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Low-intensity light detection necessitates high-responsivity photodetectors. To achieve this, we report
Ing 53Gag 47As/InAs/Ing 53Gag 47As quantum well (InAs QW) photo-field-effect-transistors (photo-FETs) inte-
grated on a Si substrate using direct wafer bonding. Structure of the InAs QW channel was carefully designed
to achieve higher effective mobility and a narrower bandgap compared with a bulk In 53 Gay 47As, while suppressing
the generation of defects due to lattice relaxations. High-performance 2.6 nm InAs QW photo-FETs were success-
fully demonstrated with a high on/off ratio of 10> and a high effective mobility of 2370 cm?/(V - s). The outstand-
ing transport characteristics in the InAs QW channel result in an optical responsivity 1.8 times greater than InGaAs
photo-FETs and the fast rising/falling times. Further, we experimentally confirmed that the InAs QW photo-FET
can detect light in the short-wavelength infrared (SWIR; 1.0-2.5 pm) near 2 pm thanks to bandgap engineering
through InAs QW structures. Our result suggests that the InAs QW photo-FET is promising for high-responsivity

and extended-range SWIR photodetector applications.
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1. INTRODUCTION

Light detection in the infrared (IR) wavelength range has gained
significant interest due to its potential applications in future op-
tical communications [1], light detection and ranging (LiDAR)
[2], health care [3], etc. To detect light in the short-wavelength
IR (SWIR) band, which silicon (Si) photodetectors cannot cover,
various materials {e.g., III-V compound semiconductors [4],
germanium (Ge) [5], organic materials [6], perovskite materials
[7], lead sulfide (PbS) [8], mercury cadmium telluride
(Hg, ,Cd,Te) [9], and 2D materials [10]} have been investi-
gated for light sensor application. Although other materials have
serious challenges related to environmental stability, large-scale
production, and compatibility with modern CMOS technology,
conventional semiconductors such as indium gallium arsenide
(In,Ga,_,As) [11] and Ge [12] for broad-range SWIR detection
are used as IR image sensors and integrated photonics. While
a Ge photodetector is more CMOS-compatible, InGaAs pos-
sesses a lower dark current and higher responsivity than Ge de-
vices. Moreover, recent research has focused on integrating
InGaAs onto Si, expanding its potential applications [13,14].
These advantages of InGaAs make it an attractive option for
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high-performance image sensors and integrated photonics in
the SWIR band (typically around 1.0 to 2.5 pm).

Low-intensity light detection requires high-responsivity
photodetectors with light absorption and photon-to-carrier
conversion efficiencies and internal gain to multiply a signal
response. Photodiodes based on p-i-n junctions are commonly
used for conventional image sensors due to their linear oper-
ation with a small variation. However, they have a sensitivity
limit because it has no internal gains. Although avalanche
photodiodes are more suitable for low-intensity light detec-
tion, they require a high operating voltage and large gain
variation. On the other hand, a photo-field-effect-transistor
(photo-FET) with a metal-oxide-semiconductor structure
has the advantages of high responsivity at a small operation
voltage and gate controllability, making them promising can-
didates for low-intensity light photodetectors. From this view-
point, InGaAs photo-FETSs integrated on Si substrates have
been widely studied for the high-sensitivity SWIR photo-
detector [15-17].

There are several methods for improving the performance
of ultrathin InGaAs photodetectors for cost-effective III-V on
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Si integration using wafer bonding. One method is to enhance
an optical confinement effect using a metal-oxide-semiconductor
cavity [16] or a slot waveguide [18]. Another method is to im-
prove the opto-electrical performance through the channel struc-
ture engineering of photo-FET's because the electron mobility
and bandgap of a channel material in photo-FET's considerably
affect their performance. In general, a high In content in InGaAs
leads to an increase in electron mobility [19] and a decrease in
bandgap [20]; high electron mobility can boost the responsivity
of photo-FETs, and a narrow bandgap can absorb light in a
broad wavelength range. However, if the bandgap is too narrow,
it can cause a high leakage current in FETs due to an increased
thermal generation of minority carriers [21]. In order to address
this problem, advanced channel geometries, such as fin, nano-
wire, and extremely thin body (ETB) structures can be used.
These structures have high gate controllability, which can effec-
tively suppress the leakage current [22-24].

