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in 1970[1] laid the foundation for many 
modern materials breakthroughs such 
as the enhancement of electron mobility 
with modulation doping,[2] the observa-
tion of Bloch oscillations,[3] the invention 
of quantum cascade lasers,[4] and more 
recently, polar interfaces in oxide hetero-
structures which lead to emergent order 
for spin, charge, and orbital degrees of 
freedom[5] including superconductivity.[6] 
Lesser known is a follow-up proposal by 
Raphael Tsu in 1989[7] to further gener-
alize the superlattice concept by growing 
repeated layers of different materials with 
different morphologies – one polycrys-
talline (pc), one amorphous (a) – thereby 
bestowing the functional advantages of 
superlattices to an even broader class of 
materials combinations. Here the name 
“heteromorphic superlattice” (HSL) is 
used to designate different material layers 

with different morphologies, in contrast with the term poly-
morphic[8] which refers to the same stoichiometric material in 
different phases. With heuristic arguments, Tsu proposed that 
the interface chemistry of the amorphous component would 

An unconventional “heteromorphic” superlattice (HSL) is realized, comprised 
of repeated layers of different materials with differing morphologies: semicon-
ducting pc-In2O3 layers interleaved with insulating a-MoO3 layers. Originally 
proposed by Tsu in 1989, yet never fully realized, the high quality of the HSL 
heterostructure demonstrated here validates the intuition of Tsu, whereby 
the flexibility of the bond angle in the amorphous phase and the passivation 
effect of the oxide at interfacial bonds serve to create smooth, high-mobility 
interfaces. The alternating amorphous layers prevent strain accumulation in 
the polycrystalline layers while suppressing defect propagation across the 
HSL. For the HSL with 7:7 nm layer thickness, the observed electron mobility 
of 71 cm2 Vs-1, matches that of the highest quality In2O3 thin films. The 
atomic structure and electronic properties of crystalline In2O3/amorphous 
MoO3 interfaces are verified using ab-initio molecular dynamics simulations 
and hybrid functional calculations. This work generalizes the superlattice 
concept to an entirely new paradigm of morphological combinations.
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1. Introduction

The original introduction of heteroepitaxial superlattices 
with crystalline morphology by Leo Esaki and Raphael Tsu 
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allow both greater freedom of bond angles at the interface to 
reduce strain and greater bond passivation of the polycrystal-
line component to eliminate dangling bonds, thereby leading 
to reduced defect density and high electron mobility with 
“grain boundaries effectively passivated by amorphous mate-
rials.”[1] However, the original attempts to realize even a single 
period of this structure with the polycrystalline / amorphous 
paring of pc-Si/a-SiO2 yielded only semiconducting quantum 
dots embedded within a single oxide layer,[9] and subsequent 
attempts yielded only highly insulating structures,[10,11,12] leaving 
Tsu’s original prediction of a semiconducting SL unsatisfied.

Tsu’s proposition was subsequently joined with a large body 
of work on single heterointerfaces between (poly)crystalline and 
amorphous phases, where a majority focused on passivation of 
dangling bonds at the interface with extrinsic hydrogen,[13] but 
only a rare few attempted amorphous/crystalline multilayers. 
Interestingly, none of these HSL structures were directly depos-
ited, but instead realized via layer-selective phase transitions. 
Heterolayer superlattices that were initially grown as purely 
crystalline underwent a layer-selective phase transition to amor-
phous via electrical or optical excitation or thermal annealing,[14] 
via irradiation by high-energy ion beams,[15] or via selective 
etching.[16] Or heterolayers initially grown as purely amorphous 
underwent layer-selective phase transition to crystalline via 
thermal annealing.[17,18,19] One particularly creative approach 
rolled up a single amorphous/crystalline heterolayer on a sacri-
ficial strain layer to achieve a radial superlattice.[20] However, as 
mentioned previously, none of these structures were as-grown 
mixed-morphology HSLs, and none of these works tested Tsu’s 
original proposal that the bond-angle flexibility at the intrinsic 
amorphous interface could serve to passivate dangling bonds.

The present paper uses precision sub-monolayer pulsed 
laser deposition (PLD) to demonstrate the successful fabrica-
tion of a Tsu HSL by choosing oxide compounds for each layer 
which have different morphologies under the same growth 
conditions: the polycrystalline semiconducting oxide pc-In2O3 
as the “well” layer and the amorphous insulating oxide a-MoO3 
as the “barrier” layer. The pc-In2O3 is chosen as a representa-
tive high-mobility oxide to give electrical sensitivity to the inter-
face quality, and the a-MoO3 is chosen since its crystalline form 
would already permit strain relief via sliding of 2D Van der 
Waals layers,[21,22,23] and its amorphous form might be expected 
just as compliant. And whereas standard heteroepitaxy that 
maintains lattice periodicity can accumulate strain-induced 
defects with increasing SL periods,[24,25,26,27,28,29] the HSL struc-
ture would inherently relax strain within each period, with 
polycrystalline layers thinner than the critical thickness for 
defect formation interrupted by strain-relieving alternate amor-
phous layers.[3] The high quality of the interfaces is demon-
strated with electron microscopy and X-ray spectroscopy, and 
high electron mobility is verified in electrical transport. To bol-
ster the intuition in Tsu’s original paper,[1] ab-initio molecular 
dynamics and hybrid functional calculations are performed to 
model the interface between crystalline In2O3 and amorphous 
MoO3. These studies corroborate Tsu’s original intuition that 
the relaxation of the bond angles and passivation of dangling 
bonds at the interface result in reduced defect density and, in 
turn, contribute to the experimentally observed high electron 
mobilities.

