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ABSTRACT

We present the design, fabrication, and characterization of middle-wavelength

infrared photodetector based on active InAs0.9Sb0.1-based hetero-p-i-n structure

grown on GaSb substrate. In this structure, the active absorption layer is

sandwiched between thin quaternary p-type and n-type AlInAsSb layers and a

heavily doped AlGaSb layer is introduced to reduce dark current. We observed

good lattice matching between GaSb substrates and epitaxial layers by high-

resolution X-ray diffraction. Photoluminescence (PL) spectrum at 13 K shows a

full width at half maximum of * 29 meV, demonstrating good quality active

absorption layers. The band gap energy of InAs0.9Sb0.1 is derived as * 0.322 eV

at 0 K by Varshni fitting from PL spectra at different temperatures. A rather flat

room-temperature responsivity of * 0.8–0.9 AW-1 over a wavelength range

of * 2.1 lm is demonstrated without antireflection coating. A detectivity of

8.9 9 108 cm Hz1/2 W-1 at 3.5 lm for room-temperature operation is achieved

under applied bias of - 0.5 V.

Introduction

High operating temperature middle-wavelength

infrared (MWIR) detectors have always been pursued

for imaging applications [1]. Thermal pyroelectric

and microbolometers have undergone significant

progress over the past few decades, allowing infrared

imagers operating at non-cryogenic environment. But

their operational speed is limited by thermal

response mechanisms. Much effort has been dedi-

cated to realizing quantum-type detectors with better

responsivity and higher response speed, particularly

the state-of-the-art II–VI mercury cadmium telluride

(MCT/HgCdTe)-based MWIR photodetectors [2].

However, due to high Hg vapor pressure during

material growth, HgCdTe-based photodetectors are

known to suffer from non-uniformity and instability.

On the other hand, antimony (Sb)-based III–V semi-

conductors have demonstrated their potential for

MWIR applications. Among them, InAs1-xSbx alloys

are promising for their wide band gap tunability and

good uniformity in material growth. InAsSb-based
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MWIR photodetectors have been widely reported,

including InAsSb photoconductors [3, 4], InAsSb/

GaSb photodiodes [5], and InAsSb photovoltaic

diodes [6, 7]. In device design, hetero-structures,

owing to their versatile capabilities, have been widely

used [8–11]. For InAsSb-based photodetection, to

obtain good performance at high operational tem-

perature, it is essential to suppress thermal currents.

For this, a number of InAsSb-based device based on

hetero-architectures have been proposed and realized

such as nBn [12–16] with a high barrier to reduce

diffusion of majority electrons, and superlattice

[17–23] with less Shockley–Read–Hall (SRH) recom-

bination. These photodetectors offer promising

pathways to improve high-temperature operational

performance.

In this work, we investigate the room-temperature

performances of MWIR InAs0.9Sb0.1-based photode-

tectors with hetero-p-i-n architecture. Compared to

conventional homojunction structure, the hetero-de-

sign with a wide band gap barrier layer can reduce

the excessive dark current induced by diffusion of

carriers. On the other hand, InAs0.9Sb0.1 is lattice-

match to GaSb, which ensures the high quality of the

hetero-structure and keeps the absorption range of

MWIR (3–5 lm [24]). The quality of the structure is

characterized by high-resolution X-ray diffraction

(XRD). Photoluminescence (PL) spectrum at 13 K

shows a full width at half maximum (FWHM) of *
29 meV. The band gap energy of InAs0.9Sb0.1 is

derived as * 0.322 eV at 0 K by Varshni law from PL

spectra at different temperatures. At the operating

voltage bias of - 0.5 to - 0.6 V, the photodetector

exhibits a tunneling process-dominated dark bulk

currents. It shows a room-temperature responsivity

of 0.91 AW-1 at 3.5 lm under applied bias of - 0.6 V,

corresponding to a quantum efficiency of 32.2%

without antireflection (AR) coating. Room-tempera-

ture detectivity of 8.9 9 108 cm Hz1/2 W-1 is

achieved at 3.5 lm under applied bias of - 0.5 V. The

results in this work enhance our understanding of

high-temperature operational photodetectors and are

useful for further improvements in these devices.

Future work on improving the low-temperature

performance will also be done.