In recent studies, InAs nanowire photo-FETs have shown
remarkable responsivity in the SWIR range [25-28]. However,
their fabrication process, particularly mechanical transferring, is
not reproducible for high-density photodetector applications
and is not compatible with modern CMOS fabrication tech-
nology. On the other hand, ETB InGaAs/InAs/InGaAs quan-
tum well (InAs QW) MOSFETs with a top metal gate have also
been proposed for logic applications [29,30]. The ETB InAs
QW MOSFETs have shown excellent transport characteristics
with high effective mobility and a low leakage current compa-
rable with those of InGaAs MOSFETSs. However, the device
structure of the reported ETB InAs QW MOSFETs is not
suitable for photo-FET applications, and their opto-electrical
characteristics have not yet been investigated. Therefore, it is
necessary to examine the opto-electrical performance of InAs
QW channel FET's with a suitable device structure for photo-
detector applications. Such an examination can identify new
approaches for realizing high-performance and high-sensitivity
SWIR photodetectors.
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Fig. 1.

In this work, we proposed a junction-less Ings3Gag 47 As/
InAs/Ing 53Gag 47As quantum well (InAs QW) photo-FET
with a back gate and metal reflector. By harnessing the high
electron mobility and narrow bandgap of InAs QW, we aimed
to enhance the responsivity and increase the detection range.
We presented the fabrication process of InAs QW photo-
FETs integrated on a Si substrate using III-V layer transfer
techniques based on direct wafer bonding. The electrical
and optical characteristics of InAs QW photo-FET were exam-
ined in comparison with the reference InGaAs photo-FET with
identical channel thickness. Using this InAs QW structure, we
demonstrated a 1.8-times-higher responsivity compared with
the reference InGaAs photo-FET at 1.55 pm wavelength. The
channel length dependence on the responsivity of the InAs QW
photo-FET was investigated. The optical response times of
InAs QW photo-FETs are discussed from the perspective of
the photocurrent generation mechanism. The optical bandgap
of InAs QW photo-FET's was investigated using photolumines-
cence experiment and theoretical study. Finally, the optical re-
sponse range of InAs QW photo-FET was examined in the
SWIR range up to 2 pm using a confocal microscopy system.
We found that our InAs QW photo-FET with high-gain and
broad-range photodetectors is a promising solution for various
applications, such as low-intensity light detection and inte-
grated photonics for optical communication up to a 2 pm
wavelength [31].

2. EXPERIMENTAL SECTION

The fabrication process for the InAs QW photo-FET is illus-
trated in Fig. 1. The III-V stacks, which consist of an uninten-
tionally doped (UID) indium phosphide (InP) seed layer
(50 nm), a UID-Ings3Gay 4,As etching stop layer (200 nm),
a UID-InP buffer layer (50 nm), a heavily doped N*-
InGaAs source/drain (S/D) layer (50 nm) with a Si concentra-
tion of 1x10" cm™, and UID-InGaAs (44 nm)/InAs
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(a) Fabrication flow of InAs QW photo-FETs integrated on SiO, interlayer dielectric (ILD)/Si substrates using direct wafer bonding

