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Integration of MoS, with InAlAs/InGaAs Heterojunction
for Dual Color Detection in Both Visible and Near-Infrared

Bands

Jianan Deng, Lingyi Zong, Wenzhong Bao,* Mingsai Zhu, Fuyou Liao, Zhongxun Guo,
Yuying Xie, Bingrui Lu, Jing Wan, Jiahe Zhu, Ruwen Peng, and Yifang Chen*

At present, dual-channel or even multi-channel recording is a developing
trend in the field of photodetection, which is widely applied in environment
protection, security, and space science and technology. This paper proposes
a novel MoS,/InAlAs/InGaAs n—i—n heterojunction phototransistor by
integrating multi-layered MoS, with InGaAs-based high electron mobility
transistors (InGaAs-HEMTs). Due to the internal photocurrent amplification
in the InGaAs channels with a narrow energy bandgap of 0.79 eV, this
device exhibits high photoresponsivity (R) of over 8 x 10° A W~ under
near-infrared illumination of 1550 nm at 500 pW. Furthermore, with the
combination of the photoconductance effect in the vertical MoS,/InAlAs/
InGaAs n—i—n heterojunction and the photogating effect in the lateral
phototransistor, this device possesses a unique characteristic under

visible illumination that its photoresponsivity can be tuned by the top gate
electrode from 6 X 10° A W' to —4 x 10° A W-! by gate voltage. This may

However, such a conventional technique
is being challenged by the demand for
system miniaturization. So far, several
methods have been proposed to extend the
response spectra of a single photodetector.
One method involves heterogeneously
integrating photodetectors based on mate-
rials with different bandgaps (such as Si
and III-V compounds) on the same sub-
strate by molecular beam epitaxy (MBE) or
metal organic chemical vapor deposition
(MOCVD) to introduce extra absorption
layers.”-1% Unfortunately, owing to lattice
mismatches, significant leakage current
frequently occurs in the dark, and the
manufacturing is complicated and expen-
sive. Another approach is to integrate a

lead to a new application as an optically controlled electronic inverter, which
needs further study in depth. This MoS,/InAlAs/InGaAs phototransistor
builds up a new bridge between 2D materials and conventional ternary

compounded semiconductor devices.

The trend of photoelectric detection is advancing toward multi-
band detection, miniaturization, and high integration within
one substrate. To accomplish multichannel detection to broad-
band electromagnetic radiation, independent photodetectors
based on different semiconductors—such as GaN[!? for ultra-
violet (UV), Si*¥ for visible, and InGaAsP®l for near-infrared
(NIR) bands—are usually assembled in one imaging system.

metasurface into a semiconductor by local
plasmonic  resonances.'"""l  However,
such detectors suffer from extremely low
quantum efficiency due to energy loss in
the metallic metasurface.

In recent years, 2D materials based on
van der Waals heterojunctions have been
extensively investigated as potential candidates for next-gener-
ation optoelectronic devices.['*'8] Different from conventional
bulk semiconductors with covalent bonds, the lack of dangling
bonds at the surface of 2D materials enables the realization
of interfaces with fewer defects and lattice mismatches than
conventional semiconductor devices,' offering us an excel-
lent opportunity to integrate 2D materials with conventional
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Figure 1. The measured basic property of the fabricated device. a,b) Layer structure as well as the device structure in a MoS,/InAlAs/InGaAs phototran-
sistor. ¢) Energy band diagram of the MoS,/InAlAs/InGaAs heterojunction. d,e) Optical image of the fabricated HEMT and the MoS, gate covered one,
both the scale bars are 10 um. f) Measured Raman spectrum of the MoS, flake. g) The transfer characteristic with different drain voltages. h) Output
characteristic of the HEMT with different gate voltages through the MoS, flake.

