pBn type short-wavelength infrared photodetector with low

dark current based on InGaAs/GaAsSb superlattice absorber

Peng Cao'?, Qiandong Zhuang®, Hongling Peng'?, Tiancai Wang®, Chunxu Song'?,
Jiaqi Wei'> and Wanhua Zheng!>*>*

I Laboratory of Solid State Optoelectronics Information technology, Institute of
Semiconductors, Chinese Academy of Sciences, Beijing 100083, China

2 State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors,
Chinese Academy of Sciences, Beijing 100083, China

3 Physics Department, Lancaster University, Lancaster LAl 4YB, UK

* College of Electronic and Communication Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

3 College of Electronic and Communication Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

E-mail: whzheng@semi.ac.cn

Abstract: In this paper, we demonstrate a pBn type short-wavelength infrared (SWIR)
photodetector based on InGaAs/GaAsSb superlattice absorber and AIGaAsSb barrier.
Both structural and optical properties of InGaAs/GaAsSb superlattice material grown
on InP substrate are presented, and optoelectronic performance of pBn SWIR

photodetector device are reported. A cutoff wavelength of 2.2 um is achieved at 300 K.

Furthermore, low dark current density of 2.4x107* A/cm? and a peak detectivity of 2.0

x10° cm-Hz">/W at 2 um under saturated operation voltage -1 V are obtained at 300 K.

The high performance of the pBn type SWIR photodetector based on InGaAs/GaAsSb
absorber provides robust potential for further fabrication of low dark current SWIR

photodetector device.

Short-wavelength infrared (SWIR) photodetectors with a spectral response



ranging from 1~3 pum have attracted great interests in recent decades since they can
be widely exploited in various fields including LiDAR applications, biomedical
sensors, earth observation and gas detection . A great many material systems
were used as the absorption layer for fabricating SWIR photodetectors. Currently,
HgCdTe (MCT) is commercially mature for SWIR photodetector due to the highly
tunable spectral response range *®. However, MCT materials suffer a weak Hg-Te
bond and MCT-based devices are undergoing challenges such as unstable crystal
quality and low uniformity for large material areas leading to high cost for
fabrication 'V, Another promising candidate for the SWIR detection is high In
component InGaAs since the cutoff wavelength extends above 2 um as the In
component increases to values above 0.8 '>!. The unfavorable issue for SWIR
photodetector based on high In component InGaAs absorber comes to the large
lattice mismatch existing between the high In component InGaAs epi-layer and the
InP substrate. As a result, large dislocation density brings out large dark current
density which deteriorate the performance of the device. Although many attempts
are taken to mediate this large lattice mismatch and suppress dark current, for
instance, utilizing graded In component InGaAs buffer layer '®'? to dilute the
dislocation density during the growth process and inserting barrier layer 2>V to
suppress dark current, the high In component InGaAs SWIR photodetector still
suffer high cost and calibration difficulties in growth process.

Recent years, an advanced material system, InGaAs/GaAsSb type II superlattice
(T2SL), becomes an option for detection wavelength around 3 pm. Several works
were reported on the design and fabrication of InGaAs/GaAsSb based SWIR
photodetectors. K.Miura researched the effect of growth temperature and I11/V ratio
on the high quality InGaAs/GaAsSb superlattice?? Justin Easley et al investigated
a pin type InGaAs/GaAsSb T2SL for short wavelength infrared detection by
simulating the band diagram and absorption spectrum as well as the quantum
efficiency diagram®?). 1.Shafir et al demonstrated pBp type InGaAs/GaAsSb SWIR
photodetector, presenting dark current density of 1.3x10% A/cm? under 0.1 V

operation®¥. In addition, Tan et al proposed models for SWIR photodetector based



on both InGaAs/GaAsSb lattice matched InP and strain compensated
InGaAs/GaAsSb, investigating the effect of both total thickness and As component
variation of the single period of superlattice on the carrier wavefunction overlap
and device cutoff wavelength. This modeling methodology provides further
instruction for InGaAs/GaAsSb SWIR photodetector design®>.

In this paper, we demonstrate a pBn type SWIR photodetector based on
InGaAs/GaAsSb absorber and AlGaAsSb barrier. Structural and optical

characterization of InGaAs/GaAsSb epi-layer grown on InP substrate is shown and

a low dark current down to 2.4x 10 A/cm? under 300 K is obtained due to the the

barrier design. Moreover, a peak detectivity of 2.0x10° cm-Hz"*/W at 2 pm is

measured proving this pBn InGaAs/GaAsSb structure to be a promising option for
further SWIR photodetector device.

The whole structure of the pBn InGaAs/GaAsSb SWIR device grown on the semi-
insulating InP substrate is shown in Figure.l(a). After the deposition of a 500 nm
heavily N doped InGaAs bottom contact layer, a 1.75 um thick lightly N doped
InGaAs/GaAsSb absorber is deposited, followed by a 10 nm thick AlGaAsSb
barrier layer. Finally, a 200nm thick heavily P doped GaAsSb layer is deposited
served as the top contact layer. The device is fabricated by standard
photolithography process and the mesa is dry-etched by an inductive coupled
plasma (ICP) instrument, followed by a 200 nm thick SiO» layer deposition over
the sidewall by plasma-enhanced chemical vapor deposition (PECVD) for
passivation. The X-ray diffraction (XRD) result is shown in Figure.1(b). According
to the XRD pattern, the first peak on the left side of the 0" peak stands for both
InGaAs epi-layer and InP substrate. The great coincidence indicates the InGaAs
layer is lattice match to the InP substrate with an extracted In component of 0.533.
The lower peak attached to the 0™ peak on the right side represents the GaAsSb
material, showing a deviation from the InP substrate. The actual extracted As
component of GaAsSb layer is 0.56, which produces a tensile strain of 0.4% during

the growth process. Thus, high quality InGaAs/GaAsSb absorber is obtained.



