Mesa sizeb 

InAs0.79Sb0.21 

/Al0.9Ga0.1As0.1Sb0.9 [12] 
~4.6 µmc - 

0.3, 220 K; 

100, 150 K 
3×10−2, 300 K, 0.1 V 400 µm 

MWIR/LWIR dual-band InAs-

InAsSb SLs/AlGaAsSb [13] 

~5.1 µm; 

~9.5 µm 

MWIR: 8200, 77 K, 4 µm, 0.1 V; 

LWIR: 164, 77 K, 7 µm, 0.15 V 

>100, 77 K  

for MWIR channel 

MWIR: 1×10−7, 77 K, 0.1 V; 

LWIR:5.7×10−4, 77 K, 0.15 V 

Not 

specified 

InAs-InAsSb SLs 
/AlAs0.085Sb0.915 [14] 

~4.8 µm - - 1×10−10, 100 K, 0.1 V 805 µm 

In0.28Ga0.72As0.25Sb0.75 

/AlGaSb [15] 
~3.0 µm 6.7d, 300 K, 2.1 µm, 0.08 V 

0.17, 200 K; 

1.9×10−3, 300 K; 

2.3×10−5, 200 K, 0.05 V; 

2.6×10−3, 300 K, 0.05 V; 
200 µm 

InAs-InAsSb SLs 

/AlGaAsSb [16] 
~5.5 µm 15, 200 K, 3.7-4.9 µm, 0.1 V - 1.4×10−2, 200 K, 0.1 V 50 µm 

InAs-GaSb SLs 
/Al0.2Ga0.8Sb [17] 

~4.8 µm 280, 77 K, 4.0 µm, 0.5 V - 2.3×10−6, 77 K, 0.5 V 400 µm 

InAs-GaSb SLs 

/Al0.4GaSb [18] 
~5.2 µmc ~1, 300 K, 4.5 µm, 0.3 V - ~9, 300 K, 1 V 400 µm 

aIllumination wavelength (λlum). 
bThe mesa dimension which has been specified for the reported figures of merit. 
cThe λcutoff is calculated by using λcutoff=1.23985/Eg where Eg is energy bandgap (eV) specified in the literature.  
dℜ = 0.59 A/W at −0.08 V and −0.2 V for λlum= 2.1 µm [15]. In another work [19], ℜ = 1.17 A/W at −0.2 V for λlum= 2.2 µm. 

Fig. 1.  (a) Schematic illustration of an Al0.3InAsSb/Al0.7InAsSb digital alloy 
nBn photodetector and (b) energy band diagram at −0.5 V bias. 
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current density, Jd, (right axis) as a function of applied bias for 

a 200-µm diameter mesa from 100 K to 340 K. When T is below 

160 K, the dark current in the low-bias range (< ~0.35 V) is 

below 1 × 10−14 A, which is the lower limit of the measurement 

apparatus. Jd at −0.5 V was measured to be 3.1 × 10−3 A/cm2 at 

300 K and it decreased to 1.3 × 10−10 A/cm2 at 100 K. For nBn 

photodetectors, the primary components of Jd are diffusion 

current density, Jdiff, generation current density, JSRH, associated 

with the SRH generation-recombination process, and tunneling 

current density, Jtunn. SRH processes are primarily caused by 

defects in the bulk region, defects in the surface region, and 

other surface states [22]. Tunneling processes include band-to-

band tunneling and trap-assisted tunneling [2], [23]. Different 

from Jdiff and JSRH, tunneling is relatively independent of 

temperature but highly dependent on the electrical field.   

The 1/kT dependence of Jd for different bias is plotted in Fig. 