techniques. (b) Optical microscope (OM) and (c) TEM images of a transferred III-V layer on Si substrates using Au/Au metal bonding.
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(2.6 nm)/InGaAs (3 nm) quantum well (QW) channel were
grown on an InP (001) substrate by molecular beam epitaxy.
After pretreatment with ammonia (NHj3) solution for 2 min
and ammonium sulfide [(NHy),S,] solution for 5 min,
10 nm thick aluminum oxide (Al,O3) film was deposited as
a gate insulator by atomic layer deposition using trimethylalu-
minium [(Al(CHj)3)] and H,O as precursors. Before wafer
bonding, the samples were annealed at 300°C for 10 min to
prevent void generation [32]. Then, 11 nm thick tungsten
(W) and 55 nm thick gold (Au) were deposited on I1I-V wafers
and 300 nm thick silicon dioxide (SiO,)/Si substrates. Here,
W is used as the gate metal and Au is adopted for the reflector
and bonding metal. We experimentally found that W can play
a role in the adhesion layer between Au and SiO, layers. After
surface activation using argon (Ar) plasma, the two wafers are
directly bonded. The bonded samples were pressed with a
pressure of ~0.25 MPa at 100°C for 1 h. The InP donor sub-
strate was removed by mechanical polishing and a hydrochloric
acid (HCI) solution. The InGaAs etching stop layer and the InP
buffer layer were eliminated by selective wet etching processes
using mixed solutions with H;PO4:H,0,:H,0 (=1:1:7) and
H;PO4:HCI (=3:1), respectively. The optical microscope and
transmission electron microscopy (TEM) images of a trans-
ferred III-V layer on Si substrates using Au/Au metal bonding
are presented in Figs. 1(b) and 1(c). Direct wafer bonding en-
ables efficient transfer of the III-V layer onto Si substrates with
excellent crystal quality and large scale. Next, the N*T-S/D and
recessed channel were formed by selectively etching the N*-
InGaAs layer on the channel region using a 3 nm thick InP
etching stop layer. After channel definition, the 3 nm thick
InP etching stop layer was also removed by digital etching
processes using oxygen (O,) plasma oxidation and a diluted
HF solution. Each device was isolated by wet and dry etching
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processes. The 300-cycle Al,O3 was deposited as field oxide
(FOX). A via hole for S/D contacts was etched using a buffered
oxide etchant. For S/D contact pads, molybdenum (Mo)/Au
films were deposited by electron-beam evaporation. Finally, the
samples were annealed at 300°C for 1 min to improve the inter-
face property between FOX and InGaAs as well as the S/D con-
tact resistivity. For comparison, a 50 nm thick InGaAs photo-
FET was fabricated with the same process.

3. RESULT AND DISCUSSION

Figure 2(a) shows the 3D schematic image of Ing 53Gag 47As/
InAs/Ing 53Gag 47As quantum well (InAs QW) photo-FET
fabricated on a Si substrate using Au/Au metal bonding, which
also plays the role of a metal reflector. Figure 2(d) shows a high-
angle annular dark-field scanning transmission electron micros-
copy image of InAs QW photo-FETs, confirming a clear and
flat bonding interface without a void. Thickness of the 110 nm
thick Au reflector was carefully determined to maximize the
reflectance. Also, we carefully designed the InAs QW structures
because they determine the device characteristics, such as the
detection range and effective mobility. The bandgap of the
InAs QW and its influence on the detection range are modified
by the InAs thickness through the quantum confinement effect
[33]. First, the InAs thickness of approximately 3 nm is chosen
to avoid the lattice relaxation of the InAs layer grown on
Ing 53Gag 47As because it can cause significant leakage current
based on trap-assisted tunneling, which cannot be controlled by
the gate bias in the FET [34]. Instead of InAs/Ing 53Gag 47As
bilayer structures, an ultrathin Ingy53Gag 47As bottom capping
layer with a thickness of approximately 3 nm was used to im-
prove the effective mobility by decreasing the scattering effect
in the adjacent MOS interface [29]. Note that the InAs layer
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(a) Schematic image of an InAs QW photo-FET. (b) High-angle annular dark-field scanning TEM (HAADF-STEM) image of an

InAs QW photo-FET, confirming successful selective etching of N*-InGaAs source/drain (S/D) regions. High-resolution TEM image shows
(c) an InAs QW channel. (d) PL spectrum and (e) energy band diagram of InAs QW structures. The band edge values of the conduction band
and valence band for compressively strained InAs (s-InAs) were used to calculate the sub-band energies for an electron (E1) and a heavy hole (HH1).
(f) Calculated wavelength peak of the InAs QW as a function of the InAs thickness.
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Fig. 3.

