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High-Entropy Liquid Metal Process for Transparent
Ultrathin p-Type Gallium Oxide

Laetitia Bardet, Ali Zavabeti, Amar Salih, Dawei Zhang, Mohamed Kilani,
Mohammad B. Ghasemian, Anton Tadich, Yunlong Sun, Lucy Johnston, Danyang Wang,
Jan Seidel, Francois-Marie Allioux, Cuong Ton-That, Jianbo Tang,*
and Kourosh Kalantar-Zadeh*

The naturally self-limiting oxide formed on the surface of liquid metals can be
exfoliated and transferred onto various substrates. This oxide layer with a
thickness of a few nanometers is typically highly transparent and can be
engineered for applications in large-area optoelectronics. While the
incorporation of solvated elements into the interfacial oxide of post-transition
metal-based liquid metals is demonstrated for n-doping, achieving p-doping
in such ultrathin oxide layers remains a significant challenge. In this study,
the use of dissolved indium (In), platinum (Pt), gold (Au), palladium (Pd), and
copper (Cu) in gallium (Ga)-based alloys is investigated to create a
high-entropy liquid metal system. This allows the exfoliation of a p-doped
ultrathin oxide layer, predominantly composed of gallium oxide (Ga2O3). The
incorporation of these post-transition metals in this high-entropy system
results in their atomic dispersion, with Cu exhibiting limited surface presence.
The atomically dispersed Pt, Au, and Pd metals scavenge oxygen during
exfoliation at moderate temperatures and release them during cooling down,
promoting the emergence of trivalent metallic In in Ga oxide layer. This work
presents a novel doping strategy at moderate temperatures to achieve
p-doped liquid-metal-derived ultrathin Ga2O3 layers, which maintain high
transparency.
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1. Introduction

Developing processes for creating new p-
type transparent metal oxides is a critical
step toward advancing transparent electron-
ics. Efforts to obtain post-transition metal
oxides, such as gallium (Ga), indium (In),
bismuth (Bi), and tin (Sn) oxides, with
the desired doping have been made. How-
ever, the challenge remains in maintaining
the controlled stoichiometry of the dopants
required to achieve p-type post-transition
metal oxides. Typically, the use of highly
energetic beams during deposition, com-
bined with post-deposition annealing, al-
ters the desired properties of both the de-
posited post-transition metal oxide films
and the p-dopants. In this context, liq-
uid metal processes offer a promising op-
portunity for more controlled doping of
such oxide layers, as dopants migrate from
the liquid metal core into the oxide layer.
While most liquid metal doping processes
have focused on achieving n-type doping
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of post-transition metal oxides,[1,2] reports on controlled dop-
ing to create transparent post-transition p-type oxides remain
limited.[3] In this work, we demonstrate that p-type doping of
ultrathin post-transition metal oxide films can be effectively
achieved using a process based on high-entropy liquid metal al-
loys (HELMAs).[4]

Surface oxidation is a fundamentally important process of met-
als and alloys.[5–7] Most metals and alloys naturally form a self-
limiting oxide layer in air and the governing kinetics of the emer-
gence of this thin oxide growth are usually interpreted by the
Cabrera–Mott model.[5] The surface oxidation of low-melting-
temperature liquid metals such as Ga and Ga-based alloys also
follows the same model.[8–13] Owing to their liquid state, the
parent metals serve as the growth template and substrate for
the oxide layer. As the liquid metal is non-polar and in liquid
state, the oxide layer and the liquid metal interact weakly with
each other, which allows the thin oxide skin to be easily de-
laminated from the liquid metal surface through facile exfolia-
tion processes.[9] This offers an appealing strategy for the syn-
thesis of highly transparent, large-area, single-layer, or multi-
layer 2D metal oxides for electronics, optoelectronics, coatings,
and sensing applications.[1,3,14–23] Compared to conventional ap-
proaches for fabricating 2D or thin-film metal oxides,[24,25] the
liquid-metal-enabled method can be performed at room temper-
ature or slightly elevated temperatures, while avoiding the need
for complex and costly vacuum processes and equipment. In this
regard, Zavabeti et al. showed that the surface composition of
the oxide skin of liquid metals depends on the reactivity of the
solvated metal relative to that of the liquid metal, which can be
predicted by comparing their Gibbs free energy of formation.[9]

Since the first demonstration of this method,[26] a variety of 2D
metal oxides have been obtained using this method including
simple oxides such as gallium oxide (Ga2O3),[3,9,17] lead monoxide
(PbO),[16] bismuth oxide (Bi2O3),[27] tin monoxide (SnO),[26] and
more complex binary oxide such as indium tin oxide (ITO)[1] and
bismuth-tin oxide.[2] Different exfoliation techniques and post-
processing methods have also been applied for modified proper-
ties and improved functionalities.[15,19,26,28,29] These progresses,
enabled by the liquid-metal-based methods, demonstrate possi-
bilities that are challenging to achieve with pre-existing strate-
gies. However, as previously discussed, the formation of p-type
2D metals oxides through liquid metal processes has remained
an elusive task.

