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In the quest to raise the operating temperature and improve the detectivity of type II superlattice

(T2SL) photodetectors, we introduce a design approach that we call the “N structure.” N structure

aims to improve absorption by manipulating electron and hole wavefunctions that are spatially

separated in T2SLs, increasing the absorption while decreasing the dark current. In order to

engineer the wavefunctions, we introduce a thin AlSb layer between InAs and GaSb layers in the

growth direction which also acts as a unipolar electron barrier. Unlike the symmetrical insertion of

AlSb into GaSb layers, N design aims to exploit the shifting of the electron and hole wavefunctions

under reverse bias. With cutoff wavelength of 4.3 lm at 77 K, temperature dependent dark current

and detectivity measurements show that the dark current density is 3.6� 10�9 A/cm2, under zero

bias. Photodetector reaches background limited infrared photodetection (BLIP) condition at 125 K

with the BLIP detectivity (D*
BLIP) of 2.6� 1010 Jones under 300 K background and �0.3 V bias

voltage. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4745841]

Type II superlattice (T2SL) InAs/GaSb photodetectors

have received great interest in the development of short

wave infrared (SWIR), midwave infrared (MWIR), and long

wave infrared (LWIR) detectors due to advantages like band

gap engineering,1 suppression of Auger recombination,2

strain induced splitting of heavy hole and light hole bands,

and reduced interband tunneling due to higher effective

masses of electrons and holes.3 Despite different perform-

ance levels, recent demonstration of SWIR, MWIR, and

LWIR operation shows the flexibility of the superlattice ma-

terial system4 opening the way multiple band detectors.

MWIR InAs/GaSb superlattice photodiode focal plane arrays

(FPAs) operating at 77 K have already been demonstrated.5

However, considering the range of advantages offered by it,

the goal of operating at higher temperatures with high quan-

tum efficiencies remains. Fundamental stumbling block to

high temperature operation is the relatively low optical

absorption and increasing dark current. Several proposals

have been made to overcome these problems, introduction of

energy barriers being the most promising. To this end combi-

nation of bulk and superlattice barriers with superlattice

absorbers are being intensively studied.6–11 Lattice matching

using appropriate material combinations with favorable con-

duction band offsets for both electrons and holes is possible.

A unipolar barrier with band gap larger than that of the

absorber region reduces diffusion currents while maintaining

the photocurrent level. Barriers with and without superlattice

structures have been utilized in nBn design,6 PbIbN design,7

and CBIRD structures.8 Klipstein et al. demonstrated an

XBn design reaching blip temperature of 160 �C and

quantum efficiency of 70% with cutoff wavelength of

4.1 lm.9 Further, complex supercells containing designs like

“W” structure10 and “M” structure11 have been introduced as

bipolar barriers with various degrees of performance.

Besides reducing the dark current and increasing the differ-

ential resistance-area product, “M” design also aims to

increase the overlap integral between electron and hole

wavefuntions, intending to attain higher optical absorption.

It has been shown that M design has positive effect on

electron-hole overlap which enhances the optical properties

of the material.

In this letter, we introduce a unipolar barrier complex

supercell superlattice system which increases electron-hole

overlap under bias, significantly. Named as “N structure,” it

is similar to a superlattice pin diode, but in contrast with the

symmetrical M design, where AlSb is inserted in the middle

of the GaSb layer, it has two monolayers (MLs) of AlSb

inserted asymmetrically between InAs and GaSb layers,

along the growth direction, as an electron barrier. It is well

known that electron and hole wavefunctions shift under bias

due to the tilting of the energy band diagram. In a symmetri-

cal barrier design under bias, the electron-hole wavefunction

overlap increases on one side of the barrier while it decreases

on the other due to directionality of the electric field. In the

case of an asymmetrical barrier placed with the direction of

the bias field in mind, absorption increases without any loss

of overlap. Despite the difficulty of perfect lattice matching

of InAs and AlSb, such a design is expected to reduce dark

current significantly, as in the M case.