semiconductors for novel optoelectronic devices. In this work,
a new phototransistor based on 2D/3D MoS,/InAlAs/InGaAs
n-i-n heterojunction has been proposed to achieve photodetec-
tion in both visible and NIR bands. Different from conventional
photogating transistors,?*22 an electrode is connected to the
top MoS, in order to control the carrier density in the 2D elec-
tron gas (2-DEG) at the InAlAs/InGaAs interface. When the
device is exposed to visible light, photocarriers generated in the
top MoS, may lead to the photoconductance effect as well as
the photogating effect combined with the lateral phototransistor
beneath it. Thus, the photoresponsivity, R, can be tuned between
positive and negative values by adjusting the biases to the MoS,
gate. A positive R of 6 x 10° A W' is obtained at V, = -2 V
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under light illumination at the wavelength of 500 nm. With the
increase of V, under the same illumination condition, R gradu-
ally decreases to —4 x 10° A W' at V, = +1 V. When the device
is illuminated by NIR light, the photovoltaic effect induced by
photoholes accumulated in the InGaAs channel may reduce the
barrier between the source and the conducting channel, leading
to a remarkable boost of the drive current from the source to
the drain. Such a unique characteristic is beyond previously
reported monopolar photoresponsivity,?3?4 suggesting that the
proposed device is actually a dual-band photoelectron detector
responsible in both visible and NIR wavelengths.

Figure 1a displays the structure of the MoS,/InAlAs/InGaAs
heterojunction phototransistor. The device is initially based on a

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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typical high electron mobility transistor (HEMT) with InGaAs/
InAlAs heterojunction grown by MBE on a semi-insulating InP
substrate,*>2% as illustrated by the layer structure in Figure 1b.
The doping level in the Si 8-doping layer is 1 x 102 cm™
(n-type), and the 20 nm Ing53Gag47As capping layer is heavily
doped with the density of approximately 1 X 10! cm™ (n-type).
The energy band diagram of the device along the vertical direc-
tion shown in Figure 1c indicates that the 2-DEG may be accu-
mulated at the InAlAs/InGaAs interface, which ensures high
electron mobility in the InGaAs channel layer. Meanwhile, the
Vanderbilt Hall testing and the transmission line method (TLM)
are applied to measure the electron mobility of 8120 cm? V-1.s7!
and the contact resistance of 0.04 Q-mm (see Figure S1 in the
Supporting Information). The phototransistors are then fabri-
cated by a standard HEMT process flow, including mesa isola-
tion, S/D contact, and gate recess etching (the details of the fab-
rication process are summarized in the Experimental Section),
as shown by the optical microscopic image in Figure 1d.1"]
On the fabricated HEMT, a multilayer MoS, sheet is subse-
quently transferred onto the recessing-exposed InAlAs barrier
layer. Finally, a 10 nm Ti/100 nm Au is deposited to connect
the end of the MoS; so that the whole device becomes a MoS,/
InAlAs/InGaAs heterojunction phototransistor, as shown in
Figure le. Both the width and the length of this phototransistor
are 10 um, which defines the effective photon sensitive area of
the phototransistor as 100 um?. Raman spectroscopic charac-
terization of the MoS, sheet is shown in Figure 1f. The peak
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position of E';, is around 382 cm™ and that of Ay, is around
407 cm™!, which confirms that the transferred MoS, sheet has
multiple layers, and the thickness is determined to be 12 nm by
atomic force microscopy (AFM), as shown in Figure S2 in the
Supporting Information.

Basic electrical characterizations of the MoS,/InAlAs/InGaAs
phototransistor are carried out in the dark. The measured I,
(drain current)-V, (top gate voltage) characteristics of the fab-
ricated device are presented in Figure 1g. The device functions
as a depletion-mode n-type field effect transistor (FET), with the
MoS, sheet acting as an effective gate to electrostatically control
the current through the InGaAs channel. The source—drain cur-
rent (Iy) increases to 1 mA as 'V, increases from -3 to 1.5 V at
a fixed V3 =+1V, with a threshold voltage (Vy,) of =1.5 V and a
current on/off ratio of 5.6 X 10%, which is comparable with that
in a conventional InGaAs/InAlAs HEMT.?® The leakage cur-
rent between the isolations through the intrinsic buffer layer is
also measured, as shown in Figure S3 in the Supporting Infor-
mation. It is reduced to 2.5 x 10~ A when V; = +1 V, which
is negligible compared with the channel current. The Iy — V4
output characteristics display a saturation region when under
large Vg and positively biased V,, (Figure 2h), which is also sim-
ilar to a standard n-type FET.