Liquid metals have the capability to dissolve a range of so-
lute metals at relatively low temperatures.[4,30,31] The surface pres-
ence and distribution of these solvated elements depend on the
metallic solvent-solute interactions unique to each system. Con-
sequently, the incorporation of these elements into the surface
oxide layer during the oxidation process is expected to be system
specific. For instance, Ghasemian and co-workers investigated
Bi2O3-doping of SnO using Sn-based liquid alloys and found
substantial property tuning resulting from variations in the con-
stituent ratio[2] and solute elements.[32] Papp and co-workers in-
vestigated the incorporation of platinum (Pt) and palladium (Pd)
into the Ga2O3 in the Pt-Ga and Pd-Ga liquid alloy systems.[33,34]

When the Pt-Ga liquid alloy was carefully exposed to low-dose
oxygen, Pt is found to be uniformly distributed in the Ga2O3 sur-
face layer.[33] By contrast, Pd was not detected in the Ga2O3 dur-
ing oxidation, instead, Pd was located below the oxide layer at the

oxide-liquid metal interface.[34] Such observations, lead to ques-
tion whether it is possible to expand the doping capability to other
metals. In addition, experimental parameters such as the oxygen
content, the oxidation/exfoliation temperature, the nominal ra-
tio of the solutes, and the entropy of the liquid alloy can have
considerable influence on the element doping of the liquid metal
surface oxide.[2–4,32–34]

Despite significant progress, many fundamental aspects of
surface oxidation in liquid metals and the associated doping of in-
terfacial 2D oxides remain inadequately investigated, as acknowl-
edged by the liquid metal research community.[3,19,28,31,35] To date,
studies have mostly focused on liquid alloys with limited number
of (one or two) solutes.[2,3,33] The doping of the liquid metal ox-
ides in multi-solute systems, where increased entropy and more
complex solvent-solute synergy can exist,[4] is still largely under-
explored. Moreover, according to the Cabrera–Mott model, the
surface oxidation of liquid metals may experience varying con-
ditions and, consequently, different growth dynamics during the
formation of the oxide layer.

Another important aspect that has yet to be explored is the use
of trivalent dopants, such as In, for developing p-type films. To
date, studies have been limited to the formation of indium ox-
ide (In2O3), which is a fully stoichiometric oxide of In and is in-
trinsically considered n-type.[36–38] Demonstrating the ability of
In to migrate the exfoliated oxide layer without being oxidized is
a crucial process that could lead to the formation of p-type metal
oxides.

In this work, we investigate the multi-element doping of the
surface-formed liquid metal oxide layer during the self-limiting
oxidation of the eutectic gallium indium (EGaIn) liquid metal
containing multiple dilute solvated elements, creating a quasi
high-entropy system. We dissolve gold (Au), copper (Cu), Pd, and
Pt in the parent EGaIn liquid metal and the Ga-based liquid alloy
is referred to as quasi HELMA. The present work is a significant
expansion of our previously published work[4] in which HELMA
nanodroplets have been investigated. In the past work, our inves-
tigation was limited to the bulk properties of HELMA. Here the
main goal of our work is to further explore the features of the
self-limiting oxide layers of HELMA.

Using the same nominal ratio of 0.5 atomic percentage (at%)
of the four elements, we observe temperature-dependent incor-
poration of In, Pt, Au, and Pd into the exfoliated oxide layer, with
varied doping ratios. By stark contrast, Cu remains absent in the
surface oxide under all experimental conditions. Ga2O3 is intrin-
sically a n-type metal oxide transparent semiconductor known for
its wide bandgap (≈4.8 eV). Efforts have been made to create p-
type Ga2O3, which is still challenging.[3,39–41] By comparing the
band structures of the exfoliated oxide from EGaIn and the exfo-
liated oxide from quasi HELMA-EGaIn, we show that our liquid-
metal-based doping strategy leads to a transition of Ga2O3 from
n-type to p-doped, by allowing the migration of the trivalent In
element in metallic state, along with a high optical transmittance
(>92% at 400 nm and >95% at 800 nm).

2. Results and Discussion

We start with investigating the doping of the surface-formed
metal oxide layer with a thickness of a few nanometers during
the self-limiting oxidation of EGaIn liquid metal alloy (Figure 1a).
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Figure 1. a) Schematic illustration describes the formation of quasi HELMA-EGaIn self-limiting 2D layer and shows the doping possibilities of this oxide
layer as a result of elemental migrations of metallic constituents toward it. b) Schematic illustrations of squeeze-printing and exfoliation of 2D oxide
sheet. c) Optical image of a 2D oxide sheet exfoliated at 350 °C onto a SiO2/Si substrate. d) AFM topography image and height profile (along the solid
black line) of an exfoliated 2D oxide sheet. e) TEM image of a 2D oxide sheet exfoliated at 350 °C onto a lacey-carbon-coated Cu TEM grid. f) HRTEM
image and SAED pattern (inset) showing the structure of the 2D oxide which is mainly amorphous. g) Bright-field TEM image and EDS elemental
mapping of Ga, In, O, Pt, Au, and Pd of the 2D oxide sheet. The mapping of Cu is not included as the Cu signal from the TEM grid interferes with the
analysis.

