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Coherent electro-optomechanics at GHz frequencies with con�ned microcavity exciton-
polaritons

A. S. Kuznetsov, K. Biermann, P. V. Santos

Optomechanical (OM) resonators - systems that couple optical and mechanical degrees
of freedom - are of great interest for fundamental studies and applications. One of the
present technological challenges is to combine OM with semiconductor-based micro-
cavity (MC) for the cavity quantum electrodynamic (cQED) control of opto-electronic
excitations down to single quantum level in nanostructures.
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Fig. 1. (a) Cross-section of a hybrid photon-phonon
microcavity with intracavity traps for the simultane-
ous con�nement of exciton-polaritons (energy flhwC) and
phonons (of energy flhWm). The cavity is formed by
two acousto-optic distributed Bragg re�ectors (aoDBRs)
around a spacer region with embedded quantum wells
(QWs). Phonons are electrically injected by an radio-
frequency (rf) driven bulk acoustic wave (BAW) resonator
(BAWRs) with an aperture for the optical excitation and
detection of polaritons. (b) Cross-section of a BAWR on a
bare GaAs substrate consisting of a piezoelectric ZnO layer
sandwiched between two metal electrodes. The rf voltage
applied to the electrodes excites phonons in the form of
GHz longitudinal BAWs with center frequency given by
lBAW = vBAW/2dZnO, where vBAW is the acoustic velocity
and dZnO is the ZnO thickness.

Emerging applications include
the coherent manipulation of quan-
tum states in the nanoscale de-
vices, the interconversion of op-
tical and microwave photons, as
well as optical information trans-
fer between on-chip qubits. In
this context, the coupling of GHz
vibrations (phonons) to solid-state
excitations has become relevant
for advanced photonic applications,
including the emerging �elds of
quantum communication and com-
putation [K. Fang et al., Nat. Pho-
tonics 10, 489�497 (2016)].

Semiconductor planar MCs (cf.
Fig 1(a)) are an ideal system for the
controlled manipulation of opto-
electronic excitations. These struc-
tures ef�ciently con�ne photons
and quantum well (QW) excitons
within a spacer region embedded
in-between distributed Bragg re�ec-
tors (DBRs). The strong coupling
between photons and QW excitons
resuts in exciton-polaritons (simply,
polaritons), half-light half-matter
quasiparticles with long time and
spatial coherences. Planar MCs
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have been used for many fundamental investigations including, for instance, the con-
trol of spontaneous emission and the demonstration of strong light-matter coupling.
These studies have also triggered technological advances in the fabrication (in particu-
lar, using molecular beam epitaxy, MBE) and applications. The MBE grown (Al,Ga)As
MCs are especially attractive owing to their high structural and opto-electronic qual-
ity. The development of vertical cavity surface emitting lasers is probably one of the
best-known examples.

The MC-based optomechanics is motivated by the fact that an (Al,Ga)As MC con-
�ning near-infrared photons in its spacer also con�nes GHz phonons in the same spa-
tial region [A. Fainstein et al., Phys. Rev. Lett. 110, 037403 (2013)]. Furthermore, we
have recently demonstrated that the coherent phonons with frequencies up to 20 GHz
can be electrically generated using piezoelectric bulk acoustic resonators (BAWRs) and
injected into these hybrid MCs, thus providing a unique �electric knob� functionality
[D.H.O. Machado et al., Phys. Rev. Applied 12, 044013 (2019)].

In this report, we introduce a novel semiconductor platform bridging cQED and
electrically driven OM, based on the coherent coupling of GHz phonons and con�ned
polaritons in structured (Al,Ga)As MC [A.S. Kuznetsov et al., Phys. Rev. X 11, 021020
(2021)]. The essential ingredients of the platform are: (i) a structured hybrid MC with
mm-sized potential traps for the lateral con�nement of polariton and phonons and (ii)
BAWRs for the injection and detection of monochromatic GHz phonons. The traps
can con�ne long-living phonons and optically pumped exciton-polariton condensates
with long coherence time (i.e., exceeding the phonon oscillation period).