Materials and methods

The InAsSb-based hetero-p-i-n photodetector was

grown on n-type Te-doped GaSb substrate by RIBER-

32 molecular beam epitaxy (MBE) system. The band

gap of GaSb at room temperature is 0.72 eV [25],

which will not introduce disturbance for absorption

in MWIR range. The schematic design of our pho-

todetector and its energy band diagram are shown in

Fig. 1. Different from conventional photovoltaic p-i-

n photodetectors, we used hetero-semiconductor

layers with band offsets from the i layer to form a p-i-

n structure. A 1000-nm-thick n-type GaSb buffer layer

was first grown on the n-type (Te: 1.5 9 1018 cm-3)

GaSb substrate as a contact layer for the n-type elec-

trode. Afterward, 20-nm n-type quaternary AlInAsSb

layer, 1500-nm non-intentionally doped InAs0.9Sb0.1
layer (with background doping of\ 2.1 9 1015

cm-3), 20-nm p-type AlInAsSb layer, 40-nm p-type

AlGaSb layer, and 30-nm p-type AlGaSb layer with

graded Al composition were grown subsequently.

Finally, 30-nm p-type GaSb layer was grown as the
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Figure 1 a Cross section schematic of the photodetector (not to

real scale). The right inset is typical microscope image of a

350-lm square mesa device. b Schematic of the band diagram of

the structure at room temperature and zero bias. The red dots

represent dark electrons. For a better view, the real thickness of

each layer is not reflected in this schematic.
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contact layer for the p-type electrode. All the doped

layers have a doping concentration of 2 9 1018 cm-3

except for the top p-type GaSb (Be: * 1 9 1018 cm-3).

In our design, we attempted to reduce the high-

temperature dark current originated from minority

electrons in p sides. For this purpose, the large band

gap p-type AlxGa1-xSb layer was inserted adjacent to

the active InAs0.9Sb0.1 to suppress the electron flow

from p side. This p-type AlxGa1-xSb layer was

heavily doped to reduce the minority carrier con-

centrations but with negligible band gap narrowing.

The quaternary AlInAsSb layers inserted in p and

n sides can limit type-II electron–hole transitions at

the interfaces. These quaternary layers also belong to

the 6.1 Å lattice constant family of III–V semicon-

ductors such as InAs, GaSb, AlSb, and the related

alloys.

Standard optical photolithography was used to

define square photodetector mesas in sizes varying

from 500 lm down to 20 lm. The mesas were

etched down to the n-type GaSb buffer layer using

high-temperature inductively coupled plasma-reac-

tive ion etching (ICP-RIE), immediately followed by

rinsing using H2SO4/H2O2/H2O solution. A

300-nm-thick SiO2 layer was deposited by chemical

vapor deposition (CVD) to protect the mesa. The

absorption area was then defined by opening win-

dow on SiO2 using RIE. Meanwhile, a window was

also opened for metal contact on the n-type buffer

GaSb layer. Finally, Ti/Au (25/300 nm) was

deposited by electron beam evaporation to form

metallic contacts on the n-type buffer GaSb layer

and p-type GaSb layer (Fig. 1a). A typical micro-

graph of a 350-lm square mesa photodetector is

presented in the inset of Fig. 1a. The photodetectors

were then mounted and wire-bonded to ceramic

leadless chip carrier (LCC). Dark current measure-

ments were conducted under vacuum within a liq-

uid-nitrogen-cooled Dewar.

Results and discussion

Material characterization

After epitaxial growth, the quality of the materials

was characterized by high-resolution X-ray diffrac-

tion (XRD) and photoluminescence (PL). Figure 2a

shows the XRD spectrum of the hetero-p-i-n sample.

It is found that the lattice mismatch between

InAs0.9Sb0.1 and GaSb substrate is 0.11%, corre-

sponding to a Sb component of 0.1044 in InAsSb by

Vegard’s law, which is more than the expected 0.1.

The lattice mismatch between the large band gap

AlGaSb and GaSb is 0.46%, and the derived compo-

nent of Al in AlGaSb is around 0.66. The optical

property of the sample was characterized by PL from

13 to 210 K. The full width at half maximum

(FWHM) for the PL spectrum is * 29 meV at 13 K

shown in Fig. 2c, indicating reasonable quality for the
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Figure 2 a High-resolution XRD data (004) of the InAsSb-based

hetero-p-i-n sample. b PL peak positions at different temperatures,

compared to the fittings with Varshni law. c PL spectrum of the

sample measured at 13 K.
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InAs0.9Sb0.1 layer. The clear and normal ‘‘red shift’’ of

peak position with the increasing temperature is

observed in Fig. 2b. The general Varshni law Eg

(T) = Eg(0) - aT2/(b ? T) is used to fit the data at

T\ 210 K, where a and b are two empirical param-

eters and Eg(0) is the energy gap at 0 K. In this range,

Eg(0) is derived as 0.322 eV, which corresponds to

k = 3.851 lm. a and b are 0.15 meV/K and 129 K,

respectively. They are close to reported values

[26, 27].

