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Carrier lifetime and dark current measurements are reported for a mid-wavelength infrared 

InAs0.91Sb0.09 alloy nBn photodetector. Minority carrier lifetimes are measured using a non-

contact time-resolved microwave technique on unprocessed portions of the nBn wafer and the 

Auger recombination Bloch function parameter is determined to be |F1F2| = 0.292.  The 

measured lifetimes are also used to calculate the expected diffusion dark current of the nBn 

devices and compared to the experimental dark current measured in processed photodetector 

pixels from the same wafer. Excellent agreement is found between the two, highlighting the 

important relationship between lifetimes and diffusion currents in nBn photodetectors.
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Due primarily to the wide variety in bandgap energies and electron affinities, the 6.1 Å

lattice constant family of semiconductors, namely InAs, GaSb, AlSb, and related alloys and 

quaternaries, is used extensively to engineer novel infrared (IR) heterostructures and barrier 

devices1. One such architecture is the nBn photodetector, which utilizes a thick n-type IR 

absorbing layer separated from a top n-type contact layer by a wide-bandgap electron barrier layer2. 

The nBn is therefore a minority carrier device, where the holes are able to flow unimpeded 

throughout the structure.  The primary benefit of the nBn architecture is it can significantly reduce 

depletion region related generation-recombination (GR) currents in materials prone to Shockley-

Read-Hall (SRH) defects, such as the aforementioned III-V materials.

One of the most critical metrics of a photodetector is the dark current as this ultimately 

determines the detectivity and operating temperature for a given acceptable performance. For 

modest biases and temperatures, there are two primary sources of dark current in a nBn detector. 

The first is diffusion current (Jdiff) arising from thermal generation of carriers in the thick,

undepleted n-type IR absorbing layer. A simplified expression is3,
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where q is the electron charge, no is the majority carrier electron density (i.e. the absorber doping 

level), ni is the intrinsic carrier density, W is the width of the absorber or the minority carrier 

diffusion length, whichever is smaller, and τmc is the minority carrier lifetime. The second is GR 

current (JGR) arising from the portion of the absorber that becomes depleted under bias. A 

simplified expression for GR current is,
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where Wdep is the depletion thickness and τno  and τpo  are SRH specific carrier lifetimes4. These 
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equations emphasize the important relationship between the carrier lifetime dynamics in the 

narrow-bandgap IR absorber layer and the more tangible detector dark current in a nBn 

photodetector.

Here, electrical and τmc measurements are reported for the same MWIR InAs0.91Sb0.09 alloy 

nBn wafer. By making measurements on the same wafer, better correlation between τmc and Jdiff

can be made. Lattice matched to GaSb at a Sb composition of approximately 9%, InAs1-xSbx has 

been shown to extend out to the long-wave infrared spectral region for larger fractions of Sb, 

where bandgaps as small as 120 meV have been demonstrated5. Growth of InAs1-xSbx has also 

been demonstrated on both GaSb and GaAs substrates6.7. Furthermore, InAs1-xSbx nBn detectors 

have shown impressive performances, both as single pixel8 and as large format focal plane arrays 

(FPAs)9,10.   Recently, long τmc have been reported indicating high material quality11. While these 

reports highlight why InAs1-xSbx nBn detectors are a competitive alternative for IR detection, 

correlating the nonequilibrium charge carrier characteristics of this material system to device 

performance is needed in order to understand material limitations.

FIG. 1. Equilibrium electron concentrations as a function of depletion depth into the absorber layer 

(solid curves), determined from analysis of capacitance-voltage data on a few nBn devices. For 
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depletion widths greater than 350 nm, the carrier density reflects the equilibrium electron 

concentration in the InAs0.91Sb0.09 absorber layer (dashed curve). The inset shows calculated 

majority electron (no), minority hole (po), and intrinsic (ni) carrier densities as a function of 

temperature for InAs0.91Sb0.09 at the measured doping level.  

The nBn sample was grown by molecular beam epitaxy on a (100)-oriented tellurium doped 

GaSb substrate. The epitaxial growth layers consist of a buffer layer and bottom contact structure, 

a 4 µm thick InAs0.91Sb0.09 IR absorber layer intentionally doped using silicon, a 100 nm thick 

AlAsSb electron barrier layer, and a 100 nm thick n-type InAsSb top contact layer. The absorber 

bandgap energy is approximately 320 meV (3.9 µm) at 100 K.  Portions of the wafer were

fabricated into test photodetector pixels using standard processing and packaging techniques. 

Photolithography and wet chemical etching were used to etch mesas into the top contact layer to 

the electron barrier layer, defining photodetector pixels.  Contact to the absorber was made by 

etching through the electron barrier and absorber layers to the bottom contact. These test devices 

were packaged, wire bonded, and housed in a cryostat for the electrical measurements.   

Capacitance-voltage (CV) measurements, taken in a similar manner as described by Klem et al.20, 

are used to determine no of the InAs0.91Sb0.09 absorber. These data are shown in Fig. 1 for a few 

representative nBn diodes from the sample wafer, each confirming no of approximately 7.2 × 1015

cm-3 at 100 K in the absorber. Using this value for no, 14-band k·p software19 is then used to 

calculate the temperature dependence of no, ni, and po, the results of which are shown in the inset 

to Fig. 1. 

