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Performance of dual-band short- or mid-wavelength infrared
photodetectors based on InGaAsSb bulk materials and
InAs/GaSb superlattices”
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In this paper, we demonstrate bias-selectable dual-band short- or mid-wavelength infrared photodetectors based on
Ing.24Gag 76As0.21Sbg 79 bulk materials and InAs/GaSb type-II superlattices with cutoff wavelengths of 2.2 wm and 3.6 pum,
respectively. At 200 K, the short-wave channel exhibits a peak quantum efficiency of 42% and a dark current density of
5.93 x 107> A/em? at 500 mV, thereby providing a detectivity of 1.55 x 10!! ¢cm-Hz!/2/W. The mid-wave channel exhibits
a peak quantum efficiency of 31% and a dark current density of 1.22 x 1073 A/cm? at —300 mV, thereby resulting in a
detectivity of 2.71 x 1010 cm-Hz!/2/W. Moreover, we discuss the band alignment and spectral cross-talk of the dual-band

n-i-p-p-i-n structure.
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1. Introduction

Short-wave infrared (SWIR) bands, from 1 wm to 3 pm,
can offer high-resolution images comparable to visible per-
spective and exhibit the capacity to perform both passive
and active imaging. Meanwhile, mid-wave infrared (MWIR)
bands, corresponding to the atmospheric window between
3 um to 5 wm, are widely utilized for military applications.
Therefore, the combination of SWIR and MWIR is consid-
erably essential and highly required in a number of tracking
and reconnaissance missions. The dual-color SWIR-MWIR
imagers permit more enhanced target identification and detec-
tion of chemical signatures specific to a waveband than single-
color imagers.[!?!

Bulk semiconductor materials, such as InGaAs for the
SWIR and InSb for the MWIR, exhibit the advantages of
high absorption coefficient and quantum efficiency. However,
they are also limited to a particular detection window near
the bandgap.[?! HgCdTe is a particular family that can tai-
lor the cutoff wavelength from SWIR to considerably long-
wave infrared (VLWIR) by changing the molar fraction of
Cd. However, it exhibits high cost and toxicity.*3 Quan-
tum well infrared photodetectors (QWIPs) and quantum dot
infrared photodetectors (QDIPs) are alternatives to infrared

detection. However, they were proved to present lower quan-
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tum efficiency and larger dark current, which limit the frame
rate and operating temperature of focal plane arrays.[®! An-
other feasible scheme is type-II superlattices (SLs) introduced
by Esaki and Tsu. The detection range can also cover from
SWIR to VLWIR by changing the relative thickness of alter-
nate layers. Reports on the subject were published intensively
within the past two decades based on traditional InAs/GaSb
SLs and modified Ga-free SLs.[7~1?]

The quaternary alloy Ing24Gag76As021Sbo79, lattice
matched to GaSb substrate, is a promising candidate for the
optoelectronic devices in the short-wave range. During the
past few years, InGaAsSb detectors were reported with differ-
ent structures grown on GaSb substrates.[!"1?] In this study,
we first combine the InGaAsSb bulk material and InAs/GaSb
SLs to fabricate bias-selectable dual-color short- or mid-
wavelength infrared detectors.

2. Experimental methods
2.1. Material structure and characterization

For this study, the material was grown in a solid source
Gen II molecular beam epitaxy (MBE) reactor on an n-
type GaSb (001) substrate with As, and Sby valved cracker
sources. As shown in Fig. 1, the dual-color photodetectors
followed an n-i-p-p-i-n design, which is achieved by two
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back-to-back n-i-p junctions that are separated by a p-doped
GaSb layer. The SWIR material, called blue channel, used
an Ing4Gag 76As021Sbg79 bulk material lattice-matched to
GaSb substrates. The MWIR material, called red channel,
consisted of 8 MLs of InAs and 8 MLs of GaSb with an
InSb interface. Before the device, a 1-pum-thick n-doped GaSb
buffer layer was grown on the GaSb substrate to smooth the
surface for subsequent device layers. This layer was used as
the bottom n-type contact for the devices. The red channel was
grown first in order to avoid the absorption of the SWIR signal
in the red channel under front-side illumination. It consisted
of a 0.38-pm-thick Be-doped p™ SLs contact, a 2.2-um-thick
absorbing region, and a 0.38-um-thick Si-doped n™ SLs con-
tact. The red channel was separated from the blue channel
by a 0.5 um p* doped GaSb layer. The structure of the blue
channel consisted of a 0.38-pm-thick Si-doped n™ InGaAsSb
contact, a 1.8-um-thick absorbing region, and a 0.38-pm-thick
Be-doped p* InGaAsSb contact, finished by a 20 nm n-doped
InAs capping layer.

Si:1240 °C 20 nm

cap InAs

short channel

GaSb buffer Be:940 °C 0.5 pm

P  InAs/GaSb  8/8

-g Be:940 °C 0.38 ym
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g N  InAs/GaSb  8/8 Ti/Pt/Au
contact
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Fig. 1. (color online) Schematic of dual-band device.

The high-resolution x-ray diffraction (HRXRD) pattern
of the device is shown in Fig. 2. It exhibited a period of 51.7 A
for the MWIR SLs, which is in good agreement with the de-
signed thickness of 50 A. The zero-order diffraction peaks
show lattice mismatches of 353 arcsec and 97.2 arcsec for the
InGaAsSb and MWIR SLs, respectively. Moreover, the mate-
rial quality was also characterized using an atomic force mi-
croscope (AFM). It showed a root mean square (RMS) surface
roughness of 1.439 A over an area of 10 x 10 um?.
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Fig. 2. High-resolution x-ray diffraction scan.

