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High-Performance InP-Based Bias-Tunable

Near-Infrared/Extended-Short Wave Infrared
Dual-Band Photodetectors

Zongti Wang, Jian Huang ', Liqi Zhu

Abstract—TIn this paper, a vertical stacked near-infrared (NIR)
and extended short wavelength infrared (eSWIR) dual-band de-
tector based on InGaAs and Ing.53Gag.47As/GaAsg 5Sbg. 5 type-11
superlattice (T2SL) is presented. A barrier layer of AlAsg.56Sbo.44
allows the independent working of the two sub-detectors. The
InGaAs NIR sub-detector operates under positive bias, while the
eSWIR band detector operates under reverse bias. The NIR sub-
detector shows a dark current density of 7.35 x 10~5 A/em? under
the bias of 0.1 V, the responsivity of 0.88 A/W, and a specific
detectivity of 4.69 x 10" cm- Hz'?/W at 1510 nm. Meanwhile,
the dark current density of eSWIR sub-detector is 8.68 x 10~*
A/cm? under —0.4 V with the corresponding responsivity of 0.21
A/W, and a specific detectivity of 1.85x 10! cm-Hz"*/W at 2 pm.
Furthermore, a single-pixel imaging system is built to demonstrate
the capability of dual-band detectors in information capturing and
target recognition.

Index Terms—Dual-band, Ing 53Gag 47As PIN, Ing 53Gag 47
As/GaAsg.5 Sbo.s T2SL, NIR /eSWIR photodetector, single pixel
imaging.

1. INTRODUCTION

ECENTLY, high-performance multiple band infrared pho-
Rtodetectors have attracted intense interest. The spectral
information of distinct bands can improve the identification of
targets in complex environments. Thus, multi-band detectors
have many applications in biomedical imaging, spectral sens-
ing, environmental monitoring, and other fields [1], [2]. Con-
ventional multi-band detectors are based on complex imaging
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techniques that require the introduction of beam splitters, filters,
and other components in the optical path, which increases the
complexity of multi-band detection. In contrast, a single imaging
device with dual-band detection capability can eliminate the
need for multi-element optical path alignment, greatly reducing
the complexity of multi-band imaging systems [3]. Visible light
(VL) has a limited propagation distance and visibility in the
scattering medium due to Rayleigh scattering. On the other
hand, short-wave infrared (SWIR) has a much longer penetration
depth in environments such as fog and smoke [4]. This property
allows higher visibility of SWIR detectors in severe weather
environments and has great potential for autonomous driving
and drone inspection [5]. Type-II superlattice (T2SL) has a wide
range of applications in infrared detection because of its ability
to modulate bandwidth by changing components and thickness
while maintaining lattice-matched [6] or strain-balanced condi-
tions [7]. Recently, dual-band detectors operating in SWIR, mid-
wavelength infrared (MWIR), and long-wavelength infrared
(LWIR) regimes based on InAs/GaSb or InAs/InAsSb type-II su-
perlattices (T2SL) have been reported [8]—[10]. Photodetectors
operating in near Infrared (NIR) and eSWIR were first demon-
strated based on Ing 53Gag 47As/GaAsg 5Sbg s T2SL [11], [12]
and then later on GeSn /GeSi [13], and In-rich In,Ga;_ As
/InP [14]. Ing 53Gag 47As/GaAsg 5Sbg.s T2SL based photode-
tector enjoys the advantage of lattice matching to InP sub-
strate and thus low dark current as compared to the In-rich
In,Ga;_As photodetector and GeSn photodetector, which is
an important candidate for SWIR detection [15]-[24]. The
previously reported NIR /eSWIR dual-band detector based on
Ing.53Gag 47As/GaAsy 5Sbg 5 T2SL by Z. Xie et al. has three
terminals to avoid the optical crosstalk [11], which increases the
complexity of the imaging system and cost of the fabrication
process.

In this paper, a vertical stacked NIR /eSWIR dual-band de-
tector based on the Ing 53Gag 47As/GaAsg 5Sbg. 5 T2SL material
system is designed. Instead of introducing an additional metal
contact to reduce optical crosstalk, an AlAsg 56Sbg 44 barrier
layer is incorporated into the structure. The barrier allows tuning
the operating band by changing the voltage in a two terminal
mesa configuration while maintaining low optical crosstalk [8]-
[10]. Moreover, this configuration is compatible with the focal-
plane-arrays (FPAs) process by simply inverting the epi-layers.
The NIR sub-device covers the spectrum from 850 nm to 1750
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nm with a responsivity of 0.88 A/W at 1510 nm under 0.1 V,
and the corresponding specific detectivity of 4.69 x 10'! cm-
Hz'2/W. The eSWIR sub-detector covers the spectrum from
1700 nm to 2400 nm under —0.4 V. The responsivity at 2 pm is
0.21 A/W with a specific detectivity of 1.85 x 10'° cm- Hz>/W,
which is on the same order of magnitude as commercial detectors
[25].

