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ABSTRACT

Cost-effective and highly efficient near-infrared photodetectors are urgently demanded in many electronic and optoelectronic products for
applications in both military and civil areas. Herein, by using a simple solution-based drop-casting technique, we fabricate a Ti3C2Tx

MXene/Ge two-dimensional/three-dimensional van der Waals heterostructure, which can function well as a highly efficient near-infrared
photodetector. When shined by 1550 nm light illumination, the heterostructure exhibits an apparent photovoltaic effect and can, thus, work
as a self-driven near-infrared photodetector. A representative photodetector achieves a photocurrent responsivity of �314.3mAW�1 at zero
bias voltage, which can be improved to as high as �642.6mAW�1 by applying a small reverse bias voltage of �1V. In addition, other critical
performance parameters such as current on/off ratio, specific detectivity, and response speed are estimated to be �430, �2.01� 1011 Jones,
and 17.6/13.6 ls, respectively. The excellent device performance is comparable to that of many previously reported two-dimensional
material/Ge heterostructure-based near-infrared photodetectors, which cannot be constructed using facile solution-based processes. This
work provides a facile avenue for developing high-performance and low-cost near-infrared photodetectors, which will find important
applications in future optoelectronic systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085690

Near-infrared (NIR) photodetectors are important components
of a large number of electronic and optoelectronic products, including
NIR optical communication system, night vision reviewer, laser range-
finder, remote sensing imaging system, infrared digital camera, and so
on.1–3 Due to the extensive applications of these products in many mil-
itary and civil fields, developing high-performance and low-cost NIR
photodetectors has long garnered special research interest world-
wide.4,5 Nowadays, commercially available NIR photodetectors com-
posed primarily of traditional inorganic semiconductors inevitably
suffer from a lot of dilemmas, although relatively good NIR photode-
tection performance has already been attained with these devices.6 The
dilemmas usually include complex device geometries, strictly required

epitaxial conditions for the growth of photoactive materials, compli-
cated multistep manufacturing processes, and high-cost and high-
vacuum apparatuses, which render commercial NIR photodetectors
uneconomical and also greatly restrict their wide usage and further
development. As an alternative, hybrid van der Waals heterostructures
made of two-dimensional (2D) layered material/three-dimensional
(3D) semiconductor with a narrow bandgap can provide a facile plat-
form for constructing NIR photodetectors with simplified device
geometries and easy manufacturing procedures.7–9 Such hybrid heter-
ostructures normally hold following advantages: (a) improved light
absorption efficiency and widened photo absorption spectral region.
(b) Efficient separation and transportation of photoinduced charge
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carriers with the help of a built-in electric field. (c) Exotic characteris-
tics brought by the synergistic effect of different material components.
By using Ge as the underlying 3D semiconductor, NIR photodetectors
based on graphene/Ge and 2D transition metal dichalcogenide
(TMD)/Ge hybrid van der Waals heterostructures with respectable
NIR photoresponse performance (e.g., photocurrent responsivity:
51.8–750mAW�1) have recently been explored.10–15 Nevertheless,
these devices cannot be prepared using facile solution-based processes,
which, to some extent, limits applications with low-cost and multi-
functional purposes.

In recent years, MXenes, as a relatively new group of 2D layered
materials, have attracted increasingly more research enthusiasm.16