Conduction and valance band profiles for the proposed

T2SL “N” structure is shown in Fig. 1(a). The design is

named N structure since the lineup of the successive materi-

als gives the impression of the capital letter “N.” Under bias,

in a standard pin diode, electron and hole wavefunctions

shift in opposite directions. Inserting an AlSb layer symmet-

rically into the middle of the GaSb layer leads to an increase

of the overlap at the InAs/GaSb interface on the lower

energy side of the AlSb barrier, while it becomes smaller at

the InAs/GaSb interface on the higher energy side. However,
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when the AlSb barrier is introduced between GaSb and InAs

layers, electron and hole wavefunctions are pushed away

from the AlSb interface, increasing the overlap at the InAs/

GaSb interface. Figure 1(b) shows the overlap integral with

and without AlSb barrier under 0.001 meV bias per period.

When there is no barrier (black line), overlap integral is

shifted towards right side of the GaSb layer. With the AlSb

barrier, (red line) the shift of the overlap integral towards the

InAs/GaSb interface is enhanced. It is clear that barrier

increases the overlap at the GaSb/InAs interface. Our calcu-

lations of electron-hole wavefunction overlap integral show

that the absorption at the interface increases by about %25

when an AlSb barrier is used. The barrier is expected to

increase optical absorption and as well as lower the diffusion

current by blocking the thermally generated electrons. AlSb

barrier blocks the interaction between two consecutive pairs,

therefore, also should reduce the tunneling probability and

increase the electron effective mass.

The detector is designed as p-i-n photodetector. It starts

with 100 nm thick GaSb buffer layer and 20 nm Al(x)Ga

As(y)Sb as an insulator and etch stop layer, followed by

1000 nm GaSb:Be (p¼ 1.0� 1017 cm�3) p contact layer. P-i-n

part of the design consist of 90 periods 9 MLs of InAs/2

MLs of AlSb/8.5 MLs of GaSb:Be (p¼ 1.5� 1017 cm�3)

p-type layers, 60 periods 9 MLs of InAs/2 MLs of AlSb/8.5

MLs of GaSb i-layers, 40 periods 9 MLs of InAs:Te

(n: 5� 1017 cm�3)/2 MLs of AlSb/8.5 MLs of GaSb n-type

layers and structure is terminated by 20 nm InAs:Te

(n: 5� 1017 cm�3) cap layer to assure good ohmic contact.

The sample studied in this work was grown commercially

(IQE Inc. USA) with molecular beam epitaxy on a GaSb sub-

strate. High resolution x-ray diffraction (HRXRD) spectrum is

shown in Figure 2. The periodicity of the superlattice as well

as the mismatch of the zeroth order superlattice diffraction

peak to the underlying GaSb substrate were determined using

symmetric (004) x-ray diffraction peak. Narrow FWHM of

the peaks and higher order diffraction represents perfect crys-

talline quality and uniform superlattice periods at the grown

epilayer. A linear least squares fit of the peak spacing was

used to determine the periodicity of the structure as 67.67 Å.

The mismatch of the zeroth order peak relative to the GaSb

substrate is determined as 1566 ppm. This mismatch can be

attributed to not having common atoms between AlSb and

InAs layers and is very close to almost zero lattice mismatch

limit (<1000 ppm).

Single pixel photodetectors were fabricated with mesa

sizes ranging from 100� 100 to 700� 700 lm. To minimize

surface damage, mesas have been fabricated by standard li-

thography and phosphoric acid based wet etch solution. The

etch process has been stopped when etch depth reached the

bottom contact layer. The complete fabrication processes

can be found elsewhere.12 A protective 250 nm thick SiO2

layer has been deposited using plasma enhanced chemical

vapor deposition (PECVD) system at 160 �C with %2SiH4/

N2 and N2O gas flows of 180 sccm and 225 sccm, respec-

tively. Ohmic contacts were made by evaporating 5 nm tita-

nium (Ti) and 200 nm gold (Au) on the bottom and top

contact layers of the detectors. Contact resistances have been

measured as 2.5 X and 7.2 X for the n- and p-type contacts,

respectively. Sample was bonded to a chip carrier for further

characterization.