Using state-of-the-art MBE, the PDI has developed hybrid MCs embedding intra-
cavity traps (cf. Fig. 1(a)) with high optical and acoustic quality factors (exceeding 103

at 10 K). In the (Al,Ga)As material system, the sound and light acoustic impedances
(Zsound/Zlight � 0.83) as well as the ratios between sound and light velocities (c2/c1 �
v2/v1 � 1 : 2) are almost identical. As a consequence of this �double magic coin-
cidence�, an (Al,Ga)As MC designed to con�ne near-infrared photons also ef�ciently
con�nes GHz phonons. Structured MCs with intracavity polariton traps [cf. Fig. 1(a)]
are fabricated by interrupting the MBE growth after the deposition of the cavity spacer
embedding the QWs and structuring it by photolithographically de�ned shallow (typ-
ically 10-20 nm) etching. The sample is then reinserted into the MBE chamber and
overgrown with the upper distributed Bragg re�ector (DBR). The patterning produces
µm-sized mesas of different shapes, which maintain their shape during the subsequent
overgrowth step. The etching blueshifts the optical and vibrational modes of the MC.
The latter is used to create lateral potentials with discrete con�ned states for both po-
laritons and phonons [A.S. Kuznetsov et al., Phys. Rev. B 97, 195309 (2018)].
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Fig. 2. (a) The rf power re�ection coef�cient
(s11) as a function of frequency of a BAWR
at 10 K. The dips in the s11 correspond to
the excitation of BAWs. The inset shows a
zoom of the frequency region of the acous-
tic MC mode (FMC). (b) Time-resolved acous-
tic echoes after roundtrips across the sam-
ple. The decay yields a phonon lifetime tBAW
= 270 ns. The interference of the re�ected
waves gives rise to the frequency comb in the
inset to (a). (c) (upper panel) The rf-frequency
dependence of the polariton spectrum in the
FMC range. LP and MP denote the lower
and middle polariton levels. (lower panel)
The frequency dependencies of time-gated
s11 corresponding to the time-range TG3 in
(b) and the integrated PL intensity (IPL,MP).
The MP modulation amplitudes (DE) at the
comb frequencies exceed 25 meV.

The phonon generation relies on the trans-
duction of a super-high-frequency (SHF, 3 �
30 GHz) radio-frequency (rf) voltage to sound
waves achieved in capacitor-like piezoelectric
structures � bulk acoustic wave (BAW) res-
onators (BAWRs) � fabricated on the sam-
ple surface (cf. Fig. 1(b)). The BAWR gen-
erates (and also detects) LA phonons over
a broad range of frequencies, thus enabling
rf-spectroscopic studies. Using numerical
modelling, we have designed and fabricated
BAWRs operating up to 20 GHz in GaAs struc-
tures, i.e., at frequencies signi�cantly beyond
those achieved with surface acoustic waves
(SAWs). Unlike SAWs, which are con�ned to
the sample surface, BAWs propagate towards
the bulk and can, therefore, ef�ciently couple
to QWs buried at arbitrary depths (e.g., within
the space region of a MC, which is typically a
few mm below the surface). Another impor-
tant feature of SHF BAWs is the very weak and
essentially frequency-independent acoustic at-
tenuation at temperatures below � 30 K. This
leads to exceptionally long BAW propagation
lengths, which reach up to a cm. Substrates
with polished back-surfaces thus become ef�-
cient acoustic cavities with enhanced acoustic
amplitudes: here, the BAWs experience specu-
lar re�ection at the surfaces and make several
roundtrips through the MC spacer before they
attenuate, see Fig. 2(b).