3(a). The temperature range from 190 K to 340 K is 

diffusion/SRH-dominated. Jd follows an Arrhenius relation 

with T and Jtunn is small compared to Jdiff and JSRH. In the range 

from 100 K to 140 K tunneling dominates, Jd is nearly 

independent of T, and Jd increases rapidly with reverse bias. The 

temperature dependence of JSRH and Jdiff can be expressed as 

[11], [12] 

𝐽SRH ∝ 𝑛i ∝ 𝑇3/2 exp(−𝐸g/2𝑘𝑇) , (2) 

𝐽diff ∝ 𝑛i
2 ∝ 𝑇3 exp(−𝐸g/𝑘𝑇) , (3) 

where ni is the intrinsic concentration. Two solid lines in Fig. 

3(a) depict the temperature dependence of the JSRH and Jdiff 

relations in (2) and (3) using Eg = 0.58 eV. Jd in the 

diffusion/SRH-dominated regime can be fit using the following 

relation [12]: 

𝐽d ∝ 𝑇3 exp(−∆𝐸/𝑘𝑇) , (4)

where ∆E is activation energy which determines the slope of Jd 

versus 1/kT.  

The activation energies for the 100-µm, 150-µm, 200-µm, 

and 350-µm devices in the diffusion/SRH-dominated regime 

are plotted in Fig. 3(b). ∆E of the 200-µm detector decreases 

from 0.504 to 0.328 eV with increasing bias. This indicates that 

the contribution of JSRH to Jd increases significantly with 

reverse bias, which is consistent with the reverse-bias 

dependence of JSRH in the literature [10]. An activation energy 

of 0.11 eV has been reported for defects in the bulk region of 

an Al0.3InAsSb digital alloy PIN photodiode [24], [25] and 0.16 

eV and 0.21 eV linked to surface defects [25]. The higher values 

of ∆E for the nBn devices, 0.328 to 0.504 eV, may be due to the 

lower electric field in the absorber compared to that of a PIN 

photodiode. At the same bias, the values of ∆E for the smaller 

mesa devices are lower. In Fig. 3(a), the ideal diffusion relation 

(3) shows a better fit with the experimental data points 

measured at the bias of −0.1 V, compared to the results of 150-

µm device in the previous work [26]. This is also revealed by 

the higher ∆E of 0.504 eV for (4) than that derived in the 

previous work [26], indicating a lower SRH contribution in the 

dark current generation. 

Fig. 4(a) shows current and current density versus voltage 

curves for the 200-µm diameter device unshielded from the 

background. The temperature for background-limited infrared 

photo-detection (BLIP) can be obtained by comparing the 

photocurrent and dark current densities. Taking the stringent 

BLIP condition for which Jd equals 1/4 of the photocurrent 

density [27], the estimated BLIP temperatures of different 

diameter devices are plotted in Fig. 4b. The highest BLIP 

Fig. 2.  I-V curves of a 200-µm diameter nBn in the dark measured at 

temperature (T) ranging from 100 K to 340 K. I-V curves are shown by 
referring to left axis for both reverse and forward bias range. J-V curves are 

shown by referring to right axis for both reverse and forward bias range. The 

right axis is obtained with the left axis divided by the device mesa area. 

Fig. 3.  (a) Plots of the 1/kT dependence of dark current density for −0.1 V to 
−2.0 V bias applied to 200-µm diameter nBn. The top axis shows the 

corresponding T. The solid lines show the slopes of ideal SRH and diffusion 

dark current density, based on (2) and (3), respectively. (b) Activation energy 
∆E of 100-µm, 150-µm, 200-µm, and 350-µm diameter devices versus applied 

bias. ∆E is derived by using (4). 



0733-8724 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2021.3117507, Journal of
Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4 

temperatures of 183 K, 181 K, 176 K and 173 K for the 350-

µm, 200-µm, 150-µm and 100-µm devices occur at the bias of 

−0.3 V. For the less stringent condition for BLIP temperature 

where photocurrent density equals Jd, the BLIP temperature of 

the 200-µm device under −0.3 V bias is estimated to be ~190 

K. Compared to BLIP temperatures in the range of 76-150 K 

reported for III-V superlattice nBn photodetectors [12], [13], 

[27], the higher BLIP temperatures reported here are primarily 

due to the larger energy bandgap of the absorber [28], as shown 

by the relation TBLIPλcutoff ≈constant [28], [29] where TBLIP is the 

BLIP temperature.  