This class of materials refers to 2D transition metal carbides, carboni-
trides, and nitrides and shared general formula Mnþ1XnTx (n¼ 1, 2,
or 3), where M, X, and Tx represent an early transition metal (Ti, Mo,
Ta, Cr, etc.), carbon and/or nitrogen, and surface functional groups
(�O, �OH, �F, �Cl, etc.), respectively.17 MXenes are generally
obtained through selectively etching away the A atoms from the ter-
nary and layered MAX phases in which A denotes group IIIA or IVA
element (Ga, Al, Si, etc.). Due to their distinctive physical, chemical,
and mechanical characteristics that can be regulated by different tran-
sition metals and surface terminations, these materials have found
important applications in many energy and electronic devices such as
capacitors,18 ion batteries,19 field-effect transistors,20 transparent con-
ductors,21 actuators,22 and so on. Recently, MXenes have also been
explored in photosensitive devices, serving as photoabsorbers, trans-
parent electrodes, Schottky contacts, and plasmonic materials, for their
appealing electrical and optical properties, including high transpar-
ency, saturable absorption, and high electrical conductivity.23–30 For
example, Zhang et al. reported on the fabrication of a Ti3C2Tx MXene/
Si vertical van der Waals heterostructure, which can serve as a self-
driven photodetector with a photocurrent responsivity of
�26.95mAW�1 and response speed of 0.84/1.67ms.31 Afterward, by
introducing an interfacial SiOx passivation layer and controlling the
MXene thickness, a photodetector based on Ti3C2 MXene/Si hybrid
heterostructure with improved photocurrent responsivity up to
�402mAW�1 and peak external quantum efficiency of 60.3% at zero
bias has been attained.32 Very recently, Song and colleagues proposed
a Ti3C2Tx MXene/GaN van der Waals heterostructure-based ultravio-
let photodiode, which can work in a self-driven mode with a large
responsivity of �284mAW�1, a high specific detectivity over 1013

Jones, and a fast response speed of 7.55ls/1.67ms.33 By using pat-
terned Ti3C2Tx MXene films as the transparent electrodes, Luo and
coworkers constructed a MXene-GaN-MXene MSM photodetector.
Compared with traditional Cr/Au-GaN-Cr/Au MSM photodetectors,
the use of MXene electrodes greatly reduced the dark current by three
orders of magnitude and, therefore, significantly improved specific
detectivity.34

Being inspired by the above studies, we herein present a NIR
photodetector composed geometrically of a Ti3C2Tx MXene/Ge 2D/
3D van der Waals heterostructure, which is prepared by a facile
solution-based drop-casting method. The as-fabricated heterostructure
is able to function as a self-driven photodetector, thanks to the appar-
ent photovoltaic behavior under 1550nm NIR light illumination. At
zero bias, the device reaches a respectable photocurrent responsivity of
�314.3mAW�1, and the value can be enhanced to as high as
�648.6mAW�1 at a small reverse working bias of �1V. In addition,

the NIR photodetector also shows a high current on/off ratio of �430,
a decent specific detectivity of �2.01� 1011 Jones, and a fast response
speed of 17.6/13.6 ls. The simple device geometry, facile solution-
based processability, and distinctive device performance render the
present van der Waals heterostructure extremely promising for cost-
effective and highly efficient NIR photodetection.

The Ti3C2Tx MXene was synthesized by etching Al from Ti3AlC2

powders via a minimally intensive layer delamination (MILD) etching
method employing LiF/HCl mixed solution as etchant, as described in
a previous work.35 First, the etchant was obtained by adding 0.5 g of
LiF to 10ml of 9 MHCl and kept under continuous stirring until com-
plete dissolution. Then, 0.5 g of Ti3AlC2 was steadily added to the
above solution, which was kept under magnetic stirring at 40 �C for
24 h to allow complete reaction. Afterward, the obtained mixture was
washed with de-ionized (DI) water via centrifugation at 3500 rpm for
several times until the PH value reached 6. After centrifugation, the
precipitate was redispersed in DI water and sonicated for 1 h under
the protection of Ar atmosphere at the temperature below 35 �C. After
another centrifugation at 3500 rpm for 30min, the dark green super-
natant of the MXene nanoflakes was obtained. Among all etching
methods, this technique can produce MXene nanoflakes with largest
size, best quality (least defects), high electrical quality, and good envi-
ronmental stability.35 These features render the used MXene nano-
flakes suitable for constructing optoelectronic devices. To construct
the van der Waals heterostructure-based NIR photodetector, an n-
type doped Ge substrate (resistivity: 0.1–6X cm) covered with
�300nm plasma-enhanced chemical vapor deposition (PECVD)-
grown SiO2 insulting layer was used. Figure S1 in the supplementary
material schematically shows the procedures for device fabrication.
First, an open window (0.2� 0.2 cm2) defining the active region was
obtained on the substrate by employing traditional UV photolithogra-
phy, followed by etching the SiO2 layer within the window with the
help of a buffered oxide etching (BOE) solution. Then, a 5/50 nm dou-
ble layer Cr/Au serving as the top electrode was deposited on the SiO2

layer using a lab-made shadow mask via high-vacuum electron beam
evaporation at room temperature. Afterward, the as-prepared Ti3C2Tx

