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Broadband, self-power, and polarization-sensitivity are desirable qualities for a photodetector. How-
ever, currently few photodetectors can fulfill these requirements simultaneously. Here, we propose
a Ti3C2Tx (MXene) photodetector that is driven by the photogalvanic effect with impressive per-
formances. A polarization-sensitive photocurrent is generated at zero bias under the illumination of
linearly polarized laser light of 1064 nm, with an extinction ratio of 1.11. Meanwhile, a fast response
with a 32/28 ms rise/decay time and a large on/off switching ratio of 120 are achieved. Besides, a
robust zero-bias photocurrent is also generated in the photodetector under the illumination of 940 and
620 nm light, as well as the white light, showing a broadband photoresponse from the near-infrared
to visible. Moreover, quantum transport simulations indicate that the photogalvanic effect plays an
important role in the generation of the polarized photocurrent at zero bias due to the broken space
inversion symmetry of the stacked few-layer Ti3C2Tx. Our results shed light on a potential application
of the Ti3C2Tx–MXene in the low-power photodetection with high performances.

Keywords photodetection, polarization-sensitivity, photogalvanic effects, Ti3C2Tx, MXene, quantum
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1 Introduction

Two-dimensional (2D) materials have shown extraordi-
nary application potential in photodetection because of
their excellent electronic, optical, and mechanical prop-
erties. Photodetectors based on 2D materials such as
graphene [1, 2], transition metal dihalides [3, 4], and
hexagonal boron nitride [5] have demonstrated excellent
performance. A high-performance photodetector gener-
ally possesses one or more features including fast photore-
sponse [6–8], high quantum efficiency, polarization sensi-
tivity, self-power, low cost, etc. [9–12]. For example, the
2D MoS2 based photodetector has shown an extremely
high detectivity of 9.8× 1016 cm·Hz1/2·W−1 [13]. A pho-
todetector based on the 2D Ga2In4S9 has shown a strong
photoresponsivity of 104 A·W−1at 360 nm with a high ex-
ternal quantum efficiency of 3.85×104 %. Besides, several
photodetectors based on 2D materials have shown a po-
larization sensitivity, such as GeS2 [14], GeSe [15], black
phosphorus/MoS2 heterojunction [16], GeSe/MoS2 van

∗ Special Topic: MXene and Its Applications (Eds.: Qing
Huang, Ju Han Lee & Guangcun Shan). This article can
also be found at http://journal.hep.com.cn/fop/EN/10.
1007/s11467-022-1156-3.

der Waals heterojunction [17], and 2D hybrid perovskite-
type ferroelectrics [18, 19]. Particularly, a record high
extinction ratio of 112.2 has recently been obtained us-
ing the graphene/PdSe2/germanium photodetector for
650 nm light at zero bias [20]. However, such polarization-
sensitive photodetectors are usually not self-powered or
are composed of complicated heterostructures, which ei-
ther increase the energy consumption or require an expen-
sive and complex fabrication technique.

In theories, quantum transport simulations have pro-
posed several highly polarization-sensitive 2D photode-
tectors based on monolayer phosphorene [21], anti-
monene [22], 2D wide-bandgap material [23], and their
heterostructures [24]. These theoretically proposed pho-
todetectors are driven by the photogalvanic effect (PGE),
namely, bulk photovoltaic effect [25–29]. This effect is es-
sentially a second-order nonlinear optical response to the
electrical field of polarized light and occurs only in mate-
rials without space inversion symmetry. It can produce a
persistent polarization-sensitive photocurrent at zero bias
under the illumination of polarized light, and therefore
is attractive for a self-powered and polarization-sensitive
photodetection. For example, recent experiments have
demonstrated that the PGE driven photodetectors based
on the 2D ferroelectric materials showed a high extinc-
tion ratio up to 15 [18, 19]. Nevertheless, it is currently
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of particular interest to fabricate a photodetector that is
broadband, self-powered, polarization-sensitive and low-
cost at the same time.