Figure.1(c) characterize the power dependent photoluminescence (PL) spectra of
the whole structure. At 300 K, the PL curves under different power all show single
main peak in the absence of long wavelength tails corresponding to a peak
wavelength of 2.06 um, indicating an ideal band to band transition occurring in the
absorber. Figure.1(d) plots the band diagram of the whole device. Considering the
feasibility of the convergence for the commercial software SILVACO 2022, only
two cycles of InGaAs/GaAsSb is plotted on behalf of the whole periods of
InGaAs/GaAsSb absorber. As shown in the band diagram, the conduction offset
between InGaAs/GaAsSb absorber and AlGaAsSb barrier is large (about 1eV)
while the valence band offset almost vanishes. The inserted wide band gap
AlGaAsSb barrier facilitate the electron transport to the N side contact and shorten
the band bending length in the narrow band gap absorber under operating bias so

that the GR current would be suppressed.
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Fig.1(a) Schematic configuration of the pBn type InGaAs/GaAsSb photodetector.

(b) XRD results of the epilayer grown on InP substrate. (c) Power dependent PL



spectra of the epilayer grown on InP substrate. (d) Simplified band diagram of the
InGaAs/GaAsSb photodetector.

The temperature dependent dark current characteristic of the fabricated device with

D=100 um is shown in Figure.2. Under a reverse bias of -1 V, the dark current

density is 1.57x10™* A/cm? at 220 K and rises up to 2.4x 107 A/cm? at 300 K.
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Fig.2. Temperature dependent dark current characteristic of InGaAs/GaAsSb

photodetector

The relative spectral responsivity under different bias voltage is shown in
Figure.3(a). As the reverse bias increase, the relative spectral responsivity saturated
at -1 V. Therfore, we measured absolute responsivity of the device at the
temperature range from 220 K to 300 K, as shown in Figure.3(b). The cutoff
wavelength is 2.2 pum at 300 K which coincides well with the band diagram
simulation result and the PL spectra. Moreover, the peak absolute responsivity rises
with the increasing temperature from 0.22 A/W at 220 K to 0.30 A/W at 300 K. The
absolute response value at 2 pm reaches 0.06 A/W. The temperature dependent
spectral response characteristic could be explained by the temperature dependent
characteristic of the quantum efficiency. The minority carrier diffusion length
increases when the temperature increase, leading to a positive correlation between

the quantum efficiency and the temperature, hence the absolute responsivity 2627 .
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Fig.3(a) Relative spectral response under different reverse bias voltage. (b)

Temperature dependent absolute responsivity at temperature from 220 K to 300 K.

Figure 4 shows the calculated detectivity of the pBn InGaAs/GaAsSb photodetector

at temperature range from 220 K to 300 K. At 300 K, the detectivity at 2.1 um is

2.0x10° cm-Hz"?/W under the saturated reverse bias of -1 V.
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Fig.4 Specific Detectivity of InGaAs/GaAsSb pBn photodetector at temperature
range from 220 K to 300 K.

Table.1 summarize the dark current characteristic and the absolute spectral response
of the state of-the-art InGaAs/GaAsSb device. Our device presents low dark current
but further suppression of the dark current is needed since the unintentional doping
of AlGaAsSb barrier layer actually presents a light P type doping profile, which is

opposite to the InGaAs/GaAsSb absorber doping polarity leading to remaining of



GR current component (Maybe we can concern the actual doping profile as a

reason for high GR current?) . Also, the optimization of the wide bandgap

optical window between the absorber and the top contact is required to further
enhance the carrier collection efficiency of the device to increase the absolute

spectral response.

Table.1 Dark current characteristics of reported works on InGaAs/GaAsSb

photodetectors
Responsivity
Device Dark current density
(A/W) or Quantum
characteristic (A/cm?)

efficiency (%)

L. Shafir pBp structure 37 % at 2.2 ym
8.3x107 (-0.1 V, 300 K)
et al*¥ (InP barrier) (-0.1V, 300 K)
Jingyi W InAlAs/AlAsSb
eyt rang SAAS 3.48x10% (-1 V, 300 K) N/A
et al®® window
. V)
mesa: 1.5x10% mesa:37 % at 2.18 um
(-0.1 V,300 K)
Y. Uliel (-50 mV, 300 K)
mesa and planar planar: lower than
et al® planar: 1.2x1073 _
mesa type device
(-50 mV, 300 K)
Zongheng dual band 3.78x102 (-1V, 300 K)
. 13.5% at2 ym
Xie et al’? structure for e-SWIR range

This work pBn structure 2.4x10° (-1 V, 300 K) 0.06 A/W at 2 pm

In summary, we demonstrate a pBn type SWIR photodetector based on
InGaAs/GaAsSb absorber and A1GaAsSb barrier. InGaAs/GaAsSb epi-layer grown

on InP substrate with both high structural and optical properties are obtained. Low

dark current density down to 1.57x10% A/cm? at 220 K and 2.4x1073 A/cm? at 300

K are achieved, respectively. The room dark current density is lower than most of

the reported works. The peak absolute responsivity under saturated operating bias



reached 0.30 A/W at 300 K , corresponding to a peak specific detectivity of 2.0x

10° cm-Hz"#/W.
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