MXene suspension (0.2mgml�1 in de-ionized water) was dropped on
the substrate and naturally dried in air at room temperature. The
above process was repeated several times to obtain an MXene nano-
flake film with a thickness of about 800nm [Fig. S2(a) in the supple-
mentary material]. Finally, the In–Ga alloy acting as the bottom
electrode was attached on the rear side of the Ge substrate. The electri-
cal properties were measured on a Keithley 2636B source meter. Light
emitting diodes (LEDs, Thorlabs products) with different wave-
lengths were employed as the light sources, and their light intensities
were carefully calibrated by using a power meter (Thorlabs GmbH.,
PM 100D). The noise spectral density was recorded on a FS-Pro
semiconductor parameter analyzer (Primarius Technologies). All
measurements were performed under ambient conditions at room
temperature.

A typical scanning electron microscopy (SEM) image of as-
synthesized Ti3C2Tx MXene before delamination is shown in Fig. 1(a).
It was observed that the as-prepared product has accordion-like
multilayered nanostructure with plenty of open edges, which suggests
the fabrication of Ti3C2Tx MXene. The SEM image of delaminated
Ti3C2Tx MXene nanoflakes dispersed atop a SiO2/Si substrate is pre-
sented in Fig. 1(b). The result, together with a representative
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transmission electron microscopy (TEM) image [inset in Fig. 1(b)],
shows that the few-layer nanoflakes typically have lateral sizes of hun-
dreds of nanometers to several micrometers. Figure S2(b) displays a
SEM image of the as-deposited MXene nanoflake film on a Ge sub-
strate. Clearly, with the drop-casting technique, the MXene nanoflakes
can form a compact, continuous, and relatively flat film without any
pinholes, which is highly beneficial for the construction of high-
quality heterostructures as well as high-performance photodetectors.
Figure 1(c) reveals the x-ray photoelectron spectroscopy (XPS) results,
where two apparent peaks at about 455.8 and 461.8 eV are assigned
to the orbitals of Ti 2P3/2 and Ti 2P1/2, respectively (top panel),
whereas two distinct peaks at about 282.2 and 284.7 eV are related to
Ti–C bond and C–C bond, respectively (bottom panel).21,36 In addi-
tion, the work function (WF) of the Ti3C2Tx MXene can be deduced
by studying its ultraviolet photoelectron spectroscopy (UPS) spec-
trum, which is plotted in Fig. 1(d). The Fermi edge (EFermi) is deter-
mined to be �16.57 eV by analyzing the differential of the curve of
Fermi edge [inset in Fig. 1(d)], while the secondary electron cutoff
edge (Ecutoff) is 0 eV due to the semi-metallic nature of MXene.
Therefore, according to a commonly used equation, WF ¼ 21:22
�ðEFermi � Ecutoff Þ ðeVÞ, theWF of MXene is derived to be �4.65 eV,
which is close to the values of 4.60 and 4.62 eV in previous
studies.23,37

Figure 2(a) displays a schematic diagram of the as-designed
MXene/Ge 2D/3D van der Waals heterostructure-based NIR photode-
tector. We first studied the electrical characteristics of a representative
heterostructure in darkness. As shown by the current–voltage (I–V)
curve in both linear and semi-logarithmic scales [Fig. 2(b)], the hetero-
structure exhibits an apparent current rectifying behavior with a size-
able forward-to-reverse current ratio of about 102 at 61V. Such a
value is comparable to or even higher than previously reported 2D
TMD/Ge heterostructures.11,14,38 The rectifying activity should origi-
nate solely from the heterojunction formed between MXene and Ge,
in consideration of the good Ohmic contact between MXene and Au
electrode as well as Ge and In-Ga alloy electrode (Fig. S3 in the supple-
mentary material). Furthermore, the ideality factor n of the hetero-
structure was estimated to be �1.46, by deducing the lnI–V curve
[Fig. S4(a) in the supplementary material] according to an equa-
tion:n ¼ q