The entropy of this system is increased by dissolving multiple el-
ements of Au, Pt, Pd, and Cu.[4] This quasi HELMA-EGaIn (here-
after referred to as HELMA-EGaIn for brevity) has a nominal ele-
ment atomic ratio of Ga81.5In16.5Au0.5Cu0.5Pd0.5Pt0.5, which is de-
signed so that the solute metals remain dissolved in EGaIn under
our experimental conditions (Experimental Section).[4] The 2D
liquid metal oxide is formed at an elevated temperature of 350 °C,
and its exfoliation is achieved by a squeeze-printing technique
(Figure 1b, Experimental Section) and then cooled down to room

temperature. These exfoliated 2D oxide sheets, typically featur-
ing millimeter lateral dimensions, are transferred onto SiO2/Si
substrates (Figure 1c; Figure S1, Supporting Information). These
oxide sheets are free of liquid metal residuals after cleaning (Ex-
perimental Section). It is practical to reduce metallic inclusions
and wrinkles by introducing automated exfoliation methods and
avoid using hands in the exfoliation process. The possibility of us-
ing such systems has already been shown by different research
groups.[19,42]
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Figure 2. XPS spectra of a) Ga 2p, b) O 1s, c) Pt 4f, d) Au 4f, e) Pd 3d and f) Cu 2p and g) In 3d of i) the surface of the HELMA-EGaIn and ii) the
exfoliated oxide sheet of HELMA-EGaIn. For both samples, their oxidation and exfoliation (if performed) took place at 350 °C. For comparison, In 3d
spectra of a solidified bulk In sample after heated up to 350 °C and an oxide layer exfoliated at 350 °C from EGaIn are added to g) as references.
The XPS characterization is conducted at room temperature. h) Schematic illustrations presenting the compositions of the self-limiting oxide layers of
HELMA-EGaIn and EGaIn formed at 350 °C.

Atomic force microscopy (AFM) characterization shows that
these 2D oxide sheets have a smooth surface with a root mean
square (Rq) of < 0.3 ± 0.02 nm (associated to that of a standard
SiO2/Si substrate underneath) and a thickness of 3.1 ± 0.2 nm
(Figure 1d). The AFM topography collected from multiple sam-
ples indicates that the self-limiting oxide layer thickness is ≈3 nm
(Figure S2, Supporting Information), which matches that of pre-
vious reports.[9] While wrinkling and folding occasionally occur
in the exfoliated 2D oxide sheets, large-area uniform regions are
more frequently seen in the samples (Figures S1 and S2, Sup-
porting Information). Under a transmission electron microscopy
(TEM), such wrinkles and folds are observable in ultrathin oxide
sheets exfoliated onto TEM grids (Figure 1e), together with liquid
metal residues as TEM samples are not cleaned (Experimental
Section).

High-resolution TEM (HRTEM) images and selected area elec-
tron diffraction (SAED) patterns both show that the 2D oxide
formed on the surface of HELMA-EGaIn are mostly amorphous

with occasional crystalline regions which might be due to long
exposure of the beam and/or liquid metal residues (Figure 1f).
TEM-based energy-dispersive X-ray spectroscopy (EDS) analysis
reveals the predominance of Ga and O in the 2D oxide (Figure 1g;
Figure S3, Supporting Information). The other elements, includ-
ing the dopants In, Pt, Au, and to a much lesser extent Pd, show a
uniform lateral distribution across the oxide sheets. We note that
the presence and distribution of Cu are not included in the EDS
analysis due to the interference from the Cu-containing TEM
grid.

X-ray photoelectron spectroscopy (XPS) was performed at
room temperature to analyze the chemical state and the ra-
tio of constituent elements in exfoliated oxide sheets (SiO2/Si
substrate-supported) of HELMA-EGaIn (Figure 2). All the con-
stituent elements of the samples are detected in the XPS spec-
tra from both i) the surface of HELMA-EGaIn and ii) the exfoli-
ated oxide at 350 °C of HELMA-EGaIn (Figure 2a–e,g), except
for Cu (Figure 2f). Since the oxide layer is a few nanometers
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thick, XPS can reach the surface of the liquid metal underneath
the oxide. However, Cu is not detected in the case where the ox-
ide layer is supported by the HELMA-EGaIn. Notably, the deeper
Cu presence in the HELMA-EGaIn sample is confirmed by scan-
ning electron microscopy-energy dispersive X-ray analysis (SEM-
EDX) which has a detection depth larger than XPS (Figure S4,
Supporting Information). These measurements suggest that the
Cu exists considerably far away from the surface of the HELMA-
EGaIn, suggesting possible Cu nucleation inside the bulk, far
from the surface of HELMA-EGaIn. The main goal of adding
Cu within the liquid metal alloy was to increase the intrinsic
molar entropy of the EGaIn solvent.[4] Theoretical calculations
(Figure S5, Supporting Information) show that the molar entropy
of HELMA-EGaIn at room temperature is slightly higher than
that of the EGaIn-AuPdPt liquid metal alloy. We have demon-
strated that this enhanced entropy in HELMA-EGaIn is achieved
by adding Cu, which leads to the atomic dispersion of Pt atoms
within the liquid metal matrix rather than promoting the forma-
tion of Pt clusters.[4] When Cu is introduced in the HELMA, Pt
is atomically dispersed in the Ga oxide layer, as also evidenced by
Figure 2c. However, due to the surface Cu depletion effect, Cu did
not reach the surface and, consequently, cannot be incorporated
into the oxide layer during the oxidation of the HELMA-EGaIn. It
is worth noting that Cu inclusion within Ga2O3 layer has already
been demonstrated when the exfoliation was carried out from a
lesser entropy quaternary Ga-In-Sn-Cu alloy.[3]

The Ga 2p XPS spectrum of the oxide layer formed on the
HELMA-EGaIn shows both the oxidized state and metallic state
of the Ga component (Figure 2a). No metallic Ga peak is ob-
served in the XPS spectra of the exfoliated oxide sheet, which vali-
dates that, after cleaning, the oxide layer is free of Ga liquid metal
residues. The exfoliated oxide is exclusively composed of Ga2O3
(Ga 2p peak at 1117.9 eV). Compared to the XPS spectra collected
from the surface of the HELMA-EGaIn (non-exfoliated sample),
the Ga 2p peak of the exfoliated oxide from HELMA-EGaIn shows
a binding energy shift of +0.3 eV. The O 1s XPS peak at 530.6 eV
is assigned to the Ga─O and In─O bonds (Figure 2b) and the
high O 1s peak at 532.7 eV corresponds to Si─O bonds from the
SiO2/Si substrate.