2. Results and Discussion

2.1. HSL Fabrication

The alternating heteromorphic units of polycrystalline-semi-
conducting and amorphous-insulating layers are seen in the 
left-side schematic of Figure 1a. The material choices for HSLs 
can, in principle, range from semiconductors to magnetic mate-
rials and superconductors. As an example, the present study 
employs polycrystalline semiconducting In2O3 and amorphous 
insulating MoO3 grown via PLD (Figure S1), whereby the layer 
thicknesses of the HSL structures can be controlled to sub-
monolayer precision. These materials are chosen since alter-
nate layers of highly crystalline In2O3 and amorphous MoO3 
can both be deposited with highly reproducible properties at 
identical growth temperatures and oxygen partial pressures of 
Tg  = 200  °C and PO2  = 15 mTorr, to assure full oxidation and 
minimum defects, with all other deposition parameters fixed. 
With the crystallization temperature of In2O3 at T1 = 25 °C for 
crystalline fraction >80% for 350  nm films,[30] and crystalliza-
tion temperature of MoO3 at T2 = 300 °C, the growth tempera-
ture Tg satisfies T1 < Tg < T2. As a result, with the calibrated PLD 
system, the HSL can be grown by simply switching between the 
two laser targets, MoO3 and In2O3.

2.2. pc-In2O3 / a-MoO3 Interface Characterization in HSL

Maintaining a sharp growth interface throughout the whole 
HSL up to the final deposition layer is crucial for proper reali-
zation of an HSL. To evaluate the interface quality of the fab-
ricated HSL, high-resolution cross-sectional TEM, scanning 
TEM, XRD, XRR, and AFM analyses are carried out. Note 
that the total layer thickness of the diagnostic structures con-
sidered here (circa 350  nm) may be thicker than necessary 
for typical devices, but the purpose here is to demonstrate the 
ability to achieve smooth multilayers even in excess of standard 
thicknesses.

Figure  1a shows a layer schematic of HSL and a scan-
ning TEM image of a 16-period HSL consisting of 7  nm  
pc-In2O3/15  nm a-MoO3, where the brighter lines correspond 
to the In2O3 layer. Note the layers remain parallel throughout 
the structure with sharp boundaries. The left side of Figure 1b 
shows the higher-magnification bright-field TEM image of an 
equivalent HSL. The sharp interfaces between pc-In2O3 and  
a-MoO3, have roughness much less than a nanometer. The right 
side of Figure 1b demonstrates growth of a-MoO3 layers as thin 
as 0.5 nm between In2O3 polycrystalline layers. The sharpness 
of the pc-In2O3 / a-MoO3 interface can also be observed from 
the X-ray reflectance of Figure  1c, which shows the XRR of a 
HSL sample with the same structure as in Figure  1a. Despite 
the complex structure of the HSL and the large number of 
layers, the XRR data can be fitted with a high-precision model 
using MOTOFIT software,[31] as depicted by the red line in the 
same graph. This fit is able to yield the average thickness of 
each layer, as well as the average X-ray scattering length den-
sity, from which the mass density of each layer can be calcu-
lated[32,33] with knowledge of the ideal bulk scattering length 
density values of In2O3 and MoO3.[34] The results for the In2O3 
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layers (with ± indicating standard deviation) are an average 
thickness of 7.2 ± 0.5 nm, average scattering length density of 
47.0 × 10-6 ± 0.8 × 10-6 Å-2), and density of 6.28 ± 0.11 g cm-3. 
For a-MoO3, the average layer thickness is 15.3 ± 0.6  nm, the 
average scattering length density is 26.8 × 10-6 ± 0.5 × 10-6 Å-2, 
and the mass density is 3.43 ± 0.06 g cm-3. From these results, 
the In2O3 and MoO3 layers have mass density ratios of 87.5% 
and 73.2% relative to the ideal bulk values (In2O3: 7.18 g cm-3, 
MoO3: 4.69  g  cm-3).[35,36] In addition, the average roughness  
of the interfaces is about 0.9 nm, which is consistent with that 
seen in Figure  1b. The variations of scattering density, rough-
ness, and thickness of each layer from the surface down to the 
substrate obtained by the simulation of Figure  1c are depicted 
in Figure 1d. The raw values of the fit for Figure 1d are shown 
in Table S1 (Supporting Information). The scattering length 
density and thickness of the same material layers are thus very 
uniform, and the interfaces between layers are sharp and dis-
tinct. The growth rates of In2O3 and MoO3 are calculated to be  
0.233 ± 0.009 and 0.333 ± 0.023 Å/pulse, respectively, by the thick-
ness of the XRR fitting result of Figure 1d. To confirm the growth 
rate of each material, 100  nm In2O3 and 100  nm MoO3 single 
layers are grown individually on different quartz substrates. The 
measured thicknesses are identical, irrespective of the analysis 
tools as shown in Figure S2 ( Supporting Information).

