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ABSTRACT: Point defects in 2D materials block in-plane charge
transport, which incurs negative effects on the photoresponse of
2D monolayer materials. In contrast to in-plane charge transport,
we show that out-of-plane charge transport in 2D materials can be
enhanced through controllable formation of point defects, thus
enhancing the photoresponse of a vertical heterostructure.
Graphene and WSe, monolayers were stacked together to
construct a vertical heterostructure (W/G). Se point defects
were artificially formed on the top atomic layer of WSe, with
controllable density via Ga ion irradiation. The interlayer charge
transport in the W/G heterostructure was detected with

femtosecond optical probe—pump measurements and photoelectric detection. Our experiments show that point defects
can be used to provide higher transfer rate for out-of-plane charge transport and more electronic states for
photoexcitation, leading to enhanced photoinduced interlayer charge transfer from WSe, to graphene. Based on this
feature, a photodetector based on W/G modified by point defects is proposed and implemented, exhibiting a fast
photoresponsivity (~0.6 ms) (2 orders of magnitude larger than the photoresponse in pristine W/G). This work
demonstrates that out-of-plane charge transport is enhanced by the presence of point defects and illustrates an efficient

method to optimize the performance of photoelectric devices based on vertical heterostructures.
KEYWORDS: TMDCs, localized states, heterostructure, photodetector, ion irradiation

ertical two-dimensional (2D) heterostructures can be
‘ ; assembled by stacking isolated atomic planes layer-by-
layer in an arbitrary sequence.' ” At the interface
between stacked atomic layers, interlayer coupling modifies the
electronic properties of the isolated 2D materials”” and creates
material systems with fascinating physical properties. Early
studies suggest that the optoelectronic properties of 2D
materials are dramatically enriched due to interlayer coupling.
As functionalities of vertical heterostructures are dominated by
interlayer coupling between adjacent layers,’” there is a
continuous interest to explore ways to promote interlayer
interactions in vertical heterostructures.

After graphene,'” 2D transition metal dichalcogenides
(TMDCs) have received great attention due to their direct
band gap features. These materials are recognized as potential
building blocks for optoelectronic nanodevices.'' Recently,
there has been intense interest in WSe, monolayers owing to
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their high specific detectivity, high optical gain, and excellent
ON/OFF current ratio. Wee’s group provided a deep
understanding of the effect of metal contacts on the
performance of TMDC phototransistors.'>'* They found
that high Schottky contact WSe, phototransistors display a
fast response time (less than 23 ms)."* High photoresponsivity
and fast photoresponse make WSe, monolayers an excellent
photoelectric material for nanodevices.

However, WSe, monolayers have relatively low formation
energy in comparison to that of graphene, and point defects are
easily found in WSe, monolayers."”'® As previously reported,
point defects hamper charge transfer in the plane of
TMDCs.'” ™" Electrons near a point defect are localized
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Figure 1. (a) HRTEM image, (b) AFM image, and (c) EDX image of the as-prepared W/G heterostructure. (d) Schematic diagram of the Ga
ion irradiation. (e) Evolution of the atomic ratio as a function of the dose of the incident Ga ion beam.

with weak dispersion, and charge transport is dominated by
hopping via these localized gap states, resulting in a transfer
rate lower than what would be expected from theoretical
calculations. The transfer rate is also lower than the value
observed due to native n-type doping. As a result, the in-plane
charge transport in the WSe, is blocked by point defects. Thus,
point defects are commonly recognized as a negative factor for
in-plane charge transfer. If the out-of-plane charge transfer is
not hampered by point defects, WSe, with defects can still
function well in a vertical heterostructure. Therefore, it is
interesting to explore the impact of point defects on out-of-
plane charge transport in WSe,-based vertical heterostructures.

In this work, we present results showing that point defects in
WSe, monolayers increase the transfer rate and quantity of
out-of-plane charge transport. The WSe, monolayer was
coated on the surface of graphene, yielding a vertical
heterostructure (W/G). Point defects with controllable density
were generated in the WSe, monolayer via Ga ion irradiation,
which tunes the density of the Se point defects. Charge transfer
between graphene and irradiated WSe, monolayers was
detected by femtosecond (fs) probe—pump spectroscopy and
interlayer photocurrent measurements. The fs optical pump—
probe measurements indicate that point defects increased the
transfer rate of out-of-plane charge transport and the total
density of electronic states, leading to enhanced interlayer
charge transfer. More direct evidence was observed via
interlayer photocurrent measurements. Interlayer photocurrent
in W/G heterostructures significantly increased when point
defects were present. Based on the previous discussion, we
used the irradiated W/G heterostructure as a platform to
construct a photodetector. We find that point defects increase
the enhancement factor by 2 orders of magnitude and expand
the optical response from the visible to the near-infrared range
(1064 nm). This work shows that point defects enhance out-
of-plane charge transfer in TMDCs and demonstrate an
efficient method for optimizing vertical heterostructures for
photoelectric applications.

