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a b s t r a c t

Heterostructure interfaces play a major role in defining the performance of thin-film devices. High-k
dielectric oxide-semiconductor heterostructures are being extensively investigated as promising candi-
dates for future integrated circuits, thus it becomes important to precisely probe the interfaces at the
atomic scale for technological advancements. In this work, a high-k dielectric oxide (Gd2O3)-semi-
conductor (Ge) interface was characterized at the atomic scale using complex-valued exit wave recon-
structed from a set of focal series high-resolution transmission electron microscopy (HRTEM) images
acquired without objective lens spherical aberration correction. The complexity of this characterization
lies in removing image artefacts produced by amorphous layer deposited on the imaged region during
ion milling which was successfully solved using an algorithm to remove amorphous background
developed recently. The final result reveals that the interface of the present study is atomically sharp and
flat. The thickness of the imaged region along viewing direction was estimated from channelling map.
Comparing reconstructed amplitude of experimental data with that of simulated one generated using
Density Functional Theory (DFT) optimized interface structure, it was found that the Gd2O3 layers were
terminated at the Gd atoms in the interface.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Solid-solid interfaces comprise of local, non-periodic structural
characteristics, defects and disorder that are important to under-
stand from an application perspective as the interface controls the
overall properties of a device [1]. Catalysis [2,3], charge and spin
transport [4], polymerization [5] are some of the important and
critical processes that take place at different kinds of interfaces.
Further, interesting magnetic effects may arise due to symmetry
breaking at interfaces [4,6]. To integrate newmaterials into devices,
the structure, microstructure and properties of interfaces with
different materials must be thoroughly established. Consequently,
interfaces play a crucial role in developing new materials to meet
today's challenges [7]. Complementary metal-oxide-
semiconductor (CMOS) [8] is a rapidly growing technology for
ryya).
designing integrated circuits. It requires substituting the traditional
gate oxide (e.g. SiO2), with high-k dielectrics which can maintain
the same capacitance with much lower leakage current [9,10]. The
most favourable materials for the next generation CMOS technol-
ogy are the high-k oxides with highmobility channel materials (e.g.
Ge, IIIeV semiconductor) on Si substrates [10]. In some cases,
germanium (Ge) is preferred as channel material in CMOS devices
over Si for its higher electron mobility [11]. Encapsulated solid
phase epitaxy is an effective approach to grow an epitaxial Ge layer
within epitaxial rare earth oxide Gd2O3 [12] which is proposed to
be a potential candidate for resonant tunnelling device at room
temperature. But the diffuseness of high-k dielectric oxide-
semiconductor interface may degrade device performance
severely. Hence, it becomes necessary to probe these interfaces
precisely at atomic scale to predict the device performance a priori.

Experimentally, the local atomic structure of the interface can be
probed by different high-resolution transmission electron micro-
scopy (HRTEM) techniques [13]. The challenge to study an interface
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Fig. 1. An HRTEM image from a set of focal series images of the interface along [110]
zone axis.
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using any HRTEM techniques lies in successfully removing image
artefacts produced by amorphous layer deposited on the imaged
region during ion milling. These artefacts alter image features and
this effect increases with increasing amorphous layer thickness
[14]. The source of these amorphous layers could either be the
leftover of epoxy glue used in conventional cross-sectional TEM
specimen preparation and/or elements from the material itself
knocked out during ion beam milling.

In this study, Ge (111)/Gd2O3 (111) interface of an encapsulated
Gd2O3-Ge-Gd2O3 heterostructure grown using encapsulated solid-
phase epitaxy [12] was studied at atomic scale using the amplitude
of the complex-valued exit wave reconstructed using a set of focal
series HRTEM images acquired without objective lens spherical
aberration correction. By comparing reconstructed amplitude of
experimental data with that of optimized interface structure using
Density Functional Theory (DFT), the possible atomic termination
in Gd2O3 side was assessed.