The AFM images in Figure 2 indicate the film surface rough-
ness of pc-In2O3 and a-MoO3, respectively, as a function of dep-
osition temperature, and verify the atomically smooth surface 
at the growth temperature of 150–250 °C. The minimal surface 
roughness of both the topmost pc-In2O3 layers in Figures 2a-c 
and, alternately, the topmost a-MoO3 layers in Figures 2d–f of 
the HSL sample despite the overall SL thickness of 350  nm 
verifies the sharpness of the interfaces observed in Figure 1.

2.3. Crystalline Versus Amorphous Order of In2O3 and  
MoO3 Layers, Respectively

To verify the HSL morphology, the crystalline or amorphous 
nature of the respective layers must be carefully examined and 
validated.[1] Thus the selective area diffraction patterns (SADPs) 
from TEM and high-resolution XRD analyses are examined.
Figure 3a shows the SADPs obtained from the sample. The 

magnification is controlled so that the whole multilayer oxide 
region is sampled in the SADP image. The diffraction spots 
marked by the purple arrows “a” and “b”, indicate In2O3 features 
which match well with the (222) and (211) planes, respectively, of 
the cubic (bixbyite, space group of Ia-3) structure of In2O3. (Ref: 
ICDD 00-006-0416) It is noted that many diffraction patterns, 

Adv. Mater. 2023, 2207927

Figure 1.  Physical structure of the HSL films. a) Cross-sectional scanning TEM image of a 16-bilayer HSL (7  nm pc-In2O3 / 15  nm a-MoO3) on a 
quartz substrate. Inset: HSL schematic. b) Bright-field high-resolution TEM image of the equivalent sample (left panel) and image of a 16-bilayer HSL  
(7 nm pc-In2O3 / 0.5 nm a-MoO3) (right panel). The Pt capping layer is adopted to protect the sample. c) XRR data and the fitted model showing 
remarkable agreement in the fine structure of HSL. d) The scattering length density profile is obtained from the XRR fitting of the data in (c).
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especially the “a” spots, are positioned at the top side of the 
transmitted electron beam. This implies that the sample has 
strong (222)-texture in the multilayer growth direction. This cor-
roborates the XRD results in Figure 3b which also shows high 
preferred orientation of the (222) plane. The amorphous ring 
indicated by the gold arrow “c” indicates lack of long-range order 
in the pure amorphous MoO3 layer grown at these temperatures.

Figure 3b shows the theta-2 theta XRD patterns of a 280-nm-
thick In2O3 single layer, a 7 nm pc-In2O3 / 15 nm a-MoO3 HSL 
consisting of ×16 bilayers (with a total thickness of 352 nm), a 
400-nm-thick MoO3 single layer on a fused quartz substrate, 
and finally a fused quartz substrate with no deposition. The 
broad feature around 22° is seen to result from the fused quartz 
substrate, alone. In the single layer In2O3 (purple), a very sharp 
and intense peak from the (222) plane appears at around 30.1° 
as well as peaks from the (211), (400), (332), (431), (440), (622), 
and (444) planes, with calibrated crystalline planes from ICDD 
00-006-0416 marked with vertical lines. Although the HSL had 
high (222)-preferred orientation, the Laue oscillations were hard 
to observe due to the small nonunifomity of repeated bilayers 
in the HSL. From the SEM image (Figure S3, Supporting Infor-
mation), the thick In2O3 is observed to grow in a continuous 
columnar mode with circa 20  nm diameter columns.[37] Com-
pared to the reference In2O3 peak positions shown as vertical 
gray lines in Figure  3b, every peak of the 280-nm-thick In2O3 
is shifted to the lower angle, indicating residual compres-
sive in-plane strain. However, the XRD peak positions of the 
HSL sample are better aligned with the unstrained bulk In2O3 
reference peak positions, indicating that no residual strain is 
present in the HSL. This suggests the critical role of the alter-
nating layers of crystalline and amorphous films in relieving 
strain in the polycrystalline layer.