KBT
dV
dlnI ; where q, KB, and T refer to elementary charge,

Boltzmann’s constant, and Kelvin temperature, respectively.39 The n
value is close to that of an ideal diode (n¼ 1), and smaller than that of
many 2D material/semiconductor heterostructures.39,40 To gain more
insights of the heterostructure, the barrier height (ABH) was then cal-
culated following the thermionic emission theory.41 The diode proper-
ties can be characterized by the theory of majority carriers over a zero
bias barrier from the Ge to MXene,

FIG. 1. (a) SEM image of Ti3C2Tx MXene (multilayer nanoflakes) before delamination. (b) SEM and TEM (inset) images of delaminated Ti3C2Tx MXene (few-layer nanoflakes).
(c) Ti 2p (top panel) and C 1s (bottom panel) XPS spectra of Ti3C2Tx MXene. (d) UPS spectrum of the Ti3C2Tx MXene. Insets show the differential of Fermi edge (EFermi)
region.
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J T;Vð Þ ¼ JS Tð Þ exp
qV
nkBT

� �
� 1

� �
: (1)

The saturation current density JS(T) is given by

JS Tð Þ ¼ A�T2exp � qUBH

kBT

� �
; (2)

where A� denotes the effective Richardson constant, which is
142.8A cm�2 K�2 for n-Ge.42 The JS was deduced to be
7.01� 10�4 A cm�2 from the ln J–V plot, as shown in Fig. S4(b) in the
supplementary material. Accordingly, based on the above equations,
the ABH was calculated to be�614.2meV. The large current rectifying
ratio, together with the small n and large ABH, verified the high quality
of the MXene/Ge van der Waals heterostructure.

The optoelectrical properties of the heterostructure-based device
were characterized under 1550nm NIR light illumination. Figure 2(c)
plots the I–V curves in darkness and under light irradiation with var-
ied intensities, implying a high sensitivity of the heterostructure to
incident NIR light illumination. Careful analysis of the enlarged I–V
curves shown in Fig. 2(d) indicates that the heterostructure actually
exhibits an obvious photovoltaic behavior, i.e., a sizeable short-circuit
current (photocurrent at zero bias) and an open-circuit voltage (pho-
tovoltage). Specifically, at a light intensity of 1.83mWcm�2, the pho-
tocurrent reaches 13.71lA, and the photovoltage is 13.76mV.
Notably, such a photovoltaic effect empowers our device to serve as a
self-driven NIR photodetector, which could greatly depress the energy

consumption during operation. In addition, it is observed that photo-
currents at both zero and reverse biases increase monotonically with
the increase in light intensity, which can be attributed to more photo-
activated charge carriers at elevated light intensity.

Next, we studied the transient photoresponse of the device under
periodically switched NIR light illumination at zero bias. Figures 3(a)
and 3(b) show transient photoresponses at different light intensities in
the range of 2.4lWcm�2–2.98mWcm�2. Apparently, for all illumi-
nating conditions, the device could show good and stable photo-
switching behavior, i.e., it could be easily switched between low- and
high-conductance states. The current on/off ratio attains up to �430
at a light intensity of 2.98mWcm�2. Similarly, photocurrents rise
gradually with increasing light intensity, which is in accordance with
the I–V curves. Notably, even at a low light intensity of 2.4lWcm�2,
the device can still show a distinguishable transient photoresponse,
suggesting the possibility of the present NIR photodetector for weak
light detection.

