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section S1. Power law fits of electron mobility
For the case of In2O3 and In2O3/ ZnO as active channel materials, the progression of mobility with
applied gate voltage VG as well as the corresponding power law fits are demonstrated here in a
double-logarithmic scale in fig. S1.
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fig. S1. Log10-log10 plots of the field-effect electron mobility (μFE) as a function of gate voltage
(VG) for single-layer In2O3 and In2O3/ZnO heterojunction transistors. The solid lines represent fits
to the respective power law equations shown.

section S2. Geometric phase analysis
Geometric Phase Analysis (GPA) was performed with a spatial resolution of 0.4 nm. In the images,
In2O3 is viewed close to the [110] zone axis. The amplitude images reveal that this layer is fairly flat
exhibiting only nanoscale roughness. The overall crystallite morphology in this layer is that of
elongated platelets with an average length of 35 (±5) nm along the lateral direction. While no
persistent growth texture could be identified for the In2O3 crystals, there is a trend amid them to grow
with the [001] direction of their Ia3̅ bcc crystal lattice roughly parallel (fig. S2), or occasionally
perpendicular to the normal of the SiO2 surface. Conversely, the spherical shaped nanocrystals of the
ZnO deposit are randomly oriented on the surface of the In2O3 layer (fig. S3). Hence, there is no
straightforward structural relation between the two layers. However, in each case the heterostructure
interface appears continuous with nanoscale roughness (fig. S3). Employing GPA, we have
determined a minimum roughness on the nanoscale order in both SiO2/In2O3 and In2O3/ZnO
interfaces.
For the collection of the phase images we have employed the 100, 002, and 101 spatial frequencies of
ZnO as can be deduced from the indicatory circles in the insets of fig. S3, (e) and (f). The average
diameter of the ZnO nanocrystals, as revealed by the phase variations is below 10 nm.

fig. S2. Composite diffractogram obtained by FFT of an HRTEM image of an In2O3/ZnO
sample, along the growth direction of the heterojunction. White circles show In2O3 spatial
frequencies. The symmetry of the [110] zone axis of In2O3 is illustrated by a white dotted rectangle.
The In2O3 pattern is consistent with the bcc crystal symmetry Ia3̅. The spatial frequencies
corresponding to the ZnO are indicated by yellow dotted circles. Relevant reflection indices from
In2O3 and ZnO are denoted in white and yellow, respectively.

fig. S3. Electron microscopy analysis. (a), (b) Cross-sectional HRTEM images showing the
SiO2/In2O3/ZnO heterostructure in samples with a 210 and 250 °C ZnO annealing temperature,
respectively. (c), (d) Corresponding phase images, and (e), (f) amplitude images obtained by GPA.
The respective diffractograms are given as insets in (e) and (f), and the employed spatial frequencies
in Fourier space are thereby indicated.
section S3. Core-level spectra
The O-1s, Zn-2p and In-3d core level spectra vs. the sputter etching time were recorded on three
different samples, one pristine In2O3 layer as well as two In2O3/ZnO heterojunctions where the top
ZnO layer was annealed at 210 and 250 °C, respectively. The O-1s spectra are extremely sensitive to
the chemical state of O atoms and the neighbouring atoms and they can be used to identify the Zn-O
and Zn-OH bonds and Si-O bonds (47), (55), (57), (58), as well as the In-O, In-OH (8), (48), (49).
Figure S4 presents the XPS O-1s spectra for the In2O3/ZnO heterojunction and pristine single layer
In2O3 samples. The O-1s envelope can be deconvoluted to five individual peaks located at:
1) 529.5 eV, which is assigned to Zn-O bonds in ZnO. This peak dominates at short etching times for
the two ZnO/In2O3 heterojunction samples and it is absent in the pristine In2O3 sample confirming this
assignment.
2) 530.4 eV, which is assigned to In-O bonds in In2O3 despite of being shifted by 0.9 eV compared to
Ref. (8). The basis of this assignment is the clear manifestation of this peak for the pristine single
layer In2O3 sample at all etching times. Although the spectral position of this peak is close to that of