The Pt 4f, Au 4f, and Pd 3d peaks of the non-exfoliated samples
have contributions from the metallic Pt, Au and Pd dissolved in
the liquid metal (graphs i) of Figure 2c–e, respectively). No ad-
ditional feature, such as broadening or splitting of the peaks, is
observed that also suggests Pt, Au, and Pd in the core liquid metal
and the exfoliated oxide share a similar metallic state. Thus, Pt,
Au and Pd dopants are all assigned to their metallic states when
incorporated into the oxide layer. It is very important to note that
the binding energies of both Pt 4f and Pd 3d show shifts to higher
binding energies (Pt 4f7/2 at 72.5 eV and Pd 3d5/2 at 336.2 eV)
when compared to standard solid Pt (Pt 4f7/2 at 71.2 eV) and Pd
(Pd 3d5/2 at 335 eV). These positive peak shifts are attributed to
the energy requirements of atomically dispersed Pt and Pd sur-
rounded by less electronegative Ga atoms, as reported in previ-
ous studies.[33,43] This observation provides critical evidence for
the atomic dispersion of Pt, Au and Pd despite their tendency
to cluster with Ga according to their individual phase diagrams
upon cooling. The atomic dispersion is attributed to the high-
entropy nature of the Ga-based alloy, which arises from mixing
multiple metal elements.

Indium XPS spectra of the exfoliated and the surface of
HELMA-EGaIn are depicted in Figure 2g. For comparison, we
show In 3d XPS spectra of a bulk In sample heated up to 350 °C
and cooled down (bottom graph in Figure 2g), and an exfoliated
oxide from EGaIn (upper graph in Figure 2g).

As can be seen, In element is mostly metallic for the bulk In
pattern, while some In3+ content is also observed. On the other
side, In element in the exfoliated sheet from EGaIn is dominantly
In3+, indicating that In is fully oxidized for this sample. Very in-
terestingly, the oxidation state of In in i) the surface of HELMA-
EGaIn and ii) the exfoliated sheet from HELMA-EGaIn are quite
different. The In 3d peak of the HELMA-EGaIn surface reveals
a significantly higher presence of metallic In compared to In3+,
illustrated by a large peak intensity originating from metallic In
within the core of the liquid metal alloy. Surprisingly, in contrast
to the exfoliated oxide layer from the EGaIn, the In 3d peak in-
tensity in the exfoliated oxide layer from the HELMA-EGaIn still
exhibits a strong metallic In component, comparable to that of
In3+. These results suggest that the use of HELMA-EGaIn helps
in preserving the metallic nature of the In that diffuses into the
exfoliated sheet (schematically shown in Figure 1a). The follow-
ing discussion reveals the likely reason.

It is known that if In metal, with its trivalent nature, is added to
a semiconductor, p-doping is induced due to the tendency of In to
accept electrons.[41] Inversely, if In2O3, which is an intrinsically n-
type semiconductor, is combined with another n-type oxide semi-
conductor (in our case, Ga oxide), the resulting material exhibits
a collective n-type property.[44] Here, the presence of metallic In
in the HELMA-EGaIn exfoliated oxide sheet may lead to the pro-
duction of a p-type layer.

The emergence of metallic In can be explained via the pres-
ence of Pt, and Au, and to a lesser extent Pd, during the ex-
foliation process at 350 °C. It is known that at the elevated
temperature of higher than 300 °C, Pt, Au and Pd, which
have been previously shown to be atomically dispersed in
Ga81.5In16.5Au0.5Cu0.5Pd0.5Pt0.5,[4] act as “oxygen scavengers” by
adsorbing O atoms from the environment, giving much less
chance for In oxide to be formed. Interestingly, Pt, Au and Pd
can release the O atoms to the surrounding environment during
cooling to room temperature, while at these lower temperatures
In has little tendency to oxidize.[45,46] So, the presence of Pt, Au
and Pd, promote the formation of metallic In rather than In oxide
through the liquid metal exfoliation process at 350 °C.

To complete these XPS observations, the concentration of the
constituent elements in the exfoliated 2D oxide is assessed based
on quantitative XPS analyses (Table 1). Ga is the predominant
metal element in its oxidized form while a few percent of In co-
exists for oxide sheets exfoliated at 350 °C from both EGaIn and
HELMA-EGaIn. The favorable formation of Ga oxide over In ox-
ide is mainly governed by the energetics of the metals rather than
their relative abundance.[9]

We note that the ratios of Ga and In in the exfoliated Ga oxide
layer are overall consistent for both samples. The dopant ratio,
including In, Pt, Au, and Pd (no Cu), is only a few percent for
the oxide sheet exfoliated from HELMA-EGaIn and the ratio of
individual dopants varies considerably (Table 1). The doping ra-
tio of Pt is 1.3 at%, which is about five times higher than that
of Au and Pd. Both exfoliated oxide layers show In as the high-
est doping ratio (≈2.2 at%). As discussed previously (Figure 2g),
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Table 1. Quantitative XPS analysis of element concentration of the oxide sheet of HELMA-EGaIn and EGaIn prepared at 350 °C.