Vertical vdW heterostructures (W/G) were constructed by
stacking graphene and WSe, monolayers together. The
graphene and WSe, monolayers were fabricated by chemical
vapor deposition (CVD) on an aluminum oxide (Al,O;) wafer
and a copper sheet, respectively. Figure la shows a high-
resolution transmission electron microscopy (HRTEM) image
of W/G, in which there is a boundary between a WSe,
monolayer (with periodic atom arrangement) and W/G
(with a Moiré pattern) demonstrating crystallinity of the as-
prepared W/G heterostructure. Figure 1b shows atomic force
microscope (AFM) topographic data from the W/G
heterostructures. The thicknesses of the WSe, and W/G layers
were approximately 1 and 1.5 nm, respectively. The elementary
composition of W/G was determined from energy-dispersive
X-ray (EDX) measurements, as shown in Figure lc.

Point defects on the WSe, monolayer were induced via ion
irradiation, where ions can sputter surface atoms away from the
irradiated material. The as-prepared WSe, (S,) layer has a
stoichiometric ratio of Se/W = 2.002 and C/Se = 3.208,
confirming the high crystallinity of the as-prepared W/G
heterostructure (Figure 1c). Then, an as-prepared W/G
heterostructure with a top WSe, layer was irradiated with a
Ga ion beam and controlled irradiation time (S; =2's; S, = 4 s,
and S; = 8 s). During the ion irradiation process, the energetic
Ga ion impacts the WSe, monolayer, and Se atoms are
sputtered away from the top atomic layer, leaving Se vacancies
(Figure 1d). The atomic ratios of Se/W and C/Se were
repeatedly determined from XPS measurements. As shown in
Figure le, the ratio of C/W remained constant after
irradiation, and the value of Se/W gradually decreased to
1.99 (S,), 1.98 (S,), and 1.96 (S;). The invariable ratio of C/
W indicates the graphene layer remained protected during ion
irradiation, and the decreased ratio of Se/W indicates that Se
atoms were removed by energetic Ga ions, leaving Se point
defects. It should be pointed out that, in the present work, the
dose of the Ga ions is relatively low. High-dose Ga ion
irradiation result in extended defective/amorphized regions
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Figure 2. Contour plots of the AT/T, spectra of S, (a) and S, (b). (c) Schematic diagram showing electronic transitions between graphene
and the WSe, monolayer. The evolution of the transfer rate of (d) the interlayer charge transfers (7c'/7c") and (e) the total quantity of the
transferred charges (Cy'/ C,°), corresponding to the red-shifted A’ and B, respectively.

due to the accumulation of ion-induced damage, which
requires further investigation in detail.

We detected photoexcited charge transport in W/G hetero-
structures (Sy, Sy, S, and S;) using fs optical pump—probe
measurements. During the measurement, the W/G hetero-
structure is excited by a pump light (a 400 nm and 100 fs laser
pulse with a peak fluence of 200 J/cm?) and probed by a wide
broadband light (450—750 nm). Figures 2a,b and S1
(Supporting Information Part I) show the measured time-
resolved different transmission (AT/T,) spectra of the W/G
heterostructures. In AT/T, spectra, we can observe photo-
bleaching (negative signal, AT/T > 0) at exciton resonances
(A’ and B), as well as a corresponding red-shifted photo-
induced absorption peak (positive signal, AT/T < 0).°>
Photobleaching and the photoinduced absorption are induced
by excitons and charges, respectively, and their intensity has a
direct relationship with the quantity of photoexcited excitons
and charges (Supporting Information Part II).