Having established the basic electrical performance
of the device, the optoelectronic property of the device is
then systematically studied. Figure 2a presents the IV,
electrical characteristics of the two embedded vertical
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Figure 2. Photoresponse in the embedded MoS,/InAlAs/InGaAs heterojunction. a) I,—V, curves of the embedded MoS,/InAlAs/InGaAs heterojunction
in the dark and under visible/NIR illumination, respectively. b) Device transfer curves under dark and visible/NIR illumination. The gate voltage below
—0.5 V should be the working area for the dual color detector. c) Output curves under visible and NIR illumination with different gate voltage biases,
indicating negative and positive photo response can be both achieved. d) Relation between V, and R: a peak value of 6 x 10° A W' and a valley value
of =4 x 10° A W~ can be obtained. The peak positions of the responsivity for both the visible and the NIR illumination are close to the maximum

transfer conductance, which explains the origin of the high responsivity.
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MoS,/InAlAs/InGaAs heterojunctions with the phototransistor,
where one heterojunction is terminated with the gate-source
electrodes and the other heterojunction is terminated with the
gate—drain electrodes. Since the InAlAs barrier is electrically
intrinsic and the InGaAs layer is partially n-doped by 2-DEG, the
two heterojunctions behave like an n-i-n junction without the
built-in electric field, giving rise to a symmetric I,~V, curve in
the dark when V, sweeps from -1 to +2 V, with the valley point
occurring at V, = +0.8 V. When the device is subjected to visible
illumination, the I, — Vg curve is still symmetric but undergoes
an upper-left shift. When the device is subjected to NIR illumi-
nation, no observable shift is seen in the I,~V, curve, implying
that no additional photocurrent is generated by the top gate
electrode.

The origin of the shift can be clearly interpreted by the cur-
rents flowing through the equivalent circuit to the two-heter-
ojunction system under different gate biases and illumination
conditions, as schematically illustrated in Figure S4a—c in the
Supporting Information. In the circuit, the MoS,/InAlAs/
InGaAs heterojunction can be represented by two resistors:
Ry and R.. R, is the total serial resistance including the MoS,
intrinsic resistance, the contact resistance between the MoS,
and the metal gate, and the one between the MoS, and the
InAlAs barrier. R, represents the conductive resistance of the
InGaAs channel, which is apparently much smaller than R,

In the dark condition with V; =41 V and V, =0V, as shown
in Figure S4a in the Supporting Information, the net current I,
is I + I, where I, originates from one of the two MoS,/InAlAs/
InGaAs heterojunctions, and I, originates in the other hetero-
junction. When V, =+0.8 V, I; and I, have the same magnitude
but flow in the opposite directions, leading to the minimum net
current I,. However, such a balance is broken when visible light
at 500 nm shines on the device, and the photocurrent generated
in the MoS, shifts the minimum point to V, = +0.3 V, at which
time a new balance with I; + I, + Iys = O is established, as
described in Figure S4b in the Supporting Information. When
the device is illuminated by NIR radiation at 1550 nm, photo-
carriers are generated only in the InGaAs channel because the
MoS; is does not respond to illumination of NIR. Since R, > R,,
where R, is the sheet resistance of InGaAs, the photogenerated
electrons are directly collected by the drain electrode as illus-
trated by the red arrow in Figure S4c in the Supporting Infor-
mation, and the photogenerated holes are trapped in the
quantum well in the InAlAs/InGaAs heterojunction. Therefore,
the I; — Vg curve is not affected by the NIR illumination, as
shown by the red curve in Figure 2a.

The photogating effect by the MoS, layer on the transfer
characteristics of the phototransistor is also studied. Figure 2b
presents the transfer curves of the InP-HEMT gated by the
MoS, layer. Three transfer curves are measured in the dark (the
black curve), under visible illumination at 500 nm (the blue
curve), and under NIR radiation at 1550 nm (the red curve).
When V; < —0.5V, the dark current is lower than the current
under visible illumination, when the phototransistor behaves
like a normal phototransistor. When V, = —0.5 V, the two
curves intersect at one point, which indicates that there is
no photogating effect under this bias. It is surprising to find
that when Vg > —05V, the dark current gradually becomes
higher than the light current, and the device obtains a negative
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photoresponse. While under the illumination at 1550 nm, as
the MoS, layer is transparent to NIR light, the photogenerated
electrons and holes only appear in the InGaAs channel. The
measured transfer curve (the red curve) in Figure 2b exhibits
a leftward shift, which indicates a positive photoresponse in
a traditional InGaAs-based HEMT.?*33] Such a photoelectric
characteristic has also been shown in the I;—Vy output curves
in Figure 3c. Under visible illumination of 500 nm, the device
obtains positive photo response with V, = -2 V. When V, =0V,
the device has a negative photo response. Under NIR illumina-
tion of 1550 nm, the device has a positive photo response with
Vy=+1V.