The temperature dependence of RA can be obtained from the 

J-V characteristics. Shown in Fig. 5, the 1/kT dependence of RA 

exhibits diffusion/SRH dominance for T ≥ 190 K that 

transitions to tunneling for T ≤ 140 K. In the tunneling regime, 

RA is nearly independent of T and decreases with reverse bias 

[10], [23]. RA can be expressed in terms of a diffusion 

component (RA)diff, an SRH component (RA)SRH and a tunneling 

component (RA)tunn and similarly, 1/RA can be written as the 

sum of the reciprocals of these components [23], [30]: 

1/(𝑅𝐴) = 1/(𝑅𝐴)diff + 1/(𝑅𝐴)SRH + 1/(𝑅𝐴)tunn . (5)

The temperature dependence of (RA)SRH and (RA)diff can be 

expressed as [23]: 

(𝑅𝐴)SRH ∝ 1/𝑛i ∝ 𝑇−3/2 exp(𝐸g/2𝑘𝑇) , (6) 

(𝑅𝐴)diff ∝ 𝑇1/2/𝑛i
2 ∝ 𝑇−5/2 exp(𝐸g/𝑘𝑇) . (7) 

The two solid lines in Fig. 5 depict the temperature 

dependences of the (RA)SRH and (RA)diff relations in (6) and (7), 

respectively, using Eg = 0.58 eV. The slope of RA in the 

diffusion/SRH region falls between the slopes of the (RA)diff and 

(RA)SRH solid lines, which is consistent with Jd in Fig. 3(a). The 

R0A of an nBn photodetector with an InAs0.79Sb0.21 absorber [12] 

was ~106 Ωcm2 at its BLIP temperature of ~150 K. Compared 

to R0A of SLs nBn photodetectors [13], [19], the 200-µm device 

exhibits a higher R0A value of 3.9 × 108 Ωcm2 at BLIP 

temperature of ~190 K. At 300 K this device exhibits an R0A of 

3724 Ωcm2 at 300 K, which is higher than 19 Ωcm2 for an 

In0.28Ga0.72As0.25Sb0.75 nBn at 300 K [15]. Like the comparison 

of dark current densities, the high R0A values reported here are 

due in part to the relatively large bandgap of ~0.58 eV.  

The room temperature I-V curves of different diameter 

devices in the dark and under laser illumination are shown in 

Fig. 6(a). The non-zero dark current at zero bias is attributed to 

Fig. 6.  (a) Current-voltage curves of 500-µm, 250-µm, and 200-µm diameter 

nBn photodetectors in the dark (dashed lines) and under 2-µm laser 
illumination (solid lines) of ~0.46 mW at 300 K. (b) Measured (symbols) and 

simulated (solid lines) dark current density versus bias. The inset is a 

magnified image for the reverse-bias range. 

Fig. 4.  (a) I-V curves of the nBn exposed to background when T was varied 

from 100 K to 340 K. (b) BLIP temperature of 100-µm, 150-µm, 200-µm, and 
350-µm diameter devices versus applied bias. The BLIP temperatures were 

estimated using the BLIP condition of photocurrent = 4 × dark current [27]. 

Fig. 5.  RA versus 1/kT (lower axis) and T (upper axis) for a 200-µm diameter 
photodetector at different reverse biases. The solid lines show the RA slopes 

of ideal SRH and diffusion relations, based on (6) and (7), respectively. 
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charge trapping [30]. The nBn photodetectors were simulated 

using Lumerical CHARGE solver (ANSYS). The material 

parameters of AlxInAsSb used in the simulation are based on an 

approximate formula in which its material parameter is a linear 

combination of parameters of InAs, AlSb, AlAs and InSb [31]-

[33]. The materials parameters used in the simulation of nBn 

devices are summarized in the Table II. The SRH carrier 

lifetimes of the 200-µm, 250-µm, and 500-µm diameter devices 

were derived to be ~22 ns, ~29 ns and ~40 ns, respectively. Fig. 