Finally, the slightly enhanced linewidth in Figure  3b of 
the In2O3 peaks in the HSL structure (red) compared to the 
columnar crystalline layer (purple) indicates greater inhomo-
geneity of the In2O3 layer within the HSL. Since higher-order 
peaks are not sufficiently resolved, a Williamson-Hall[38] type 
analysis cannot distinguish the source of the inhomogeneity, 
but it can put an upper limit on any possible strain inhomoge-
neity and a lower limit on typical crystal grain size. The result is 
a maximum strain inhomogeneity of ΔE = 0.006 for the In2O3 
single layer and 0.016 for the In2O3 layer in the HSL, or, alter-
natively, a minimum limit of δx = 22.22 nm average crystallite 
size for the In2O3 single layer and 8.2 nm for the In2O3 layer in 
the HSL. We note that the 22.2 nm limit for In2O3 is consistent 
with the approximate horizontal grain size seen in Figure S3 
(Supporting Information). Since the In2O3 single layer was 
grown in columnar mode, the vertical grain size, corresponding 
to the extracted crystallite size by XRD, was expected to be sim-
ilar to or larger than the horizontal grain size. The calculated 
8.2  nm crystallite size is consistent with the HSL In2O3 layer 
thickness of 7 nm, thus, the crystal grain size, alone, seems to 
account for the diffraction peak broadening, aside from any 
consideration of strain.

2.4. HSL Enhancement of Electron Mobility

Mobility and electron density are two sensitive indicators of 
defects as they are both affected by interface charge traps and 
dangling bonds, while mobility also provides a measure of poly-
crystalline grain boundary scattering. Thus, the electron trans-
port properties of the semiconducting pc-In2O3 layer should be 
an excellent indicator of growth and interface quality. Following 

Adv. Mater. 2023, 2207927

Figure 2.  Surface morphology of pc-In2O3 and a-MoO3 layers. The AFM topographic images of the top 7 nm pc-In2O3 layer of 16 bilayers (7 nm pc-
In2O3/15 nm a-MoO3) deposited at a) 150 °C, b) 200 °C, and c) 250 °C, respectively. The AFM topographic images of the top a-MoO3 layer similarly 
atop 16 bilayers grown at d) 150 °C, e) 200 °C, and f) 250 °C, respectively. g) The summary of the RMS surface roughness obtained from (a–f) implies 
extremely sharp interfaces throughout.
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standard methods, mobility for a series of HSL samples is char-
acterized by conducting Hall effect measurements to estimate 
the free electron density, then measuring the sheet conductance 
with the Van der Pauw method to deduce the Hall mobility. The 
total film thickness of circa 350  nm for each sample is con-
firmed with spectral reflectometry, and the doping is confirmed 
to be n-type for every sample. For comparison, the 280  nm-
thick pure In2O3 film from the prior section was measured to 
establish the baseline mobility and density of pure polycrystal-
line In2O3, namely 7 cm2 Vs-1. And the 400 nm-thick MoO3 film 
from the prior section was confirmed to be highly insulating 
(ρ > 105 Ωcm) eliminating the need to consider parallel conduc-
tion in these layers.

The resulting mobilities and carrier densities are shown in 
Figure 4. For the samples indicated in purple, the respective 
layer thicknesses x were kept equal, In2O3:MoO3  = x:x [nm], 
revealing in Figure  4a a maximum mobility of 71 cm2 Vs-1 at 
7:7 [nm] layer thickness. For the samples indicated in gold, 
the layer thicknesses maintain the In2O3 layer at this optimal 
value of 7  nm and the MoO3 layer thickness y was varied  
In2O3:MoO3 = 7:y [nm], and again a clear maximum is observed 
in Figure 4a when both layers are 7 nm thick. Note that all HSL 
mobilities exceed that of the pure In2O3 sample, indicated with 
the gold arrow at y = 0. The peak electron mobility observed here 
is consistent with the best mobility in In2O3 thin films from 
prior work.[12] The fact that these layers conduct at all, offers 
compelling evidence in favor of Tsu’s intuition that the HSL is 
able to effectively passivate the SL interfaces without inducing 
high densities of dangling bonds that might trap free electron 
charge density and thereby reduce or eliminate conduction. On 
top of this, the fact that the mobility in all HSLs is consistently 
better than that of the bulk pc-In2O3 film implies that any den-
sity of charge traps at the interface likewise does not contribute 
significantly to ionized impurity scattering. On the contrary, the 

regular interruptions of the a-MoO3 layer in the HSL structure 
appear to reduce the density of defects, causing mobility 
enhancement up to an order of magnitude relative to polycrys-
talline bulk, matching the highest mobility reported thus far for 
In2O3 thin films.[16] To the right of Figure 4a, the mobility drops 
again as the In2O3 layer thickness becomes larger, signifying a 
possible susceptibility to more grain boundary construction in 
thicker layers.