Carrier lifetimes are reported using a non-contact and non-destructive time-resolved 

microwave reflectance (TMR) method on unprocessed portions of the sample wafer. This 

apparatus consists of an optical parametric oscillator, which produces tunable nanosecond IR 
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pulses of light and is used to optically generate excess carriers in the narrow-bandgap absorber 

layer. By tuning the pump wavelength to the absorber bandgap energy (in this case a wavelength

of 3.7 µm is used), a near uniform distribution of excess carriers can be generated through the 

thick absorber. On a time scale fast compared to recombination, these excited carriers relax to the 

absorber band edge states and alter the conductivity.  Microwave radiation reflected from the 

sample probes this change in conductivity and thus the excited carrier population12. The 

subsequent decay of the excess carriers back to equilibrium, and therefore the carrier lifetime, is 

temporally resolved by monitoring the change in reflected microwave power as a function of time. 

FIG. 2. 100 K time-resolved microwave decays for different initial optically generated excess 

carrier densities.  The inset shows the resulting carrier lifetimes as a function of the excess carrier 

density by calibrating the instantaneous rate of decay of the TMR decay data (symbols).  The solid 

red curve is a best fit to the lifetime data.  The vertical dashed line corresponds to the doping level 

of the nBn devices and the horizontal dashed line corresponds to the minority carrier lifetime.

Example TMR decay data from the nBn sample, taken at a temperature of 100 K, are 
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shown in Fig. 2 for multiple different initial optically generated carrier densities.  These decay 

curves are transformed into instantaneous carrier lifetimes as a function of excess carrier density 

(∆n) using calibrated analysis methods described previously
11,14,15

.   The resulting instantaneous 

carrier lifetime data are shown in the inset to Fig. 2. For ∆n values that are greater than the doping 

level no (i.e. the high injection regime) the carrier lifetime is short, on the order to tens of 

nanoseconds, and is where the Auger recombination coefficient, Cn, is determined.   This 

corresponds to the rapid decay at short time scales and large injected carrier densities in the decay 

curves. As ∆n decreases through carrier recombination, the lifetime lengthens and reaches a 

constant value for ∆n<<no.  We determine τmc from this low injection lifetime data using a 

density-dependent lifetime fitting model13. For the 100 K data shown here, τmc = 430±20 ns and

Cn = 6x10-27 cm6/s.  As described in Ref. 13, the absorber doping level is explicitly taken into 

account during the fitting of this data.  This can be done in two ways, where the first is to fix no

using the measured values from Fig. 1.  Here, however, we allow no to be a free parameter during 

the fitting routine in order to assess the accuracy of using calibrated lifetime data to determine the 

absorber’s doping level.  Allowing this value to vary for the best fit provides no = 6x1015 cm-3, 

which has very good agreement with no measured from CV analysis (7.2x1015 cm-3). This result 

indicates that careful analysis of carrier lifetime data in this manner can be an accurate

measurement of the doping level in narrow-bandgap material.  This procedure of measuring and 

fitting carrier lifetime data is repeated for temperatures ranging from 80 K to 350 K and the 

resulting τmc values are plotted in Fig. 3. Here, τmc decreases slightly from 550 ns at 80 K to 300 

ns at 300 K. At greater temperature, a steep decline in τmc is observed.

Previous analysis by us for a similarly doped InAs0.91Sb0.09 alloy showed that Auger 

recombination limits τmc across a wide range of temperatures16. The analysis described therein

includes effects of radiative, SRH, and Auger recombination to make this conclusion. With this in 
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mind, we limit ourselves here to only comparing the measured τmc to the predicted Auger lifetime. 

From the theory of Beattie, Landsberg, and Blakemore (BLB) the Auger lifetime can be modeled 

using17,18,
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where the intrinsic Auger-1 lifetime is,
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where ε∞ the high frequency dielectric constant, µ = me/mh, me is the electron effective mass, mh is 

the hole effective mass, mo is the free electron mass, |F1F2| is the Bloch function overlap 

parameter, kB is Boltzmann’s constant, and T is the temperature. In the case of Ref. 16, lifetime 

data are reported up to a temperature of 300 K.  The onset of the intrinsic temperature range, 

subsequent large intrinsic densities, and steep decline in τmc due to ���
(�)

is therefore not observed in 

our previous data.  Here, lifetime data are reported up to 350 K in order to better define |F1F2|, 

which is a critical parameter determining the intrinsic Auger recombination lifetime and ultimately 

the best case nonradiative carrier lifetime. Using effective masses of me = 0.027 and mh = 0.405,

calculated using the 14-band k·p software, and ε∞=12.6, ���
(�)

fits well to the high temperature data 

using |F1F2| = 0.292.
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FIG 3.  Measured minority carrier lifetimes (symbols) as a function of temperature. The curves are 

the BLB Auger (τauger) and intrinsic Auger-1 (���
(�)

) lifetimes17,18 fitted to the data.