Exfoliated oxide from Atomic concentration (at%)a)

Ga O In Pt Au Pd Cu

Ox. Met.

HELMA-EGaInb) 48.3 ± 2.6 47.6 ± 2.7 1.2 ± 0.4 1.0 ± 0.3 1.3 ± 0.3 0.3 ± 0.1 0.3 ± 0.2 0.0

EGaInc) 51.2 ± 3.3 46.3 ± 3.2 2.5 ± 0.2 0.0 – – – –
a)

The values and standard errors represent the average composition for four different measured samples exfoliated at 350 °C. The corresponding XPS data can be found
in Figures S6 and S7 (Supporting Information);

b)
Nominal ratio of the parent liquid metal: Ga81.5In16.5Au0.5Cu0.5Pd0.5Pt0.5;

c)
Nominal ratio of the parent liquid metal:

Ga83.2In16.8.

unlike the exfoliated sheet from the surface of EGaIn, the exfoli-
ated sheet from HELMA-EGaIn interface has a high concentra-
tion of In in metallic state (≈1.0 at%). Figure 2h illustrates the
oxidation states of the constituents in the limiting oxide layers of
both HELMA-EGaIn and EGaIn, formed and exfoliated at 350 °C.
The full discussion about the phenomena behind this illustration
have been provided in the text.

Further investigation are conducted to assess the effect of the
exfoliation temperature. The exfoliation from a much cooler tem-
perature (25 °C) of the HELMA-EGaIn leads also to an oxide
sheet which is mainly composed of Ga2O3, without metallic Ga
residues (Figure 3a,b). It is important to note that obtaining an ex-
foliated oxide from HELMA-EGaIn without liquid metal residues
proved significantly more challenging at 25 °C compared to el-
evated temperatures. XPS spectra of Au 4f and In 3d are com-

prehensively discussed for further comparison here (Figure 3c,d,
respectively).

We note that the Au 4f peaks of the exfoliated oxide at 25 °C
show a binding energy shift of +0.7 eV compared to the Au 4f
peaks of the oxide exfoliated at 350 °C (Figure 3c). This result
can be associated with the atomic dispersion of Au elements in
films exfoliated at 350 °C and likely Au clustering within exfo-
liated sheet at room temperature. The oxidation state of In is
also quite different for both exfoliated samples. While In has a
very strong metal component for the 350 °C-exfoliated sample
(Figures 3d and 2g), it only shows to emerge as In3+ when the
exfoliation process is performed at 25 °C (Figure 3d). This ob-
servation further highlights the critical accessibility of highly dis-
persed Pt, Au and Pd elements at 350 °C, which scavenge oxygen
from In and prevent its complete oxidation.

Figure 3. XPS spectra of a) Ga 2p, b) O 1s, c) Au 4f, and d) In 3d of the exfoliated oxide sheet of HELMA-EGaIn exfoliated at i) room temperature (RT,
upper graphs) and ii) 350 °C (bottom graphs). The XPS characterization is conducted at room temperature. e) Schematic illustration of the changes in
the dispersion and oxidation states of metals occurring at temperatures of 25 and 350 °C, penetrating from the bulk of alloy to the 2D oxide layer.

Adv. Funct. Mater. 2025, 2425108 2425108 (6 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Table 2. Quantitative XPS analysis of element concentration of the oxide sheet of HELMA-EGaIn prepared at two exfoliation temperatures of 25 and
350 °C.

Exfoliated oxide from Atomic concentration (at%)a)

Ga O In Pt Au Pd Cu

Ox. Met.

25 °C 45.9 ± 3.3 47.6 ± 3.2 5.8 ± 4.5 0.3 ± 0.4 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.0

350 °C b ) 48.3 ± 2.6 47.6 ± 2.7 1.2 ± 0.4 1.0 ± 0.3 1.3 ± 0.3 0.3 ± 0.1 0.3 ± 0.2 0.0
a)

The values and standard errors represent the average composition for four different measured samples exfoliated at 25 °C and 350 °C of the parent liquid metal:
Ga81.5In16.5Au0.5Cu0.5Pd0.5Pt0.5;

b)
The values and standard errors correspond to the one shown in Table 1.

The atomic ratio of elements in the oxide layer at 25 °C dif-
fers from that at elevated temperatures (Table 2), mainly due
to intermetallic compounds present at room temperature. We
previously showed via differential scanning calorimetry (DSC)
analysis, that no intermetallic compounds exist above 300 °C in
HELMA-EGaIn due to increased entropy.[4] Above 300 °C, the ab-
sence of these compounds enables the diffusion of atomically dis-
persed Au, Pt, and Pd through the oxide layer of HELMA-EGaIn.
The changes in the incorporation, dispersion, and oxidation state
of metals at both exfoliation temperatures are summarized in
Figure 3e.