Under light illumination, three underlying dynamic photo-
excitation processes occur in the vertical W/G heterostructure
depicted in Figure 2c. (1) In WSe,: light generates excitons
(E) as the primary photoexcited species.”’”** Within a
characteristic time (7yg,,), these excitons dissociate into

charges (carrier and hole). Charges (C) recombine in the
valence band with a long recombination time (kys.,). This

decay process (including dissociation and recombination) lasts
more than 50 ps and is labeled “long decay” in Figure 2c. (2)
In graphene: The same dynamic photoexcitation process
occurs in graphene, except the dissociation (TGrap) and
recombination (kg,,,) times are much shorter.””° Compared
to that of WSe,, the decay processes in graphene are ultrafast
(less than 0.5 ps). This process is labeled “fast decay” in Figure
2c. (3) Out-of-plane: Charge and exciton transport occurs
between graphene and WSe,””** As the decay time in
graphene is ultrashort, we suspect that charge/exciton
transport is unidirectional from WSe, to graphene, and
graphene functions as an additional fast channel for
recombination of photogenerated carriers in WSe,. The
photoexcitation dynamics in a W/G heterostructure can be
expressed with the following equations:*” ™'
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Figure 3. (a) Measured AT/T spectra of the irradiated WSe, monolayers at the red-shifted A’ and B. (b) Corresponding energy band
diagram of the graphene—WSe, contact. (c) Calculated electronic structure of S, and S;.

where E and C are the time-dependent overall exciton and
charge populations in W/G, respectively; G is the exciton
generation term; 7y and 7 are the mobilities of interlayer
transport of excitons and charges from WSe, to graphene,
respectively; C, is the total quantity of out-of-plane charge
transport. To simplify the calculation, we suspect that the
decay of transferred excitons in graphene is too fast to be
considered in eq 2, thus it has been omitted.

To specifically probe the out-of-plane charge transport, we
fit the measured AT/T spectra to eqs 1 and 2 to determine the
transfer rate (1c') and quantity (C,) of out-of-plane charge
transport in Sy, S;, S, and S; (Supporting Information Part
III). Here, i denotes the sample number (0, 1, 2, and 3). The
fitted AT/T spectra are displayed in Figures 2a,b and S1, with
the coefficient of determination larger than 0.982. Figure 2d,e
shows evolutions of 1¢'/nc" and Cy'/C,’ corresponding to the
red-shifted A’ and B peaks, respectively. Along with the
decreasing atomic ratio (Se/W), 7¢ increased by a factor 1.2
for the red-shifted A’ peak (a factor of 1.6 larger than the red-
shifted B peak), and C, increased by a factor 31.5 at the red-
shifted A’ peak (a factor 43.2 larger than the red-shifted B
peak).

One should note that the variation of C, is much larger than
Nc. A possible reason is that the total density of electronic
states of WSe, is increased with decreased atomic ratio, which
provides more photoexcited charges for out-of-plane transport.
To verify this deduction, we detected AT/T spectra of WSe,
monolayers irradiated under the same conditions (Ga ion
irradiation and irradiation time of 2, 4, and 8 s, labeled S, S,,,
and S;,, respectively) for comparison. Figure 3a shows the
measured AT/T spectra of the irradiated WSe, monolayers at
the red-shifted A’ and B peaks. Obviously, the peak value for
S;y increased by a factor 28 compared with that of the pristine
WSe, monolayer (S,,), which confirms that the presence of
point defects increases the density of electronic states, leading
to the enhancement of C,.

The enhancement of 7 can be explained by the Schottky
barrier (SB) at the contact of graphene—WSe,. The
corresponding energy band diagram of the graphene—WSe,
contact is shown in Figure 3b. As the charge transport is
present in the form of the hole transmission in the p-type
WSe,, there is a SB in the valence band region. In this case,
photoexcited charges cross the SB via the thermal excitation, or
tunneling at the band edge, or by thermally assisted tunneling
(combination of the first two mechanisms). We reconstructed
the electronic structure of S; and S; by first-principles
calculation in Figure 3c. The calculated results suggest that
the HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) are the same before and
after ion irradiation. However, the Fermi surface (Eg) of the
WSe, is slightly increased from —4.78 eV (S,) to —4.66 eV
(S3). Work functions of the graphene and ITO are —4.5 and
—4.85 eV based on literature. The increased Ep reduces the
height of the SB at the contact. We suspect the reduced SB is
the reason for slightly enhanced 7.