2D MXenes [30–33] have recently attracted wide re-
search attention in optoelectronics [34–36], along with
their fascinating potential in energy storage [37] and cat-
alyst [38]. For instance, MXenes [39] have been incorpo-
rated in 2D heterostructures including MoS2 /MXene [40]
and Ti3C2 MXene/Silicon to enhance optoelectronic prop-
erties of a photodetector [41], owing to their good conduc-
tivity and high optical transmittance. Recently, photode-
tectors based on the MXene-perovskite arrays have shown
a high responsivity of 84.77 A·W−1 and a high specific de-
tectivity of 3.22× 1012 Jones, with a broadband photore-
sponse from visible to near-infrared [36]. However, pho-
todetectors exclusively based on 2D MXenes have rarely
been studied so far.

In this work, we fabricated a kind of Ti3C2Tx–Mxene
photodetector via a low-cost multiple spin-coating method
and demonstrated a polarization-sensitive, self-powered,
broadband and fast photodetector. A polarization-
sensitive photocurrent is produced at a 1064 nm laser light
at zero bias, with a good on/off ratio of 1.2 × 102 and a
millisecond response time. The generation of the pho-
tocurrent is mainly attributed to the photogalvanic effect
(PGE) according to quantum transport simulations. Our
results, therefore, propose a high-performance Ti3C2Tx–
MXene photodetector and explore the potential of MX-
enes in photodetection.

2 Experimental section

Materials preparation. Few layers Ti3C2Tx MXene
were obtained by top-down wet etching of the Ti3AlC2

phase (Foshan XinXi technology CO. LTD, 99.8 %, 400
mesh) using LiF/HCl solution. First, mix LiF (1 g, Al-
adin) and HCl (20 mL, 9 M, Beijing Chemical Factory)
samples fully. second, 1 g Ti3AlC2 powder was added into
the mixed powder and stirred at 30 ◦C for 48 h. Then, the
mixture was centrifuged several times and washed with
deionized water to make the PH of the solution neutral.
The precipitate was washed with distilled water several
times. Finally, Ti3C2Tx dispersion solution could be ob-
tained by ultrasonic treatment under the condition of N2

flow.
Device fabrication. Acetone, ethanol, and deionized

water were successively used for ultrasonic cleaning of the
Si wafer (thickness: 285–315 µm, type: P, dopant: B,
resistivity: 3000–8000 Ω·cm, LIJING KEJI). Then the di-
luted hydrofluoric acid was used to remove the oxide layer
on the surface. Finally, the silicon wafer was hydrophilic
treated with oxygen, which was the key factor for the uni-
form growth of few-layer Ti3C2Tx. Take a small amount
of Ti3C2Tx solution and then spin the liquid onto the

substrate at 400 rpm 30 s and 1000 rpm 15 s, successively.
The spin-coated device was annealed in a nitrogen glove
box at 60 ◦C for 2 hours. After annealing, the device was
evaporated with a 100 nm silver electrode to form a good
ohmic contact for testing.

Characterization and measurements. The sur-
face topography of the samples was investigated using an
atomic force microscope (AFM, Asylum Research MFP-
3D, USA). The morphology of the film was measured us-
ing a field emission scanning electron microscope (FE-
SEM, Hitachi S-4800, Japan). The chemical properties
and composition of the samples were measured by X-
ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha+, USA). The excitation source was Al Kα ray
(hν = 1486.6 eV, 12 kV). The beam spot size is 400 µm,
and the vacuum degree of the analysis chamber was less
than 5.0 × 10−7 mbar. X-ray diffraction (XRD, Bruker
D8 Focus X, Germany) patterns were recorded by ana-
lytical diffractometer using Cu-Kα radiation with λ/4 =
0.15418 nm. The white light source is simulated sunlight.
The laser operators are ZKLASER-MB series. A Keithley
2440 parameter analyzer was used to measure the electri-
cal properties of the devices. The phase-locked amplifier
(MFLI, ZKLASER-MB) and optical chopper were used to
collect and reduce the noise of the photoelectric signal.