These results highlight that the doping of In, Pt, Au and Pd in
the exfoliated oxide is temperature-sensitive and that their dop-
ing ratio is related to the nature of each element. This further
shows that these two major-component solvent metals behave
differently from that of the minor solute metals in terms of their
temperature dependence and changes in chemical state when
forming the surface oxide. The presence of Pt, Au, and Pd met-
als within the oxide sheet may lead to a n-type behavior of the
oxide sheet. However, In metal, present in the oxide layer in a
ratio comparable to the sum of Pt, Au, and Pd ratios, competes
with these metal dopants to lead to an oxide layer with a p-type
behavior.

In order to prove the p-type nature of the exfoliated film
from HELMA-EGaIn sample, further characterizations were con-
ducted. Compared to the oxide layer exfoliated at 350 °C from
EGaIn (control sample), the incorporation of In, Pt, Au, and Pd
dopants within the exfoliated oxide sheet induces a small de-
crease of the optical transmittance in the 400–800 nm range
(Figure 4a). Nevertheless, the exfoliated oxide from HELMA-
EGaIn remains highly transparent in the visible region (>92% at
400 nm and >95% at 800 nm). Electron energy loss spectroscopy
(EELS) shows that the bandgap (Eg) is equal to 4.3 and 3.5 eV
for the control sample and the exfoliated oxide from HELMA-
EGaIn, respectively (Figure 4b). The shrinkage of the bandgap
occurs typical when dopants of sufficiently high concentrations
are introduced into a semiconductor.

Note that the EELS spectra were collected from the oxide sheet
exfoliated onto TEM grids, for which the post-exfoliation washing
step to remove residual liquid metal could not be successfully per-
formed without damaging the grids. Consequently, a peak orig-
inating from the surface plasmon resonance of the residual liq-
uid metal nanodroplets appears ≈6.5 eV of the EELS spectra.[47]

The work functions (WFs) were obtained using ultraviolet pho-
toelectron spectroscopy (UPS). Subtracting 10 V from the sec-

ondary electron cutoff (the intercept of UPS curves on the x-axis,
Figure 4c) to account for the sample bias gives the WF values.
The WF increases from 3.5 eV for the control sample (EGaIn) to
3.9 eV for the HELMA-EGaIn sample. The separation between
the Fermi level and the valence band maximum (VBM) is deter-
mined from the XPS valence band spectra (Figure 4d). It is found
that the Fermi level-VBM separation decreased significantly from
3 to 0.5 eV for the control sample and the exfoliated oxide from
HELMA-EGaIn, respectively, due to the doping effect.

The results from EELS, UPS and XPS characterization allow
us to plot the electronic band structures of both samples. Ga2O3
is normally n-type.[39,40] The same is true for the control sample
that has a minor In oxide component, as indicated by the close
energy levels between its Fermi level and conduction band mini-
mum (CBM) (Figure 4e). The energy gap between the Fermi level
and VBM is considerably larger in comparison between the two
samples. For the oxide sheet exfoliated from HELMA-EGaIn, the
Fermi level and VBM become very close (Fermi level-VBM en-
ergy gap of 0.5 eV), implying a p-type band structure (Figure 4f).
These results can be compared with the XPS valence band spec-
tra of oxide sheets exfoliated at 350 °C from a liquid Ga and
a liquid Ga98Au0.5Cu0.5Pd0.5Pt0.5 alloy and are shown in Figure
S8 (Supporting Information). This further confirms that the ob-
served p-type behavior of the oxide sheet exfoliated from HELMA-
EGaIn arises from the presence of metallic In. In addition, the
response to NO2 (an oxidizing gas) of the exfoliated oxide from
HELMA-EGaIn of the films is obtained to further confirms the p-
type characteristic of HELMA-EGaIn (Figure S9, Supporting In-
formation). These results demonstrate the effectiveness of our
liquid metal-based method in achieving controlled p-type and n-
type doping of the exfoliated layer.

The 2D oxide sheets were exfoliated on ITO transparent sub-
strates for conductive AFM (c-AFM) measurements. ITO sub-
strates provide excellent electrical conductivity as well as desir-
able affinity for the surface oxide of the liquid metals, enabling
successful exfoliation. ITO substrate was selected because of its
work function of ≈4.3 eV,[48] which closely matches the VBM en-
ergy of the HELMA-EGaIn oxide layer. In the c-AFM measure-
ment configuration, the current passes through a conductive Pt-
coated AFM tip, the 2D oxide sheet, and the ITO substrate under
an applied voltage (inset of Figure 4g,h). Topography and cur-
rent maps for both exfoliated oxide sheets are depicted in Figure
S10 (Supporting Information). When a voltage bias from −1 to
+1 V is applied, no detectable current signal is measured for the
control sample (Figure 4g), which is expected for wide bandgap

Adv. Funct. Mater. 2025, 2425108 2425108 (7 of 11) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Normalized transmittance in the UV-visible region of the exfoliated oxide sheets of EGaIn (control sample) and HELMA-EGaIn. b) EELS
spectra of the oxide sheets for both samples. The bandgap value and the location of the plasmonic peak (originating from metallic nanodroplet inclusion)
are marked. c) UPS spectra of the 2D oxide sheets. The black arrows are linear fits to the secondary electron cutoff with x-intercept at 6.5 and 6.1 eV
for the control sample and the exfoliated oxide from HELMA-EGaIn, respectively. d) XPS valence bands. e,f) Energy band diagram constructed based
on the UPS, XPS, and EELS data. g,h) I–V curves of the control sample (g) and the exfoliated oxide from HELMA-EGaIn (h), both on an ITO substrate,
measured by c-AFM.

