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Abstract 7 

An InAsSb nBn detector structure was grown on both GaAs and native GaSb substrates. 8 

Temperature dependent dark current, spectral response, specific detectivity (𝐷𝐷∗) and noise 9 

spectral density measurements were then carried out. Shot-noise-limited 𝐷𝐷∗ 𝑓𝑓igures of 10 

1.2 × 1010 𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 and 3.0 × 1010 𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 were calculated (based upon the sum of dark 11 

current and background photocurrent) for the sample grown on GaAs and the sample grown 12 

on GaSb, respectively, at 200 K. Noise spectral density measurements revealed knee 13 

frequencies of between 124-337 Hz and ~8 Hz, respectively. Significantly, these devices could 14 

support focal plane arrays capable of operating under thermoelectric cooling.   15 
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nBn photodetectors are known to offer reduced dark currents and noise when compared with 16 

simple p-i-n photodiodes.1,2 Through the use of a barrier layer which blocks the dark 17 

currents due to the flow of majority carriers, but allows the flow of photogenerated holes, the 18 

nBn detector is essentially a hybrid between photoconductor and photodiode. The dark cur-19 

rents are further known to be dominated by the diffusion current alone, even at low tempe-20 

ratures, due to an inherent suppression of Shockley-Read-Hall (SRH) currents.2,3 This effect 21 

is attributed to the confinement of the electric field within the barrier layer, away from the 22 

narrow-bandgap absorption and contact layers, which are strongly susceptible to SRH genera-23 

tion and band-to-band tunnelling. Furthermore, n-type doping in these regions, whether unin-24 

tentional or extrinsic, pins the Fermi-level at the conduction band edge, away from mid-25 

bandgap traps associated with SRH generation. Surface currents are also inhibited by the nBn 26 

design, especially if the barrier layer is not etched when defining the mesas in processing, 27 

leading to a high shunt resistance. This is particularly significant since the surface currents of 28 

InAsSb p-i-n diodes tend to dominate at low temperatures (at least without optimised 29 

passivation). nBn detectors were initially grown using absorption layers of bulk-material 30 

InAs,1 but progress has been made with nBn structures using absorption layers consisting of 31 

InAsSb,2,3 quaternaries,4 and strained-layer-superlattices. The latter have been implemented 32 

both in a straightforward manner, using the type-II InAs/GaSb system,5-7 as well as using a 33 

two-colour design, with two absorption regions (with different superlattice periods) allowing 34 

sensitivity in more than one spectral range.8 Initial reports of nBn detectors created using the 35 

HgCdTe material system have also surfaced.9,10 While focal plane arrays for infrared 36 

cameras – whether for defence,11 security or other purposes – are expected to be the primary 37 

application for nBn detector based sensors, further applications in gas sensing12 and 38 

environmental monitoring are also noteworthy, among others. The reduced cooling requi-39 

rements1 of nBn detectors are their key benefit: these are often significant enough that 40 
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compact and cost effective thermoelectric coolers can be used. This is particularly attractive 41 

when portability is a concern, e.g. on the battlefield. The first sensors based on nBn detectors 42 

have recently become available commercially.13 In this letter, progress in the growth and 43 

characterisation of InAsSb-based nBn detectors is reported. A detector structure was grown, 44 

both lattice-mismatched on GaAs, using the interfacial misfit (IMF) array growth mode, and 45 

on native GaSb. Full details of the IMF growth mode may be found elsewhere.14,15 Comp-46 

arisons were made between these two primary samples using Arrhenius plots of the dark 47 

currents and temperature dependent spectral response and specific detectivity (D*) measure-48 

ments. Two further samples were then grown to allow for an investigation of the effects of 49 

the absorption region doping concentration upon device characteristics. Finally, the frequency 50 

dependence of the noise spectrum was measured for the two primary samples 51 

 52 

Figure 1: Layer thicknesses and compositions for the two primary samples. Top: growth on a 53 

GaAs substrate (via an IMF array). Bottom: growth on native a GaSb substrate. 54 
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to check for the presence of 1/f noise and determine the range of frequencies affected. 55 

Details of the two structures are shown in Figure 1. All growth was performed using a VG 56 

V80-H MBE reactor. For the sample grown on GaAs, oxide desorption was performed first at 57 

600 °C, followed by growth of the GaAs buffer layer at 570 °C. The IMF interface was next 58 

initiated by closing the As valve for a short interval, cooling the sample to 510 °C under Sb2 59 

flux and then opening the Ga cell shutter. A thin GaSb buffer layer was then grown at  60 