Computational methods. The photocurrent is cal-
culated based on quantum transport theory by using first-
principles software Nanodcal. In the numerical calcula-
tions, the DZP atomic orbital basis is used to expand all
the physical quantities; the exchange and correlation were
treated at the level of the generalized gradient approxima-
tion (GGA) functional as parameterized by the PBE ap-
proximation; atomic cores are determined by the standard
norm-conserving nonlocal pseudopotentials, and 16×1×1
k-points are used. Details are given in supporting infor-
mation.

3 Results and discussion

Figure 1(a) shows the full XPS spectrum of etched
Ti3C2Tx flakes. The flakes are mainly composed of Ti,
C, and F elements, and the F element is originated from
the etching solution. The details of fitting results of C 1s,
Ti 2P and F 1s are shown in Fig. S2(Supplementary infor-
mation). We minimize the presence of O functional groups
in the synthesis process. The appearance of O functional
groups might increase the resistance of few-layer MXene
devices [42, 43]. During the preparation of MXene flakes,
we carried out in a nitrogen glove box to isolate oxygen.
Then the flakes were dispersed in dimethylformamide sol-
vent to prevent further oxidation instantly [44, 45]. Ra-
man spectrum and XRD diagram of Ti3C2Tx are shown
in Figs. 1(b, c).

Usually, the peak of MAX phase TiAlC appears at 39◦,
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but due to the etching of Al atoms, the strong peak of
39◦ is replaced by the low-intensity peak of 2D Ti3C2Tx–
MXene after exfoliation. The XRD pattern in Fig. 1(c)
shows that the 2θ value of Ti3C2Tx is low, indicating that
the stratification of Ti3C2Tx is obvious. Figure 1(b) shows
the Raman spectrum test results of Ti3C2Tx sheets. The
peak of Ti3C2Tx is Ti–C vibration. The overlapping peaks
of D and G bands of graphite carbon correspond to 1340
and 1570 cm−1. As the samples were kept in the N2 glove
box for a long time, no oxidation peaks of TiO2 were found
during XRD and Raman tests. UV-Vis absorption spec-
trum shows that the etched Ti3C2Tx has a fairly high
absorption from visible light to near-infrared, as shown in
Fig. 1(d), indicating that the synthesized few-layer MXene
is suitable for light detection from visible to near-infrared
wavelengths.

According to the AFM test results, the thickness of the
Ti3C2 sheet is about 2 nm, which is different from the
MAX phase, proving that the Al atoms are successfully
etched. To better analyze the size distribution of MX-
ene flakes, we calculated the area size of MXene flakes in
the measured AFM image of MXene thin films. We ran-
domly selected 11 MXene slices for area measurement, and
the average area is 0.12 µm2 (Fig. S1). Figures 1(f) and
(g) are the few-layer Ti3 C2 sheets (red region) taken by
high-power transmission electron microscopy at different
multiples. It can be seen from the figure that the few-
layer Ti3C2 sheets were successfully etched without the
particles of the parent phase. The multi-rings shown in

the SAED illustration in Fig. 1(g) prove that the Ti3C2

sheet is polycrystalline.
We fabricated four kinds of devices with 2, 4, 6, 8 spins,

respectively, which were named Device-2, 4, 6, 8. The
thickness of the four devices increases with different spins,
ranging from 25 to 150 nm, as shown in Fig. 2(a). Fig-
ures 2(b) and (c) show the typical cross-section SEM im-
ages of the MXene in Device-2 and Device-8, which exhibit
overall uniform films that can facilitate the transport and
separation of photo-excited carriers. The optical path di-
agram and detection instruments are shown in Fig. 2(d).
A laser light of 1064 nm transports through the chopper,
polarizer, half-wave plate, convergent lens, and finally il-
luminates on the device surface. A lock-in amplifier is
used to reduce the noise of the environment. A source
meter is used to control bias and collect the photocurrent.
Four electrodes are constructed in a cross-type, as shown
in Fig. 2(b), and the photocurrent was measured along the
x-direction from electrode 1 to 2, and the y-direction (elec-
trode 3 to 4), respectively. In the following, we mainly
present the results measured for the x-direction. All mea-
surements were performed on the same optical platform
to ensure the stability of the detection.