Dark current characteristics

The dark current–voltage (I–V) characteristics of

photodetectors with different mesa sizes were per-

formed. For a mesa-type device, the dark current

density can be expressed as J = I/A = (IB ? IS)/

A = JB ? JS�P/A, where IB (JB) is the bulk dark current

(density), IS (JS) is the perimeter dark current (den-

sity), A is the cross-sectional area of the mesa, and P

is the perimeter. Figure 3a shows the dark current

density J of the photodetector under applied biases of

- 0.1, - 0.3, and - 0.5 V as a function of the

perimeter-to-area (P/A) ratio and their linear fits at

room temperature at specific region. We note that at

- 0.1 V, J increases slightly when the P/A ratio

increases and the derived JS is 3 9 10-3 A cm-1.

Under large reverse bias, J increases faster with P/

A ratio. Specifically, under the bias of - 0.3 V, JS
increases to 6.8 9 10-3 A cm-1. When the bias fur-

ther increases to - 0.5 V, JS increases to

1.2 9 10-2 A cm-1. The deviation of the data from

the fitted lines at large P/A values reflects the dif-

ference in surface quality for large and small devices.

It is noted that the JS increases with the applied

reverse bias, which can be attributed to the enhanced

influence of the trap-assisted tunneling (TAT) as the

electric field becomes stronger [28]. These results

indicate large surface leakage currents in these pho-

todetectors. In addition, we also find that by further

increasing the voltage bias, the ratio between JS and JB
(JS/JB) becomes larger, indicating increased contri-

bution of surface leakage. The large surface leakage

current might originate mainly from physical damage

caused in dry etching, non-ideal passivation, chemi-

cal cleanup process, gate effect from sidewalls, and

the inherent issue of surface pinning of layers in the

structure with high indium contents [29].

The dark current density as a function of bias

voltage at different temperatures is shown in Fig. 3b

for a 350-lm square mesa device. The dark current

density is J = 0.848 A cm-2 at applied bias of - 0.5 V

and T = 77 K, and increases to J = 2.62 A cm-2 at

T = 293 K. As shown in the figure, the rectification

character of this hetero-p-i-n structure is not very well
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Figure 3 a Dark current density versus perimeter-to-area (P/

A) ratio for photodetectors with different mesa size measured at

293 K under - 0.1, - 0.3, and - 0.5 V bias. b Dark current

density versus voltage for 350-lm square mesa photodetector at

different temperatures varying from 77 to 293 K. c ln (J) versus

1000/T for the 350-lm square mesa photodetector under applied

biases of - 0.1, - 0.3, and - 0.5 V, combined with linear fits for

the activation energy at high temperatures.

J Mater Sci (2018) 53:13010–13017 13013



and the dark current density is not reduced signifi-

cantly when temperature is decreased. There is also a

sharp change at around - 0.5 V in the slope for

almost all the measured temperatures. The sharp

change may come from the increased contribution of

surface currents compared to bulk under large bias as

indicated in Fig. 3a.

To gain an insight into the origin of bulk dark

current in this hetero-p-i-n photodetector, we plot

ln(J) versus 1000/T for the 350-lm square mesa

device under different voltages in Fig. 3c. At - 0.1 V,

the dark current is dominated by tunneling in the

lower temperature ranges (\ 275 K), as indicated by

small activation energies [i.e., 9 meV (105–150 K)]. At

temperatures higher than 275 K, the activation

energy is 174 meV, which is quite close to half of the

InAs0.9Sb0.1 band gap value (Eg/2 = 161 meV,

derived from the PL measurements), indicating that

the dominant dark current mechanism is Shockley–

Read–Hall (SRH) recombination. This is due to a

faster increase in SRH process with temperature as

compared to tunneling process. The activation energy

decreases very fast while increasing the voltage bias

from - 0.1 to - 0.3 V (117 meV) and - 0.5 V

(78 meV) at temperatures higher than 275 K. These

results indicate that the tunneling process is domi-

nant when the reverse voltage bias is larger than

0.1 V. At low temperatures, the saturation of ln(J) is

due to the surface leakage currents.