6(b) shows the comparisons of measured and simulated dark 

current density versus bias for 200-µm, 250-µm, and 500-µm 

diameter devices. The smaller SRH lifetime for smaller mesa 

diameter is attributed to the increased SRH effect through 

surface states.  

Fig. 7(a) shows the EQE of a 350-µm diameter device in the 

wavelength range from 1700 nm to 2100 nm. There is a 

significant increase in the EQE as the reverse bias increases 

from −0.2 V to −0.5 V. This is attributed to the increased 

collection efficiency of the photogenerated carriers, which 

saturates at approximately −1 V. For λlum=2000 nm at an optical 

power level of ~30 nW, the EQE is 27% at −2 V. Simulations 

predict that EQE can be increased from 27% to 54% with a 1%-

reflectivity anti-reflection coating and a 3-µm thick absorber. 

The responsivity, ℜ, versus applied bias is plotted in the 

upper graph of Fig. 7(b). ℜ saturates around −1.0 V, 

corresponding to the saturation of collection efficiency of the 

photogenerated carriers. Using (1) and the measured J-V 

characteristics, D* under 2-µm illumination is calculated and 

plotted in the lower graph of Fig. 7(b). The increase of D* in 

the bias range from −0.2 V to −0.5 V is primarily due to the 

increase of collection efficiency. After reaching its peak at −0.5 

V bias, D* decreases with increasing reverse bias. This decrease 

is attributed to the increased noise associated with the increase 

in Jd and the decrease in RA, since ℜ is close to its saturation 

region. The increase of ℜ from −0.5 V to −1.0 V cannot 

compensate the increased noise. At −0.5 V and wavelength of 

1.8 µm or 2 µm, the D* values of 150-, 200-, 250- and 350-µm 

diameter devices are summarized in Table III. The D* values at 

190 K were calculated using the temperature dependences of Jd 

and RA, and assuming ℜ remains the same as that at 300 K. D* 

increases from ~1010 Jones to ~1012 Jones with decreased 

temperature from 300 K to 190 K. The higher D* for the larger 

diameters is primarily due to their lower noise.  

As described in (2) and (5), defects, which are primary 

contributors to SRH generation and trap-assisted tunneling, 

play significant roles in increasing Jd and decreasing RA thus 

decreasing D*. To further understand the nature of the defects 

in the Al0.3InAsSb/Al0.7InAsSb digital alloy structures and their 

roles in the nBn operation, we have investigated the variation of 

Jd and RA with mesa diameter. The dark current density can be 

expressed in terms of its surface, Jd-surf, and bulk, Jd-bulk, 

components as: 

𝐽d =  𝐽d−surf +  𝐽d−bulk = (𝑗d−surf∆𝑡)(𝑃/𝐴) +  𝐽d−bulk , (8)

where jd-surf∆tP is the surface current generated in a hollow 

circular region defined with circular perimeter P and thickness 

∆t. At fixed bias and temperature, jd-surf∆t is primarily 

determined by the mesa etching process, material properties in 

the surface, and the passivation material. Jd-bulk reflects the bulk 

material properties. jd-surf∆t and Jd-bulk can be regarded as 

independent of mesa diameter. Thus, in (8), the Jd is a linear 

function of P/A. Similarly, for T ≤ 140 K, the tunneling current 

density can be written as: 

𝐽tunn =  𝐽tunn−surf +  𝐽tunn−bulk

 =  (𝑗tunn−surf∆𝑡)(𝑃/𝐴) +  𝐽tunn−bulk ,                       (9)

Fig. 7.  (a) External quantum efficiency versus wavelength when the applied 

bias was varied from −0.2 V to −2.5 V. (b) Responsivity (upper graph) and 
specific detectivity (lower graph) versus bias applied for mesa diameters of 

150, 200, 250 and 350 µm for 2-µm illumination. 