Electrical measurements of the “N” design superlattice

barrier structure have been done by a HP4142OA source-

measure unit. Samples were mounted on a He cooled closed

cycle cold finger with a cold shield system. Dark current

measurements were performed at temperatures between 30 K

and 250 K. Figure 3 shows the measured dark current density

vs applied bias voltage characteristics of the 700 lm2 diodes,

chosen to ensure that the surface leakage does not dominate

for different temperatures. At 77 K and under �0.1 V

bias voltage, the dark current density is measured as

5.5� 10�7 A/cm2 and corresponding dynamic resistance-

area product (RA) is determined as 1.6� 105 X cm2. Even at

FIG. 1. (a) Conduction and valance band profiles for the proposed T2SL

“N” structure. (b) Overlap integral with (red line) and without (black line)

AlSb barrier under 0.001 meV bias. Negative bias is applied to the right side

of the structure.

FIG. 2. High resolution x-ray diffraction curves of the superlattice along the

004 direction. Narrow FWHM of the peaks and highly ordered diffraction

indicates uniform superlattice periods throught the grown epilayer and

excellent crystalline quality.
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150 K, and under�0.1 V bias, dark current density and RA val-

ues are determined as 4.8� 10�4 A/cm2 and 0.6� 103 X cm2,

respectively.

Figure 4(a) shows dark current density and dynamic

resistance area product vs. 1000/T graph for 700 lm2 photo-

diode for different temperatures under zero bias. The I-V

curve is dominated by diffusion current for temperatures

higher than 77 K and by Generation recombination (G-R)

current for temperatures lower than 77 K. For higher temper-

atures, Arhenious type behavior has been observed. The

activation energy has been determined as 0.261 eV at 0.2 V

which is very close to material bandgap. At 77 K, dark cur-

rent density and dynamic resistance at zero bias are meas-

ured as 1.5� 10�9 A/cm2 and 6.1� 105 X cm2, respectively.

This very low dark current density shows that lattice mis-

match of the InAs and AlSb does not cause a dramatic defec-

tive region at the interface. At 150 K, dark current density

and dynamic resistance at zero bias are measured as

1.5� 10�6 A/cm2 and 6.8� 102 X cm2, respectively. These

results are very promising for high temperature operation.

This low dark current density satisfies the requirements of

the commercially available read out integrated circuits

(ROICs) for the operation at 150 K. The inverse dynamic re-

sistance area product at zero bias as a function of the perime-

ter to area ratio at 77 K is shown in Figure 4(b). The surface

part of the resistance-area product can be calculated from the

slope of the graph. Calculated surface resistivity (rsurface) is

1.0� 105 X cm. This relatively high surface resistivity shows

suppressed surface related currents due to the N barrier

design. Placing the electron barrier is known to impede the

electron flow, leading to reduction of the surface leak-

age.13,14 In addition, it also is expected to reduce band to

band and trap assisted tunneling currents.13

Spectral response of the photodetectors has been meas-

ured using calibrated blackbody source at 450 �C (Newport,

Oriel 67000), lock-in amplifier (SRS, SR830 DSP), and me-

chanical chopper (SRS, SR540) system. Details of the mea-

surement can be found elsewhere.15 For single pass front

illumination condition highest quantum efficiency (QE) of

the photodetector has been determined as 15% around wave-

length of 3.5 lm. Quantum efficiency is directly related with

the thickness of the absorbing region and will increase with

thicker absorbing region. The cut-off wavelength of the de-

vice is determined to be 4.3 lm at 77 K. The cutoff wave-

length increases to 4.9 lm at 255 K, as expected. Figure 5(a)

shows Johnson-noise limited detectivity (D*) versus wave-

length graph for the operating temperatures between 77 K

and 250 K. Under �0.3 V bias, the peak D*, was equal to

2.9� 1012 Jones for the photodetector at 4.0 lm and 77 K.

Detectivity at 180 K is 2� 1010 Jones. Figure 5(b) shows

D*BLIP as a function of temperature at 300 K background for

f/2 optics with the �0.3 V bias voltage. Photodetector

reaches BLIP condition at 125 K with the BLIP detectivity

(D*
BLIP) of 2.6� 1010 Jones under 300 K background and

�0.3 V bias voltage. These results makes N designed T2SL

photodetectors very promising structures, for the high oper-

ating temperature (HOT) regime.

In conclusion, we have demonstrated N structure complex

super cell design for MWIR region which showed very high

R0A and detectivity with cutoff wavelength at 4.3 lm (MWIR).