Using with the carrier density data from Fig. 1 and the refined |F1F2| value, τauger can be 

determined with Eq. 3. This calculated BLB Auger lifetime, also shown in Fig. 3, follows closely 

with the measured τmc values, indicating that the SRH and radiative recombination are not 

significant contributors to the total minority carrier lifetime for this doping level, in accordance

with our previous reports16. This however does not preclude the existence of SRH defects and 

subsequent GR current, only that Auger recombination is the recombination mechanism 

controlling τmc at this doping level. Interestingly, an Auger limited τmc puts restrictions on the 

optimal doping level for a photodetector. In terms of the Auger coefficient, Eq. 3 is re-written as,
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If we consider n-type material, Eq. 4 is simply 1/(����
�). According to Eq. 1 then, increased 
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doping combined with an Auger limited minority carrier lifetime leads to a linear increase in the 

Jdiff component of the dark current.  For diffusion limited detectors, smaller dark current can

therefore be attained by decreasing the doping level during growth and the potential impact on the 

dark current can be predicted through minority carrier lifetime characterization.

FIG. 4. Dark current versus voltage characteristics of the InAs0.91Sb0.09 nBn photodetector (solid 

curves) as a function of temperature, where negative voltages correspond to reverse bias. The 

dashed curve is 100 K photocurrent. 

Fig. 4 shows experimental dark current as a function of reverse bias and temperature for a 

typical nBn device from the wafer. Also shown is the 100 K nBn photocurrent, which is observed 

to require a relatively small bias of -0.1 V to reach saturation. This specifies that maximum 

extraction of the photo-generated carriers occurs by this voltage and that diffusion current from the 

absorber is fully collected by this bias as well. An Arrhenius plot is shown in Fig. 5 for reverse 

biases of -0.1 V, -0.5 V, -1.0 V. Typically, these data are fitted at a particular bias to extract the 

slopes and the activation energies, which when compared to the temperature dependencies of Eqs. 

1 and 2 can determine the limiting behavior of the dark current. Here, we provide a comparison 
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between the experimental dark current and Jdiff determined from the independently measured τmc

using Eq. 1.  This calculated diffusion current is shown in Fig. 5 as the solid curve. Excellent 

agreement is observed between the two, indicating that the nBn devices are indeed diffusion 

limited at a bias of -0.1 V and that non-destructive measurement of carrier lifetimes can provide 

useful insight into actual device performance.  As the reverse bias is increased, GR current is 

observed to turn on at low temperatures as the depletion layer begins to incorporate a portion of the 

narrow-bandgap InAs0.91Sb0.09 absorber layer. From Eq. 2, it is noted that JGR is linearly dependent 

on ni and the temperature dependence is therefore proportional to ��/�����−��/2����.  JGR is 

noted by the dashed curve in Fig. 5. This curve is not a fit to the data, but merely a guide to show 

the slope of JGR and at what biases and temperatures it dominates the dark current.

FIG. 5. Measured dark current as a function of temperature (symbols) for a few different biases, 

with the bias of -0.1 V corresponding to the minimum voltage necessary to fully extract the 

photocurrent from the absorber. For temperatures less than 120 K, the dark current is less than 

the instrument capabilities at the bias of -0.1 V. The solid curve is the independently calculated 

diffusion current found using the measured minority carrier lifetime data.  The dashed curve 
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corresponds to the trend GR current has with temperature.

In summary, electrical and optical measurements were reported for a MWIR InAs0.91Sb0.09

nBn photodetector. From fabricated test photodetector pixels, dark current and photocurrent were 

reported. CV measurements were also reported, providing a measurement of the equilibrium 

electron (majority carrier) concentration in the InAs0.91Sb0.09 absorber, which was found to be 7.2 

× 1015 cm-3.  Using a non-contact time-resolved microwave reflectance technique, carrier lifetimes 

were measured for the same nBn wafer and used to extract τmc as a function of temperature. 

Comparing the τmc data with Auger lifetime theory indicates that Auger recombination limits the 

minority carrier lifetime dynamics at this doping level. A value for |F1F2| of 0.292, which is a 

critical parameter determining the Auger-1 lifetime, was determined from high temperature τmc

data. Combined with carrier density data, the τmc values were used to calculate the diffusion current 

and compared to the actual experimental dark current. Excellent agreement was found between 

these. This expresses not only the important relationship between the underlying nonequilibrium 

charge carrier dynamics and nBn device performance, but also the utility of non-contact and non-

destructive measurement of carrier lifetimes as it can be linked directly to potential device 

diffusion current. Additionally, the TMR method used here is very sensitive, capable of measuring

both doped and undoped material, is bandgap insensitive, and is amenable to spatially mapping τmc

over entire wafers in reasonable time. This is therefore useful technology for wafer diagnostics 

and purging before the commitment is made for processing and fabrication into FPAs. It was also 

shown that analysis of the calibrated carrier lifetime data allows for accurate extraction of the 

absorber’s doping level, another critical value in determining the diffusion current.  It is therefore 

possible to attain both τmc and no from a single non-destructive measurement.
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