510 °C. The ternary absorption layer was grown at 450 °C with an extrinsic n-type doping 61 

level of ~4 × 1017 cm−3. The GaTe dopant cell was calibrated beforehand using Hall Effect 62 

measurements. The quaternary barrier layer (grown at 490 °C) was unintentionally doped 63 

(expected to be ~1016 cm−3 p-type, based on values for binary AlSb)16 and included a 10% 64 

Ga mole fraction, suppressing oxidation of the barrier surface. No intentional doping was 65 

used, in order to avoid electrical cross-linking between the mesas. Reflection high energy 66 

electron diffraction (RHEED) analysis was used to monitor the crystalline quality of the 67 

barrier and contact layers to ensure relaxation – which could affect the bandstructure – did 68 

not occur. This was verified by a sharp, streaked RHEED reconstruction throughout growth. 69 

Finally, the contact layer was grown, with the same doping level as the absorption layer. For 70 

the sample grown on native GaSb, oxide desorption was carried out at 540 °C, followed by 71 

the growth of the GaSb buffer. The nBn overlayers were then grown under the same 72 

conditions that were used for the sample grown on GaAs. All growth rates were appr-73 

oximately 1.0 MLs-1. In processing, both the upper and lower contacts were thermally evap-74 

orated using Ti/Au. TLM measurements were carried out, confirming low resistance, Ohmic 75 

contacts. Circular mesas with diameters between 25 – 800 μm were defined using standard 76 

photolithography and a citric-acid-based etchant. The mesas were defined without etching 77 

through the barrier layer (shallow etch) in order to suppress surface leakage currents, as noted 78 

above. It was found that only slight oxidation of the barrier layer surface – which remained 79 
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stable, even months after processing – occurred, as suppressed by the 10% Ga mole fraction. 80 

Potential problems with long term structural integrity and device reliability were therefore 81 

alleviated, particularly since encapsulation could be used where stability is essential over 82 

longer timescales. Dark current measurements were made using a Lakeshore TTPX low 83 

temperature probe station and Keithley 2400 and 6430 SourceMeters®. The probe station 84 

was equipped with a radiation shield, allowing for the exclusion of radiation incident from 85 

the 300 K scene. Spectral response was measured using a Nicolet 6700 Fourier Transform 86 

Infrared (FTIR) Spectrometer. An IR-563 blackbody was used to measure responsivity at a 87 

wavelength of 2.33 μm. 88 

  89 

Figure 2: Measured and fitted XRD data for the two primary samples: (a) sample grown on 90 

GaAs, using an IMF array and (b) the sample grown on a native GaSb substrate.  91 
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 92 

Figure 3: Approximate band diagram, as calculated according to the model of Krijn.17  93 

  94 

Figure 4: Arrhenius plots of the dark currents, at -0.1 V applied bias, for both primary 95 

samples.  Activation energy fittings and a comparison with Rule 07 are also shown. 96 

X-ray diffraction (XRD) scans were obtained using a Bede QC200 Diffractometer. Noise 97 

behaviour was analysed using a Stanford Research Systems SR570 Low Noise Preamplifier 98 

and an Agilent 35670A Dynamic Signal Analyser. An amplification level of 100 nAV-1 was 99 

used.  100 

Fitted XRD scans for both primary samples are show in Figure 2. For the sample grown on a 101 

GaAs substrate, the full width at half maximum (FWHM) of the absorption layer peak 102 

(visible around -9800 arcsec) was ~300 arcsec. In contrast, the absorption layer peak for the 103 

sample grown on GaSb was 80 arcsec, indicating higher crystalline quality for this sample. 104 
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Features due to the barrier layers can also be seen at around -8000 arcsec, and around 1000 105 

arcsec, respectively. For the sample grown on GaAs, no peak due to the GaSb buffer layer is 106 

seen (normally exhibited at -9,580 arcsec). This is due to the narrow thickness of the layer, 107 

i.e. the features are buried beneath the absorber peak (at -9800 arcsec). Details of the fitting 108 

parameters were given in Figure 1. Figure 3 shows an approximate band diagram for both 109 

samples, calculated using the model of Krijn.17 The model incorporates the effects of strain 110 

on the band positions. Arrhenius plots of the dark currents are shown in Figure 4. Inspecting 111 

the figure, it is immediately obvious that the two samples give similar levels of dark current 112 

performance, in spite of the lattice mismatch between the InAsSb absorption layer and the 113 