II. DEVICE STRUCTURE

The epitaxial structure of the designed dual-band detector
is shown in Fig. 1(a). The wafer was grown on InP by solid
source molecular beam epitaxy (MBE). The dual-band detector
contains a NIR and an eSWIR sub-detector. The epitaxial growth
started from the eSWIR sub-detector. The eSWIR sub-detector
consists of 500 nm n-type doped InGaAs layer, 100 periods un-
intentionally doped (UID) Ing 53Gag 47As/GaAsg 5Sbg s T2SL
absorption layer, and 50 periods p-type doped Ing 53Gag 47As/
GaAsg 5Sbg 5 T2SL. The NIR sub-detector consists of 500 nm p-
type doped InGaAs layer, 2000 nm unintentionally doped (UID)
InGaAs layer, 20 nm n-type doped InAlAs, and 10 nm n-type
doped InGaAs layer. A 200 nm p-type doped AlAsq 56Sbg.44
barrier layer is inserted between the NIR and eSWIR sub-
detectors. The X-ray diffraction (XRD) w-26 scan of the epi-
taxial wafer sample is shown in Fig.1(c). It can be observed
that there is a slight deviation between the peak of InP substrate
and Oth peak of SLs, which indicates a small mismatch between
the grown SLs and InP substrate. The period thickness d of the
T2SL can be calculated by [11]: d = A/(2A6 cosf), where A =
0.15406 nm is the wavelength of X-ray source, Af is the interval
between two adjacent satellite peaks, and 6 is the location of the
main peak. The calculated period thickness of the T2SL is 9.79
nm which is very close to the designed thickness (10 nm).

The energy band diagram of the detector under 0.1 V and
—0.4 V stimulated by commercial software Silvaco TCAD
is shown in Fig. 2(a) and (b), respectively. Under 0.1 V, the
photo-generated electrons in the T2SL layer are blocked by
the AlAsg 56Sbg.44 barrier, allowing the detector to work in the
NIR band independently, and vice versa under —0.4 V. Due
to the incorporation of the barrier layer in the structure, the
sub-detectors operating in two bands can work independently
without introducing additional intermediate contact electrodes
(81, [9].

After the material growth, the wafer was processed into a set of
different sizes of mesa-shaped devices with diameters varying
from 50 pm to 500 pm. Standard photolithography and wet
chemical etchant (H3PO4:H205:HoO = 1:1:10) were used to
define the mesa, and the wet etch stopped at 500 nm thick InGaAs
bottom contact layer. Ge/Au/Ni/Au metals were deposited on the
top and bottom InGaAs contact layer by e-beam evaporation to
form ohmic contacts. Finally, the mesa surfaces were passivated
by the SU-8 photoresist [26]-[30].

III. RESULTS AND DISCUSSION

The electrical performance of the detector is measured by
a semiconductor parameter analyzer from 160 to 300 K in
a cryogenic probe station. The measured dark current-voltage
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Fig. 1. (a) The schematic diagram of the photodetector structure. (b) The
detector structure after fabrication. (c) High resolution X-Ray diffraction pattern
of the structure.

curve of a 130 pm device is shown in Fig. 3. The dark current is
9.76 x 10~? A for NIR sub-detector under 0.1 V at 300 K, which
corresponds to a dark current density of 7.35 x 107> A/cm?. The
eSWIR sub-detector proves a dark current density of 8.68 x 10~
A/cm? at 300 K under a bias of —0.4 V, which is more than an
order of magnitude smaller than the previous reported InGaAs/
GaAsSb T2SL eSWIR dual-band detector [11]. Fig. 4 displays

Authorized licensed use limited to: ShanghaiTech University. Downloaded on March 14,2023 at 05:42:43 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: HIGH-PERFORMANCE InP-BASED BIAS-TUNABLE NEAR-INFRARED/EXTENDED-SHORT WAVE

2.0
(a) —_—01V
151
1.0
3
~ 05}
&
g
2 00f
=
o5t W
-1.0 - _ InGaAs ~ T2SL N
-15 1 INIR L L CSWIB
0 1 2 3 4 5
Position (pm)
2.0
(b) — 0.4V
151
R 1.0
c
~ 05}
e_
2 0o0f
=
05} \&
-1.0 - InGaAs T2SL
a3
eSWIR
-15 1 1 NIR 1 1 1
0 1 2 3 4 5

