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Abstract

®

CrossMark

The interfacial modification effect of the molybdenum trioxide (MoQ3) buffer layer inserted
between Al and black phosphorus (BP) was investigated with photoemission spectroscopy. The
results show that MoOs5 buffer layer can effectively prevent the destruction of the outermost BP
lattice by Al thermal deposition and change the interface electronic structure between Al and
BP. At the MoOs/BP interface, there is an interface dipole pointing from MoOs to BP. During
the metal deposition process, an interfacial chemical reaction between Al and MoO3 was found.
These observations would provide insight for fabricating high-performance BP-based devices.
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1. Introduction

Black phosphorus (BP) is a layered material with high carrier
mobility and adjustable band gap, which has attracted wide
attention in recent year [1-6]. BP is the most stable phase of
phosphorus, and is allotrope with blue phosphorus and green
phosphorus [7]. Unlike other two-dimensional (2D) materi-
als, BP has a direct band gap, and its band gap shows a high
dependence on its thickness [8—11]. In the electrical, optical,
energy storage and other fields, BP-based devices are stead-
ily emerging [12-19]. However, as an emerging 2D mater-
ial, the practical application of BP still faces some challenges.
Metals are widely used as electrodes in BP-based devices,
and they may destroy the integrity of the BP lattice during
the deposition process. According to our previous research,
the outermost BP lattice can be destroyed in the early stage
of deposition and unbond P atoms will appear in the Au/BP

“ Author to whom any correspondence should be addressed.

1361-6463/22/364005+5$33.00  Printed in the UK

and Co/BP interfaces [20, 21]. When Al is deposited on BP, a
chemical reaction occurs and an Al-P compounds is formed,
which changes the interface barrier height that is not condu-
cive to carrier transport [22]. In order to reduce the damage of
BP caused by metal deposition, a buffer layer is needed to be
inserted at the metal/BP interface.

Molybdenum trioxide (MoO3) is a very promising semi-
conductor metal oxide widely used for manufacturing field-
effect transistors (FETs) [23], light-emitting diodes [24], solar
cells [25-27], etc. Xiang et al demonstrated effective sur-
face transfer electron and hole doping on BP FET devices
through in situ surface functionalization with MoOj3 overlay-
ers [23]. Even in the case of highly doped MoO; with a thick-
ness of more than 10 nm, the hole mobility of the BP tran-
sistor remains almost unchanged, indicating that although the
hole concentration of BP is greatly increased after doping with
MoOs, the scattering among the carriers can be ignored.

We used ultraviolet photoemission spectroscopy (UPS) and
x-ray photoemission spectroscopy (XPS) to study the effect of
a MoOj buffer layer on the electronic structure of the interface

© 2022 I0P Publishing Ltd
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between Al and BP. The results show that MoOj3 buffer layer
can effectively prevent the damage of BP crystal lattice caused
by the metal deposition process and the interface electronic
structure between Al and BP has been changed. There is
an interface dipole at the MoO3/BP interface. An interfacial
chemical reaction between Al and MoO3; was found in the pro-
cess of metals deposition. The results can provide insight in
designing BP-based electronic devices.

2. Experimental method

An ultra-high vacuum interconnection system was used to
grow and test the samples in sifu. In the preparation chamber,
the BP crystal are mechanically peeled off with special tape
inside a preparation chamber, and the pressure of the chamber
is better than 2 x 10~% mbar. In the experiment, MoOj3 and Al
thin films were grown by thermal evaporation while the cham-
ber pressure was better than 2 x 10~° mbar. The deposition
rates of MoOs and Al were 0.5 nm min—! and 0.05 nm min~!
respectively. All deposition thicknesses were monitored by
quartz crystal microbalance. The prepared BP is transferred in
vacuum into the analysis chamber through the radial sample
chamber, and its surface composition and crystal structure
is detected by XPS (SPECS XR-MF) and low energy elec-
tron diffraction (LEED, SPECS ErLEED). The analysis cham-
ber is equipped with a SPECS PHPIBOS 150 hemispherical
energy analyzer, an ultraviolet light source (He I = 21.22 eV,
Specs Microwave UV Light Source) and a monochromatic
x-ray light source (Al Ka = 1486.7 eV, Specs Microfocus
x-ray source) [28-31]. All measurements were taken at room
temperature.

