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Abstract High-performance p-type transistors are a fundamental and arduous challenge for the development of two-dimensional (2D)
semiconductors in CMOS integrated circuits. The lack of a p-type modulation strategy that combines high hole transport and excellent
stability seriously hinders the development of 2D p-type transistors. Here, we report a spontaneous oxidation intercalation technique
for metal/semiconductor contact interfaces, which achieves high hole transport and excellent thermal stability of tungsten diselenide
(WSez) transistor. A tungsten oxide (WO, ) buffer layer is constructed between the contact interface of metal and WSes by spontaneous
oxidation after plasma etching. This metal-WO,-WSea contact interface enhances hole transport and significantly reduces the contact
resistance by 102, Furthermore, the WO, buffer layer with high thermal stability ensures that the WSes transistor maintains almost non
decaying p-type characteristics even after long-term annealing up to 400°C, meeting the thermal budget for back-end-of-line integration.
This contact strategy is compatible with silicon-based processes and has been successfully applied to the construction of homogeneous
WSes CMOS inverters.
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1 Introduction

Two-dimensional (2D) transition metal dichalcogenide (TMDCs) semiconductors are considered ideal channel ma-
terials for post-silicon-era electronics due to their high carrier mobility and superior electrical properties [1-3].
However, achieving p-type transport in most 2D TMDCs remains significantly more challenging than achieving
n-type transport due to the Fermi-level pinning effect and the strong electron doping caused by intrinsic structural
defects [4-6]. The performance mismatch between n-FET and p-FET hinders the realization of high-performance
complementary metal-oxide-semiconductor (CMOS) logic devices based on 2D TMDCs [7], posing a major obstacle
to building 2D integrated circuits. Therefore, achieving high-performance hole transport in 2D transistors is a
critical issue that must be resolved to develop CMOS integrated circuits.

The p-type modulation methods for 2D TMDCs transistors can be primarily categorized into channel doping and
contact engineering. Channel doping faces challenges such as carrier scattering-induced mobility degradation and
low stability [8,9]. In contrast, contact engineering demonstrates unique advantages by mitigating the Fermi-level
pinning effect and improving carrier injection efficiency [10-12]. On the other hand, for practical applications, two
compatibility issues must be given special attention. First, the fabrication processes for 2D semiconductor devices
must be compatible with mature silicon-based micro/nanofabrication technologies [13,14]. Second, the stability of
a 2D semiconductor device must be maintained during processing [15]. A critical performance metric is whether
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Figure 1 (Color online) Effect of SOI contact modulation. (a) Schematic diagram of SOI control mechanism at metal/semiconductor contact
interface. Annealing reduces the hole Schottky barrier of the contact interface and promotes hole transport. (b) Comparison of electrical
performance and thermal stability of our SOI modulation transistors and other reported p-type WSes transistors [40-47].

devices can remain stable under the thermal budget of 400°C required for back-end-of-line (BEOL) integration
processes [16,17].

At present, the commonly used methods for p-type regulation in the metal-semiconductor contact regions of
2D TMDCs include van der Waals (vdW) electrode contacts (such as transferred electrodes [18-21], 2D semimetal
contacts [22-26], and surface charge transfer doping [27-32]). However, vdW electrode contacts face challenges
in compatibility with mature silicon-based integration processes due to their complex fabrication. Transferred
electrodes rely on mechanical alignment, leading to poor device uniformity and difficulty in meeting high-density
integration requirements [33]. 2D semimetal contacts predominantly utilize metastable-phase metallic 2D TMDCs,
which undergo phase transitions under high-temperature annealing [34-36]. Meanwhile, surface charge transfer
doping struggles to maintain stable performance in silicon-based processes, as high-temperature annealing during
fabrication induces desorption of dopants [37]. Therefore, achieving thermally stable, high-performance p-type
metal-semiconductor contact interfaces compatible with silicon-based processes remains a critical challenge [38,39].

