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Atomically hin transition metal dichalcogenide crystals (TMDCs) have extraordinary optical properties that make them attractive for future opto-
electronic applications. Integration of TMDCs into practical all-dielectric heterostructures hinges on the ability to passivate and protect them against
necessary fabrication steps on large scales. Despite its limited scalability, encapsulation of TMDCs in hexagonal boron nitride (hBN) currently has no
viable alternative for achieving high performance of the final device. Here, we show that the novel, ultrathin Ga2O3 glass is an ideal centimeter-scale
coating material that enhances optical performance of the monolayers and protects them against further material deposition. In particular, Ga2O3 cap-
ping of monolayer WS2 outperforms commercial grade hBN in both scalability and optical performance at room temperature. These properties make
Ga

2

O

3

highly suitable for large scale passivation and protection of monolayer TMDCs in functional heterostructures.

Two-dimensional (2D), atomically thin monolayers of transition metal dichalcogenide crystals (TMDCs) are

highly optically active, direct bandgap semiconductors that have emerged as a promising platform for future
low-energy electronics, optoelectronics, and photonics [1–4]. Extensive research points to an exceptional po-

tential of TMDC excitons (stable electron-hole pairs) [5] for ultra-efficient energy and information technolo-
gies [6, 7], sensing [8], and fundamental studies of collective quantum phenomena [9, 10]. However, integration
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of monolayer TMDCs into useful electrical and optical devices by direct material deposition, e.g. of high-κ di-

electric materials for top-gating [11–13], usually degrades their electronic and optical properties. High optical

and electronic performance can be achieved and retained [14, 15] by full encapsulation in mechanically exfo-

liated hexagonal boron nitride (hBN), commonly used to passivate and protect the monolayers. However, this

approach is inherently non-scalable since mechanical exfoliation leads to irregular shaped crystals with incon-

sistent thickness and size. Significant effort has been directed towards increasing the size of monolayer TMDCs

from several µm to the cm-scale [16, 17], and the capability to passivate and protect the monolayers on similar

scales is equally important. Without a large scale passivation and protection technology, the realization of multi-

layer structures with integrated monolayer TMDCs remains challenging and non-scalable.

A practical passivation and protection material should: a) have a uniform, nm-scale thickness on wafer scale,

b) have no negative effects on the optical and electrical properties of monolayer TMDCs, and c) protect against

further material deposition to enable the integration into multilayer heterostructures. While a large scale passi-

vation of MoSe2 can be achieved by using the larger bandgap TMDC MoS2 [18], large-scale passivation and

protection with a wide-bandgap material, potentially applicable for all TMDCs is not yet available. Here, we

introduce an isotropic, ultrathin Ga2O3 glass [19] as a novel material for low-cost passivation and protection

of atomically-thin semiconductors. Traditionally, research into 2D materials focuses on crystalline materials.

Fully amorphous ultrathin materials that feature a glass-like structure are rarely investigated but possess intrigu-

ing and useful properties [20]. The wide-bandgap ultrathin Ga2O3 glass can be synthesized under ambient con-

ditions, with a highly reproducible nm-scale thickness of less on cm-scale. By capping the notoriously fragile

WS2 with Ga2O3, we demonstrate its excellent passivating properties. Our measurements at cryogenic tempera-

tures indicate that the Ga2O3 passivates the commercial grade WS2 monolayer by filling in sulphide vacancies.

The passivated WS2 exhibits enhanced exciton photoluminscence (PL) and suppressed exciton annihilation pro-

cesses, similarly to the effects of superacid treatment [21] and full hBN encapsulation [22]. Finally, we show

that Ga2O3 protects WS2 against further deposition of Al2O3, a high-κ dielectric material. Comparison of the

exciton PL of commercial grade monolayer WS2 capped by either Ga2O3 or hBN shows that the Ga2O3 glass

outperforms hBN as a protective material at room temperature.

Amorphous Ga2O3 is an electrically insulating, isotropic glass, fully transparent in the visible range [23], and

is therefore well suited for protection of optically active materials. The recently discovered liquid metal print-

ing method [19] enables the low-cost synthesis of cm-sized ultrathin sheets of Ga2O3 (Figure 1A). Atomic force

microscope (AFM) measurements performed on multiple Ga2O3 sheets confirm their uniform thickness (t ≈
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2.98 ± 0.10 nm), self-limited by the Cabrera-Mott mechanism [19] [see Supporting Information S1]. X-ray

photoelectron spectroscopy (XPS) on the Ga2O3 confirms the purity of its stoichiometric composition with 60%

oxygen and 40% gallium [see Supporting Information S2]. A scanning electron microscope with a transmission

diffraction stage was used to measure the crystal structure of synthesized Ga2O3, revealing that it is an entirely

amorphous, isotropic glass [see Supporting Information S3] , stable in a wide temperature range [see Supporting