3. Results and discussion

The layered crystal structure of BP is shown in figure 1(a),
the atomic layers are superimposed by weak Van der Waals
interaction like graphite, and the layer distance is about 5 A
[32]. Figure 1(b) is the LEED pattern of BP and the x and y
correspond to armchair and zigzag direction respectively. The
spot (0, 1) disappear in the LEED pattern due to the electron
energy is 134 eV, and it appear when the electron energy drops
to 90 eV [33]. Meanwhile, it is find that the ratio x/y is close to
the BP lattice constant ratio a/b = 0.757, indicating that a clean
BP surface was successfully obtained by mechanical exfoli-
ation in the preparation chamber with an ultrahigh vacuum.
The layered crystal structure of MoOj is shown in figure 1(c),
where the Mo atoms are represented by gray spheres and O
atoms by red spheres. The dotted line in the figure indicates
the shape of MoOj; single unit cell. Figure 1(d) shows the evol-
ution of the P 2p peak of BP in the MoO3/BP interface with
the thickness of MoOs. In order to have a more intuitive and
clear vision for the position of P 2p core level, all the spec-
tra will be normalized to the same height. The binding energy
of the intrinsic BP P 2p peak is 130.32 eV. After deposition
of 3 nm MoOs, the P 2p peak disappears completely. During
the whole deposition process, the position of the P 2p peak
remained unchanged, and the peak width did not widen with

(a) (b)

(d)

130.32 eV
3 nm MoOQ,

2 nm MoQ;

Intensity (a.u.)

1nm MoOy
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©Mo €0 Binding energy (eV)

Figure 1. (a) Layered crystal structure of BP (lattice constant:
a=3313A,b=4374 A, c = 10.473 A). (b) LEED diffraction
pattern of BP. (c) Layered crystal structure of MoOs. (d) The P 2p
peak of BP evolves with the thickness of the MoOs film.

the increase of the thickness of MoO3. No new peak was detec-
ted at higher and lower binding energy, indicating that BP was
not oxidized or fragmented into unbound P atoms. Combin-
ing the XPS data of the AI/BP and the MoO3/BP interface, it
can be inferred that the MoOj; deposition process is physical
adsorption, not causing damage to the outermost BP lattice, in
sharp contrast to the case of metal deposition [20, 21].

Figure 2 shows the UPS spectrum evolution with the thick-
ness of the Al in the Al/MoQO3/BP interface. The work func-
tion (WF) of intrinsic BP is 4.24 eV. After deposition of 3 nm
MoOs;, the WF changes to 6.33 eV. As an n-type semicon-
ductor material with high WF, MoOj3 has a very significant
modification effect on the BP interface. When the deposited
thickness of Alis 1 A, the WF is 5.21 eV. With the increase of
the thickness of Al, the WF decreases gradually. After deposit-
ing 15 A of Al, it reaches a minimum value of 3.54 eV, and the
shift is 2.79 eV. As the thickness of Al further increases, the
WE starts to increase and reaches 3.71 eV after depositing 30 A
Al, then the WF remains basically unchanged. Figure 2(b)
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Figure 2. In the Al/MoOs/BP interface, the UPS spectrum evolves
with the Al thickness, (a) cut-off region, (b) valence band (VB) edge
region, (c) the near Fermi level region of the valence band spectra as
a function of Al thickness.

shows the VB edge region. It can be seen that the intrinsic BP
has a valence band maximum (VBM) of 0.1 eV. After depos-
iting 3 nm MoOj;, the VBM of MoOj film is measured to be
2.72 eV, which is consistent with the previous results [34].
Since the band gap (Egsp) of MoOs is 3.10 eV [35], the con-
duction band minimum (CBM) of MoOj can be calculated as
0.38 eV using the formula Ecgm = Egap—Evem. As shown in
figure 2(c), it is find that there are two interface states centered
at about 2.30 and 1.00 eV respectively at low Al coverage
(1-8 A), and the metallic Fermi level cutoff begins to appear
when the deposited thickness of Al reaches 30 A.

In order to further understand the process of depositing Al
on the MoO3/BP thin film, we fitted the Al 2p, O 1s and Mo 3d
spectra at different thicknesses in detail. The solid lines rep-
resent Gauss-Lorentz fitting results and the dashed lines rep-
resent original experimental data. Figure 3(a) shows the fitted
Al 2p spectra. Based on the previous research results, we fit it
with two peaks, the gray peak with higher binding energy cor-
responds to Al,O. The orange peak with lower binding energy
corresponds to metallic Al. When the thickness of Alis 1-8 A,
the binding energy of Al,O peak increases gradually, indic-
ating that the oxidation of Al was strengthened consequently.
The metallic Al peak appears at a deposition thickness of 15 A,
and the Al O peak stabilizes at 75.59 eV. At 15-60 A. The con-
tent of metallic Al peak increases gradually. Figure 3(b) shows
the fitted O 1s spectra, where the red peak with lower binding
energy corresponds to the oxygen component in MoOj3, and
the blue peak with higher binding energy corresponds to the
oxygen component in Al,O. The binding energy of the oxy-
gen component in MoOj; is about 530.67 eV, and its posi-
tion keeps unchanged but the content decreases gradually as
the increase of the thickness of Al It is worth noting that a
new peak appear at high binding energy in the O 1s spectrum,
which can be attributed to the oxygen component in Al,O. Its
position increases gradually and stays at 532.52 eV at 15-60 A
with the increase of the thickness of Al. Combining XPS and
UPS data, it can be reasonably inferred that Al reacts with
MoOs at the interface, which lead to the formation of inter-
face states at low Al coverage (1-8 A).