(a) Measurement configuration based on the confocal microscopy. (b) /p-V g curves of InAs QW photo-FETs in the dark and under light

illumination. Photocurrents for (c) InAs QW photo-FET's and (d) reference InGaAs photo-FETs. (e) Responsivity of InAs QW and reference
InGaAs photo-FETs. (f) Ip-V characteristics, (g) /p-Vp characteristics, and (h) transconductance of InAs QW and reference InGaAs

photo-FETs. (i) Comparison of effective mobility for both devices.

should be positioned within the channel region near the MOS
interface. An InGaAs top capping layer with a thickness of
around 44 nm was employed to achieve a fully depleted chan-
nel and match the channel thickness of reference InGaAs
photo-FETs. Figure 2(c) shows the high-resolution TEM im-
age of a channel region for the InAs QW photo-FET. The
TEM image confirms that the InAs thickness is around 2.6 nm,
displaying a defect-free structure. Additionally, the InGaAs bot-
tom capping layer exhibits a thickness of around 2.2 nm, which
might have been reduced from its initial thickness while remov-
ing a native oxide layer. The design of the Al,O; gate insulator,
with a thickness of approximately 10 nm, is primarily focused
on the FET characteristics, including gate capacitance and gate
leakage current. However, the thickness of the Al,O; gate in-
sulator influences the efficiency of light absorption in the InAs
QW layer. Further research regarding the Al,O; thickness is
necessary to optimize the efficiency of light absorption in
our devices.

We evaluated the optical bandgap of InAs QW through
photoluminescence (PL) measurements, as shown in Fig. 1(d).
The carriers in the InAs QW were excited by a 532 nm laser
with a low power density of 3.5 W /cm?, and the PL spectrum
was measured by an extended InGaAs photodetector. The
extracted wavelength peak of 2.6 nm thick InAs QW from
PL measurements is ~2.1 pm. We also calculated the band-
gap of InAs QW theoretically. The conduction and valence

bands of compressively strained InAs (s-InAs) were obtained
based on the model solid theory [35,36]. The material param-
eters for InAs and InGaAs were used from Ref. [20]. Then, the
sub-band energies for the electron (E1) and heavy hole (HH1)
were calculated by solving the Schrédinger equations. The cal-
culated energy band diagram of Ings3Gaj4;As/InAs
(2.6 nm)/In; 53Gag 47As QW structure is plotted in Fig. 1(e),
showing good agreement with the PL measurement. We also
calculated the bandgap of InAs QW corresponding to the
InAs thickness and the critical thickness of InAs grown on
Iny53Gag47As obtained from the energy balance model
[371], which shows a good agreement with the experimental re-
sults [38], in Fig. 1(f). The PL emission wavelength of InAs
QW decreases with an increase in the InAs thickness.
However, the InAs thickness should be smaller than the critical
thickness because the lattice relaxation causes a significant
amount of defect in the InAs QW layer. Our calculation result
suggests that the maximum wavelength of InAs QW without
lattice relaxation can reach up to ~2.4 pm, indicating further
room to increase the wavelength range.

The opto-electrical response of the InAs QW and
Ings5Gag47As photo-FETs was examined under illumination
using a 1.55 pm wavelength optical source. The optical mea-
surement setup, based on confocal microscopy and an IR cam-
era, is illustrated in Fig. 3(a). The large area devices with a
channel length/width of 100/100 pm were used for the optical
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(a) Photocurrent and (b) responsivity for the InAs QW photo-FET with various channel lengths. (c) Relationship between the responsivity

and channel length for the InAs QW photo-FET under the low optical power of 0.5 nW.