Here, we report a p-type modulation method for spontaneous oxidative intercalation (SOI) of WSey transistors
in the metal-semiconductor contact regions with high hole transport and excellent thermal stability. The contact
interface modulation mechanism is demonstrated in Figure 1(a). An oxide buffer layer is constructed between the
metal and WSes through Ar plasma etching and spontaneous oxidation. After high-temperature annealing, the
oxide layer transforms from WO,Se, to WO, with increased oxygen content, leading to a significant enhancement
in work function and thermal stability. This change induces significant band bending at the contact interface, thus
enabling efficient hole injection and reducing the Schottky barrier height to 26.3 meV. Figure 1(b) demonstrates
the exceptional thermal stability of this contact interface. Compared to other p-type WSe; transistors, this method
exhibits nearly undegraded p-type modulation effectiveness even after 400°C high-temperature annealing. Further-
more, the device performance remains stable after prolonged 10 h annealing at 300°C. Finally, we demonstrate the
fabrication of homogeneous CMOS inverters on WSes using this contact modulation strategy.

2 Materials and methods

Material preparation: Firstly, before preparing the WSey sample, it is necessary to clean the 300 nm SiOy/p™™
Si substrate with acetone and isopropanol, followed by a secondary cleaning of the silicon wafer surface using oxygen
plasma etching. Then, WSes nanosheets (HQ Graphene) were stripped onto the substrate. Subsequently, spin coat
polymethyl methacrylate (PMMA) and define regular WSes stripes using electron beam lithography (EBL) and
plasma (SFg) etching processes.

SOI contact modulation: Firstly, spin coat PMMA on the surface of WSes and define the source/drain using
EBL. After development, Ar plasma was used to etch the WSes contact area for different periods of time at 4 W
and 5 scem. Then, 30 nm Au electrodes were deposited under ultra-high vacuum (10~® Torr) using physical vapor
deposition (PVD) equipment. Finally, the constructed WSey transistor was annealed at 300°C for 1 h in a low
vacuum (1 mbar) Ar atmosphere to complete the p-type modulation of the WSey metal-semiconductor contact
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region.

Material characterization and device electrical measurement: The electrical performance of the de-
vice was measured using the Keysight B1500A semiconductor parameter analyzer in Lakeshore. The Raman and
photoluminescence spectroscopy (PL) spectra of the sample were measured using a Witec Raman microscope at
a laser wavelength of 532 nm and a laser power of 1 mW. The morphology and surface potential of the sample
were characterized using an atomic force microscope (AFM) paired with an SCM-PIT probe. Morphology was
measured in peak force mode and surface potential was measured in tapping mode. The binding energy of the
material was characterized by X-ray photoelectron spectroscopy (XPS) using Thermo Scientific Nexsa G2. And the
band information of the material was characterized by UPS, and the ultraviolet light source used was a He I source
(21.22 eV).

3 Result and discussion

The SOI contact modulation strategy combines nanolithography technology with the etching-oxidation-annealing
(EOA) processing technique. As shown in Figure 2(a), the fabrication process involves several key steps. First,
the source/drain patterned areas are then etched using Ar plasma. The high-energy plasma bombardment during
etching disrupts both the surface structure and chemical bonds of WSes. Subsequently, exposure to ambient air
causes the damaged material surface to rapidly react with oxygen, forming an amorphous oxide layer. Finally, the
device with constructed electrodes was annealed in an Ar atmosphere to modulate contact performance. The device
we constructed is shown in Figure 2(b). Here, we constructed two transistors of the same size on the same WSesy
nanosheet. One metal-semiconductor contact area is untreated, the other uses EOA to treat the contact interface,
which can be used to compare the performance changes of the transistor before and after modulation.