The frequency dependence of the BAWR rf
power-re�ection coef�cient [ s11, cf. Fig. 2(a)]
allows a precise determination of the acoustic
stopband de�ned by the DBRs as well as of the
acoustic modes con�ned near the surface (fre-
quency FS) and within the MC spacer (FMS).
In the �gure, the dips in the spectrum signal-
ize the piezoelectric conversion of the rf signal
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applied to the BAWR to acoustic modes. The sharp lines highlighted in the inset of
Fig. 2(a) are due to the Fabry-Perot modes that undergo constructive interference upon
back-re�ection at the top and bottom sample surfaces. They give rise to a comb of
resonances with the spacing determined by the total thickness of the sample, as dis-
played in the inset of Fig. 2(a). This phonon backfeeding to the MC region boosts
the effective quality factor (Qa,e f f ) to values Qa,e f f > 104 in the 5�20 GHz range and,
hence, to very large Qa,e f f � f requency products exceeding 1014. These high Qa,e f f

indicate an excellent decoupling of the electrically excited vibrations from the thermal
phonon bath even at room temperature. The high Qa,e f f ’s also enables the detection
of small (sub MHz) changes in phonon frequency (e.g., such as those expected due to
the phonon con�nement) as well as time-domain echo spectroscopy with a very large
(exceeding 90 dB) dynamical range. Here, the BAWR effectively detects the echoes of a
short acoustic pulse after each round trip across the sample, as illustrated in Fig. 2(b).
Using this approach, we have been able to observe tens of acoustic echoes and to de-
termine phonon absorption length and lifetime, which at 10 K exceed one mm and 270
ns, respectively.

The piezoelectrically generated strain couples very ef�ciently to the polariton opti-
cal �eld via radiation pressure as well as to polariton excitonic �eld via electrostriction
(i.e., the modulation of the excitonic levels mediated by the deformation potential inter-
action). The color map of Fig. 2(c) shows the dependence of the polariton photolumi-
nescence (PL) spectrum on the rf frequency (for �xed a rf power) applied to the BAWR
recorded in the con�guration of Fig. 1(a) in an unstructured MC (i.e., without traps).
The polariton lines become strongly energy-modulated at well-de�ned rf-frequencies.
The frequency dependence of the modulation amplitudes of the PL energy (DE) and
intensity (IPL,MP) follows closely the frequency combs of the s11 spectrum, as shown in
the lower panel of Fig. 2(c). DE reaches a record-high value of 25 meV at some of the
resonances: this value is several times larger than the Rabi-coupling energy. Using the
GaAs deformation potential, we estimate strain amplitudes in excess of 0.25 %. Even
higher strain levels are expected in traps with laterally con�ned phonon �elds.

A comparison of the acoustic modulation of the different polariton lines yields in-
formation about the modulation mechanisms. In the sample of Fig. 2(c), the middle
polariton (MP) is exciton-like, while the lower polariton (LP) is photon-like. Over
the whole rf-frequency range, the energy modulation of the MP is considerably larger
than that for the LP, which proves that the modulation is dominated by the exciton-
mediated deformation potential interaction.

The modulation studies of Fig. 2 were carried out in the incoherent regime, i.e.,
when the coherence times of the polariton particles are shorter than the phonon oscil-
lation period. The coherent coupling between the phonons and polaritons is realized at
high polariton densities. Polaritons are composite bosons: as a consequence, a polari-
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ton gas undergoes a transition to a collective quantum state, Bose-Einstein-like (BEC)
condensate, when thermal de Broglie wavelength of the particles exceeds the average
inter-particle separation with decreasing temperature and/or increasing particle den-
sities. As for an atomic BEC, the ensemble then collapses into a macroscopic quantum
state (a polariton BEC) described by a single, spontaneously built wave function with
long spatial extent (up to several tens of mm). The strong inter-particle interactions
associated with the excitonic polariton component give rise to pronounced nonlinear-
ities, which have been exploited for the investigations of vorticity and super�uidity
as well as for the realization of ultra-fast optical switches. In contrast to atomic BECs,
polariton polariton BECs are metastable due to photon losses but can be maintained by
continuous optical excitation. In that way, BECs with coherence times (tcoh) substan-
tially longer (up to the ns regime) than the photon lifetime in the MC (tens of ps) can
be achieved.