The photoelectronic responsivity (R) under different V,
in visible/NIR illumination is presented in Figure 2d, where
R is defined as I,,/(P X A), Iy, is the photocurrent, P is the
intensity of the incident light, and A is the sensing area of
the photodetector. Under the visible illumination, R rises
from 2 x 10° A W~ to the peak value of 6 x 10° A W' when
V, changes from -3 to —1.5 V. During the V, sweeping, the
increase of the device transconductance gives rise to a boost
of R. Sweeping V, from —1.5 to —0.5 V, R drops rapidly from
the peak value to 0 A W~L. Further sweeping the gate voltage
beyond —0.5 V, R drops to a negative value and finally reaches
the minima of —4 x 10° A W~'. This ambipolar responsivity
tuned by the bias makes this device a great prospect for the
optically controlled electronic inverter.’Y Again, under the
NIR illumination, R shows the conventional behavior because
the MoS, layer is not involved in the optoelectronic process of
the device. The peak point of 8 x 10° A W' at V, = -0.5 V is
measured.

To further demonstrate the abnormal negative photoresponse
in the visible band and the extremely high photoresponsivity
in the NIR band, the energy band diagrams along the vertical
and lateral directions are shown in Figure 3. Under the visible
illumination, the drain current (Iy) is reduced for V; > -0.5 V.
Because the energy band bends downward as shown in
Figure 3a, the photogenerated electrons in the top MoS, flow to
the gate metal electrode, generating an additional voltage drop
on the MoS, flake and reducing the effective gate voltage V,’
as Vg’ =Vy—I;X Ry, where I, is the photocurrent in the MoS,,
and R, is the parasitic resistance of the MoS, gate as mentioned
before. The effective gate voltage V,’ leads to an amplification
of the drain current through the InGaAs channel layer. Mean-
while, due to the low energy band off set between MoS, and
InAlAs, the photogenerated holes may be collected by the
source and drain electrodes. As illustrated by the lateral energy
band diagram in the InGaAs layer shown in Figure 3d, the
energy barrier beneath the MoS,-overlapped region is higher
than that in the dark condition (the green and dark lines); the
increase of the barrier in the dark results in the reduction of the
drain current I; and thus a negative photoresponse.

For V; <-0.5V, as shown in Figure 3b,e, the photogenerated
holes in the MoS, flow to the gate, leading to the increase of V,’
as V' =V, + I; X Ry and resulting in the lowering of the energy
barrier beneath the MoS, overlapped region and the boost of
the drain current, while the photogenerated electrons may be
collected by the S/D electrodes. When V, = -0.5 V, these two
curves intersect with each other, corresponding to the situation
without the photogating effect. Here, the band bending between

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The energy band diagram of the MoS2/InAlAs/InGaAs phototransistor. a,b) Energy band diagram of MoS,/InAlAs/InGaAs along the vertical
side with different gate voltage biases in visible light. c) Energy band diagram of InAlAs/InGaAs/InAlAs along the vertical side in NIR light, indicating
an effective separation of the photogenerated electrons and holes in the InGaAs channel. d—f) Lateral energy band diagram along the InGaAs channel
under visible/NIR illumination to illustrate the amplification of the photocurrent in the phototransistor.

the gate metal and the MoS, layer is diminished, leading to
no photocarriers flowing into the gate electrode. All in all, the
existence of the MoS, as the gate on the InP-HEMT causes the
clockwise rotation of the transfer curve of the InAlAs/InGaAs
phototransistor under the condition of visible illumination.
Under the illumination at 1550 nm, as the MoS, layer is trans-
parent to NIR light, the photogenerated electrons and holes only
appear in the InGaAs channel. Taking V,=+1Vand Vg=+1V as
an example, and the internal gain in the InGaAs channel can be
explained by the energy band diagram illustrated in Figure 3c,f.
Due to the vertically built-in electric field induced by the §-doping
layer, the photogenerated holes will hardly be recombined with
the electrons in the the 2-DEG and will be accumulated at the
bottom interface of InGaAs channel, as presented in Figure 3c.