The transfer characteristics of the WSey transistor are shown in Figure 2(c). For the pristine WSey device, the
transfer characteristic curve exhibits ambipolar transport behavior with an n-type preference due to the Fermi-
level pinning effect in WSey [48]. After SOI modulation without annealing, specifically after etching-oxidation,
the transistor demonstrates enhanced n-type transport characteristics, with the electron current increasing by
approximately one order of magnitude. Then after annealing, the threshold voltage shifts to the right, and the hole
current increases from 83 nA to 1.4 pA, while the electron current decreases by six orders of magnitude, achieving
a transition from n-type to p-type transport dominance. This is attributed to the improvement of the quality of the
contact interface oxide layer, which enhances the hole transport in WSes transistors. From the output characteristics
in Figures 2(d) and (e), the SOI transistor without annealing does not show an obvious enhancement of hole current.
After annealing, the hole current increases, indicating a significant reduction in the transport barrier of holes. The
nonlinearity factor N, which serves as a quantitative indicator of metal-semiconductor contact quality, is defined
as N — d*I4s/dV2,
2 (d1as/dVys)
shown in Figure 2(f), the pristine transistors exhibit substantial nonlinearity (high Schottky barrier), whereas in
SOI modulation transistors, the nonlinearity drastically decreases. Notably, the nonlinearity approaches zero when
Vis > —1V, confirming ohmic contact behavior in the annealed WSe, transistor. In addition, we also used the
transfer-length-method (TLM) to measure the contact resistance of the pristine and SOI-WSe, transistors, as shown
in Figure 2(g). It was observed that the contact resistance of SOI-WSes transistors decreased from 46 MQ-um to
58 kQ-um, a decrease of about 3 orders of magnitude. This indicates that SOI modulation greatly improves WSes
hole contact performance.

To investigate the performance variation of SOI-WSe, transistors, we used metal Pt and Pd with different work
functions as source and drain electrodes, and the transfer characteristic curve is shown in Figure S1. It can be
observed that the hole current in Pt and Pd contact transistors shows no significant difference compared to Au
contacts. This indicates that the work function of the electrode has almost no effect on the p-type modulation
effect of SOI transistors, and the contact oxide layer dominates the carrier transport. For the influence of annealing
environment on SOI modulation, we used different atmospheres to anneal the SOI modulation transistor. The
transfer characteristic curves of transistors before and after annealing are shown in Figure S2. Low vacuum (1 mbar)
annealing, high vacuum (10~° mbar) annealing, and annealing after 20 nm SboO3 packaged in Ar atmosphere can all
produce p-type modulation effect. This indicates that the p-type modulation effect during annealing is independent
of the environment during the annealing process. We then used oxygen plasma etching for the EOA process. We
found that the transmission performance of the transistor after oxygen plasma etching is inferior to that after Ar
plasma etching and oxidation. The possible reason is that oxygen plasma causes excessive damage to the material,
destroys the quality of the WO, buffer layer, and affects the transport of hole carriers (Figure S3). For transistors

. A higher N value corresponds to stronger nonlinearity and a larger Schottky barrier. As
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Figure 2 (Color online) Construction and electrical properties of SOI-WSey transistors. (a) SOI-WSe> transistor fabrication process;
(b) optical microscopy image of pristine and SOI-WSe, transistors; (c) transfer characteristic curves of intrinsic, SOI without annealing, and
SOI with annealing WSes transistors; output characteristic curves of transistors (d) after and (e) before annealing; (f) relationship between
nonlinearity and gate voltage of the output curves of SOI modulation transistors before and after annealing; (g) contact resistance of intrinsic
and SOI-WSes transistors measured by TLM.

with different Ar etching times, it can be seen that the optimal performance is achieved when the etching time
is 10 s. As the etching time continues to increase, the mobility and hole current of the transistor decrease due
to the worsening of the contact interface damage. To characterize the barrier at the metal-semiconductor contact
interface after SOI modulation, the Schottky barrier height was measured using a variable temperature transport,
as shown in Figure S4. It can be seen that after SOI modulation, the hole Schottky barrier reaches an ultra-low
value of 26.3 meV. It is because the WO, buffer layer with a high work function achieves a good energy band
matching and improves the hole transport efficiency at the WSes contact interface, which also effectively reduces
the Fermi level pinning effect caused by direct contact between metal and WSeqs. This low Schottky barrier also
has advantages compared to other research of p-type contact WSes transistor [49-52]. It can also be seen from the
output characteristic curve that the device can maintain ohmic contact at low temperature, as shown in Figure S5.
This indicates its extremely low Schottky barrier.