The long temporal coherence of con�ned phonons and polaritons together with the
strong phonon-polariton interactions have important consequences for the optome-
chanical coupling in arrays of traps. In particular, we have recently demonstrated that
coupled con�ned polariton BEC states in arrays of traps self-oscillate at the phonon
frequency when the energy difference between neighboring traps becomes a multiple
of the phonon quantum, thus leading to phonon sidebands in the emission spectrum
[D.L. Chafatinos et al., Nature Communications 11, 4552 (2020)]. The same work also
shows that the stimulated population of the 20 GHz phonons exceeds 105 times the
thermal occupation, thus demonstrating an optically driven phonon laser.
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Fig. 3. (upper panel) High-resolution PL spectrum
of the ground state of a polariton BEC con�ned in a
4 � 4mm2 trap in the absence of acoustic excitation with
a linewidth Gpol = 2p � 1.2 GHz. (lower panel) Cor-
responding PL spectrum under a 7 GHz electrically ex-
cited phonon �eld, displaying phonon sidebands. The
PL energy (horizontal scale) is speci�ed in units of the
phonon quantum flhWM (WM = 2p � 7 GHz) relative to
the zero-phonon line (ZPL).

Finally, we show that the coher-
ent phonon-polariton interaction can
also be detected in single traps. Us-
ing high resolution spectroscopy, we
have established that the coherence
time of con�ned polariton BECs ex-
ceeds the photon lifetime by more than
two orders of magnitude. Speci�cally,
the black line in upper panel of the
Fig. 3 shows a high-resolution spec-
trum of the ground-state of a polariton
BEC con�ned in a single 4×4 mm2 trap.
The emission is dominated by a single
main peak with a spectral linewidth of
Gpol = 2p � 1.5 GHz, which translates
into tcoh = 660 ps. Values tcoh up to 2
ns have been measured. Such a long

10

Highlights



coherence time far exceeds the 140 ps oscillation period of phonons with the resonance
frequency of fBAW = 7 GHz. The condition tcoh > 1/ fBAW is a prerequisite for the
acoustic modulation in the regime of resolved phonon sidebands, which heralds a co-
herent interaction between phonons and polaritons. The latter regime is demonstrated
by the red curve in the lower panel of Fig. 3, which displays the PL spectrum of the
same trap when exposed to an electrically excited acoustic comb mode at approxi-
mately 7 GHz (i.e., like the ones in Fig. 2(c)). The spectrum reveals well-de�ned and
symmetrical phonon sidebands resulting from the coherent energy modulation. No-
tably, the zero-phonon line (ZPL) is strongly suppressed under phonon driving, thus
demonstrating electro-optomechanically induced transparency.

In conclusion, hybrid MCs con�ning SHF phonons and near-infrared polaritons es-
tablish a powerful platform to bridge the �elds of OM and cQED. A key advantage
of the platform is the electrical excitation (and detection) of coherent SHF phonons by
piezoelectric bulk transducers. In this way, the phonon frequency, amplitudes and in-
jection region within the MC can be precisely controlled. The excited SHF phonons res-
onantly couple to exciton-polaritons via the deformation potential, resulting in huge
polariton energy modulation amplitudes, i.e., exceeding the polariton linewidth by
two orders of magnitude even at low polariton densities. As the con�ned polaritons
transition to a BEC state, their coherence time becomes much larger than the phonon
oscillation period. This condition allowed us to observe well resolved acoustic side-
bands with electrically injected SHF phonons in a single trap as well as phonon lasing
in coupled trap systems. The results presented here open a route to the coherent opti-
cal control via phonons as well as towards advanced on-chip functionalities including
interfacing of near-infrared and microwave excitations.