GaAs substrate and the lower crystalline quality (as inferred from the XRD FWHM of the 114 

absorption layer) for the growth on GaAs. This indicates the effective suppression of SRH 115 

generation by the nBn design: the surface threading dislocation densities under IMF growth – 116 

as known from transmission electron microscopy (TEM) measurements to be present at a 117 

level of around 108 cm−2 – are usually deleterious to device performance to a greater degree. 118 

Activation energy fittings were made using the following expression for the dark current 119 

density, J, in the diffusion current limited regime, 120 

              J ~ T3 exp �
−Ea
kT

�                                                         (1) 

 121 

where Ea is the activation energy, k is the Boltzmann constant and the factor of T3 accounts 122 

for the density of states. The results, as quoted in the figure, are close to the full intrinsic 123 

bandgap of the InAsSb absorption layers at zero temperature – predicted to be 0.35 eV acco-124 

rding to the bowing parameter recommended by ref [18] – confirming diffusion limited dark 125 

currents. Note that the diffusion limited regime is indicated by correspondence with the low-126 

temperature bandgap, rather than the bandgap at operating temperature.3 For the sample  127 
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 128 

Figure 5: Spectral response for the primary samples for 200 – 240 K operating temperature. 129 

Solid lines: growth on GaAs (via IMF). Dashed lines: growth on native GaSb. 130 

grown on GaSb, the activation energy is slightly larger than the intrinsic bandgap: this will be 131 

explained in terms of Moss Burstein shift in the subsequent text. A second gradient is visible 132 

for both samples between approximately 100 and 150 K. However, the gradient is too small 133 

(~0.1 eV) to indicate SRH recombination (i.e. significantly less than half the bandgap). 134 

Therefore, this region is likely to result from a shunt resistance associated with the barrier 135 

layer or band-to-band tunnelling currents associated with a small depleted volume of abso-136 

rption layer material. Comparison is also made with Rule 07, an expression used to predict 137 

the dark current performance of an optimized HgCdTe detector for a given cut-off 138 

wavelength.19 In the figure, the Rule 07 cut-off wavelength parameter is listed as 3.3 μm: 139 

this corresponds to the 50% cut-off wavelength of our devices, as specified by the literature. 140 

Spectral response measurements are shown in Figure 5, indicating 200 K cut-off wavelengths 141 

of around 3.5 μm in each case. These cut-off wavelengths were determined by plotting the 142 

square of the photoresponse against energy and then extrapolating the low energy region to 143 

zero using a linear fit. It was noted that the responsivity experiences a gradual reduction in  144 
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 145 

Figure 6: Absorber bandgap, as learned from the spectral response, plotted as a function of 146 

temperature for both primary samples. Growth on GaAs: (∎). Growth on native GaSb: (•). 147 

the region approaching cut-off: this effect could be reduced by using thicker absorption 148 

regions, resulting in larger absorption probabilities for longer-wavelength photons. The noted 149 

3.5 μm cut-off is slightly shorter than expected, given that the InAsSb layers were grown 150 

with a composition lattice matched to GaSb. For example, ref [20] reports nBn detectors with 151 

an intrinsic InAs0.91Sb0.09 absorption layer and a cut-off wavelength of 4.2 µm at 200 K. This 152 

occurs as a result of Moss-Burstein shift due to the n-type doping in the absorption layers. 153 

This effect also results in a slightly larger than expected activation energy for the sample 154 

grown on GaSb, i.e. 0.41 eV rather than 0.35 eV.  This activation energy figure corresponds 155 

closely with the measured bandgap from spectral response when extrapolated to zero-156 

temperature using a Varshni fitting (~0.42 eV). The fitting is illustrated in Figure 6, together 157 

with a similar fitting for the sample grown on GaAs. Note that the bandgap for the sample 158 

grown on GaAs is slightly smaller than the bandgap for the sample grown on GaSb, owing to 159 

the increased Sb composition, as known from XRD measurements (see Figure 1). The direct 160 

correspondence between the bandgap and the activation energy confirms in each case that 161 

any potential barrier in the valence band between the absorption and barrier layers – occu-162 

rring e.g. as a result of band-bending or strain relaxation – is either small or absent, or at  163 
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 164 