Furthermore, to better understand their relationship, the curve of
photocurrent vs light intensity was fitted with a widely used power
law: Iph / Pk

h, where Iph and Pk refer to the net photocurrent
(Iph¼ Ilight-Idark) and light intensity, respectively.43,44 As shown in Fig.
3(c), careful fitting of the curve in a low light intensity region of
2.4–85.5lWcm�2 and a high light intensity range of
85.5lWcm�2–1.83mWcm�2 gives h values of about 0.92 and 0.96,
respectively. The h value at the low light intensity range deviates a lot
from the ideal value (h ¼ 1), indicating the presence of nonnegligible

FIG. 2. (a) Schematic diagram of the MXene/Ge van der Waals heterostructure-based NIR photodetector. (b) Dark I–V curves of the MXene/Ge van der Waals heterostructure
in linear and logarithmic coordinates. (c) I–V curves and (d) enlarged I–V curves of the device in darkness and under 1550 nm NIR light illumination with varied light intensities.
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recombination loss caused by complex carrier recombination pro-
cesses.39 We also noted that the above evolution of the h value with
light intensity is different from that normally observed in other 2D
material heterostructure-based photodetectors in which the h is usu-
ally closer to the ideal value at a low light intensity range and becomes
non-ideal at a high light intensity region.45,46 The above phenomenon
is likely caused by the existence of defects acting as the charge recom-
bination centers in MXene films.47 At low light intensity region, con-
siderable photoinduced charge carriers were recombined before being
collection, leading to non-linearity of the photocurrent with increasing
light intensity. However, in a high light intensity range, the charge
recombination centers are gradually saturated, and thus, the curve of
photocurrent vs light intensity becomes linear.48

The optoelectronic behavior could be understood by analyzing
the energy band diagram of the van der Waals heterostructure. When
MXene is in contact with n-Ge, electrons will diffuse from Ge to
MXene to acquire thermal equilibrium because of difference in their Ef
(the Ef is ��4.37 eV and ��4.65 eV for n-Ge and MXene used here,
respectively). This process induces the energy levels near the surface of
Ge to bend upward and leads to the formation of a built-in electric
field from n-Ge to MXene. As plotted in Fig. 3(d), when the hetero-
structure is shined by 1550nm NIR light illumination, photoinduced
electrons and holes generated within Ge are quickly separated by the
built-in electric field. Subsequently, the electrons will transfer across

the Ge and be collected by the In–Ga alloy, and the holes will be col-
lected by the MXene and, finally, reach Au electrode, giving rise to the
generation of photocurrent at zero bias.

To quantitatively compare the device performance, several vital
performance parameters including photocurrent responsivity (R),
external quantum efficiency (EQE), and specific detectivity (D�) were
then calculated. These parameters are usually given by the following
formulas:6

R ¼
Iph
SPk
¼ qk

hc

� �
EQE; (3)

D� ¼ SDfð Þ1=2

NEP
; (4)

NEP ¼ i2n
1=2

R
; (5)

where S, k, h, c, NEP, Df , and i2n
1=2

refer to the effective device area
(0.04 cm2), incident light wavelength, Planck’s constant, speed of
light, noise equivalent power, bandwidth, and root mean square
value of the noise current, respectively. Accordingly, the R was esti-
mated to be�314.3mAW�1 at zero bias under a low light intensity of
2.4lWcm�2, corresponding to an EQE of 25.1%. The relatively high
R value is comparable to that of many reported 2D material/semicon-
ductor hybrid heterostructure-based photodetectors in literatures.7,8

FIG. 3. (a) and (b) Transient photoresponse of the NIR photodetector under 1550 nm light illumination with different light intensities. (c) The curve of photocurrent vs incident
light intensity. (d) Schematic diagram of the energy band diagram of the MXene/Ge van der Waals heterostructure upon NIR light illumination.
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In addition, the i2n
1=2

at 1Hz bandwidth was deduced to be
�3.13� 10�13 AHz�1/2 by analyzing the noise spectral density at zero
bias (Fig. S5 in the supplementary material), which gave a NEP of
�9.96� 10�13WHz�1/2. Therefore, the D� was calculated to be
�2.01� 1011 Jones according to Eq. (4).