the O-adsorbates, we believe that this is not the case because the presented spectra were recorded after
sputter cleaning of the surface, which eliminated any adsorbates. Based on the aforementioned
considerations, we assign this peak to In-O and we attribute the 0.9 eV shift to the ultrathin character
of the In2O3 layers and the interfacial effects (Fermi level shift due to the band offset at In2O3/SiO2
interface, where SiO2 is the substrate). The ultrathin character of In2O3/SiO2 samples after etching is
testified by the manifestation of the strong peak at 533 eV due to Si-O bonds.
3) 531.5 eV, which is assigned to Zn-OH bonds in ZnO and is manifested only for the non-etched
ZnO/In2O3 heterojunction samples suggesting that it is originating from surface adsorbates of OH- on
Zn.
4) 532 eV, which is assigned to In-OH bonds, and it is manifested for the less etched single layer
pristine In2O3/SiO2 sample as an asymmetry of the Si-O peak indicating that In-OH bonds are also
coming from the In2O3 surface.
5) 533 eV, which is assigned to Si-O bonds in the thermally grown SiO2. This peak is manifested for
all etching times for the In2O3/SiO2 sample and it is increasing in relative integral strength with
etching time compared to the peak at 530.4 eV confirming this assignment. The same peak is also
manifested for the long etching times for the ZnO/In2O3/SiO2 samples.
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fig. S4. O-1s core-level spectra. The O-1s core level spectra vs. etching time for films composed of
In2O3/ZnO annealed at 250 °C (top) and 210 °C (middle) as well as pristine single layer of In2O3
(bottom).

S3b. Fermi level shifts and band alignment
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As O is constituent of both ZnO and In2O3, it cannot be used for the determination of the offset of the
upper edge of the valence band between the two layers. On the contrary, the Zn-2p and In-3d core
levels are characteristic of the ZnO and In2O3 layers, respectively, and they are less sensitive to the
chemical environment. Therefore, their spectral shifts can be used to evaluate the Fermi level shifts
and the band alignment due to interfacial phenomena between ZnO, In2O3 and SiO2. The evolution of
the spectral profiles of the In-3d and Zn-2p core level spectra are presented in figs. S4 and S5,
respectively.
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fig. S5. Depth profile of the In-3d core-level
spectra. The In-3d core level spectra vs.
etching time for films composed of In2O3/ZnO
annealed at 250 °C (top) and 210 °C (middle)
as well as pure In2O3 (bottom).

fig. S6. Depth profile of the Zn-2p core-level
spectra. The Zn-2p core level spectra vs.
etching time for films composed of In2O3/ZnO
annealed at 250 °C (top) and 210 °C (bottom).

The spectral positions of the In-3d and Zn-2p peaks are correlated with the determined, elemental
concentration of [Zn] (which is the equivalent of the ZnO thickness on top of In2O3) as it is shown in
figs. S7 and S8, respectively, due to the Fermi energy shift due to the band alignment at the ZnO/In2O3
interface. The later effect is clearly demonstrated in the In-3d spectra presented in fig. S5 and the
spectral positions of the In-3d peak presented in fig. S7; indeed, the presented spectra are originating
from the same In2O3 layer that is not destructed by the ion etching (i.e. there is no chemical variation
in the In2O3 layer, since the sampling depth includes the whole layer) and any spectral shifts are
present exclusively due to the existence of the overlying ZnO layer. The In-3d peak is manifested at
lower binding energies for ZnO/In2O3 compared to pure In2O3. This spectral shift is reduced as we
etch the overlying ZnO layer and converges to the value of the pure In2O3 layer at long etching times
(320 s), where ZnO is nearly eliminated. It is noteworthy that the In-3d peak follows the same trends

for both ZnO/In2O3 samples (fig. S7, black squares and red triangles), suggesting that the two In2O3
layers are identical.
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fig. S7. Variation of the spectral position of
the In-3d peak versus the [Zn] composition,
which is proportional to the ZnO thickness.

fig. S8. Variation of the spectral position of the
Zn-2p peak versus the [Zn] composition, which
is proportional to the ZnO thickness.