2.2. Device fabrication

Fabrication was started with SiO, deposition on wafers as
a hard etching mask. SiO; etching was performed for defin-
ing the mesas after standard UV photolithography. Then, in-
ductively coupled plasma (ICP) dry etching was performed to
the bottom GaSb buffer layer by using gases of CH4/Cly/Ar,.
After the residual SiO; is eliminated using the ICP, the de-
vices were passivated by using anodic sulfide as chemical pas-
sivation for filling dangling bonds on the surface.!'3] Sub-
sequently, a 200 nm SiO, layer was deposited by ion-beam
sputtering deposition (IBSD) as the physical passivation. [!415]
Then, a second photolithography was performed for opening
the windows on the SiO; as metal contact holes. The top and
bottom metal electrodes were formed using electron beam de-
posited Ti (500 A)/Pt (500 A)/Au (3000 A). Finally, the fabri-
cation was completed using a standard lift-off process.

3. Results and discussion

The device was wire bonded within a chip fixed in a
Dewar, which was cooled to 77 K by using liquid nitrogen.
The spectral response shown in Fig. 3 was measured by po-
sitioning the device as an external photodetector in front of a
Bruker Fourier Transform Infrared (FTIR) spectrometer and
calibrated using a standard DTGS detector. As shown in
Fig. 3, the MWIR channel is saturated at —300 mV and the
50% cutoft wavelength is 3.6 um. At +300 mV, the signal
transforms to the SWIR completely and saturates at 500 mV.
The SWIR channel exhibits 50% cutoff wavelength of 2.2 pm.

It is essential to mention that each individual n-i-p detec-
tor shows no response bias dependence when operated sepa-
rately. The spectral response bias dependence of dual-color
photodetectors could be explained by the band alignment and
built-in voltage in the back-to-back junctions. Figure 4 shows
the schematic band alignment of the SWIR-MWIR n-i-p-p-i-n
structure. The only band misalignment in this structure is in
the junction between SWIR and MWIR p-contacts. As men-
tioned in Section 2.1, a 0.5 pm GaSb p-doped buffer layer
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was used for separating SWIR from MWIR. Therefore, even
the contacts were heavily doped to generate Ohmic contact.
Moreover, it is still not easy for the photo-generated holes of
the SWIR channel to tunnel through the thick barrier. At zero
bias, the SWIR signal is completely blocked by the barrier
and the built-in potential of MWIR. Meanwhile, part of the
MWIR signal could overcome the built-in potential of SWIR.
In the negative bias range, the MWIR channel dominates the
photocurrent with the junction reverse biased and saturates at
—300 mV. When positive bias is applied, the signal translates
from MWIR to SWIR gradually as the SWIR junction is re-
verse biased and the energy band is moving down. To fully
extract the SWIR signal, a saturated positive bias of 500 mV

should be applied.
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Fig. 3. (color online) Spectral response of diode measured at 77 K.

Fig. 4. (color online) Schematic band alignment of dual-band detector
at zero bias.

The current—voltage characterization was measured and
calculated at 200 K. Figure 5 shows the dark current den-
sity curve and the differential resistance area (RA) product
curve of the devices. For the SWIR channel at +500 mV,
the dark current density and RA are 5.93 x 107> A/cm? and
4.5 x 10> Q-cm?. At —300 mV, the dark current density and
RA are 1.22 x 1073 A/cm? and 1.4 x 10> Q-cm? correspond-
ing to the MWIR channel.

The optical characterization of the diodes was per-
formed using a FTIR spectrometer and a calibrated blackbody
source of 500 °C without any anti-reflection (AR) coating.
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Fig. 5. (color online) Dark current density and differential resistance-
area product vs. applied bias of diode at 200 K.
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Fig. 6. (color online) (a) Quantum efficiency and (b) detectivity.
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Figure 6(a) shows the QE as a function of wavelength. The
MWIR channel exhibited a saturated QE of 31% at 2.6 pum,
and the SWIR channel exhibited a saturated QE of 42% at
1.8 um. To quantify the optical cross-talk,!'®! we use a selec-
tivity parameter S, which is defined as follows:

M S
QEI.S um QE2.6 pm
SMW channel = M SSW channel = S
QE2.6 um QE].S pm
M M S S
where QE|g i, QE3¢ im» QET g uim» and QE3 ¢ ) are the

quantum efficiencies of the MWIR and SWIR channels at
1.8 wm and 2.6 um. Therefore, the selectivity of the SWIR
and MWIR channels are 4% and 33%, respectively. Evidently,
the selectivity of the MW channel is poor compared to that of
the SW channel. It is attributed to the wide absorption spec-
trum of the MW channel with cutoff wavelength extending to
SWIR and the insufficient absorption of SWIR channel.

Then, the dark current short noise limited detectivity
(D*) was calculated for both channels at 200 K. As shown
in Fig. 6(b), the peak of the MWIR channel D* is 2.64 x
10'0 cm-Hz!/2/W at 2.6 pwm, while the SWIR channel exhibits
a saturated D* of 1.54 x 10'! cm-Hz!'/%/W at 1.8 pum.

4. Conclusions

In this paper, we demonstrate dual-band short- or mid-
wavelength infrared photodetectors using InGaAsSb bulk ma-
The 50% cutoff wave-
lengths are 2.2 um and 3.6 pm for the SWIR channel
At 200 K, the peak

terial and InAs/GaSb superlattice.

and MWIR channel, respectively.

D* of the MWIR channel and SWIR channel are 2.64 x
10'0 cm-Hz!/2/W and 1.54 x 10'! cm-Hz'/2/W, respectively.
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