Figure 7: Shot-noise-limited D∗ for both primary samples, as calculated using responsivity 165 

measurements made at 2.33 μm wavelength, for 200 K operating temperature. 166 

least narrow enough that photogenerated holes can easily tunnel through it. Such a barrier 167 

would result in larger activation energies. With regards the choice of absorption layer doping 168 

density, it is worth pointing out that there is a trade-off between dark current performance, 169 

which is enhanced by heavy doping due to the pinning of the Fermi level at the conduction 170 

band edge – away from mid-gap traps – and quantum efficiency, which is degraded due to the 171 

reduction in the minority carrier lifetime. Responsivity measurements, taken at -0.2 V bias 172 

and 2.33 μm wavelength, yielded values of around 0.1 AW-1 and 0.15 AW-1 at for the sample 173 

grown on GaAs and the sample grown on native GaSb, respectively, at 200 K. The bias for 174 

optimal specific detectivity (D*) performance occurs between -0.3 < V < 0.1. This is typical 175 

for nBn detectors reported elsewhere.20 Figure 7 shows D∗ as a function of bias for both 176 

samples. This was determined using the responsivity measurements plotted together with 177 

calculated noise values (for the high frequency limit). The calculated noise values were based 178 

upon the sum of the Shot noise and thermal noise from the dark current, together with a 179 

further Shot Noise contribution estimated by calculating the expected photocurrent due to 180 

absorption of 300 K background radiation (via the Planck Radiation formula), hence prov-181 

iding a more realistic estimate of real-world device performance. The calculated D∗ figures 182 
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again show similar levels of performance regardless of the choice of substrate, with the 183 

difference being less than a factor of 3, although it should be noted that the sample grown on 184 

GaSb was found to be limited by the Shot noise originating from 300 K background photo-185 

current at 200 K. These D∗ figures can also be compared with those for comparable HgCdTe 186 

detectors available commercially: ref [21] gives figures of 7 × 1010 Jones for a p-i-n device 187 

with a 3.4 μm cut-off wavelength at 210 K operating temperature. Comparing the results pre-188 

sented in Figure 7 with the above quoted figure, both samples achieve marginally lower D∗ 189 

figures-of-merit but have slightly longer cut-off wavelengths. It should further be pointed out 190 

that, in comparison with HgCdTe diodes, nBn sensors offer relatively straightforward growth 191 

and fabrication (and hence lower costs). Growth on GaAs also offers lower cost and larger 192 

area substrates. Responsivity measurements are also shown in the figure. It should be 193 

reiterated that the D∗ values were calculated subject to the proviso that the noise from the 194 

dark current is limited by Shot noise and thermal (Johnson) noise, rather than by 1/f noise. 195 

This may not be strictly true at low frequencies as will be investigated shortly. Furthermore, 196 

it should be noted that the optimum D∗ figure was obtained at a different bias to the optimum 197 

responsivity: for the sample grown on GaSb, the responsivity in  198 

 199 

Figure 8: JV curves for both primary samples, measured with 300 K background radiation 200 

excluded, as used to calculate the D∗ figures of merit in Figure 7. 201 
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 202 

Figure 9: Activation energy behaviour for both primary samples as a function of bias, deter-203 

mined using Equation 1 using data between 220 – 300 K. The solid lines represent absorption 204 

layer bandgap values for zero temperature, as derived from Varhsni fittings. 205 

fact peaks at a value slightly greater than 0.2 AW-1 at -0.9 V. However, the balance of factors 206 

affecting the D* is more favourable at small reverse bias, since the dark currents increase, 207 

and in fact become SRH limited, at larger reverse biases. Full, current density-voltage (JV) 208 

curves are shown in Figure 8 for both samples, as measured at 200 K. Figure 9 then shows 209 

activation energy behaviour as a function of bias. In each case, for the operational bias ranges 210 

quoted, the activation energies are close to the zero-temperature bandgap of the absorption 211 

layers, indicating diffusion limited behaviour, as noted above. However, with the application 212 

of larger reverse bias, smaller activation energies are exhibited, indicating that the SRH 213 

generation process begins to influence device performance. 214 

A further study of the influence of the doping level in the absorption layer upon the cut-off 215 

wavelength and the dark current performance was then carried out. Two additional samples 216 

were grown under the same growth conditions used for the initial samples, but with reduced 217 

absorption layer doping of ~9 × 1016 cm−3. Spectral response for these samples is shown in 218 

Figure 10. It can be seen that the cut-off wavelength is extended to approximately 4.1 μm at 219 
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 220 

Figure 10: Spectral response measurements for an absorption layer doping of 4 × 1017 cm−3 221 

(primary samples) and 9 × 1016 cm−3 (low doped samples), as measured at 200 K. 222 

 223 

Figure 11: Arrhenius plots of the dark current density for absorption layer doping densities of 224 

4 × 1017 cm−3 (primary sample grown on GaAs) and 9 × 1016 cm−3 (low doped samples). 225 

A Rule 07 line is also shown. 226 

200 K. This corresponds to a decrease in the bandgap of between 50 - 80 meV when comp-227 

ared to the samples with 4 × 1017 cm−3 absorption layer doping (i.e. the primary samples). 228 