2. Methods

2.1. TEM sample preparation and imaging

Growth of Gd2O3-Ge-Gd2O3 heterostructure was carried out on
p-Si (111) substrate using a molecular beam epitaxy (MBE) system
[12] and subsequent cross-sectional sample preparation for TEM
imaging [15] was reported earlier. During sample preparation, two
small pieces from the heterostructure thin film were cut perpen-
dicular to the growth direction and were sandwiched using G1
epoxy (Gatan Inc.). This sandwiched structure was placed within a
Titanium 3 slots grid (Technoorg Linda Co. Ltd.) and was thinned
down from both sides to electron transparency. HRTEM imaging
was done using FEI-TITAN TEM operated at 300 kV equipped with
field emission gun (FEG) source and GIF “Tridem” energy filter.
Gd2O3 (111)/Ge (111) interface was made parallel to the electron
beam by tilting the interface to [110]. Digital Micrograph software
(Gatan Inc., USA) was used to acquire a series of HRTEM images on a
2K � 2K CCD camera at different defocuses. In the present work, a
stack of 15 images with defocus value ranging from �35 nm
toþ35 nmwith a step of 5 nmwas used to reconstruct the exit face
wave function using FRWR [16] software.

2.2. DFT simulations

The DFT method has proven to be one of the most accurate
methods for the computation of the electronic structure of solids
[17e25]. DFT calculations as implemented in the Vienna Ab-Initio
Simulation Package (VASP) [26] code were performed to obtain
the optimized atomic Ge/Gd2O3 heterostructure that was used
further for simulating HRTEM images of Ge (111)/Gd2O3 (111)
interface. The pseudopotentials based on the projector-augmented-
wave method [27] explicitly include the following valence elec-
tronic configurations for different elemental species: O: 2s22p4, Ge:
4s2 4p2, and Gd: 4f7 5s2 5p6 5d16s2. The exchange-correlation en-
ergy function was treated at the generalized gradient approxima-
tion (GGA) level employing the Perdew�Burke�Ernzerhof (PBE)
functional [28]. Optimized lattice parameters for Ge belonging to
Fd3m space group and Gd2O3 belonging to Ia3 space-group were
5.78 Å and 9.36 Å respectively. These values are in good agreement
with previously reported results [29,30] at a similar level of theory.
The Kohn-Sham wave functions were expanded in plane-wave
basis-sets [31] up to an energy cutoff of 520 eV with energy
convergence criterion for total energy within 0.01meV for both
unit cells and forces required to be less than 0.02 eV Å�1. Monkhorst
type K-meshes of 4� 4� 4 and 8� 8� 8 types were used to sample
the first Brillouin zone of Ge and Gd2O3, respectively. To correct for
the strong on-site fef interactions, Hubbard U corrections were
done as suggested in Refs. [32,33] with Hubbard parameters
U¼ 8 eV, J¼ 0 eVwas considered for Gd 4f orbitals for GGAþU [34]
calculation.

To gain insights into the nature of the interface, Ge (111)/Gd2O3
(111) system was systematically studied using DFT calculations
according to the experimental conditions. To identify the possible
atomic structures of the interface, both Gd and O-terminated slab
structures for Gd2O3 along [111] direction were considered. For
building the vacuum slab model of Ge (111)/Gd2O3 (111), 4 atomic
layers of O-terminated Gd2O3 (111) slab and 4 atomic layers of Ge
(111) slab were stacked along [111] direction as shown in Fig. S1(a)
(supplementary section) to create oxygen terminated interface;
similarly, 4 atomic layers of Gd-terminated Gd2O3 (111) slab and 4
atomic layers of Ge (111) slab were also stacked along [111] direc-
tion as shown in S1(b) (supplementary section) to create Gd-
terminated interface. There are several possible in-plane configu-
rations of Ge slab with respect to Gd2O3 slab. Atomic configuration
of Ge and O atoms at the interface plane for Gd and O terminated
slabs are shown Fig. S1(c) and Fig. S1(d) in the supplementary
section, respectively. The choice of this in-plane configuration is
justified as oxygen atoms lie directly below the Ge atoms. The top
layer of Ge and the bottom layer of Gd were allowed to relax only
along the c direction [111], all other atoms were allowed to relax in
all directions. 1� 1� 1 Monkhorst-Pack k points grid was used to
relax atoms while keeping the shape and size of supercell fixed.

2.3. TEM image simulation of optimized DFT model structure

To compare with experimental data, HRTEM images were
simulated using multislice algorithm with frozen phonon approx-
imation. QSTEM [35,36] software package has been used to simu-
late HRTEM images at different defocus. The simulation parameters
were set at similar experimental conditions. All TEM images were
simulated along [110] with thermal diffuse scattering (TDS) [37].
Two Ge/Gd2O3 interface models one with Gd and another with O-
terminated slab obtained from DFT calculation were used for
HRTEM image simulation. To obtain a comparable match with
experimental images, Poisson noise was applied to the simulated
TEM images. A set of 15 images with defocus ranging from �35 nm
to 35 nmwith a defocus step of 5 nm have been simulated andwere
used to reconstruct the complex-valued exit wave using the FRWR
[16] software.