Further analysis of the HSL transport can place an upper 
bound on the number of interfacial charge traps. Figure 4b sum-
marizes the charge density in the In2O3:MoO3 = x:x [nm] sam-
ples, each of which has a 50% volume composition of In2O3 
and therefore about half the average electron density as the pure 
In2O3 sample (purple dashed line). This observation, itself, pro-
vides evidence that the current is uniformly distributed among all 
layers. The proximity of the measured densities scattered around 
this dashed line indicates that the electron density is dominated 
by this bulk volume doping. Any extra doping or charge trapping 
at interfaces would cause a deviation from this bulk horizontal 
line with a sloped line proportional to the number of interfaces 
N, with positive slope indicating donor doping and negative 
slope indicating acceptor traps. A trend toward positive donor-
like interface defects is noted with the grey dashed line repre-
senting an upper limit of 7 × 1012 cm-2 charge defects per inter-
face up to N  = 80 interfaces per 350  nm, which abruptly turns 
to a high density of acceptor-like traps at N = 100 interfaces per 
350 nm. However, below N = 80, the bulk doping clearly domi-
nates, including in the optimal 7:7 nm structure. This ability to 
quantify the relatively low 2D density of interface defects indi-
cates an effective passivation of dangling bonds at the interface, 
as predicted by Tsu. In this case, the interfaces appear to act like 
mild donors, slightly enhancing the free carrier density instead 
of inducing charge traps such as those that rendered the original 
attempts at Si/SiO2 HSLs to be purely insulating.[20,21,22]

Adv. Mater. 2023, 2207927

Figure 3.  Crystallinity of the HSL films. a) Selective area diffraction patterns (SADP) of the entire 16-layer 7 nm pc-In2O3 / 15 nm a-MoO3 HSL by TEM. 
Diffraction spots “a” and “b” for In2O3 and the diffraction ring “c” for MoO3 are described in the text. b) Theta-2 theta XRD patterns of 280 nm In2O3 
single layer (purple), 352 nm HSL (red), and 400 nm MoO3 single layer (gold). The fused quartz substrate (grey) is responsible for the wide amor-
phous peak at 22° near the (211) line of In2O3. The inset in (b) shows an enlargement in 2-theta range of 28–33° around the vertical gray lines of In2O3 
crystalline planes from ICDD 00-006-0416, where a small compressive strain is observed as a left shift of the In2O3 polycrystalline layer peak (purple) 
from the pure bulk crystal (222) plane (vertical grey line), whereas the HSL (red) exhibits no net strain, staying centered around this (222) unstrained 
diffraction peak. The broadening of the HSL In2O3 peak (red) by comparing its full width at half-maximum (FWHM) to the polycrystalline In2O3 peak 
(purple) suggests grain inhomogeneity in the HSL. The lack of any diffraction peaks whatsoever for the pure MoO3 layer (gold), by contrast, indicates 
its amorphous structure at this growth temperature.
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Finally, the dependence of electron density on relative 
In2O3:MoO3 layer thickness is shown in Figure  4c, where the 
In2O3 thickness is kept at 7  nm and the MoO3 thickness is 
varied, with pure In2O3 indicated in the upper right with a gold 
arrow. The average volume concentration of electrons in the 
HSL decreases monotonically with the In2O3 volume fraction. 
For In2O3 volume fractions above 40%, the electron density is 
clearly proportional to the In2O3 volume fraction, consistent 
with the dominant In2O3 bulk doping assumption as indicated 
by the diagonal dashed line, with the high mobility 7:7 nm HSL 
structure indicated with a gold circle.

2.5. Theoretical Calculations of Crystalline In2O3/Amorphous 
MoO3 Interface

To complement experimental evidence of Tsu’s heteromorphic 
interface model, the structural properties of the stoichiometric 
c-In2O3/a-MoO3 interface are investigated using ab-initio MD 
simulations and accurate hybrid functional calculations. Given 
the limitations on the size of the simulated supercell, the  
pc-In2O3 is approximated as a single crystalline grain in a unit 
SL supercell with periodic boundary conditions. In Figure 5a, 
the atomic structure of one realization of the stoichiometric 
c-In2O3/a-MoO3 model with superlattice layers of approxi-
mately 10:10 Å is depicted. Following Tsu,1 one critical factor 
for growing HSL structures is the preservation of the stoichi-
ometry. Therefore, in Figure  5b, the effective coordination 
numbers of individual In and Mo atoms are calculated, plotted 
as a function of the z-coordinate of the atom across the inter-
face, and compared to the average value in the stoichiometric 
c-In2O3 bulk and a-MoO3 bulk, respectively. The results reveal 
that the majority of Mo atoms within the Mo-O layer (84%) 
have the effective coordination at or above the bulk value, 
so that the Mo-O coordination averaged over the total 85 Mo 
atoms among 5 different interfacial models of the HSL struc-
ture is slightly higher (4.0) than the average Mo-O coordination 
in stoichiometric bulk (3.7). The lowest Mo-O coordination is 
3.13, which is still higher than the lowest Mo-O coordination 
in a-MoO3 bulk, 3.02. On the contrary, all except one In atom 
out of 160 total, have the effective coordination at or below that 
of the c-In2O3 bulk value (5.8). It is worthwhile to note that 
the coordination of 5.0 is lowest for the In-O layers nearest 
to the Mo-O interface at z = 10 Å and 20 Å, and the coordina-
tion of 5.5 is highest for the In-O layer furthest from the Mo-O 
interface at z = 15 Å. This suggests that the In atoms near the 
interface decrease their coordination to help maintain the stoi-
chiometry of the amorphous Mo-O layer. At the same time, In 