N structured superlattice photodetectors gave dark current from

5.5� 10�7 A/cm2 at 77 K and under�0.1 V applied bias condi-

tion. Corresponding RA was 1.6� 105 X cm2. Detectivity (D*)

is determined as 2.9� 1012 Jones photodetector at 4 lm and

77 K. QE of the photodetector has been determined as 15% for

single pass front illumination condition. Thicker absorption

FIG. 3. Dark current density vs applied bias voltage characteristics of the

700 lm2 diodes for different temperatures.

FIG. 4. (a) Temperature dependent dark current density for type-II InAs/

GaSb superlattice 700� 700 lm photodiodes at zero bias voltage. Two lin-

ear fits show diffusion limited region for high temperatures and generation-

recombination (G-R) limited region for low temperatures. (b) Dynamic

resistance-area product at zero bias vs. perimeter to area ratio at 77 K.
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regions will increase this quantum efficiency. Temperature de-

pendent dark current measurements revealed that dominant cur-

rent is bulk diffusion current for the temperatures higher than

77 K and it has Arrhenius type of behavior. For the tempera-

tures lower than 77 K, G-R current dominates the behavior.

Dynamic resistance-area product as a perimeter to area ratio

measurements showed that surface resistivity (rsurface) is equal

to 1.0� 105 X cm. It is important to evaluate these results in

the light of lattice mismatch between InAs and AlSb, which is

an order of magnitude larger than that of AlSb on GaSb. One

would assume that lattice mismatch will cause trap states

between InAs and AlSb interface causing high dark currents.

However, since AlSb is only two monolayers thick and below

the critical thickness, the tetragonally distorted interface does

not seem to be generating large amount of electrically active

interface states. Indeed, it is well known that InSb-like bonding

at the interface can lead to high quality interfaces with good

interface electronic properties.16 Our results seem to be parallel

to these observations indicating that the lattice mismatch is not

large enough to degrade device performance, significantly.

High temperature (150 K) dark current density is measured as

1.5� 10�6 A/cm2 at zero bias. Photodetector reaches BLIP

condition at 125 K with the BLIP detectivity (D*
BLIP) of

2.6� 1010 Jones under 300 K background and �0.3 V bias

voltage. Even though direct comparison with similar structures

is not possible due to subtle differences between the designs,

both the RA and current density values are comparable with

MWIR superlattice structures in which AlSb is placed symmet-

rically into GaSb. Lower quantum efficiency of our samples is

due to much thinner absorber layer used in our design, ulti-

mately lowering the detectivity as well. Quantum efficiency

and the detectivity of the N structure detector are very

promising when we compare them with very recently published

similar barrier type photodetectors.17 “N” structure SL photo-

detectors should perform much better when designed to operate

in the LWIR region due to relatively small band gap of the

LWIR photodetectors, where generation recombination (G-R)

and surface leakage currents become dominant.
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FIG. 5. (a) Johnson-noise limited detectivity (D*) vs wavelength graph for

the operating temperatures between 77 K and 250 K under bias voltage of

�0.3 V. (b) D* as a function of temperature at 300 K background for f/2

optics with the �0.3 V bias voltage.

073505-4 Salihoglu et al. Appl. Phys. Lett. 101, 073505 (2012)

Downloaded 11 Nov 2012 to 139.179.94.14. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1103/PhysRevB.69.085316
http://dx.doi.org/10.1063/1.108480
http://dx.doi.org/10.1063/1.339468
http://dx.doi.org/10.1117/12.923833
http://dx.doi.org/10.1049/el:20060878
http://dx.doi.org/10.1063/1.2760153
http://dx.doi.org/10.1063/1.3446967
http://dx.doi.org/10.1063/1.3177333
http://dx.doi.org/10.1117/1.3572149
http://dx.doi.org/10.1007/s11664-007-0109-5
http://dx.doi.org/10.1109/JQE.2008.2002667
http://dx.doi.org/10.1063/1.3702567
http://dx.doi.org/10.1063/1.3702567
http://dx.doi.org/10.1063/1.3643515
http://dx.doi.org/10.1063/1.2360235
http://dx.doi.org/10.1109/LPT.2012.2188504
http://dx.doi.org/10.1109/LPT.2012.2188504
http://dx.doi.org/10.1063/1.359004
http://dx.doi.org/10.1063/1.3658627