semiconductor predominantly composed of Ga2O3. By contrast,
a near-linear I–V curve is measured for the HELMA-EGaIn ex-
foliated sheet under the same bias voltage range (Figure 4h).
The I–V curve of the exfoliated oxide from HELMA-EGaIn in-
dicates a back-to-back Schottky diode behavior usually seen in
metal/semiconductor/metal configuration.[49] The block region
of the I–V curve is narrow (knee point at ≈0.3 V), indicating a nar-
row depletion layer width and strong doping. We use the Hertz
model[50] to estimate the effective contact area between the tip
apex and the 2D oxide sheet, which allows us to calculate the elec-
trical resistivity of the 2D HELMA-EGaIn exfoliated oxide sheet
(Note S1, Supporting Information). The electrical resistivity of
this 2D oxide sheet is found to be ≈30 Ω∙m, suggesting a p-doped
layer by the metal In element. To show another example of the vi-
ability of the process and the exfoliated 2D HELMA-EGaIn oxide
layers for developing junction-based devices, we also exfoliated
2D HELMA-EGaIn oxide onto La0.7 Sr0.3 MnO3 (LSMO) layer
interfaced with a SrTiO3 (LSMO/STO) substrate. LSMO/STO
is highly conductive as it supports high mobility 2D electron
at its interface. The discussion and IV curve are presented in
Figure S11 (Supporting Information). These results confirm that
our method effectively dopes the oxide layer, converting n-type
to p-type without post-annealing or external infusion doping
techniques.

3. Conclusion

In summary, we explored the selective doping of a Ga2O3 layer
with a thickness of a few nanometers by dopants including In,

Au, Pt, and Pd using a liquid metal process that took advantage
of high-entropy alloys. The ultrathin oxide was formed by the self-
limiting oxidation of Ga-based liquid metals and the doping took
place during oxidation at moderate temperature. The oxide sheet
was transferred by exfoliation of the self-limiting surface oxide
of liquid metal alloy onto substrates to characterize the chem-
ical states, structure, and electrical and optical properties. We
investigated the incorporation of various dopants, including 0.5
at% Pt, Au, Pd, and Cu, along with the presence of a eutectic In
component, in the oxide layers at different temperatures. The so-
lute metals gave rise to distinct temperature-dependent doping
behaviors as a result of the system-specific solvent-solute inter-
actions and energetics, rather than their relative abundance. In
this process, Pt, Au, and Pd played a crucial role in scavenging
and releasing O from the environment, allowing the formation of
trivalent metallic In. Indium-dominant doping, achieved through
the high-entropy system, induced p-type doping of the ultrathin
Ga2O3 layer, resulting in enhanced electrical conductivity and yet
a high optical transmittance. In brief, the presence of metallic el-
ements reduces the optical transmittance and the bandgap size
of exfoliated 2D HELMA-EGaIn oxide layer in comparison to 2D
EGaIn oxide layer. In the meantime, the introduction of trivalent
In made 2D HELMA-EGaIn oxide layer p-type in comparison to
2D EGaIn oxide layer, which is n-type.

Our work offers fundamental insights into the solvent-solute
interactions in multi-component high-entropy liquid metal sys-
tems for creating highly transparent p-type semiconducting
oxides, which are essential for establishing pn junctions for
LED/OLEDs devices and solar cells.
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4. Experimental Section
Materials: The procedure of the preparation of the liquid metal alloy

in this work was based on a previous work.[4] The precursors metals, Ga
and In beads (purity of 99.999%, Indium Corporation) were first alloyed
at the eutectic ratio (Ga:In = 75:25 by weight percentage) in a glass vial
on a hotplate at 500 °C for 4h. Solute elements, Au, Pt, Pd, and Cu in the
form of short wires (purity ≥ 99.99% for all the metals, Sigma–Aldrich),
were thermally dissolved at the same concentrations (0.5 at% each) into
the EGaIn metallic solvent at 500 °C for 4 h to increase the mixing entropy
and provide a homogeneously mixed Ga81.5In16.5Au0.5Cu0.5Pd0.5Pt0.5 liq-
uid metal,[4] avoiding the formation of any intermetallic compounds with
Ga.

Different types of substrates were used for the exfoliation of 2D liq-
uid metal oxide layer: namely, SiO2/Si substrate with a SiO2 thickness
of 280 nm (University Wafer), p-type Si substrate (University Wafer),
quartz substrate (University Wafer), ITO substrate (University Wafer),
and LSMO/STO substrates. Here, LSMO thin films were grown on (001)
STO single-crystal substrates (a = 0.3905 nm, cubic) by Laser Molecular
Beam Epitaxy (LMBE, PASCAL Combi, Japan).[51] A KrF excimer laser (𝜆 =
248 nm) with an energy density of 2.5 J cm−2, temperature of 800 °C, oxy-
gen partial pressure of 200 mTorr, and frequency of 5 Hz were adopted for
the deposition. The substrates were successively sonicated in acetone and
ethanol for 10 min at 20 °C, washed with deionized water, and dried using
N2 gas. Then they were subjected to 2 min of air plasma (Tergeo) at 75 W
under a low vacuum (400 mTorr). Before the printing process, substrates
were cut into centimeter-scale squares.