Adv. Mater. 2023, 2207927

Figure 4.  Optimal mobility in HSL films. Various HSLs are grown to find 
the optimal mobility structure. a) First, a sequence of SL periods with 
equal layer thicknesses of In2O3:MoO3 = x:x [nm] (purple filled circles) is 
grown. Then a In2O3:MoO3 = 7:y [nm] SL sequence is grown where the 
In2O3 layer thickness is held at 7  nm and the MoO3 layer thickness is 
varied (gold filled circles). Lines are guides to the eye. The peak mobility 
of μ = 71 cm2 Vs-1 is observed for both sets of SLs at 7:7 nm (purple and 
gold open circles) and is about an order of magnitude larger than the pure 
In2O3 polycrystalline layer at x,y = 0 (gold arrow). All superlattices have 
total thickness around 350 nm. b) The electron density n of the balanced 
In2O3:MoO3 = x:x [nm] superlattices is shown relative to the number of 
SL interfaces N per 350  nm growth. All superlattices have 50% In2O3 
volume content and therefore about half the average electron density of 
a pure pc-In2O3 layer (horizontal dashed line). Only the extreme case of 
N = 100 interfaces per 350 nm SL at x:x = 3.5:3.5 nm deviates strongly 
from this expected average. The grey dashed line indicates a speculative 

2D interface donor density of order 7 × 1012/cm2 setting an approximate 
upper bound for the interface donor charge. The open circle indicates 
the optimal mobility sample in this series. c) The electron density n of 
the In2O3:MoO3  = 7:y [nm] superlattices with varying MoO3 thickness 
are shown versus In2O3 volume fraction. The approximate agreement 
with the gold dashed line indicates once again that the electron density 
is dominated by bulk doping proportional to the In2O3 volume fraction. 
Again, the open circles indicate the optimal mobility samples in this 
series, and the gold arrow designates the bulk In2O3 sample with electron 
density 1.1 × 1020/cm3.

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202207927 by M
issouri U

niversity O
f Science, W

iley O
nline L

ibrary on [17/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advmat.dewww.advancedsciencenews.com

2207927  (7 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

coordination recovers to the bulk value within a few atomic  
layers – in accord with the experimentally observed sharp inter-
facial region in the HSL structures, as seen in SEM micro-
graphs above. This result confirms Tsu’s intuition that the 
presence of an oxide at the interface helps to passivate dangling 
bonds, where in this case the passivating O tends to be drawn 
more from the In-O layer.

Proceeding with Tsu’s conjecture, the angle distributions for 
O-M-O and M-O-M angles for M = In and/or Mo in the inter-
facial models were calculated and compared to the results for 
the corresponding bulk, see Figure S4 (Supporting Informa-
tion). It is found that both O-In-O and In-O-M (M = In or Mo) 
angle distributions calculated for the In atoms in the a-MoO3/c-
In2O3 interface become broader with the major peaks reduced 
by about a half of the original heights in the crystalline In2O3. 
In contrast, the O-Mo-O angle distribution varies only slightly, 
whereas the Mo-O-M angle distribution shifts toward smaller 
angle values with a notable peak developed at the angle of 100°. 
This signifies that the internal angles within the Mo-O polyhedra 
are maintained upon the formation of the interface, however,  
the polyhedra morphology adjusts to the presence of In2O3, 
with the O-In-O angles being more compliant. Again, Tsu’s intui-
tion is confirmed, in that one characteristic of the HSL interface 
appears to be tolerance to bond-angle distortion, though in this 
case, it is the crystalline layer close to its crystallization temperature  

which appears to be more tolerant of bond angle distortion rather 
than the amorphous layer as predicted by Tsu.

To illustrate dangling bond passivation or, equivalently, the 
lack of defect states at the stoichiometric interface, the top 
panel of Figure 5c shows the inverse participation ratio (IPR), 
or equivalently electron localization calculated for each elec-
tronic state at the c-In2O3/a-MoO3 interface near the bottom of 
the conduction and the top of the valence bands, respectively. 
These IPR values increase negligibly in comparison to a-MoO3 
bulk, suggesting that no strongly-localized tail states arise upon 
the interface formation. These calculations support the idea 
that any dangling bonds at the interface are passivated in the 
HSL structure. The corresponding density of states of Mo, O, 
and In states at the interface of HSL are plotted in Figure  5c 
lower panel. In the perfectly stoichiometric interface (i.e., with 
the Mo:O and In:O ratios being exactly 1:3 and 2:3), the empty 
Mo d-states that form the conduction band bottom are found to 
be about 0.5 eV lower with respect to the empty In s-states.