Position (pum)

Fig. 2. (a) Simulated energy band diagram of the detector under 0.1 V; (b)
Simulated energy band diagram of the detector under —0.4 V, where e- represents
electrons, h+4 represents holes, and the arrow indicates the direction of carrier
motion.
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Fig. 3. Dark current-voltage curve for the dual-band photodetector from 190
K to 300 K.

the Arrhenius plotat0.5 Vand —0.5 V in the temperature ranging
from 190 K to 300 K. The activation energy E,; is about 0.482
eV, and E,» is about 0.374 eV, which is larger than half of the
bandgap energy of InGaAs and T2SL, respectively, indicating
that dark current for both sub-detectors are dominated by the
diffusion current and generation-recombination (G-R) current.
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Fig. 5. The dual-band responsivity of the detector from 0.4 V to —04 V

under room temperature. The NIR sub-detector response saturates at 0.1 V and
the eSWIR sub-detector response saturates at —0.4 V, dashed line is quantum
efficiency contour indicating the quantum efficiency at the corresponding wave-
length.

The optical characteristics is performed in front-side illu-
mination configuration. Monochromatic light is emitted from
a halogen lamp passing through a grating spectrometer and
is focused on the device. And a 180 Hz chopper is added to
the optical path, allowing the optical signal to be amplified by
the lock-in amplifier. The responsivity curves under different
biases are measured with Thorlab’s InGaAs standard detector
(part No. PDA10DT-EC) and Si standard detector (part No.
FDS1010-CAL) as shown in Fig. 5. The NIR sub-detector
reaches a peak responsivity of 0.88 A/W at 1510 nm at 0.1 V.
While the bias voltage decreases to a negative value, the response
atthe NIR band decreases rapidly, and the response at the eSWIR
band increases. The device begins to switch to operate in the
eSWIR band. The responsivity of eSWIR sub-detector reaches
saturation at —0.4 V with a peak responsivity of 0.28 A/W at
1740 nm. The quantum efficiency reaches 72.11% at 1510 nm
under 0.1 V, larger than the previously reported work [11]. This
can be explained by the improved carrier collection efficiency
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with non-absorbing InAlAs n-contact layer. It is noted that the
wavy shape of the response curve is caused by the interference
between the SU-8 passivation layer and the surface of the device.
The interference is constructive or destructive with different
wavelengths of monochromatic light.

maz (QENIR, QFEcswir)

C = -
Ymin (QEN1r, QEeswir)

—20log dB (D

The optical crosstalk of the two sub-detectors is calculated
by (1) which is defined based on the ratio between photocurrent
of the two sub-detector, where QFE y;r and QFE.swir are the
quantum efficiency of the NIR sub-detector and eSWIR sub-
detector, respectively [31]. The calculated result is shown in
Fig. 6, the crosstalk peaks at 1710 nm and rapidly decreases
to below —10 dB outside 1690 nm and 1730 nm range. The
thick InGaAs layer in the NIR sub-device ensures low optical
crosstalk below 1690 nm.

To evaluate the overall performance of the device, the total
noise of the device is tested by a low-frequency noise spectrum
analyzer under different biases. The noise analyzer collects data
while the device is placed in a shield to reduce the interference
of the stray light from the external environment. The theoretical
value of the white noise power spectral density can be calculated
by (2), where k5 is the Boltzmann constant, Re is the differential
resistance, g is the electron charge, and 7 is the dark current under
bias.

4KpT

Re @

The total noise of the device under 0.1 V and —0.4 V are
shown in Fig. 7. In low frequency region, the measured re-
sults exceed the theoretical calculation by several orders of
magnitude, which is due to the presence of 1/f noise. In the
high frequency flat regime, the measured white noise values
agree with the calculated results. The inset of Fig. 7 shows the
dependence of noise on bias voltages at 1 MHz, indicating that
the noise level increases as the bias voltage increases, and that
noise under negative bias (working at eSWIR band) is overall

I2/Af = 2qI +
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measured under 0.1 V and —0.4 V (solid curves). The noise values calculated
by (3) at corresponding biases are also shown (dashed lines). The inset shows
the dependences of measured noise on bias extracted at 1 MHz.
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Fig. 8.  Specific detectivity D measured in front-side illumination for NIR
sub-detector under 0.1 V and SWIR sub-detector under —0.4 V, respectively.
The dashed line is calculated using the theoretical value of white noise, and the
solid line is calculated by the mean of measured white noise.

more significant than the noise under positive bias (working at
NIR band).