Information S4]. Electron energy loss spectroscopy (EELS) measurements unveiled a bandgap of around 5.1 eV

[see Supporting Information S5].
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Figure 1: Large scale passivation of monolayer WS2 with ultrathin Ga2O3 glass: (A) Camera image of a cm-sized Ga2O3 sheet
on glass. The values on the ruler are in the mm scale; (B) Schematics of the PPC-assisted deterministic transfer technique for
TMDC/Ga2O3 heterostructures (from left to right); (C) Microscope and AFM images of a WS2/Ga2O3 heterostructure (scale bar
sizes: 200 µm, 40 µm, and 5 µm). (D) Schematic band diagram of the WS2/Ga2O3 heterostructure (scale bar size: 2 nm), (E) PL and
reflectivity spectra of an as-exfoliated monolayer WS2 and of a WS2/Ga2O3 heterostructure under ambient conditions.

We have developed two high-yield techniques for capping monolayer TMDCs with the Ga2O3 glass. The first

technique is the direct synthesis of Ga2O3 on top of the monolayers, capable of covering large-area TMDCs,

e.g. grown by chemical vapor deposition (CVD) [see Supporting Information S6 and S7]. The second technique

(Figure 1B) is the deterministic transfer of the Ga2O3, synthesized on spin-coated poly-propylene carbonate

(PPC), onto target areas, such as µm-sized mechanically exfoliated monolayers [Supporting Information S8].

These methods were used to create the WS2/Ga2O3 heterostructures with both CVD-grown and exfoliated mono-
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layers. Monolayer WS2 features the largest band gap in the TMDC family [4], and therefore enables us to test

whether Ga2O3 glass sufficiently confines the excited charge carriers in the TMDCs. In what follows, we focus

on monolayer WS2 mechanically exfoliated from single-crystalline commercial grade bulk crystals, which have

superior optical quality compared to the large-scale CVD-grown monolayers used in this work.

Figure 1C shows a clean mm-scale sheet of Ga2O3 deterministically transferred on top of an exfoliated mono-

layer WS2 [see Supporting Information S9 for the results on CVD-grown WS2]. The AFM image of the sam-

ple surface shows a homogeneous monolayer coverage. A careful analysis of the step-profile of a WS2/Ga2O3

heterostructure can be found in the Supporting Information S1. The XPS and EELS measurements shown in

Supporting Information S1 and S4, together with the known material properties of monolayer WS2 [24, 25],

amorphous SiO2 [26], and amorphous Ga2O3 [23], allow us to construct a band diagram of the WS2/Ga2O3 het-

erostructure (see Figure 1D), while the exact position of the WS2 band edge is still under debate [5, 24, 25]. The

identified type I band alignment enables the Ga2O3 to confine the free carriers in the conduction and valence

bands of WS2, to form excitons.

To test the effect of the Ga2O3 capping on the exciton properties of monolayer WS2, we performed PL and re-

flectivity studies. The system was excited by a ND:YAG continuous wave (cw) laser source with a wavelength

of λ = 532 nm (E ≈ 2.33 eV) which is energetically above the band gap of monolayer WS2, but below the band

gap of the ultrathin Ga2O3. The reflectivity measurements were performed with a tungsten halogen white light

source. The PL and reflectivity spectra of an as-exfoliated monolayer WS2 and of the WS2/Ga2O3 heterostruc-

ture under ambient conditions feature the exciton PL and absorption at E ≈ 2.01 eV (Figure 1E). The excitons

in WS2/Ga2O3 have slightly higher energies compared to the as-exfoliated WS2, most likely due to dielectric

screening effects in Ga2O3. Nevertheless, the amplitude and the linewidth of the PL and reflectivity spectra are

not affected by Ga2O3 capping, indicating that the WS2 excitons are not quenched. The PL and Raman measure-

ments on the CVD-grown monolayers confirm these results, and show that the optical phonon modes of mono-

layer WS2 remain intact [see Supporting Information S9]. By contrast, exciton PL of exfoliated WS2 monolay-

ers passivated with the commercial grade hBN is significantly quenched [see Supporting Information S10].