Based on the previous discussion, it is easy to conclude that
point defects enhance out-of-plane charge transport in the W/
G heterostructure. To obtain more direct evidence for this
phenomenon, we detected the interlayer photocurrent between
adjacent monolayers, based on a vertical W/G photodiode.
The side view schematic of the photocurrent is shown in
Figure 4a, in which the indium tin oxide glass (ITO/glass) is
coated onto the surface of the WSe,. Figure 4b shows the
transfer characteristics of the as-prepared W/G (S;) photo-
diode, which is illuminated by a 532 nm laser with 21 mW of
power. Here, the S, exhibits the nonlinear I,—Vy curve,
indicating SBs at contacts of graphene—WSe, and WSe,—ITO.
The corresponding energy band diagram of the Sy photodiode
is shown in Figure 4c. The evolution of the interlayer current
in the irradiated samples (S;, S,, and S;) is displayed in Figure
4b. The interlayer current in S, is almost 2 orders of magnitude
larger than the interlayer current in Sy. Compared with Sy, the
interlayer current increased by 3 orders of magnitude in S, and
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Figure 4. (a) Experimental setup for the measurement of the
interlayer photocurrent of the W/G heterostructure. (b) Transfer
characteristics of the as-prepared W/G (S,) photodiode. (c)
Corresponding energy band diagram of the S, photodiode. (d)
Time-resolved photoresponse of the photodiode based on S, and
S,.

by 4 orders of magnitude in S; as the atomic ratio of Se/W
continuously decreased.

The enhanced out-of-plane charge transport via point
defects provides an efficient method for optimizing or

designing photoelectric devices. Here, we present a W/G
photodetector with the controlled formation of Se point
defects. Figure Sa shows the structure of the photodetector
based on the W/G heterostructure, in which graphene and
WSe, monolayers are successively stacked on top of the
electrodes. Se point defects with controllable density were
fabricated on the WSe, layer using Ga ion implantation. Figure
Sb shows the dark current in the W/G heterostructure as the
atomic ratio of Se/W decreased from 1.99 (S,) to 1.75 (S;),
where the dark current decreased from 44.68 to 25.91 mA at a
voltage of 0.5 V. We believe the decreased dark current is
induced by blocked in-plane charge transport in the WSe,
monolayer. The structure of the W/G photodetector is similar
to a circuit where graphene and a WSe, monolayer are
connected in parallel. The blocked charge transport in the
WSe, plane increased the total resistance of the parallel circuit.
As a result, the dark current decreased after irradiation.

We probe the photoresponse of the W/G photodetector
with probe light at 532 nm. Figure Sc shows the photoresponse
of photodetectors during illumination with a 532 nm laser at a
power (P) of 3 mW and voltage of 0.5 V. Switching between
on and off states can be observed as the probe light is turned
on and off. In the as-prepared W/G photodetectors (S,), the
photocurrent was steady at 2.7 yA. After ion irradiation, the
photocurrent increased to 7.6 A (S;), 25.7 uA (S,), and 100.4
UA (S;). The I-V curves from the W/G photodetectors
(Figure Sd) indicate the photocurrent is effectively enhanced
after irradiation with Ga ions. Figure Se shows the calculated
photoresponsivity (R) of the W/G photodetectors. S, S, S,,
and S; have the maximum values of 3.7 X 10, 1.2 X 10% 4.2 X
10% and 2.1 X 10°> mA/W with P = 0.01 mW, respectively.
Obviously, the R value of the modified W/G photodetector
(S;) is 2 orders of magnitude larger than that of the pristine
photodetector.
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Figure 5. (a) Schematic diagram of the W/G photodetector. (b) Dark current of the photodetector based on S, S}, S, and S;. (c) Time-
resolved photoresponse of the photodetectors based on S, S;, S,, and S;, recorded for probe power of 3 mW, wavelength of 532 nm, and
voltage of 0.5 V. (d) I-V curves of the photodetector are based on different W/G heterostructures (S, S;, S, and S;). (e) Photoresponsivity

of the W/G photodetectors as a function of the probe power.
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We further measured the optical response of the
heterostructure device during illumination with near-infrared
(NIR) light at 1064 nm. Figure 6a shows the photocurrent
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Figure 6. (a) Time-resolved photoresponse of the photodetectors
based on S, S;, S,, and S;, illuminated by the laser at the
wavelength of 1064 nm. (b) Imaginary part of the isotropic
dielectric function of S, and S;. Photocurrent (c) and photo-
responsivity (d) of S, and S, with the voltage of 0.5 V.