We measured the photocurrent within a finite bias range
and found that the photocurrent varies linearly with the
bias at a small voltage, as shown in Fig. 3(a). Remarkably,
a robust photocurrent is produced at zero bias for all four
devices, indicating a self-powered operation mode. This
zero-bias photocurrent increases from 10−7 to 10−6 A with

Fig. 1 (a) XPS survey spectrum of synthesized Ti3C2Tx, (b) Raman spectrum, (c) X-ray diffraction, and (d) UV-Vis
absorption spectrum of synthesized Ti3C2Tx. (e) AFM, (f) TEM, and (g) HRTEM surface topography of synthesized Ti3C2Tx.
The inset of (g) is the corresponding SAED pattern.
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Fig. 2 (a) Thickness of the device for different spins. Inset
(i) is the SEM surface topography of the Ti3C2Tx and inset (ii)
is the device with four electrodes. (b, c) are the SEM cross-
sections of the Ti3C2Tx photodetectors. (d) is the diagram of
light paths and detection instruments.

the number of the increasing spins, as shown in Fig. 3(b).
The switching efficiency was then evaluated from the time-
dependent periodical signal in Fig. 3(b). We obtained a
good on/off ratio, which increases with spins and reaches
the maximum of 120 for Device-8, as shown in Fig. 3(c).
Moreover, all devices show a very fast photoresponse, as

Fig. 3 (a) I–V curves and (b) the time-resolved pho-
toresponse of the four devices with different spins under the
1064 nm laser light. (c) On/off ratio and responsivity of the
four devices, and (d) the rise and decay time of the devices at
zero bias.

Fig. 4 (a) Variation of the current with the polarization
angle β for a 1064 nm linearly polarized laser light. (The red
line is the fitting curve.) (b) The extinction ratio of the four
devices with different spins was measured in the x-direction
and y-direction. (c) The corresponding photocurrents depend
on the incident light polarization for Device-2 at 1064 nm and
zero-bias. (d) The dependence of current on the power inten-
sity.

shown in Fig. 3(d). For example, Device-8 has a fast
rise/decay time of 32/28 ms. In all, these results show that
this sample has the largest photocurrent and photorespon-
sivity. This is mainly ascribed to the increased optical
absorption due to its thicker layers than the other three
devices, as the Ti3C2Tx has a high transmittance [46].

Moreover, we found that the photocurrent is polariza-
tion sensitive, as shown in Fig. 4(a). By changing the po-
larization angle of the laser light, the photocurrent has a
cosine dependence on the polarization angle β, which can
be well fitted by a function 14 cos(2β) + 344.8, as indi-
cated by the red solid line in Fig. 4(a). The Polarization-
dependent current of the four devices along the x- and
y-directions at 1064 nm are given in figures S3 and S4. To
evaluate the polarization sensitivity, we define an extinc-
tion ratio as Imax/Imin, and show it in Fig. 4(b) for the
four devices. The extinction ratio decreases monotonously
with the number of increasing spins. The largest value is
1.11 obtained for Device-2 with 2 spins. Figure 4(c) shows
the polarization-dependent photocurrent for the four de-
vices, respectively. In addition, the photocurrent has a lin-
ear dependence on the laser power, as shown in Fig. 4(d).

The photodetectors also have a robust zero-bias pho-
toresponse to the 940 and 620 nm, as well as white light
generated from an ordinary light source, as shown in
Fig. 5. A fast photoresponse was also obtained, with the
rise/decay time of the order of 102 ms.

The above results show that the photodetectors based
on the 2D Ti3C2Tx–MXene simultaneously have a self-
powered, polarization-sensitive, fast, and broadband pho-
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toresponse from the near-infrared to visible. The pho-
todetectors are built with only 2D Ti3C2Tx spins using
the spin-coating method on silicon, which is a simple and
low-cost experimental method. It does not rely on any ex-
pensive equipment (used to fabricate heterojunction) and
can prepare MXene films with high quality and excellent
performance on a variety of substrates. Given that stud-
ies on photodetectors based on 2D Mxenes are currently
very limited, the proposed 2D Ti3C2Tx–photodetectors in
this work give an insight into potential applications of 2D
MXenes in high-performance photodetection.