The effect of the Ga2O3 capping on the WS2 exciton PL and absorption was further tested at T = 4.3 K, when

exciton-phonon interactions and thermal effects are suppressed. We excited the as-exfoliated WS2 and the het-

erostructure with a large Gaussian laser spot of the diameter ∼ 25 µm, which effectively eliminated artefacts due

to the sample inhomogeneities by averaging the PL over a large sample area. Figure 2A contains the correspond-

ing PL intensity maps, showing that both the as-exfoliated WS2 and the heterostructure have a homogeneous PL
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texture. The PL spectra of the monolayers (Figure 2B) are composed of multiple distinct PL peaks, including the

exciton (EX ≈ 2.09eV), the trion (ET ≈ 2.06eV) and additional low energy peaks associated with many-body

complexes [4, 27, 28]. The reflectivity spectra (Figure 2C) of the exfoliated monolayers show strong absorp-

tion features at the exciton and trion energies, which indicates that both the uncapped and the capped samples

are doped [14]. Since the ratios between the absorption dips for both samples are the same, this effect is not re-

lated to the Ga2O3 capping and can be traced to the large density of sulphide vacancies in the commercial grade

monolayer WS2 resulting in high intrinsic n-type doping [29].
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Figure 2: PL studies on a WS2/Ga2O3 heterostructure at T = 4.3 K: (A) PL images of a WS2/Ga2O3 heterostructure and of an as-
exoliated monolayer WS2 under large Gaussian laser spot excitation (∼25 µm), the scale bar size is 5 µm; (B) corresponding PL
spectra with IL ≈ 34 µW/µm2, (C) reflectivity spectra, and (D) PL spectra with IL ≈ 1.7 µW/µm2; (E) Laser intensity dependent
exciton PL intensities (dots) fitted with the model from the Supporting Information S12 (solid line); (inset) Exciton PL intensity ratios
in the bare and the capped monolayers; (F) Extracted power law-exponent k (slope) for the exciton PL intensities. The dashed lines
correspond to a power law exponent of k = 0.95.

The PL intensity of the heterostructure is strongly enhanced at cryogenic temperatures (see Figure 2A,B and

Supporting Information S9, S11). In particular, at low excitation intensities, the broad bound exciton peak, which

dominates the PL spectrum of the as-exfoliated sample around 146 meV below the free exciton energy [30], is

strongly quenched while the PL of the excitons, trions and low-energy states are enhanced (Figure 2D). This in-
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dicates that Ga2O3 capping suppresses formation of bound excitons at sulphide vacancies [31], enhancing the

formation of many-body states and the total exciton quantum yield. Indeed, cathodoluminescene (CL) measure-

ments at T = 70 K presented in Supporting Information S12, reveal the presence of deep donor-type oxide

vacancies in Ga2O3 [32] with a change of the density and distribution of the vacancies in the WS2/Ga2O3 het-

erostructure. This result suggests that oxides in the Ga2O3 passivate sulphide vacancies in the WS2, possibly

through hydrogen-like bonds, changing the density and distribution of the oxygen vacancies in the Ga2O3 sheet.

This mechanism can explain the suppression of bound exciton formation in the WS2/Ga2O3 without affecting its

doping level. The exact nature of the bonding between the WS2 and the Ga2O3 is the subject of future work.

To understand the origins of the PL enhancement, we measured the exciton PL of both the as-exfoliated WS2

and the WS2/Ga2O3 heterostructure for a range of laser intensities IL spanning two orders of magnitude (Figure

2E). Corresponding PL spectra are shown in Supporting Information S11. At laser intensities below ∼ 10 µW/µm2,

the exciton intensity of the uncapped monolayers follows the power law, IX ∝ IkL, shown by the dashed lines in

Figure 2E. Without losses, and assuming the direct photon-exciton transition, the dependence is linear: k = 1

[33]. In our samples, at low laser intensities, k ≈ 0.95, which indicates that the exciton formation experiences

intensity-dependent losses, e.g., free-to-bound exciton transitions or formation of many-body exciton complexes

(Figure 2D). However, at laser intensities above ∼ 10 µW/µm2, the exponent of the power law k ∝ log IX/ log IL

decreases for the as-exfoliated WS2 (see Figure 2F), in line with previous observations [22]. This behaviour is

typically caused by annihilation processes between multiple excitons or between excitons and defects [34], e.g.

Auger recombination [35].

In contrast, for the heterostructure the power law exponent remains well above k ≈ 0.95. This indicates that

the exciton annihilation in monolayer WS2 is suppressed by Ga2O3 capping, similarly to the effect of full hBN

encapsulation [22, 35]. However, the mere suppression of annihilation would result in a linear power law with

a constant k ≈ 1 [22], while in WS2/Ga2O3 the exciton PL transitions from a linear to a nonlinear behaviour

with increasing laser intensities (Figure 3F). This transition can be explained by a two-step exciton generation

process via the deep oxide vacancies in the Ga2O3 [see Supporting Information S13], in addition to the direct

electron-hole excitation. The indirect process involves electron tunnelling between the donor-type oxide vacan-

cies and the WS2 valence band as an intermediate step in the WS2 exciton formation. This results in accumula-

tion of exciton densities and growing enhancement of the exciton PL intensity.