Meanwhile, the lateral electric field beneath the MoS, gate is
rather large, thus the photogenerated electrons in the InGaAs
channel can be quickly collected by the drain electrode, while
the photoholes drift toward the source. Due to the heavily
n-doped capping layer as shown in Figure 1a, the energy band
beneath the capping layer bends downward, leading to the accu-
mulation of photogenerated holes near the source electrodes.
These accumulated holes finally diminish the barrier of the
conducting channel, leading to a boost of the drive current I.

The response speed of the device to 1 Hz modulated inci-
dent light in the form of a square waveform is measured
under a fixed V3 = +1 V. Figure 4a,b present the measured
photoelectronic currents in response to the visible light. With
Vg =+2V, the rise and fall times in the measured photocurrent
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Figure 4. The transient characteristics of the device under different gate biases and illumination conditions. a,b) The positive/negative photoresponse
speed under visible illumination. c) The photoresponse speed of the device under NIR illumination.
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waves define the response times as 4 ms for the current rise
and 6 ms for the fall. With V; = -3 V, the response times are
11 ms for the rise and 200 ms for the fall in the photocurrent.
Clearly, the negative response has a faster speed. Such a dif-
ference in the response time hints that the working speed of
the phototransistor can be tuned according to the conduction
state dominated by either the minority or majority carrier.
Figure 4c shows the transient characteristics under NIR illu-
mination at 1550 nm. The rise/fall time of the photocurrent is
14 and 70 ms, respectively. As the gate in our phototransistor
is a semiconductor, the gate resistance is much larger than
that in a conventional metal gate, which may induce a higher
RC delay and a lower response speed. The resistance of MoS,
can be extracted as over 10® Q by the I~V, curve in darkness
and visible illumination in Figure 2a using the equation given
by
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Meanwhile, as the width of the device is 10 um, the photo-
generated electrons and holes in MoS, need a higher drifting
time before they are collected by the gate metal electrode. Such
a drifting time greatly influence the device response speed.
Because the electrons have a higher drifting speed than holes,
the negative response speed can be faster than the positive
response speed.

The I4~V, curves under different illumination intensities
of 100, 500, and 800 uW cm™ are shown in Figure 5a. It is
rather interesting to see that all three curves display a clockwise
rotation around the intersection point at V; =—0.5 V. The rotation
angle is positively related to the intensity; it can be understood
that a higher intensity gives rise to a larger voltage drop on the
MoS,. With the intensity increasing, I; gradually approaches
the green line with the highest light intensity, which is the
same as the behavior of the device without the MoS, gate. It
can then be concluded that with the light intensity increasing,
the photogating effect of the MoS, on the InGaAs channel
gradually weakens. In contrast, the Iy—V, curves under different
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Figure 5. The comprehensive properties of MoS,/InAlAs/InGaAs phototransistor. a,b) I4—V;, curves under different light intensities in visible and NIR
bands. c,d) Both the measured and fitted curves of the relation between photocurrent and light intensity under different V, biases in visible and NIR
illumination. e) The measured spectra of the photoresponsivity. f) The measured spectra of the detectivity. Both the responsivity and the detectivity

show the detection peaks in both the visible and NIR regions.
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NIR illumination intensities do not exhibit clockwise rotation.
Instead, the drain currents are increased with the increasing
intensity (Figure 5b) as normal.l3’]

Figure 5c,d depicts the photocurrent in the phototransistor
as a function of light intensity under different V, and light
bands. Similar to the previously reported detectors with photo-
gating effect, the measured photocurrents follow the relation-
ship as expressed by the following equation

|Tyn| =| AV, G| o< P (2)

where I, is the difference between light current and dark cur-
rent, P is the light intensity, « is the fitting parameter related to
the gate voltage,?*l AVy, is the threshold voltage shift induced
by the photo gate, and G,, is the device transconductance.
Thus, the amplified photo current is much related to the gate
voltage bias. The straight lines in Figure 5c,d are the fitting
results when o values of 0.44 and 0.66 are used for V; of +1 and
-2V, respectively. The photocurrent has a better linearity with
the light power intensity when V, = =2 V. Under the NIR illu-
mination, o is fitted to be 0.588 and 1.006 at V; of 0.5 and
-3V, respectively.