To characterize the p-type modulation mechanism of the SOI contact method, we first performed high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) characterization on the metal-
semiconductor contact interface subjected to SOI contact modulation, as shown in Figure 3(a). After SOI mod-
ulation, it can be seen from the energy dispersive spectroscopy (EDS) that the Se element content in the contact
area has significantly decreased, while oxygen elements have been enriched, as shown in Figure 3(b). It is indicated
that the two layers of WSesy on the surface have transformed into an amorphous oxide layer after etching-oxidation.
From the atomic force microscope (AFM) characterization, it can be seen that the material thickness increased
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Figure 3 (Color online) Mechanism analysis of SOI modulation WSes. (a) Cross-sectional STEM image of SOI modulation WSes metal-
semiconductor contact interface before and after annealing; (b) EDS map of SOI modulation WSes contact interface; (c) UPS characterization
of SOI modulation WSes before and after annealing; (d) KPFM map of SOI modulation WSes before and after annealing; (e) surface potential
of SOI modulation WSes before and after annealing measured by KPFM; (f) energy level diagram of SOI modulation WSez before and after
annealing; XPS spectra of (g) W 4f and (h) Se 3d of pristine and SOI modulation WSes before and after annealing; (i) W and W* ratios of
SOI modulation WSes before and after annealing.

by 1.355 nm after etching, as shown in Figure S6, which also indicates the formation of the oxide layer. After
annealing, the thickness of the oxide layer decreased from 2.65 to 2.41 nm, indicating that the oxide layer became
denser and its chemical composition changed. And it is interesting that WSey becomes smoother after annealing,
which may also contribute to the improvement of hole transport. Ultraviolet photoelectron spectroscopy (UPS) is
an effective method for characterizing the band structure of materials, as shown in Figures 3(c) and (f). The energy
of ultraviolet light is 21.22 eV. To meet the testing requirements, we applied a bias voltage of 10 V to the energy
spectrum during measurement. The work function of the material is given by ¢ = hv — (Ecutoft — Erermi)- 1t can be
calculated that the work function of the SOI modulation WSes increases from 4.75 eV before annealing to 4.90 eV
after annealing. Moreover, the difference between the Fermi level (Er) and the valence band top (Ey pas) shifts
from 0.89 to 0.69 eV, and the downward shift of the Fermi level also represents the transfer of electrons from WSes
to the oxide layer after annealing. Based on this, the energy level diagram of SOI modulation WSes before and after
annealing can be plotted. And from the Kelvin probe force microscopy (KPFM) characterization before and after

annealing, it can be measured that the potential difference between materials is given by AV = M
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The potential difference decreased from 359 mV before annealing to 232 mV after annealing. Taking the work
function of Au as 5.1 eV, as shown in Figures 3(d) and (e), the calculated work function of SOI modulation WSes
before annealing was 4.741 eV, and after annealing was 4.862 eV, which is consistent with the measurement results of
UPS. High temperature annealing can increase the work function of the oxide layer formed by the etching-oxidation,
thereby achieving a p-type modulation effect on WSes.