By fitting the exciton intensities and the extracted power law exponents of both as-exfoliated WS2 and the het-

erostructure (see Figure S2E-F) with the theoretical model [see Supporting Information S13], we deduce that the
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exciton generation rate in the heterostructure is 1.9±0.3 times higher, and that the exciton saturation density dic-

tated by the annihilation processes is 28 ± 3 times higher compared to the as-exfoliated WS2. These accumulat-

ing effects lead to the observed power-dependent enhancement of the exciton PL intensity in WS2/Ga2O3, with

an enhancement factor of 4.1 ± 0.6 within our power range (Figure 2E, inset). Measurements on CVD-grown

monolayer WS2 show the same PL intensity enhancement at cryogenic temperatures [Supporting Information

S9].

WS2/Ga2O3/Al2O3

 as-exf. WS2 

 WS2/Al2O3

1.9 2.0 2.1

0.0

0.5

1.0

Energy (eV)

In
te

n
s
it
y
 (

I a
s
-e

x
f.
) 

x10

Substrate Substrate

WS2/Ga2O3/Al2O3WS2/hBN/Al2O3

A

B

C

as-exf. WS2

WS2/hBN/Al2O3

x2

 WS2/Ga2O3/Al2O3

 WS2/hBN/Al2O3

1.9 2.0 2.1

0.0

0.5

1.0

Energy (eV)

In
te

n
s
it
y
 (

I a
s
-e

x
f.
) 

D

Figure 3: Integration of monolayer WS2 in a high-κ dielectric environment: (A) Schematics of WS2/hBN/Al2O3 and
WS2/Ga2O3/Al2O3 heterostructures on SiO2 substrates; (B) PL spectra of monolayer WS2 on SiO2 before (as-exfoliated) and after
Al2O3 deposition by EBE; (C) PL spectra of WS2/hBN/Al2O3 and WS2/Ga2O3/Al2O3 heterostructures; (D) PL intensity maps of
as-exfoliated WS2, and WS2/hBN/Al2O3 and WS2/Ga2O3/Al2O3 heterostructures under Gaussian spot excitation (∼ 25 µm). PL
intensity of WS2/hBN/Al2O3 is multiplied by a factor of 2. The scale bar size is 5 µm.

To test the protective capacity of the ultrathin Ga2O3 for device integration, we deposited Al2O3, a high-κ di-

electric material, onto monolayer WS2 capped by either Ga2O3 or exfoliated commercial grade hBN (Figure
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3A). For deposition, we used electron beam evaporation (EBE) with a relatively high electron beam energy to

stress-test the protection. As seen in Figure 3B, direct EBE deposition of Al2O3 on top of bare WS2 strongly

quenches the exciton PL [11]. The PL spectra (Figure 3C) of the hBN and Ga2O3 capped WS2 after EBE of

Al2O3 show that both methods protect well against further material deposition, with approximately two orders

of magnitude enhancement of exciton PL intensities compared to WS2/Al2O3.

However, the PL spectrum of the hBN-capped WS2 (Figure 3C) shows a pronounced shoulder at the trion

energy (ET ≈ 1.96 eV), which indicates that it is strongly doped after Al2O3 deposition process, similarly to

the effect observed in vacuum [see Supporting Information S9]. In addition, the hBN flake covers the mono-

layer only partially, resulting in a relatively small protected area (Figure 3D). In contrast, the PL spectrum of the

WS2/Ga2O3/Al2O3 heterostructure shows strong neutral exciton PL with around 70% of the exciton intensity of

an as-exfoliated WS2 monolayer. The PL texture of the WS2/Ga2O3/Al2O3 is homogeneous (Figure 3D), which

highlights the homogeneity of the coverage. The PL measurements on Ga2O3-capped CVD-grown monolayer

WS2 support these observations [see Supporting Information S9].

To summarise, the novel ultrathin Ga2O3 glass shows great potential as a low-cost and practical wide-bandgap,

isotropic material for scalable passivation of monolayer WS2. Capping the monolayers with Ga2O3, either by di-

rect printing or by deterministic transfer, fully preserves their exciton properties in ambient conditions. At cryo-

genic temperatures, the Ga2O3 passivation significantly enhances the optical performance of WS2 by suppress-

ing bound exciton formation at the sulphide vacancies, promoting nonlinear exciton generation, and suppress-

ing the exciton annihilation processes. These findings provide a pathway towards high-performance surface-

passivated TMDC/Ga2O3 heterostructures on a cm-scale, e.g., by combining the large-scale mechanical exfo-

liation [17] with the Ga2O3 capping. Finally, our finding that the Ga2O3 glass outperforms hBN for protecting

commercial grade monolayer WS2 against high-κ dielectric material deposition (e.g., for top-gating) breaks new

ground for the transition from surface TMDC-based devices with small functional areas to large-area devices

fully encapsulated in a dielectric environment.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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