We also explored the dependence of R value on the intensity of
incident NIR light illumination. As plotted in Fig. 4(a), under both
zero and reverse biases, R first declines gradually with increasing
light intensity and then saturates as the light intensity exceeds
�100lW cm�2. Such a dependence again verifies the existence of
nonnegligible recombination loss at the low light intensity region as
discussed above. In addition, we found that R could be greatly
improved by simply increasing the reverse working bias. The depen-
dence of R and EQE on working bias voltage is summarized in Fig.
4(b). It can be observed that both the values of R and EQE increase
drastically as the working bias voltage increases from 0V to �0.2V
and then increase slowly when the bias voltage is further increased to
�1V. In particular, at �1V reverse bias, the R value is enhanced by
more than 2 times and reaches a maximum of�642.6mAW�1, which
corresponds to an EQE value of 51.4%. The high R and D� values ren-
der the present MXene/Ge heterostructure-based NIR photodetector
very competitive, in comparison with similar devices in literatures and
even commercial Ge-based NIR photodiodes (see Table I).

The spectral photoresponse, namely, the photoresponse vs the
wavelength of incident light illumination, was further explored at zero
bias. As shown in Fig. 4(c), the photoresponse first increases

monotonically with increasing light wavelength from �250 to
�1500nm, reaching a peak photoresponse at around 1550nm and
then declines rapidly as the light wavelength is further increased. Such
an evolution of photoresponse as a function of light wavelength can be
correlated with the optical properties of the MXene/Ge van der Waals
heterostructure. As shown in Fig. 4(d), the heterostructure displays
strong photon absorption in the NIR wavelength region with the max-
imum absorption at around 1500–1600nm. In addition, it should be
noted that although the incorporation of MXene can greatly enhance
the light absorption in the ultraviolet-visible wavelength range (about
250–700nm), the photoresponse, however, is still relatively low in this
wavelength region, similar to other 2D material/Ge photodetectors
and commercial Ge-based photodiodes.11,15 This result is probably
due to severe charge recombination in the MXene film because of the
presence of many defects, and thus, the photocarriers generated within
MXene contribute negligibly to photocurrent. Therefore, in the present
photodetector, the MXene serves as both an active layer to form a het-
erostructure and an electrode for charge collection, rather than a pho-
toactive layer to generate photocarriers.

Response speed, as a pivotal parameter judging the ability of a
photodetector to follow a fast varying photonic signal, was studied as
well. A function generator was employed to power a 1550nm NIR
LED to produce light signal with different modulating frequencies,
and the output photovoltage signal was recorded by a digital oscillo-
scope. Figures 5(a) and 5(b) show the transient photoresponse at the
modulating frequencies of 5 and 19 kHz, respectively. Apparently,

FIG. 4. (a) Responsivity as a function of light intensity at different working bias voltages. (b) Responsivity and EQE as functions of working bias voltage. (c) Spectral photores-
ponse of the photodetector in the wavelength of 250–1750 nm. (d) Absorption spectra of the MXene/Ge van der Waals heterostructure, MXene film, and planar Ge.
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even at a high frequency of 19 kHz, the device still exhibits a promi-
nent photo-switching characteristic with good repeatability, indicating a
fast response speed. The relative balance (Vmax-Vmin)/Vmax of the photo-
response vs the modulating frequency is summarized in Fig. 5(c).
Notably, the relative balance can maintain 100% at initial stage and
starts to decline only when the modulating frequency exceeds �6kHz.
In addition, the 3-dB frequency, defined as the frequency at which point
the photoresponse declines to 0.707 of the initial value, is deduced to be

�19kHz. Furthermore, from an enlarged photoresponse curve, the rise
and fall times (tf and tr) of response speed were estimated to be 17.6 and
13.6ls, respectively [Fig. 5(d)]. The rapid response speed is faster than
photodetectors made of MXene/Si and MXene/GaAs heterostruc-
tures,29,31,32 and comparable to that of photodetectors based on MXene/
GaN, MoS2/Si, and PdSe2/Ge heterostructures in literatures.