Figure 5e shows the responsivity spectra for the MoS,/
InAlAs/InGaAs heterojunction phototransistor. The spectra
cover the visible bands from 400 to 800 nm as well as from
1100 to 1800 nm. The vertical MoS,/InAlAs/InGaAs n-i-n
heterojunction as the integration of the MoS, to the InP-HEMT
clearly demonstrates its multifunctionality as a dual color
detector in both visible light and the wavelength of 1550 nm.
The responsivity spectra are very similar to those from the
MoS,- and InGaAs-based photodetectors.®3°]

Apart from the responsivity, the detectivity D* is also charac-
terized, D* can be expressed by the following equation

1/2 g
D*= L\E/z ( 3)
(29 Laan)

Figure 5f presents the D* spectra under V, = -2 and +1 V.
Obviously D* is much larger at V, = =2 V than that at +1 V
because of the lower dark current when the device is turned off.
In the visible band, the photoelectron gating effect by the MoS,
layer dominates the detection mechanism. The detectivity starts
at the level of D* = 3 x 10'? Jones at the wavelength of 400 nm
and then decreases to 3 x 10'° Jones at 900 nm, which is in the
near-infrared region. In the near-infrared region, the detectivity
D* of the device reaches the peak of 2 X 10'? Jones at 1550 nm.
Such D* is comparable with that in conventional Si-, Ge-,
and InGaAs-based photodetectors.’®) With the optoelectronic
response in both visible and NIR regions, the proposed MoS,/
InAlAs/InGaAs phototransistor can function as an integrated
detector for dual color detection in both visible and near-
infrared regions. Such a novel detector should find extensive
applications in imaging techniques such as space technology,
earth observation, environment protection, security, and 24 h
monitoring.

This work has successfully developed a novel dual color
photoelectronic detector based on MoS,/InAlAs/InGaAs n-i-n
heterojunction for both visible and near-infrared bands. The
detector works under negative bias with the responsivity of
6 x 10° A W~ in visible light and 8 x 10> A W' in near-infrared
illumination of 1550 nm, respectively. Such high responsivities
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are achieved thanks to the photogating effect and internal ampli-
fication of the device, which are carefully discussed by the band
bending model. Under positive gate voltage biases, however,
abnormal photoelectron responsivity to visible illumination
appears. The so-called negative responsivity of —4 x 10> A W~!
at V; = +1 V is observed, which is ascribed by the combination
of the photoconductance effect in the vertical MoS,/InAlAs/
InGaAs n-i-n heterojunction with the photogating effect in the
lateral phototransistor. Such an architecture of the device by
integrating two different materials in one substrate opens up a
new avenue toward dual band detection in both visible and NIR
wavelengths, which will certainly attract broad attentions from
the remote sensing area for the innovation of new generation
photoelectronic detectors.

Experimental Section

The device fabrication starts from the mesa isolation of the device
by wet etching down to the Ings,Alg4sAs buffer layer in a mixture of
phosphoric acid (H;PO,4) and hydrogen peroxide (H,0;). Then source/
drain electrodes were patterned by electron beam lithography (EBL),
and 20 Ti and 200 nm Au were deposited by electron beam evaporation
(EBE) to form good Ohmic contact with the heavily n-doped InGaAs
capping layer. After that, the bare region between the source/drain
electrodes was etched down to the Ings,Alg 4gAs barrier layer by a two-
step etching method. In the first step, the top 20 nm InGaAs capping
layer was etched in a mixture of citric acid (CgHgO;) and hydrogen
peroxide (H,0,), and the etching reaction may stop at the InP stopper
layer. In the second step, the InP etch stopper was removed in the
diluted hydrochloric acid (HCL) solution, and the etching reaction may
finally stop at the Ings,Alq 45As barrier layer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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