3. Results and discussions

Fig. 1 shows an HRTEM image from a set of focal series images of
interface along [110] zone axis where left hand side of the interface
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is Ge (111) and right hand side is Gd2O3 (111). Between the Gd2O3
and vacuum, there is a region with leftover amorphous epoxy that
was used for preparing a cross-sectional TEM specimen. All regions
are marked in the image itself. The region around the interface
markedwith green boxwas considered to reconstruct the complex-
valued exit wave. Fig. 2a and b represent the amplitude and phase
of the reconstructed complex-valued exit wave respectively.
Reconstructed complex-valued exit wave has less image distortions
produced by the projector lens and delocalization due to coherent
aberrations of the objective lens than experimental HRTEM images.
The spatial resolution of the reconstructed data is ~1Å as calculated
from the power spectrum of the reconstructed phase shown in
Fig. S2 in the supplementary section. Fig. 2a and b do not allow us to
unambiguously comment on the sharpness and position of the
Fig. 2. (a) Amplitude and (b) phase of the complex-valued exit wave reconstructed
using a set of focal series images from the region encompassed with a green box in
Fig. 1. (c) and (d) represent the amplitude and phase of the reconstructed complex-
valued exit wave after removing the amorphous epoxy induced artefacts, respec-
tively where the interface positions are indicated with cyan dashed lines. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
interface as they reveal random contrast variations on very short
length scale in both sides of the interface. These unusual variations
can be caused due to random specimen thickness variation along
the electron beam direction. Thickness variation produced by ion
beam milling during TEM sample preparation can safely be ruled
out because both Ge and Gd2O3 sides are single crystalline and
variations are observed in much shorter length scale than usually
produced by ion beam milling. Another reason of this thickness
variation could be due to the accumulation of amorphous materials
of varying thicknesses within imaged region similar like Fig.5 of
reference [14]. Power spectrum presented in Fig. S3b from Ge side
of Fig. 2b reveals sufficient background which confirms the pres-
ence of amorphouswithin imaged region. Fig.1 shows 6e8 nm long
leftover of amorphous epoxy glue adjacent to the edge that was
used to make cross-sectional sandwich sample during TEM sample
preparation. Therefore, the accumulated amorphous materials on
imaged region are expected to be the epoxy glue that might have
spread on imaged region during ion beam milling. A portion of Ge
side from Fig. 2b and corresponding principle strain components
within the region calculated using Geometrical Phase analysis
(GPA) method [38] are presented in Fig. S3 which reveals random
strain variations within the Ge region. Similar like previous report
[14], in the present work the random contrast as well as strain
variations within the imaged region are nothing but artefacts
induced by the amorphous epoxy glue. To remove these artefacts,
reconstructed amplitude and phase were processed with an algo-
rithm reported earlier [39]. Amplitude and phase after removing
amorphous epoxy glue induced artefacts were presented in Fig. 2c
and d respectively which helps to infer qualitatively that the
interface is atomically sharp and flat as indicated by the dotted lines
in both the figures. It can be stated here that in order to comment
on the sharpness and/or structure of an interface in close proximity
to amorphous epoxy in cross-sectional TEM samples, special care
must be taken to remove the epoxy induced artefacts.

To determine the position of the interface more accurately,
magnified version of three regions of the artefacts removed am-
plitudes (Fig. 2c) are presented in Fig. 3aec. All three regions shown
here have an almost same thickness along the viewing direction
across the interface (relative thickness map in Fig. S3 of the sup-
plementary section). To determine the position of the interface
accurately, intensity profiles from interface towards left sides and
towards right sides are presented in Fig. 3def and Fig. 3gei
respectively. Blue boxes in Fig. 3aec indicated the regions from
where intensity profiles were taken. It can be noted that for each
imaged region in Fig. 3aec, intensity profiles of left hand side of the
interface has a lower value than that on the right-hand side. Using
phase object approximation [40], it can be stated that the change in
amplitude is mainly due to the change in inelastic scattering po-
tential when thickness along the viewing direction remains the
same. Since Gd (Z¼ 64) has a higher atomic number than Ge
(Z¼ 32), it is expected that the left side region containing Ge should
have a different value of amplitude than that of right side region
containing Gd, which is evident from the comparison of intensity
profiles of the left and right side for each region. Therefore, it can be
inferred that the interface of the present study is atomically sharp.