15,33,39

The long-term stability and operation durability are vital for the
practical applications of a photodetector. Figure 6(a) shows the

FIG. 5. Transient photoresponse of the NIR photodetector under 1550 nm light illumination at a frequency of (a) 5 and (b) 19 kHz. (c) Relative balance (Vmax-Vmin)/Vmax vs inci-
dent light frequency, giving a 3 dB cutoff frequency of �19 kHz. (d) An individual cycle of transient photoresponse at 19 kHz.

TABLE I. Comparison of photodetection performance and fabrication methods of the MXene/Ge heterostructure-based photodetector with other similar devices in previous
studies.

Device structure Fabrication methods
Responsivity
(mAW�1)

Specific detectivity
(Jones)

Response
speed (ls) Reference

Graphene/Ge Transfer 51.8 1.38� 1010 23/108 10
PtSe2/Ge Transfer 602 6.3� 1011 7.4/16.7 11
PdSe2/Ge Transfer 530.2 1.45� 1011 26.4/38.5 14
Graphene/PdSe2/Ge Transfer 691 1.73� 1013 6.4/92.5 15
MXene/Si Drop-casting 26.92 / 840/1670 31
MXene/Si Spray-deposition 402 2.03� 1013 140/1600 32
MXene/GaN Spray-deposition 284 7.06� 1013 7.55/1670 33
Commercial product
(Ge-FDG03)

/ 850 �1011 0.6/0.6 /

MXene/Ge Drop-casting 648.6 2.01� 1011 17.6/13.6 This work
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transient photoresponse of our device during operation over about
600 cycles, from which one can observe that the NIR photodetector
retains its initial photoresponse properties with negligible degradation.
Additionally, as shown in Fig. 6(b), after exposure in ambient condi-
tions (relative humidity: about 30%–50% and temperature: 15–20 �C)
for 20 days, the photo-switching behavior is well-preserved with excel-
lent cycling capability. The photocurrent only degrades by about
8% of its initial value. The results imply respectable air stability and
long-term durability of the present MXene/Ge van der Waals
heterostructure-based NIR photodetector. The slight degradation
might be caused by the surface oxidation of MXene nanoflakes via
atomic defects in air, which could be avoided through some strategies
such as device encapsulation.32,49

In summary, a self-driven NIR photodetector comprising a
Ti3C2Tx MXene/Ge 2D/3D van der Waals heterostructure has been
constructed by employing a facile solution-based drop-casting tech-
nique. Upon 1550nm NIR light illumination, the heterostructure-
based device displays respectable device performance, including a
decent photocurrent responsivity of �314.3mAW�1, a high current
on/off ratio of �430, a large specific detectivity of �2.01� 1011 Jones,
and a rapid response speed of 17.6/13.6ls. Moreover, the photocur-
rent responsivity could be easily improved to as high as
�648.6mAW�1 by applying a �1V reverse working bias. The high
photocurrent responsivity and specific detectivity are competitive with
previously reported 2D material/Ge heterostructure-based NIR photo-
detectors and even commercial Ge-based NIR photodiodes. Moreover,
the NIR photodetector demonstrates relatively good air stability and
long-term operation durability. In consideration of the low-cost, mass-
production ability of the MXene, simple device geometry, facile
solution-based processability, and excellent device performance, this
work, therefore, provides a convenient and unique approach for the
fabrication of high-performance and cost-effective self-driven NIR
photodetectors.

See the supplementary material for schematic diagram of the pro-
cedures for device fabrication, height profile of the deposited MXene
nanoflake film, SEM image of the deposited MXene nanoflake film on
the Ge substrate, I–V curves of Au-MXene-Au and In/Ga–Ge–In/Ga
structures, lnI–V and lnJ–V curves of the MXene/Ge heterostructure,

and analysis of noise spectral density of the MXene/Ge heterostructure
photodetector.
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