Next, we analyze a possible mechanism that is respon-
sible for the self-powered and polarization-sensitive pho-
tocurrent generated in the Ti3C2Tx–photodetectors. The
photodetector contains several spins of Ti3C2Tx, which
is stacked by few-layers MXene flakes. There exits in-
evitably mismatch, dislocation, and overlapping between
layers and spins, which breaks the space inversion symme-
try of the pristine 2D Ti3C2Tx [47]. Therefore, the linear
PGE can be induced under the illumination of linearly
polarized light. The PGE photocurrent is generated with-
out the need for any electrical fields (zero bias) and has
a cosine dependence on the polarization angle determined
by the symmetry, as well as a linear dependence on the
light power. All these characteristics have been observed
in our experimental results. This indicates that the PGE
has an important contribution to the photocurrent in our
photodetectors. Therefore, we construct a device model
for the Ti3C2Tx photodetectors and calculate the pho-
tocurrent for linearly polarized light, based on quantum
transport simulations by using the first-principles pack-
age Nanodcal [48]. We considered two possible surface
terminations –OH and –F in the calculations. To mimic
the broken space inversion symmetry of the device, we
construct a bilayer Ti3C2Tx photodetector with a lateral

Fig. 5 (a) A time-resolved photocurrent of the three devices
with the different spins under the 620 nm, 940 nm, and white
light at zero bias. (b) On/off ratio and responsivity, (c) the
rise, and (d) decay time.

Fig. 6 Photocurrent of the OH- and F-terminated bilayer
Ti3C2Tx photodetector at 1.0, 1.165, and 2.0 eV for different
polarization angle β.

shift between the top and bottom layers to obtain a C s
symmetry, whereby a PGE photocurrent can be generated
at zero bias under the illumination of linearly polarized
light. (Details of the model and calculation methods are
presented in supporting information.)

The photocurrent (Iph) is calculated for linear polar-
ized light with three different photon energies of 1.0 eV
(1240 nm), 1.165 eV (1064 nm) and 2.0 eV (620 nm) at a
zero bias, as shown in Fig. 6. It can be seen that the pho-
tocurrent has an evident cosine dependence on the polar-
ization angle with a form cos(2β). For the OH-terminated
photodetector, the extinction ratios are 3.50, 2.02, and
5.80, respectively. The extinction ratios are 7.0, 1.35,
and 6.21 for the F-terminated photodetector, respectively.
These extinction ratios are relatively higher than that of
the experimental value. A possible reason is that there is
no dark current in our calculations, which can reduce the
extinction ratio in real experiments. Nevertheless, these
simulation results also present a zero-bias, broadband, and
polarization-sensitive photocurrent, showing a good qual-
itative agreement with the experimental results. This in-
dicates that the PGE has an important contribution to
the high performance of the 2D Ti3C2Tx photodetector,
which has a broken space inversion symmetry. In a recent
experiment, the PGE is also the dominant mechanism for
an anisotropic ultrasensitive PdTe2-based phototransistor
for room-temperature long-wavelength detection [49].

4 Conclusion

In summary, we have fabricated the 2D Ti3C2Tx–MXene
using the spin-coating method and built photodetectors
with different spins. The robust photocurrent is generated
at zero bias in a broadband range from the near-infrared
to visible. A fast photoresponse and a high switching ra-
tio are obtained for the 1064 nm laser light. The pho-
tocurrent also shows an evident polarization sensitivity
with a 1.11 extinction ratio. Quantum transport simula-
tions indicate that the PGE has an important contribution
to the generation of the photocurrent. Our results pro-
pose a high-performance Ti3C2Tx–Mxene photodetector
that possesses simultaneously a self-powered, polarization-
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sensitive, broadband, and fast photoresponse. It also
sheds light on the potentials of MXenes in a low-power
photodetection.

Electronic supplementary materials are available in the online
version of this article at https://doi.org/10.1007/s11467-022-1156-3
and https://journal.hep.com.cn/fop/EN/10.1007/s11467-022-1156-
3 and are accessible for authorized users.
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