TABLE III 

SPECIFIC DETECTIVITY D* AT −0.5 V AND WAVELENGTH OF 1.8 µm OR 2 µm. 

Mesa 

diameter 

(µm) 

D* (1010 Jones) at 300 K D* (1012 Jones) at 190 K 

1.8 µm 2 µm 1.8 µm 2 µm 

150 1.8 1.1 1.7 1.0 
200 2.2 1.3 2.1 1.2 
250 2.7 1.6 2.4 1.4 
350 3.0 1.7 2.6 1.5 

TABLE II 

MATERIAL PARAMETERS USED IN THE SIMULATION AT 300 K. 

Material 

Dielectric 
constant 

Auger 
coefficient 

Mobility Effective mass 

ɛr=ɛ/ɛ0 cm6/s 
Electron 
cm2/(V·s) 

Hole 

cm2/(V·s) 
Electron Hole 

Al0.3InAsSb 15.3 4×10−27 4814 635 0.031 0.41 

Al0.7InAsSb 14.3 9×10−30 3574 632 0.053 0.44 

GaSb [33] 15.7 1×10−28 5000 850 0.042 0.4 
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where jtunn-surf is the P∆t-normalized surface current density. 

The right axes of Figs. 8(a) and 8(b) show linear fits for 

measured Jd and Jtunn at −1.0 V bias versus P/A for mesa 

diameter in the range from 100 µm to 500 µm.  

Based on the fitted values of jd-surf∆t and Jd-bulk at 300 K and 

200 K, Fig. 9(a) summarizes measured Jd, fitted Jd-bulk, and 

calculated Jd-surf in the upper graph for 300 K and in the middle 

graph for 200 K. Similarly, based on the fitted jtunn-surf∆t and 

Jtunn-bulk at 120 K, measured Jtunn, fitted Jtunn-bulk and calculated 

Jtunn-surf are plotted in the lower graph of Fig. 9(a). 

Similarly, RA can be expressed in terms of its bulk and 

surface components as [34]: 

1/(𝑅𝐴) = 1/(𝑅𝐴)surf + 1/(𝑅𝐴)bulk

 = [∆𝑡/(𝜌𝑙)](𝑃/𝐴) + 1/(𝑅𝐴)bulk

        = (1/𝐶surf)(𝑃/𝐴) +  1/(𝑅𝐴)bulk ,                           (10)

where ρ (Ωcm) is the equivalent resistivity of the hollow-

circular surface region with circular perimeter P and thickness 

∆t, l is the mesa height, and Csurf = ρl/∆t is a constant with unit 

of Ωcm. For T ≤ 140 K, where tunneling dominates, 1/(RA)tunn 

can be expressed as: 

1/(𝑅𝐴)tunn = 1/(𝑅𝐴)tunn−surf + 1/(𝑅𝐴)tunn−bulk

        = (1/𝐶tunn−surf)(𝑃/𝐴) +  1/(𝑅𝐴)bulk ,          (11)        

where Ctunn-surf (Ωcm) is a constant associated with tunneling in 

the surface region.  

The left axis of Figs. 8(a) and 8(b) show linear fits for 

measured 1/(RA) and 1/(RA)tunn versus P/A for mesa diameter in 

the range from 100 µm to 500 µm at 300 K and at 120 K, 

respectively. Fig. 9(b) summarizes the measured RA, fitted 

(RA)bulk and calculated (RA)surf in the upper graph for 300 K and 

in the middle graph for 200 K. The measured (RA)tunn, fitted 

(RA)tunn-bulk, and calculated (RA)tunn-surf at 120 K are plotted in 

the lower graph of Fig. 9(b).  