The thickness of Al (A) The thickness of Al (A)

b)O 1s
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75.59 eV Al 532.52 eV 1
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Figure 3. In the AI/MoO3/BP interface, (a) Al 2p peak evolution
with the thickness of the Al film. The gray peak corresponds to
AlO and the orange peak corresponds to metallic Al. (b) O 1s peak
evolution with the thickness of the Al film. The blue peak
corresponds to the oxygen component in Al,O, and the red peak
corresponds to the oxygen component in MoOs.
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Figure 4. (a) In the Al/MoO3/BP interface, the Mo 3d peak
evolution with the thickness of the Al film, the red peak corresponds
to Mo®™, the blue peak corresponds to Mo T, and the green peak
corresponds to Mo**. (b) The ratios of Mo in Mo®*, Mo®* and
Mo** oxidation state vary with the thickness of Al

Figure 4(a) shows the fitted Mo 3d spectra with different
colors correspond to different Mo valence states. The red peak
(232.71 eV) with higher binding energy corresponds to Mo®*,
the blue peak (230.66 eV) corresponds to Mo’ T, and the green
peak (229.49 eV) with lower binding energy corresponds to
Mo**. The Mo 3d spectra is composed of Mo 3ds/; and Mo
3ds/, peaks, the energy interval is 3.08 eV and the area ratio is
2:3 [23, 34]. Only the Mo 3ds/, peak is discussed as it is the
most revealing. After depositing 3 nm MoO3 on BP, the Mo
3ds/, peak is located at 232.71 eV, and the valence state of Mo
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Figure 5. Al/Mo0O3/BP interface energy level diagram.

is only Mo®". When the deposition thickness of Al reaches
2 A, Mo®* oxidation state appears. When the thickness of
Al reaches 4 A, the Mo*T oxidation state appears, with the
thickness of Al increases, the proportion of Mo** increases
rapidly. Figure 4(b) shows the proportion of Mo in Mo®*,
Mo>* and Mo** oxidation state varies with the thickness of
ALl It can be seen that the proportion of Mo®* decreased from
100% to 50% in the range of 1 ~ 8 A, indicating that a large
amount of oxygen vacancies are generated in MoOs;. In the
end, the proportion of Mo®t decreased to 45%. The propor-
tion Mo+ increases first and then decreases as the thickness
of Al increases, reaching a maximum at 4 A, which is 23%.
The proportion of Mo*t monotonously increased during the
whole deposition process. Due to the strong chemical activ-
ity of Al ions, a large amount of Mo®" is directly reduced to
Mo**. At 60 A, the proportion of Mo** increases to 52%. It
indicated that the chemical reaction occurred between Al and
MoOs, in good agreement with the above discussions.

Figure 5 shows the energy level diagram of the
Al/MoOs/BP interface, where the WF data is obtained from
figure 2(a). For intrinsic BP, its WF is 4.24 eV, VBM is
0.1 eV, and CBM is 0.2 eV. From the previous analysis,
the MoOj deposition process is physical adsorption as no
chemical reaction is observed. The WF of MoOs is 6.33 eV,
the VBM is 2.72 eV, the CBM is 0.38 eV due to the band
gap is 3.1 eV. There is an interface dipole of 2.09 eV at the

MoOs;/BP interface, and the direction of the interface dipole is
from MoOs; to BP. With the deposition of Al, a chemical reac-
tion occurs at the AI/MoQOj interface and there is an interface
dipole of 2.62 eV at the interface, pointing from MoOs to the
Al The existence of interfacial dipoles with an electric field
at the Al/MoQOj; interfaces would hinder to some extent hole
extraction to the top electrode and reduce the short-circuit
current [36]. After depositing 60 A Al the WF is 3.71 eV.
In our previous work, it was found that the WF was 4.03 eV
after the deposition of 60 A Al [22]. Both of them are lower
than that of pure Al, which can be attributed to the interface
chemical reaction and a metallic mixture at these interface that
has also been found in metal/pentacene interface [37]. Thus,
the MoOs buffer layer can change the interface electronic
structure between Al and BP.

4. Conclusions

In summary, the effect of the MoOj buffer layer on the elec-
tronic structure of the interface between metals and BP was
investigated with XPS and UPS. We find that MoOj; buffer
layer can effectively prevent the damage of BP crystal lattice
during metal deposition and the interface electronic structure
between Al and BP has been changed. There is an interface
dipole at the interface from MoO;3; to BP. A chemical reac-
tion occurs at the AI/MoOj interface. The studies can provide
assistance in designing BP-based electronic devices.
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