WSes before and after SOI modulation was characterized by X-ray photoelectron spectroscopy (XPS). As shown
in Figures 3(g) and (h), the peak position of W5+ (corresponding to WO3) appears after SOI modulation without
annealing, indicating the oxidation of WSes. The ratio of peak area to sensitivity factor in XPS can characterize
the relative content of elements and valence states. For WSes after SOI modulation, the percentage content of W6+
increased from 35% to 37% before and after annealing, as shown in Figure 3(i). This indicates an increase in the
valence of the W element in the oxide layer. For tungsten oxide, the increase in the valence state of metal ions
leads to an increase in effective nuclear charge and electronegativity, resulting in an increase in the work function of
tungsten oxide [53], which is consistent with the characterization of UPS and KPFM mentioned earlier. As for the
change in binding energy of Se 3d, a new peak can be observed at 59 eV after SOI modulation without annealing,
representing the formation of Se-O bonds. This indicates that Se in WSe, forms bonds with O to form WO,Se,
compounds. After annealing, the peak of the Se-O bond at 59 eV disappeared, indicating that the Se element no
longer exists in an oxidized state after annealing. During the annealing process, WO,Se, is converted to WOy,
and the valence of the W element increases, resulting in an increase in the work function, which is consistent with
the increase in the percentage content of W8T . This phenomenon is consistent with the reported high-temperature
decomposition of W-Se-O compounds [54].

We also characterized the Raman and PL spectra of WSey during SOI modulation. As shown in Figure S7, it
can be observed that the E%q peak of the Raman spectrum of SOI modulation WSes shows a blue shift, which is
related to the increase in hole concentration of WSes [55]. It can also be observed that a new broad peak appeared
at 134 cm~! after etching, which is consistent with the peak phase of WO in [56]. For PL spectra, the peak
intensity decreases significantly after SOI modulation, and the peak position shifted from 1.53 eV before annealing
to 1.56 eV after annealing, representing the increase in hole concentration of WSes [57].

Next, this work investigates the thermal stability of the SOI modulation metal-semiconductor interfaces. The
SOI-WSe, transistors were annealed under Ar atmosphere at varying temperatures for 1 h and then tested at room
temperature. The transfer characteristic curve is shown in Figure 4(a). As the annealing temperature increases,
the hole on-state current of the device continues to increase, while the electron current continues to decrease. When
the annealing temperature reaches 300°C, the on-state current reaches 1.45 pA. When the annealing temperature
reaches 350°C, the off-state current reaches the lowest value of 1 pA. Moreover, when the annealing temperature
reaches 400°C, the performance of the transistor does not significantly degrade. The output characteristic curve is
shown in Figure S8. It can be seen that the output characteristic curve of the SOI modulation transistor annealed
at 200°C saturates at a bias voltage of —0.2 V, while the saturation of the transistor annealed at 400°C shows
a left shift and the output current increases significantly. For the mobility of transistors, as shown in Figure
4(b), the electron field-effect mobility gradually decreases with increasing annealing temperature, while the hole
mobility reaches its highest value of 19 cm?-V~1.s71 at 350°C and only slightly decreases at 400°C. Carrier polarity
is an important indicator for measuring the carrier transport behavior of transistors. Here, we use the current
ratio of I_goy to Igoy to characterize carrier polarity, which represents the majority carrier type. As shown in
Figure 4(c), it can be observed that with the increase of annealing temperature, I_goy /Isoy continuously increases,
indicating a clear process dominated by n-type transport to p-type transport. The threshold voltage also shifts
to the right continuously with the increase of annealing temperature, representing the continuous increase of hole
carrier concentration in WSey;. Due to the rapid annealing at 400°C required by the BEOL process, the high-
temperature stability of this metal-semiconductor contact interface proves that this method is compatible with the
BEOL process and meets the conditions for building CMOS logic circuit integration.