Figs. 9(a) and 9(b) reveal the contributions of the surface and 

bulk regions on Jd and RA, respectively. Shot noise can be 

reduced by minimizing Jd. Johnson noise is inversely 

proportional to RA. We note that the magnitude of the left axis 

in Fig. 9(a) increases from bottom to top whereas that in Fig. 

9(b) increases from top to bottom. Shown in the lower graph of 

Fig. 9(a) for 120 K, the contribution of Jtunn-surf in Jtunn is in the 

range of 91 to 99% and it is larger for smaller diameters, 

indicating that the dark current density originates from trap-

assisted tunneling at the surface when T ≤ 140 K. Fig. 9(b) 

shows that, when T ≤ 140 K, Johnson noise is mainly due to 

surface trap-assisted tunneling for mesa diameter ≤ 250 µm; 

whereas for larger mesas, the Johnson noise originates in the 

bulk. Jsurf and Jbulk increase with temperature, and (RA)surf and 

(RA)bulk decrease with temperature, which is due to the 

enhanced diffusion and SRH generation at higher temperature. 

At 300 K, the contribution of Jsurf and 1/(RA)surf decrease 

dramatically with mesa diameter, which leads to an abrupt 

decrease of Jd and 1/(RA) and thus lower shot noise and Johnson 

noise. This observation is consistent with higher D* for larger 

mesa diameter in Fig. 7(b) as well as higher ∆E for larger 

diameter in Fig. 3(b) and higher BLIP temperature for larger 

diameter in Fig. 4(b). For the 200-µm nBn at 300 K, the 

contribution of Jsurf in Jd is 56% and the surface current results 

in 63% reduction of RA. Shot noise and Johnson noise 

originating from the surface regions of 100-µm, 150-µm, 200-

µm and 250-µm photodetectors are the bottleneck to further 

improving their D*s and BLIP temperatures, indicating the 

(a)                                                         (b) 
Fig. 9.  The mesa-diameter dependences of dark current density (Jd) and RA at 

−1.0 V for 300 K, 200 K and 120 K. (a) Measured Jd, fitted Jd-bulk, and 
calculated Jd-surf at 300 K (upper graph) and 200 K (middle graph), and 

measured Jtunn, fitted Jtunn-bulk, and calculated Jtunn-surf at 120 K (lower graph). 

(b) Measured (RA), fitted (RA)bulk, and calculated (RA)surf at 300 K (upper 
graph) and 200 K (middle graph), and measured (RA)tunn, fitted (RA)tunn-bulk, and 

calculated (RA)tunn-surf at 120 K (lower graph). The magnitude of the left axis 

in (b) increases from top to bottom. 

Fig. 8.  The mesa-diameter dependences of dark current density (right axis) 
and (RA)-1 (left axis) at −1.0 V for (a) 300 K and (b) 120 K. The linear fits 

provide the bulk and surface contributions. 
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critical role of surface passivation for devices with smaller 

mesas.  

V. CONCLUSION 

We report nBn photodetectors, fabricated from 

Al0.3InAsSb/Al0.7InAsSb digital alloys that exhibit near-zero 

valence-band offset. The dark current activation energy 

decreases from 0.504 to 0.328 eV with increasing bias from 

−0.1 V to −2.0 V. These values are higher than those reported 

for Al0.3InAsSb PIN photodiodes, indicating reduced Shockley-

Read-Hall generation for the operation of the nBn 

photodetectors. For a 350-µm diameter device, specific 

detectivities of 1.7 × 1010 and 3.0 × 1010 Jones were obtained 

under 2-µm and 1.8-µm illumination, respectively, at 300 K 

without an anti-reflection coating. Devices with larger mesa 

diameter exhibit higher specific detectivity, BLIP temperature 

and activation energy. The mesa-diameter dependences of dark 

current density and RA reveal the dominance of surface defects 

and surface states in the generation of shot noise and Johnson 

noise, indicating that photodetector performance can be further 

improved by using better passivation.  
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