To further investigate the passivation of dangling bonds 
at the c-In2O3/a-MoO3 interface, we also analyze the proper-
ties of deliberately sub-stoichiometric structures (Figure S5). 
For this, we calculate the formation energy of a single oxygen 
“vacancy” in either indium or molybdenum oxide layers at the 
interface. In structures with a negative formation energy of 
the defect (whereby oxygen sub-stoichiometry is likely), the 

Adv. Mater. 2023, 2207927

Figure 5.  Ab-initio calculation of HSL. a) Example unit cell of stoichiometric monocrystalline c-In2O3/a-MoO3 interface modeled via ab-initio MD 
simulations, with periodic boundary conditions. Purple and teal polyhedra represent In-O or Mo-O, respectively, and oxygen atoms are shown as small 
red spheres. b) The calculated effective coordination of the metal (M = Mo, In) with O atoms is plotted as a function of the z-coordinate of the metal 
atom across the interface made of stoichiometric In2O3/MoO3. Every value in the plot is an average of over 3,000 MD steps at 300 K (equilibration 
step); the results for five independent 147-atom models of the interface are shown. Dashed teal and purple lines represent the average Mo-O and In-O 
coordination within a specific z-layer, respectively, with values listed to the right in angle brackets. Vertical dotted lines represent the M-O coordination 
values for bulk a-MoO3 (left) and bulk c-In2O3 (right). (c) The electronic structure of the c-In2O3/a-MoO3 interface using hybrid functional approach. The 
upper panel shows the inverse participation ratio representing the degree of electron localization for each state for the a-MoO3 bulk (black) compared to 
the c-In2O3/a-MoO3 (red). The lower panel shows the calculated density of states for O, Mo, and In states at the c-In2O3/a-MoO3 interface of the HSL.
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average Mo-O coordination is slightly above 3.7 and the lowest 
Mo-O coordination for an individual Mo is 3.06 (Figure S5, 
Supporting Information). Both values are nearly identical to 
those in bulk amorphous MoO3, namely, 3.7 and 3.02, respec-
tively, seen previously in Figure 5b. Comparing the band off-
sets between the molybdenum and indium oxide layers in the 
stoichiometric and sub-stoichiometric interfaces, the bottom 
of the conduction band for the crystalline In2O3 layer shifts 
downward with respect to the Mo d-states, which corresponds 
to the doping of the indium oxide layer, as expected from 
the lower In-O coordination in the sub-stoichiometric inter-
face. Indeed, the calculated charge density distribution within 
the lowest conduction band reveals the charge localization 
between two pairs of severely under-coordinated In atoms 
(Figure S6.) This supports the interpretation that interfaces 
induce mild doping per the experimental data of Figure  4b, 
discussed previously.

2.6. Comparison to Original Tsu Superlattice

A word of discussion is in order regarding Tsu’s own efforts 
and those of subsequent groups to create a semiconducting 
HSL in the pc-Si/a-SiO2 system.[2] According to Tsu, an HSL 
structure should provide high mobility conduction if the dan-
gling bonds at the pc/a interface are passivated, due to both 
the flexibility of bond angles in the amorphous phase and the 
presence of oxygen in the oxide for bond passivation. This 
proved difficult in Tsu’s own attempts, where the oxygen from 
the a-SiO2 passivation appeared to diffuse through the entire Si 
layer in some places, resulting in layers of Si quantum dots in 
a SiO2 matrix.[2] And in follow-up studies by other researchers 
where a layered structure was preserved, the charge traps 
appear to have rendered the superlattices completely insu-
lating.[21,22,23] In the latter case, this is likely because the bond 
angles in a-SiO2 were insufficiently flexible to overcome the 
overly rigid tetragonal bond angles of the pc-Si, resulting in 
a high density of unpassivated dangling bonds and therefore 
trapped charge. By contrast, the pc-In2O3 investigated here has 
an amorphous-to-crystalline phase transition near room tem-
perature, so the redirection of bond angles is not energetically 
expensive, and the pc-In2O3/a-MoO3 oxide-to-oxide interface 
has a ready supply of oxygen for passivation of dangling bonds 
at the interface. The result is a mobility that rivals the best 
amorphous In2O3 layers grown.[16]

3. Conclusion

An unconventional multi-morphology approach is adopted to 
realize an HSL structure, which sandwiches thin polycrystal-
line layers of one material between similarly thin amorphous 
layers of another material. The complementary morpholo-
gies in each lattice period appear to greatly suppress inter-
face defects as predicted by Tsu, permitting semiconducting 
layers to maintain doping levels consistent with bulk doping. 
Simultaneously, the interleaved amorphous layers appear to 
significantly enhance the electron mobility of the polycrystal-
line layer, suggesting an optimal layer thickness at 7  nm per 

layer. The low strain observed in XRD and high quality of the 
charge transport implies that strain and cumulative defects in 
the polycrystalline In2O3 are suppressed with each repeating 
amorphous layer, and that this defect suppression can con-
tinue to an HSL of arbitrary thickness. MD simulations sug-
gest that dangling bonds at the interface are suppressed by the 
first few layers of atoms in the polycrystalline layer adjacent to 
the amorphous interface.