from the W/G photodetector with probe power of 2 mW and a
voltage of 0.5 V. No photoelectric response was observed from
Sy because the band gap of pristine WSe, (1.597 €V) is much
larger than the energy of the probe light (1.165 eV), leading to
little absorption at 1064 nm. Although graphene has a
photoresponse in the NIR regime,’” the photocurrent is too
weak to be observed under the same experimental conditions.
When the irradiation time was more than 4 s (S,, S;), a clear
photocurrent was observed, which indicates the photoelectric
response range of the W/G photodetector expanded from
visible to NIR wavelengths due to Ga ion irradiation. The
expanded photoresponse can be explained by the formation of
intermediate states in WSe,. As shown in Figure 3¢, Se point
defects generate intermediate states in the forbidden band,
thus decreasing the band gap to 1.037 eV, which is less than
the energy of the 1064 nm laser. The decreased band gap in
WSe, allows absorption of NIR light, resulting in a photo-
electric response during NIR illumination (Figure 6b). We find
that the photoresponse due to NIR illumination can be tailored
by selecting the appropriate Ga ion dose. As shown in Figure
6c, the maximum photocurrent (2 mW probe power)
increased from 0.609 to 2.010 A as the irradiation time
varied from 4 s (S,) to 8 s (S;). The maximum R value of S; is
3.6 mA/W, which is much larger than the R value (0.45 mA/
W) of S, (Figure 6d).

To further demonstrate the advantages of the irradiated W/
G photodetector, we compared S; with the photodetectors
based on graphene, a WSe, monolayer, and pristine
heterostructures. As shown in Table 1, the highest photo-
responsivity of S; in the visible region (532 nm) was
determined to be about 2056 mA/W with an excitation
power of 10 W, which is 5 X 10* times larger than that of

Table 1
A (nm)* R (mA/W) I, (uA) Vg (V) P (mW)"

W/G (S3) 532 2056 20.56 0.5 0.01
1064 1.06 0.319 0.5 0.3
W/G (S,) 532 37 0.37 0.5 0.01
1064 0 0 0.5 <3
WSe, (CVD) 532 0.04 0.004 1 0.1
1064 0 0 1 <3
graphene (CVD) 532 0 0 1 <3
1064 0 0 1 <3

“The dimension of photosensitive areas is 1 mm X 0.9 mm. bp is the
power of the detecting laser.

devices based on a pure WSe, monolayer. In the NIR region
(1064 nm), the photoresponsivity of S; is more sensitive
compared to that of pristine graphene, WSe,, and W/G with
less than 3 mW excitation power.

CONCLUSIONS

In this work, we show that point defects enhance out-of-plane
charge transport in a vertical W/G heterostructure. Se point
defects were artificially generated on the top atomic layer of
WSe, via Ga ion irradiation. Based on the probe—pump
measurements and numerical fitting, we find that quantity/
transfer rate of transferred charges increased by more than a
factor of 30/1.6 (Figure 2e). We successfully fabricated a W/G
photodetector modified by Se point defects. Our work expands
the photoresponse range and the optimized photoresponsivity,
which is 2 orders of magnitude larger than the pristine
heterostructure (Figure Sf). We compared the modified W/G
photodetector with other reported photodetectors based on
graphene, WSe,, and pristine heterostructures, and the
modified W/G heterostructure exhibits the best photoelectric
performance. Our work shows that artificial formation of point
defects is an efficient method for optimizing the photoelectric
performance of a vertical heterostructure.

METHODS

Sample Preparation. WSe, monolayers and graphene were
produced by CVD on Al,O; and copper wafers with a dimension of
10 mm X 10 mm. The heterostructure was constituted by stacking
graphene and WSe, together via the wet-chemistry transfer process.

Ga lon Irradiation. The samples were irradiated by the focused
Ga* ion beam facility (model FEI START 400S). The acceleration
voltage is 30 kV; the beam current is 93 pA, and the scanning dose is
25.4 nC/um?/s.

DFT Calculations. The electron—ion interaction is described by
the projector-augmented wave method. The energy cutoff of the plane
waves is set to 450 eV with an energy precision of 107> eV. The
electron exchange-correlation function is treated using a generalized
gradient approximation in the form proposed by Perdew, Burke, and
Ernzerhof. The Monkhorst—Pack k-point meshes for the Brillouin
zone sampling used in structural optimization and electronic structure
calculations are 3 X 3 X 1 and § X § X 1, respectively. A vacuum
region up to 15 A is applied to exclude the interaction between
adjacent images. Both atomic positions are fully optimized using the
conjugate gradient algorithm until the maximum atomic forces are less
than 0.001 eV/A.
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