Finally, the specific detectivity Dx is calculated according to
(3) [32], where R is the detector responsivity, A is the device
area.

D* = M 3)
VIZ/AS

The detectivity of the device under 0.1 V and —0.4 V are
shown in Fig. 8, where the dashed line is calculated using the
theoretical value of noise while the solid line indicates Dx is
calculated by the mean value of measured noise in the high
frequency flat regime. Under 0.1 V, the NIR sub-detector is
turned on, and its peak Dx reaches 4.69 x 10'! cm- Hz">/W
at 1510 nm. And when the bias voltage turns to —0.4 V, the
operation band of the detector switches to the eSWIR band,
with the peak value reaching 2.43 x 10'° cm- Hz!"?/W, at 1740
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(a) Schematic diagram of the single-pixel imaging system. Four Chinese characters are taken by (b) visible CMOS camera; (c) NIR InGaAs sub-detector

(resolution: 400 x 400); (d) eSWIR T2SL sub-detector, the yellow dashed circle indicates the 1850 nm long-pass filter (resolution: 400 x 400). Water and acetone
solution are taken by (e) visible CMOS camera; (f) the NIR sub-detector (resolution: 500 x 500); (g) the eSWIR InGaAs sub-detector (resolution: 500 x 500); (h)

the calculated differential image.

nm. Compared with the NIR /eSWIR dual-band photodetectors
reported previously [11], [13], [14], the D« of 1.85 x 10'° cm-
Hz'?/W at 2 um is nearly one order of magnitude larger.

IV. PIXEL IMAGING

We also built a single-pixel imaging system to demonstrate
the dual-band detection capability, as shown in Fig. 9(a). A
broad-spectrum halogen lamp casts light on the object. Light
transmitted or reflected by the object propagates through the
lens and forms an image plane in which the detector moves.
Then generated optical signal in the image plane is modulated
by a 180 Hz chopper in the optical path and captured by a
lock-in amplifier. The whole system is operating under room
temperature.

In Fig. 9(b), there are four Chinese characters in which an
1850 nm long-pass filter blocks the first one. The information be-
hind the filter is unreadable in visible CMOS camera (Fig. 9(b))
and NIR detector imaging (Fig. 9(c)) while could be captured
by T2SL eSWIR sub-detector (Fig. 9(d)). Dual-band detection
could supplement information unattainable from single-band
detection.

In addition, we can also take advantage of the dual-band detec-
tion to distinguish between objects which are indistinguishable
under single band detection. Two bottles of water and acetone

solution are on the stage for imaging, as shown in Fig. 9(a).
They are transparent in visible light (Fig. 9(e)) but have strong
absorption with different absorption coefficients in the NIR and
eSWIR band, respectively [33], [34]. We captured the NIR image
(Fig. 9(f)) and eSWIR image (Fig. 9(g)) of the two bottles of the
solution by switching the bias voltage of the detector. The NIR
image is less noisy than the eSWIR image due to the higher
D« and lower dark current of the NIR InGaAs sub-detector.
And the differential image is calculated for better recognition
of the two bottles of the solution according to (4) [13]. In (4),
C is a parameter used to enhance or reduce the contrast of the
picture, and in this work, C is chosen to be 0.15. The obtained
differential image is shown in Fig. 9(h); the difference between
the two bottles is noticeable.
IMGo v — IMG_g.av

IMGuirr = 4
BT TMGo 1y + IMG o4y +C )

V. CONCLUSION

In this study, we demonstrate a vertical stacked NIR/eSWIR
dual-band detector based on InGaAs and Ing 53Gag 47AS/
GaAs( 5Sbg.5 T2SL. The AlAsSb barrier layer ensures the inde-
pendent working of the two sub-detectors. At 0.1 V, the InGaAs
sub-detector operates in the NIR band with a cutoff wavelength
at 1750 nm. The dark current density of the detector at 300 K is

Authorized licensed use limited to: ShanghaiTech University. Downloaded on March 14,2023 at 05:42:43 UTC from IEEE Xplore. Restrictions apply.



5162

7.35 x 1073 A/cm?, and the peak responsivity reaches 0.88 A/W
at 1510 nm, with a corresponding Dx of 4.69 x 10'! cm-Hz!/2/W.
At —0.4 V, the T2SL eSWIR sub-detector covers 1700 nm to
2400 nm. The 300 K dark current density of is 8.68 x 107*
A/cm? and the responsivity at 2 um is 0.21 A/W, with Dx up to
1.85x10'° cm-Hz!?/W. In addition, a single-pixel imaging sys-
tem is built to demonstrate the capability of dual-band detectors
in information capturing and target recognition.
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