By generalizing the superlattice concept beyond purely crys-
talline morphology, the heteromorphic structure realized here 
heralds mixed-morphology material combinations that can 
manifest novel materials properties. We point to challenges in 
the field of transparent semiconductors which might be met by 
such HSL structures. For example, increased mobility of trans-
parent semiconductors can enhance switching speed or reduce 
power consumption in displays, and a modulation-doped HSL 
with additional doping inside the insulating MoO3 layer should, 
in principle, increase the electron mobility for a given electron 
density, analogous to the originally proposed modulation-doped 
superlattice of Dingle, et al.[4] Or modulation doped HSLs could 
compensate for the heavy hole mass in p-type transparent con-
ductors to realize higher mobilities there, as well. Finally, we 
note that HSLs introduce vertical device functionality such as 
HSL superlattice minibands or negative-differential resistance 
resonant-tunneling-diodes. Preliminary evidence from the 
authors indicates that phase coherent tunneling across mul-
tiple HSL periods can, in fact, be experimentally achieved.[39] 
This HSL concept should be realizable in other amorphous/
polycrystalline material combinations where at least one of the 
layers has compliant bond angles, such as in compounds with 
an ionic bonding character.

4. Experimental Section
In this section, the experimental process, procedures, related equipment 
and the calculation details are described.

Thin Film Growth by PLD: It was emphasized that both pc-In2O3 and 
a-MoO3 films were grown under identical growth conditions including 
identical growth temperature and identical ambient oxygen pressure. 
Oxide thin films were deposited by PLD with a 248  nm KrF excimer 
laser. The laser pulse duration was 25  ns and the pulse frequency 
was 2  Hz. Each pulse of 220 mJ was focused to 1  mm × 3  mm area 
at the target, which rotates at 5 rpm. pc-In2O3 and a-MoO3 thin films 
were deposited from hot-pressed In2O3 and MoO3 targets (25  mm 
diameter), respectively. Fused quartz substrates were mounted to the 
substrate holder with silver paste. The distance between the target and 
substrate was fixed to 10  cm. The chamber was pumped out before 
each deposition by the turbomolecular pump until the pressure reaches 
under 5 ×10⁻7  Torr. The flow of high-purity O2 to the chamber was 
precisely controlled during deposition to obtain target oxygen pressure, 
and the temperature of the substrate was controlled by the electric 
resistive heated substrate holder. The optimal deposition pressure 
and temperature were 15 mTorr and 200  °C, respectively. Figure S1 
(Supporting Information) shows the schematic diagram of the PLD 
system.

Characterization: Thin films were characterized using transmission 
electron microscopy (TEM, JEOL, JEM-2100F / JEM-ARM 300F) to 
investigate the cross-sectional morphology of the films, including 
thickness, crystal structure, and interface quality. TEM samples were 
prepared using a standard technique employing a focused ion beam 
(FIB, FEI, Helios Nanolab 600 dual-beam) microscope with Ga+ energy 
of 2 keV at 24 pA ion current. The surface morphology and cross-section 
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images of oxide films are analyzed by field emission scanning electron 
microscopy (FESEM, Hitachi, SU8030). The surface morphology and the 
root-mean-squared roughness are obtained by atomic force microscopy 
(AFM, Bruker, Dimension FastScan). The thickness of the films was 
measured by spectral reflectometer (Filmetrics, F20) and reconfirmed by 
stylus profilometer (Veeco, Dektak 150) and X-ray reflectivity (XRR) using 
Cu Kα X-ray source (Rigaku, Smartlab). The crystal structure of the film 
was analyzed by X-ray diffraction (XRD), and the thickness, density, and 
roughness were investigated by XRR. A 100 nm thick pc-In2O3 layer and 
a a-MoO3 layer were deposited by PLD on separate quartz substrates to 
confirm the growth rate. Their measured thicknesses were consistent as 
measured with a stylus profilometer, XRR, and spectral reflectometer as 
shown in Figure S2 (Supporting Information). Carrier density, mobility, 
and resistivity of the oxide films at room temperature were obtained 
via the Van der Pauw method with a Hall effect measurement system 
(Ecopia, HMS-3000).

Calculations: Simulations of a-MoO3 bulk structures were obtained 
using ab-initio molecular dynamics (MD) liquid-quench approach 
as implemented in the Vienna Ab Initio Simulation Package (VASP). 
The calculations were based on density functional theory (DFT) 
with periodic boundary conditions and employed the Perdew-Burke-
Ernzerhof (PBE) functional within the projector augmented-wave 
method. For the simulation of the HSL interface, alternating layers of 
68-atom amorphous MoO3 and an 80-atom [100]-oriented crystalline 
In2O3 were constructed with periodic boundary conditions, creating 
two interfaces in one global crystallographic direction with infinite 
oxide planes along the other two directions. Five structures for  
a-MoO3 bulk with the optimal density were employed for the 
simulation, resulting in five independent a-MoO3/c-In2O3 interfacial 
models. The details of the theoretical approach method are described 
in Supporting Information.

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