To study the interfacial structure further, it is important to
determine the thickness of the imaged region along the viewing
direction. Initially, the thickness was determined using log ratio
method [41]. Detailed determination is presented in the supple-
mentary section which reveals that across the Ge (111)/Gd2O3 (111)
interface the relative specimen thickness remains unchanged.
Furthermore, specimen thickness was determined more precisely
at the Ge side of the interface based on electron channelling theory
[42e45]. A Ge [110] wedge-shaped crystal varying from 1 to 14
atomswith a step size of 1 atom andwidth of 3 atomswas built and



Fig. 3. Magnified versions of three regions from (a) top, (b) middle and (c) bottom portion of Fig. 2c. (d)e(f) are intensity profiles from interface towards left sides and (g)e(i) are
towards right sides of the interface taken from the respective regions encompassed with green boxes. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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exit wave at 300 kV using same parameters as of experiment was
calculated using multislice algorithm. Structural model, recon-
structed amplitude and phase are presented in Figs. S4aeS4c of the
supplementary section respectively. Argand plot of the exit wave
(j) of wedge-shape Ge in [110] with data points and fitted circle
marked in blue is presented in Fig. 4a. This is the most effective way
to visualize the exit wave where the complex value of each pixel
follows a circular locus and the angular increment is proportional to
the number of atoms in a column. The circle of the Argand diagram
consists of 14 data points each corresponding to one extra Ge atom
in the column. The discrete nature of Argand plot reveals, in gen-
eral, that each atomic column contains different number of Ge
atoms and the thickness increases atom by atom along the counter
clockwise direction of the circle. Fig. 4b represents an angular
distribution of the exit wave phase and phase change per Ge atom
was calculated to be ~0.26 rad. The red circle with data points in
Fig. 4a corresponds to the Argand plot of reconstructed exit wave of
the Ge side of the experimental interface where a single bunch of
data points located at a particular angle corresponds to a specific
thickness. From data points marked in red the angular position (q),
w.r.t vacuumwave (green dot) was calculated to be ~3 rad which is
equivalent to 12 Ge atoms along viewing direction. Thus the
calculated thickness of the imaged region is ~2.5 nm.

The next objective was to determine the type of termination at
the interface on Gd2O3 side. Using DFT optimized Gd and O-
terminated interface models shown in Fig. 4c and e respectively,
focal series of HRTEM images were simulated for 2.5 nm
thicknesses along the viewing direction and complex-valued exit
waves were reconstructed using these focal series. Reconstructed
amplitudes of Gd and O truncated interfaces are shown in Fig. 4d
and f respectively and corresponding reconstructed phases are in
depicted in Figs. S5a and S5b of the supplementary section. Inter-
face features of Fig. 4d closely matches with that of the recon-
structed amplitude of the experimental interface shown in Fig. 3
than Fig. 4f. In Fig. 4f there exists a layer of ~0.7 nm where
contrast is weaker than both Ge and Gd layers. This is because of
atomic ‘rearrangement’ of Ge at the interface adjacent to oxygen
atoms which are not evident from experimental micrographs. From
this observation, it is concluded that the experimental interface
truncates at Gd atoms in Gd2O3 side.
4. Conclusions

In the present work, a high-k dielectric oxide-semiconductor
interface Ge (111)/Gd2O3 (111) was precisely characterized at the
atomic scale. After removing the artefacts induced by amorphous
layer deposited on top and/or bottom of the imaged region from the
amplitude and phase of the reconstructed complex-valued exit
wave, the interface is atomically sharp and flat. Specimen thickness
along the electron beam of the imaged region was determined
using Argand diagram based on electron channelling theory.
Comparing reconstructed amplitude of experimental datawith that
of simulated one, the interface was found to be Gd-terminated in
Gd2O3 side.



Fig. 4. (a) Argand plots using channelling theory. The blue circle with data points correspond to wedge-shaped Ge [110] and a red circle with data points correspond to recon-
structed exit wave of the Ge side of the experimental interface. The green dot at 3 O0 clock position corresponds to vacuum wave. (b) angular distribution of the exit wave phase of
simulated wedge-shaped Ge [110]. (c) and (e) DFT optimized Gd and O-terminated interface models respectively. (d) and (f) reconstructed amplitudes from the simulated focal
series HRTEM images at thickness ~ 2.5 nm of interface structures shown in (c) and (e) respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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