measurement. The spot size of the optical source focused by an
objective lens is smaller than the device area. Figure 3(b)
presents the /p-V g characteristics of InAs QW photo-FETSs
in the dark and under light illumination. The higher drain cur-
rent was observed under light illumination than that in dark,
indicating that the photocurrent is generated under illumina-
tion at a 1.55 pm wavelength. We examined the optical power
dependence of the photocurrent (Zy, = lijiumination — £ dark)
for InAs QW and Ings53Gag4,As photo-FETs in Figs. 3(c)
and 3(d), respectively. The incident optical power (2,) was ad-
justed from ~0.5 nW to 50 pW using a variable optical attenu-
ator and measured by an extended InGaAs photodetector.
We found that our InAs QW photo-FETs produce a higher
photocurrent and responsivity than reference Inj53Gag 47As
photo-FETs under the same light incidence. The responsi-
vity (R=1,,/P;y) at Vg =Vp =1V for both devices
was extracted from the photocurrent, as shown in Fig. 3(e).
The InAs QW photo-FET exhibits high responsivity, which
is 1.8 times greater than that of the InGaAs photo-FET, dem-
onstrating its potential for high-performance photodetector
applications.

To elucidate the main reason of this performance enhance-
ment, it is necessary to understand the gain mechanism of
photo-FETs. Previous reports have revealed that the photocur-
rent generation in Ings3Gag47As photo-FET mainly arises
from photovoltaic effects under light illumination [39-41],
during which electron-hole pairs are generated in the channel
of photo-FET. The photogenerated electrons flow to the drain.
On the other hand, the photogenerated holes accumulate in the
floating InGaAs body, leading to a decrease in the potential
barrier [42]. Consequently, the accumulation of holes causes
a negative shift of the threshold voltage (AV,). This phenome-
non is commonly referred to as “photovoltaic effects” [39,40] or
“photo-gating effects” [15,41]. Then, the responsivity can be
expressed as Eq. (1) [39]:

1 ph G, AV, _

R s Iph
esponsivity ) »

n

w
Tp_Heft VD CoxAV s
(1)

where 7, is the photocurrent, P, is the incident light power,
G, is the transconductance defined by (d/p/dV ), W/L is the
channel width/length, p.g is the effective mobility, C,, is the
gate capacitance, and V'p is the drain voltage. Equation (1) sug-
gests that the transport characteristic and threshold voltage shift
are important factors for high responsivity in the photo-FET.

in in

The electrical characteristics of the junction-less InAs QW
photo-FET and the reference Ings;Gag47As homostructure
photo-FET with a channel length/width of 100/100 pm were
investigated in Figs. 3(f)-3(i). Figures 3(f) and 3(g) present the
Ip-V g and I'p-V g characteristics of both devices, respectively,
showing a high on/off ratio of ~10° and excellent current sat-
uration properties. The low-leakage current of the junction-less
InAs QW photo-FET, with an ultrathin body thickness of
50 nm, is comparable with that of InGaAs photo-FET's due to
the fully depleted InAs QW channel with suppressed defects
generation. The InAs QW photo-FET achieves a higher on-
current (/,,) than the InGaAs photo-FETs. We also compared
the transconductance (G,) of the photo-FETSs, which is an im-
portant factor not only for analog applications but also
for responsivity. Figure 3(h) shows that the InAs QW photo-
FET features a larger transconductance of 10.4 S/pm than the
InGaAs photo-FET. These improved electrical characteristics
with high 7, and G, are attributed to the introduction of
high-mobility InAs QW channel. To evaluate the effective
mobility, we obtained the gate-to-channel capacitance (Cl) for
the InAs QW photo-FET using a precision LCR meter. The
parasitic capacitances between the gate and source/drain were
removed using different channel-length devices. The ignorable
hysteresis and low-frequency dispersion were confirmed, indi-
cating the high MOS interface properties. The capacitance
equivalent thickness of a 10 nm thick Al,O; gate insulator
in our device is around 6.1 nm. Figure 3(e) plots the effective
electron mobility of the InAs QW and InGaAs photo-FETs.
The InAs QW photo-FET achieves high effective mobility
of 2370 cm?/(V-s) at a surface concentration of 1 x
10" cm™, which is 2.6 times greater than 923 cm?/(V -s)
for the Inj53Gag 47As photo-FET and even comparable with
that of the InAs NW photo-FETSs [25-28]. These outstanding
electrical characteristics of the InAs QW photo-FET, particu-
larly its enhanced effective mobility, contribute to improving
responsivity. This enhanced responsivity of InAs photo-FET's
is highly advantageous for applications requiring the detection
of low-intensity light.