To demonstrate the stability of this p-type modulation during long-term high-temperature treatment, the SOI-
WSe; transistors were annealed in an Ar atmosphere at 300°C for varying durations. As shown in the transfer
characteristic curve of Figure 4(d), it can be seen that increasing annealing time has almost no effect on the
performance of SOI modulation transistors. Remarkably, the initial on-state current was preserved even after
10 h of annealing. The output characteristics curves presented in Figure S9 further confirm this stability, showing
no significant variation with increasing annealing duration. These observations collectively indicate that the SOI
modulation metal-semiconductor interface maintains robust ohmic contact characteristics across different annealing
temperatures. The hole mobility at different annealing times shown in Figure 4(e) also exhibits small fluctuations.
It is speculated that this fluctuation in mobility is caused by defects generated at the channel during the annealing
process. Moreover, the polarity of carriers and the threshold voltage have a stable effect on the annealing time,
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Figure 4 (Color online) Thermal stability characterization of SOI-WSes transistors. (a) Transfer characteristic curve of SOI-WSes transistors
after 1 h annealing at different annealing temperatures; (b) mobility of SOI-WSes transistors with annealing temperature; (c¢) threshold voltage
and carrier polarity of SOI-WSes transistors with annealing temperature; (d) transfer characteristic curves of SOI-WSe, transistor after annealing
at 300°C for different times; (e) mobility of SOI-WSes transistors with annealing time; (f) threshold voltage and carrier polarity of SOI-WSes
transistors with annealing time.

as shown in Figure 4(f). This highly stable threshold voltage is very advantageous for constructing CMOS logic
circuits. Due to the excellent thermal stability of the WO,, buffer layer formed after annealing, this is also the reason
why the p-type modulation effect of the transistor can be maintained stable with increasing annealing temperature.

Accurate control of carrier transport polarity is an essential process for constructing CMOS logic circuits on
a single material. Compared to heterogeneous CMOS structures, homogeneous CMOS can achieve more uniform
performance using simpler processes. Here, we demonstrate the construction of a WSe; homogeneous CMOS
inverter based on the contact SOI modulation method, as shown in Figure S10(a). The p-FET of this inverter is
constructed using the SOI contact modulation. n-FET is constructed by SOI modulation without annealing. The
construction process of the CMOS inverter is to first perform the EOA process on the contact area of the p-FET,
and finally construct the n-FET through Ar etching to complete the inverter construction. Figure S10(b) shows the
transfer characteristic curves of p-FET and n-FET in the CMOS inverter, which demonstrates the implementation
of high switching ratio and high subthreshold slope n-type and p-type modulation. The threshold voltages of the
two transfer characteristic curves are both around —40 V with a small difference, achieving performance matching
for p-FET and n-FET. Figures S10(c) and (d) show the voltage transfer characteristics curves and gain curves of
the inverter under different voltage biases (Vpp). The inverter can achieve a clear logic output and fast switching
between logic states. A gain of 1.2 can be achieved at Vpp = 5 V. Due to its compatibility with silicon-based
processes and high potential for modulation uniformity, this p-type modulation method has great potential for
constructing CMOS logic circuits.

4 Conclusion

In conclusion, we propose a p-type contact modulation method for WSey; with high performance and high ther-
mal stability based on the etching-oxidation-annealing synergistic process. This modulation method achieves the
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transition of the transport polarity of the WSes transistor from n-type to p-type through spontaneous-oxidation-
intercalation. We have revealed that the mechanism of the p-type modulation is the spontaneous oxidation of the
contact area WSey by Ar plasma etching with air to form an oxide buffer layer. After high-temperature annealing,
the work function of the oxide layer increases, resulting in p-type modulation of the WSes. The SOI modulation
transistor exhibits excellent p-type ohmic characteristics, with a Schottky barrier as low as 26.3 meV. This metal-
semiconductor contact interface has very high stability, and the transistor can maintain almost nondecaying p-type
modulation effect even after high-temperature annealing at 400°C. Long-term annealing at 300°C for 10 h can also
ensure stable device performance. Finally, we also demonstrated the construction of a homogeneous CMOS inverter
based on this modulation method on WSey. We believe that this highly thermally stable p-type modulation method,
which is compatible with silicon-based processes, has great application value in the construction of 2D CMOS logic
circuits.
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