Fabrication of Exfoliated 2D Oxide Sheets by Squeeze Printing: The pro-
cedure of the printing process used in this work is based on a previous
work.[1] During the printing process, a liquid droplet of the metal alloy
was deposited onto a substrate using a glass Pasteur pipette. The sub-
strate and droplet were both heated at 350 °C which is above the melt-
ing point of all the alloys. One minute after depositing the droplet onto
the substrate, another substrate, preheated at 350 °C, was pressed man-
ually onto the center of the droplet to squeeze it between the two sub-
strates. Then the top substrate was lifted in the vertical direction. This
technique leads to the exfoliation of homogeneous ultrathin oxide sheets
onto both substrates in ambient air. The delamination of the liquid metal
oxide skin occurs thanks to strong van der Waals interactions with the sub-
strate. Both substrates have exfoliated 2D oxide sheets and can be used.
After this squeeze-printing step, some metal residues remain on the exfoli-
ated sheets. They can be easily removed using standard cleaning methods
based on previous works.[1,3,16] The mechanical cleaning methods have
been proved to be efficient, since the exfoliated layers after cleaning have
been used for making devices such as capacitive touch screen or in homo-
junction diodes. In the present work, after squeeze-printing, the exfoliated
oxide layers with liquid metal residues on the surface were immersed in a
beaker filled with ethanol (not water, to avoid further oxidation of the ox-
ide) and then heated at 100 °C. In specific rare cases, in which liquid metal
residues were observed, the surface of the exfoliated oxide layers was gen-
tly wiped off with a soft lint-free cotton swab, with minimal applied pres-
sure to avoid damaging the surface. The cleaning procedure was repeated
until no liquid metal residues (i.e., bright shiny dots) were observed by
optical microscope. Large area samples, of mm lateral dimensions, were
produced as shown in Figure 1c and Figure S1c (Supporting Information).

Characterizations: AFM was used for measuring the thickness and sur-
face topography of the 2D oxide sheets, and the measurement was per-
formed on a Bruker Dimension Icon AFM using Scanasyst-air AFM tips.
Image processing was performed using Gwyddion software. c-AFM was
conducted on an AIST-NT Smart SPM 1000 under room temperature in
ambient conditions. Pt-coated tips (Mikromasch HQ: NSC35/Pt, radius
<30 nm) were used for the c-AFM measurements with different DC bi-
ases applied to the probe. 2D liquid metal oxide samples exfoliated on
the ITO were tested. The substrates were placed onto a metallic disc, and
silver paste was deposited on the edge of the oxide layers to form elec-
trical contact between the oxide layer and the disc. The test circuit was
formed by the AFM probe, the oxide layer and the conductive substrate
layer (Figure 4g,h). A JEOL JEM-F200 TEM with a cold field emission gun

(FEG) operating at 200 kV was employed for high-resolution imaging, col-
lecting energy-dispersive EDS maps, and conducting EELS. The 2D ox-
ide sheet was directly deposited on lacey TEM Cu grids for these mea-
surements. EDS and EELS mappings were performed using a Gatan GIF
Continuum-S spectrometer. The EELS measurements were conducted in
STEM mode. EELS maps were collected with a resolution of 2 nm/pixel, us-
ing 20 accumulations and an exposure time of 1 ms/pixel, while a channel
dispersion of 0.015 eV/Ch was selected. The emission current was reduced
to 5 μA during the EELS measurements, achieving a zero-loss peak’s full
width at half maximum (ZLP-FWHM) of 0.4 eV. The spectroscopy data and
maps were processed using Gatan DigitalMicrograph software suit (v3.5).
EDS-SEM were performed on a JEOL JSM-IT500 system (accelerating volt-
age). Optical microscopy images of the 2D oxide sheets on SiO2/Si sub-
strates were captured using an Olympus optical microscope (BX53MTRF-
S). The optical transmittance in standard transmission UV/VIS mode of
the 2D oxide sheets (exfoliated on quartz substrates) were measured using
a PerkinElmer UV/VIS lambda 365 spectrophotometer from 250 to 800 nm
with a step of 1 nm. A bare quartz substrate was recorded for comparison.
The surface chemistry and valence band of the exfoliated oxide sheets on
SiO2/Si substrates were analyzed by XPS at room temperature using a
Thermo Scientific K-alpha XPS spectrometer (ESCALAB250Xi) equipped
with a mono-chromated Al K𝛼 source (hv = 1486.68 eV). The pass energy
of the analyzer for the region scans was set to 20 eV. UPS of the secondary
cutoff using He(I) emission line (hv = 21.2 eV) from a helium gas dis-
charge lamp and the CHA was performed to acquire the work functions
(WF) of the samples. A sample bias of −10 V was applied during UPS mea-
surements. Samples were directly exfoliated on p-type Si substrate. The
work function was calculated by subtracting the sample bias from the en-
ergy cutoff. For the gas sensing characterization, silver paste (ProSciTech)
was used as electrical contact and the exfoliated oxide samples were ex-
posed to three 5-min cycles of 10 ppm nitrogen dioxide gas (balanced with
nitrogen), separated by nitrogen purges, in a LINKAM gas chamber. A to-
tal flow rate of 500 sccm was maintained using mass flow controllers. The
samples were connected to a Wayne Kerr 6500B Impedance Analyzer to
continuously monitor their electrical impedance during exposure. Gas flow
control and data acquisition were automated using LabVIEW software. The
chamber temperature was maintained at 200 °C using a LINKAM temper-
ature control system.

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