Equation (1) clearly reveals that the responsivity of photo-
FET is inversely proportional to the channel length. We exam-
ined the channel-length dependence on the responsivity of
InAs QW photo-FET's under illumination at 1.55 pm wave-
length. Figures 4(a) and 4(b) display the photocurrent and
responsivity of InAs QW photo-FETs with channel length
range from 5 to 100 pm. It was observed that the photocurrent
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and in the dark. (¢) The band diagram to explain the photocurrent generation for the InAs QW photo-FET. (f) Responsivity of 5 pm gate length

InAs QW photo-FET.

and responsivity increase as the channel length decreases.
Notably, the InAs QW photo-FET with a channel length of
5 pm achieves a remarkable responsivity of 75,820 A/W at a
low optical power of 0.5 nW, as shown in Fig. 4(c). Further
enhancement in responsivity can be achieved by scaling down
the device dimensions. The improved responsivity achieved
through the high effective mobility of the InAs QW photo-
FET is expected to be maintained even in short channel devices
because the performance of FETs generally follows the scaling
rules established for transistor technology. However, it is im-
portant to note that short-channel devices require a larger
area for source/drain regions. The minimum size of source/
drain regions is determined by the contact resistivity between
NT-InGaAs and contact metals. Therefore, the optimal chan-
nel length should be determined by considering not only device
performance but also a fill factor.

The time response of the InAs QW photo-FET with a 5 pm
channel length was examined using an oscilloscope and a resis-
tor, as illustrated in Fig. 5(a). We added a 100-Q resistor
to the InAs photo-FET and applied a 1 V to the drain. Light
illumination is modulated with a frequency of 250 Hz and
rising/falling times of 400/400 ns. When the photo-FET is il-
luminated, the channel conductance decreases, causing a slight
change in the voltage division between the photo-FET channel
and the resistor. To capture the voltage change, we measured it
at the resistor using an oscilloscope. Figure 5(b) shows the tran-
sient optical responses of InAs QW photo-FETs at different
gate biases of -0.6 and 0.6 V. Figure 5(c) indicates that the
falling time of the InAs QW photo-FET increases exponentially
with the gate voltage (V' ), while the rising time is nearly con-
stant. The Vg-dependent falling time is due to the different
photocurrent generation mechanisms between on and off states
[40]. Figures 5(d) and 5(e) show /p-V characteristics and
energy band diagrams of the InAs QW photo-FET under

illumination and in the dark. When the photo-FET is
turned off (off-state), the photogenerated carriers induce the
photocurrent, which is referred to as “photoconductive effect.”
The fast carrier recombination processes determine the falling
time of the optical response in the off-state. On the other hand,
when the photo-FET is turned on, the photogenerated holes
accumulate in the floated body and cause a threshold voltage
shift, resulting in large gain and responsivity. The long falling
times in the on-state are due to the relaxation time required
for the accumulated holes to disappear. Figure 5(f) shows a re-
sponsivity as a function of the gate voltage for the InAs QW
photo-FET. The photoconductive effect provides a small re-
sponsivity. Therefore, a trade-off relationship exists between
the optical response time and responsivity for the InAs QW
photo-FET. Our device offers dual-functionality, allowing it
to operate in either high responsivity or high-speed mode.
Further, it is also important to note that the rising and falling
times of 9.1/115 ps in the high responsivity mode of InAs QW
photo-FET's are still faster than ~ms for charge-trapping-
based photo-FETs [27,28].