Similar spectral variations were observed for the Zn-2p peak, again not because of chemical variations
but due to Fermi energy shifts (figs. S6 and S8). Unlike the case of In-3d, the spectral variations of the
Zn-2p peak vs. the thickness of the ZnO layer for the two studied samples are not identical; this is
reasonable taking into account that the two ZnO layers were deposited at different temperatures. In
particular the two curves presented in fig. S8 diverge as we approach the ZnO/In2O3 interface meaning
that the temperature variations during ZnO growth affect mostly the ZnO/In2O3 interface and less the
semi-bulk ZnO layer itself.
The valence band alignment at the ZnO/In2O3 interface can be determined from the relative spectral
positions of the In-3d and Zn-2p core level peaks, taking into account the value of the upper edge of
the valence band spectra of bulk In2O3 and ZnO (fig. S9) following the method proposed by Kraut et
al (50). The conduction band offset can be then determined by combining the valence band offset
EVB with the values of the fundamental gaps of In2O3 and ZnO of the specific thicknesses extracted
from optical measurements:

∆𝐸𝐶𝐵 = ∆𝐸𝑉𝐵 + 𝐸𝑔𝐼𝑛2𝑂3 − 𝐸𝑔𝑍𝑛𝑂

(S1)

where 𝐸𝑔𝐼𝑛2𝑂3 =3.76 eV, and 𝐸𝑔𝑍𝑛𝑂 =3.33 eV (210 °C) determined by the corresponding Tauc plots of
the individual layers (fig. S10).
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fig. S9. The XPS valence band spectra of thick and pure In2O3 (blue) and ZnO (black); the red
dashed lines are used to determine the upper edge of the VB.

section S4. Tauc analysis of optical absorption spectra
The optical band gap of spray deposited In2O3 and spin coated ZnO (annealed at 210 and 250 °C) was
calculated via the Tauc plot analysis (fig. S10A-B). In all cases, quartz was used as substrate material
and the optical absorption measurements were carried out with a Shimadzu 2600 UV-Vis
spectrophotometer equipped with an ISR-2600Plus integrating sphere.
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fig. S10. Tauc plots for single layer spray-deposited In2O3 (A), and single layer of spin-coated ZnO
(B) annealed at 210 and 250 °C, respectively.

section S5. Carrier depth profiling via C-V analysis
Capacitance-voltage (C-V) measurements were carried out on metal-insulator-semiconductor (MIS)
structures (as shown in the inset in fig. S11A) in order to investigate the electron concentration
throughout the In2O3/ZnO films. These MIS devices were fabricated and evaluated in a similar fashion
as described in Ref. 22, using an Al bottom electrode (oxidised via UV/ozone exposure to create a thin
layer of AlOx) and a film of solution processed zirconium oxide. The semiconducting layers of In2O3
and ZnO were sequentially deposited by spray and spin coating processes, respectively, and finally a
thermally evaporated Au top electrode concluded the device fabrication.
Based on the results of the C-V measurements, shown in fig S11A, the apparent free carrier
concentration NCV was then computed using
𝑁(𝑥) =

2
𝑒𝜀𝑟 𝜀0 𝐴2

𝑑(1⁄𝐶2 )
𝑑𝑉

(S2)

As a function of depth (x) from the top electrode
𝑥=

𝜀𝑟 𝜀0 𝐴
𝐶

(S3)

Where r is the semiconductor permittivity, o the vacuum permittivity, A the active area of the MIS
capacitor and e the electron charge.
From fig. S11B, it is evident that at a depth of approximately 4-6 nm, i.e. right at the position of the
In2O3/ZnO, there is clear maximum in the NCV profile, indicating the confinement of a significantly
higher concentrations of free electrons within a depth of 1-2 nm. However, it should be stressed that
carrier profiling at these extreme dimensions represents a formidable challenge as the sampling
distance starts becoming comparable to the roughness of the interface.
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fig. S11. (A) Capacitance-voltage (C-V) characteristic of a representative MIS device with In2O3/ZnO
structure measured at room temperature. Inset: Schematic cross-section of the MIS capacitor structure.
(B) Apparent free electron profile (NCV) as a function of heterojunction depth, x, (starting from top
electrode x = 0 nm) for the same MIS capacitor.