Performance characterization

The spectral response of the photodetector at room

temperature was characterized by a 1000 K black-

body radiation source and a standard Fourier-trans-

form infrared spectroscopy (FTIR). The structure was

illuminated from the top. As shown in Fig. 4a, the

photodetector has peak external quantum efficiency

(QE) of * 47.8% at * 2.1 lm under an applied bias

of - 0.6 V. The QE decreases to * 32.2% at 3.5 lm.

For a photodetector, the photocurrent responsivity

R can be used to describe the photoelectric conver-

sion efficiency. This can be expressed as R = kqn/(hc),
where k is the wavelength, n is the QE, q is the unit

charge element, h is the Planck constant, and c is light

speed in the vacuum. The responsivity R with respect

to k is plotted in Fig. 4b. The photodetector shows

responsivity of * 0.91 AW-1 at 3.5 lm, and it almost

has a flat responsivity from 2.1 to 4 lm. The

R decreases very fast for wavelength larger than

4 lm, with 100% cutoff wavelength observed around

5 lm.

The detectivity (D*) defined by D*(k) = R(k)/
(2qJ ? 4kT/(RA))1/2 is normally used as a figure of

merit to evaluate the device performance. RA is the

resistance area product, which can be derived from

the J–V characteristics. In this equation, dark current

shot noise and Johnson noise have been included.

Actually, there are two other noise contributions in

our photodetectors that may affect the final perfor-

mance. They are background illumination and signal
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photocurrent shot noise. For the former, if we assume

a background temperature of 300 K and 2p field of

view and an averaged responsivity of 0.9 A/W in

1.5–5 lm range, the background photon current

density is * 7.2 9 10-4 A cm-2. For the latter, it can

be simply derived from RP/A (R is the photocurrent

responsivity, P is incident power, and A is activation

area), and is in the level of * 10-3–10-4 A cm-2.

Thus, the noise contributions from these two parts

can be neglected in our case due to the large dark

current density (2.62 A cm-2 at applied bias of

- 0.5 V). This can be held at even smaller tempera-

tures as the dark current does not reduce a lot. As

shown, the photodetector has a detectivity

of * 8.3 9 108 cm Hz1/2 W-1 at 3.5 lm under the

bias of - 0.6 V. We then characterized the detectivity

of the device at different bias voltages and tempera-

tures in Fig. 4c, where the maximum detectivity at

room temperature is achieved under the bias of

- 0.5 V with a value of * 8.9 9 108 cm Hz1/2 W-1.

The corresponding maximum detectivities at 275 and

250 K are * 1.0 9 109 and * 1.1 9 109 cm Hz1/2

W-1 at the same bias. These performances are not

improved a lot as the dark current, especially the

surface leakage current is still very large for this

detector at these temperatures. It is noted here that

the detectivity shows a local maxima at reverse

(negative) bias and a very low plateau at forward

(positive) bias for all operational temperatures. This

character originates from the dependence of detec-

tivity on responsivity and dark current. At forward

bias, the depletion area (main absorption area) is very

narrow, leading to very weak responsivity, therefore

low detectivity. However, while reverse bias is

applied, the depletion area becomes wider, leading to

increased detectivity. But as the whole intrinsic area

is limited and further increasing reverse bias will

increase the dark current, a maxima of detectivity at

reverse bias will be appeared. Further works on

improving the quality of the material structure as

well as the technical process need to do to reduce the

dark current at low temperatures.

In Table 1, we summarize room-temperature per-

formance of recently reported MWIR photodetectors

as well as the commercial product. The definition of

detectivity and cutoff wavelength is also tabulated

for better reference. As shown, our hetero-p-i-n pho-

todetector has comparable room-temperature per-

formance to the state-of-the-art photodetectors. It is

also comparable to the commonly used thermal

pyroelectric detector (1 9 109 cm Hz1/2 W-1).

Conclusions

In summary, we have reported the design, fabrica-

tion, and characterization of InAs0.9Sb0.1-based het-

ero-p-i-n photodetectors for MWIR. Heavily doped

large band gap AlGaSb electron barrier layer is

inserted to limit dark current originated from elec-

trons in p side of the structure. Quaternary AlInAsSb

layers are also inserted to limit type-II contacts in the

structure. The photodetector exhibits a room-tem-

perature quantum efficiency of 32.2% under applied

voltage bias of - 0.6 V at 3.5 lm without antireflec-

tion coating. The photodetector has a broad response

for MWIR with a 100% cutoff at 5 lm. A detectivity of

8.9 9 108 cm Hz1/2 W-1 is achieved at 3.5 lm under

applied bias of - 0.5 V.
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