Next, we discuss the detection range of InAs QW photo-
FETs, which is an important figure of merit for photodetector
applications. The detection range of photo-FETS is primarily
determined by the bandgap of the channel material. The PL
measurement result in Fig. 1(d) suggests that our InAs QW
can absorb light within a wavelength range that extends up to
2.2 pm. To examine the wavelength dependence of our devices,
we additionally performed the opto-electrical measurement us-
ing 1.3 and 2 pm wavelength lasers. Figure 6(a) shows a photo-
current of the InAs QW photo-FET under illumination at 1.3,
1.55, and 2 pm wavelengths. Here, the opto-electrical measure-
ment data ata 1.55 pm wavelength are presented in Fig. 4. The
InAs QW photo-FET successfully shows the optical response
under light illumination at a 2 pm wavelength. Figure 6(b)
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Table 1. Benchmark of Our InAs QW Photo-FET with Previously Reported IlI-V Photo-FETs®

Compatibility
Channel I, /1o Hegp [cm?/(V - 5)] R (A/W) t./tg Vbb with CMOS
Ings3Gag 47As [15] 10° 608 ~10° at 1.3 pm 1 ps/~100 ps 1V O
Ing 53Gag 47As [16] 10° 800 20.9 at 1.3 pm NA 1V O

29.7 at 1.55 pm
InAs NW [26] 10° ~2000 5300 at 632 nm NA 80 V X
InAs NW [27] NA NA 10° at 532 nm 140 ms/12 ms 40V X
InAs NW [28] 10° <600 4400 at 2 pm 1.4 ms/0.6 ms 40 V X
Ing 53 Gag 4-As [43] 10° 12 250 at 1.5 pm 125/1.7 s 1V X
15 at 1.8 pm

InAs QW 10° 2370 148,600 at 1.3 pm 9.1 ps/115 ps 1V O

in this work

75,820 at 1.55 pm
23,340 at 2 pm

“I'on/ 1o on/off ratio; pig, effective mobility; R, responsivity; #,/t¢, rising/falling time; Vpp, operating voltage.

presents the high responsivity of the InAs QW photo-FET at
1.3, 1.55, and 2 pm wavelengths. We compared the responsiv-
ity of our InAs QW photo-FET with previously reported
InGaAs and InAs NW photo-FETs and the commercialized
InGaAs and extended InGaAs photodetectors in Fig. 6(c)
and Table 1 [15-17,26-28,43-45]. Our InAs QW photo-
FET, integrated on a Si substrate using the M3D integration
technology, achieves high performance with high responsivity
and fast response time in a broad SWIR wavelength range,
while operating at a relatively low voltage of ~1 V, in compari-

son with the reported III-V photo-FETs.

4. CONCLUSION

The high responsivity and extended detection range SWIR
photo-FET based on the Ings53Gag 47As/InAs/Ing s3Gag 47As
quantum well (InAs QW) channel has been successfully dem-
onstrated on a Si substrate using M3D integration technology.
The InAs QW photo-FET shows the high on/off ratio of 10°
and the high effective mobility of 2370 cm?/(V -s). Thanks to
the improved transport characteristics, the InAs QW photo-
FET exhibits 1.8 times higher responsivity than that of the
InGaAs homostructure photo-FET and achieves the remark-
able value of up to 75,820 A/W at a 1.55 pm wavelength. The
InAs QW photo-FETs also demonstrate the fast rising and fall-
ing times of 9.1 and 115 s, respectively. Additionally, the

smaller bandgap of InAs QW channel allows for detection
of the long-wavelength SWIR near 2 pm.

To further enhance the performance of the InAs QW
photo-FET, the following approaches may be promising.
One such approach is the utilization of a multilayer quantum
well (MQW) structure, which can improve absorption effi-
ciency. However, the MQW can potentially induce side effects
in the photo-FET, such as a significant leakage current flowing
via the second and higher InAs layers, as the gate controls the
carriers near the MOS interfaces. To mitigate these issues, ad-
vanced gate geometries and channel structures that enhance
gate controllability are necessary for MQW structure photo-
FETs. Additionally, scaling down the channel length can en-
hance the threshold voltage shift by enabling better control of
the potential barrier at the narrowed barrier width, leading to a
significant reduction in dark current.

Opverall, these findings suggest that the InAs QW photo-
FET fabricated on Si substrate is promising for high responsiv-
ity and broadband SWIR photodetector applications.
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