This is in good agreement with the change in the Fermi Energy between the two doping 229 

levels (54 meV), as predicted by the literature,22 i.e. Moss Burstein shift is reduced. Figure 230 
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11 further shows Arrhenius plots for the two low-doped samples. Comparison is drawn with 231 

the primary (heavily doped) sample grown on GaAs. It can be seen that the sample grown on 232 

native GaSb has an activation energy of 0.3 eV, which is close to the expected low-temp-233 

erature bandgap for low-doped InAs0.91Sb0.09 (0.35 eV), once again indicating diffusion 234 

limited dark currents. The slight reduction in the activation energy when compared to the 235 

higher-doped samples (0.36 – 0.41 eV) is attributed to a reduction in the Moss-Burstein 236 

effect, due to the lower dopant concentration, resulting in a smaller bandgap. However, the 237 

dark currents for the sample grown on GaAs are no longer observed to follow the diffusion 238 

limited gradient. It was thought that SRH generation was encouraged by the presence of extra 239 

threading dislocations under the IMF growth mode, the effects of which are no longer 240 

suppressed by Fermi level pinning due to heavy absorption layer doping. A Rule 07 line is 241 

also shown. The cut-off wavelength parameter was set to 4.0 μm, corresponding to the 50% 242 

cut-off wavelength of these devices, as learned from Figure 10. 243 

Finally, noise performance was reviewed for the two primary samples. 1/f noise has prev-244 

iously been attributed to tunnelling through trap states and local modulations of carrier mobi-245 

lity.23 Noise spectra for the primary sample grown on GaAs are plotted in Figure 12 for 246 

temperatures between 240 – 300 K and a bias voltage of -0.2 V. Below 240 K, the measu-247 

rement was dominated by the gain-bandwidth limit of the SR570 preamplifier. However, the 248 

resolution limit itself provides an indication of the noise performance: this instrumentation is 249 

well regarded for the performance of such measurements.24 Above 240 K, the noise “knee” 250 

frequencies (i.e. the frequencies at which the 1/f component is equal to component of the 251 

white noise at higher frequencies) can be seen to lie in the range 124 – 337 Hz. These can be 252 

compared with values from the literature of around 1 – 2 kHz for optimized photoconductive  253 
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 254 

Figure 12: Noise frequency dependence, at -0.2 V bias, for the sample grown on GaAs with 255 

4 × 1017 cm−3 absorption layer doping (primary sample). Knee frequencies are shown in 256 

brackets. 257 

HgCdTe detectors operating in the MWIR, e.g. ref [25]. For the sample grown on native 258 

GaSb the noise knee frequency was determined to be less than 8 Hz, even at 300 K, as 259 

illustrated for -0.2 V bias in Figure 13. The lower knee frequency for this sample is likely 260 

attributable to the reduction in the number of defects due to the lattice matched growth. Such 261 

defects can cause the presence of trap states and hence influence the 1/f noise behaviour of 262 

the device.23 As a consequence of the above results, it can be stated that 1/f noise is not a 263 

concern for read-out-integrated circuits (ROICs) with integration times of less than 2 ms, or 264 

125 ms, for the sample grown on GaAs and on GaSb, respectively. 265 

In summary, InAsSb nBn detector structures were demonstrated both on GaAs, using an IMF 266 

array, and on native GaSb substrates. Similar levels of dark current performance were observ-267 

ed for the two cases, in spite of the lattice mismatch for sample grown on GaAs. Dark current 268 

activation energies, spectral response and D∗ measurements were analyzed at 200 K. Shot 269 

noise limited D∗ values greater than 1010 Jones noted for both samples. Two further samples  270 
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 271 

Figure 13: Noise frequency dependence, at -0.2 V bias, for the sample grown on GaSb with 272 

4 × 1017 cm−3 absorption layer doping (primary sample), as measured at 300 K. The knee 273 

frequency is indicated in the figure. 274 

were grown, again on GaAs and GaSb, respectively, with the same epilayer structure, but 275 

with lower absorption layer doping. It was found that the cut-off wavelength was extended, 276 

but that dark current performance was compromised for the sample grown on GaAs. Finally, 277 

noise spectral density measurements were made, showing noise knee frequencies lower than 278 

350 Hz and 8 Hz, for the sample grown on GaAs and the sample grown on GaSb, res-279 

pectively. Significantly, these measurements show that such detectors could be integrated 280 

with read-out integrated circuits (ROICs). Through operation at 200 K, operation with cost-281 

effective thermoelectric coolers would also be possible. 282 
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