We acknowledge the �nancial support by German DFG (grant 359162958).
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Van der Waals epitaxy of ferromagnetic Fe3GeTe2 �lms on graphene

J. M. J. Lopes, D. Czubak, E. Zallo, A. I. Figueroa1, C. Guillemard2, M. Valvidares2,
J. Rubio-Zuazo3, J. L·opez-S·anchez3, S. O. Valenzuela1, M. Hanke, M. Ramsteiner

Magnetic two-dimensional (2D) materials are promising building blocks for the de-
velopment of ultra-compact spintronic devices with faster response and low power
dissipation. Their study is also expected to open new perspectives on a more versatile
modulation of magnetism, beyond what can be achieved in three-dimensional mag-
netic �lms. As an example, combining layered magnets with other 2D crystals such as
graphene to form van der Waals (vdW) heterostructures offers great potential to tailor
magnetism via proximity-induced phenomena.

Among the available 2D magnets, Fe3GeTe2 (FGT) is particularly promising due
to its outstanding properties. FGT is a ferromagnetic conductor with a robust out-of-
plane anisotropy and, most remarkably, highly tunable properties. It has been shown
that magnetism in FGT can be tuned via electrostatic gating as well as modulation in
its composition, allowing to achieve Curie temperatures (TC) near 300 K. Besides these
possibilities, strain engineering and substitutional doping have been identi�ed as ef-
fective routes to tune the magnetic properties of FGTs. Finally, although a native sur-
face oxide forms upon air exposure, degradation in FGT is not as severe as in other 2D
magnets such as chromium trihalides, which may facilitate its integration into devices.

The vast majority of the research on FGT and related vdW heterostructures has
been performed on micrometer-sized �akes exfoliated from bulk crystals. While such
samples allow the exploration of fundamental properties as well as novel device con-
cepts, they are incompatible with standard device fabrication, which usually requires a
wafer-scale, uniform form of material. Hence, it is currently of paramount importance
to investigate large-scale epitaxy of FGT on different substrates, including other 2D
materials to form vdW heterostructures.

In this work, we assess the feasibility of growing FGT on graphene by using molec-
ular beam epitaxy (MBE). Morphological and structural characterization con�rmed the
realization of large-area, continuous FGT/graphene heterostructure �lms with high
structural quality. Additionally, magnetism in the samples was probed macro- and mi-
croscopically, revealing a ferromagnetic behavior for the FGT �lms that is similar to
state-of-the art exfoliated �akes. These results are highly relevant for further research
on wafer scale growth of vdW heterostructures combining FGT with other 2D crystals
for the realization of multifunctional, atomically thin devices.

FGT was synthesized by MBE using elemental Fe, Ge, and Te evaporated from

1Catalan Institute of Nanoscience and Nanotechnology (ICN2), Barcelona, Spain.
2ALBA Synchrotron Light Source, Barcelona, Spain.
3Spanish CRG BM25-SpLine at The ESRF�The European Synchrotron, Grenoble, France.
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Knudsen cells. Continuous �lms with thicknesses around 10 and 20 nm [(i.e., from 12
to 25 FGT quintuple layers (QL); 1 QL corresponds to approximately 0.8 nm formed
by sequential Te/Fe/FeGe/Fe/Te slabs)] were obtained using growth times of 1 and
2 h, respectively. As substrates, 1�1 cm2-large pieces of epitaxial graphene on 4H-
SiC(0001) were utilized. They were fabricated via SiC surface graphitization at high
temperatures in an Ar atmosphere, following a well-established protocol [M. H. Olivei-
ra, Jr., et al., Appl. Phys. Lett. 99, 111901 (2011)]. FGT �lms were also synthesized on
1�1 cm2 Al2O3(0001) pieces using the same conditions for comparison. For all growth
experiments, a substrate temperature of 300 �C was employed. Finally, the FGT �lms
were capped in some cases in situ with about 5-nm-thick Te layer deposited after sam-
ple cooling to room temperature. This procedure was adopted in order to reduce FGT
surface oxidation upon prolonged air exposure, which could hinder the successful
use of surface-sensitive techniques such as x-ray absorption spectroscopy (XAS), x-ray
magnetic circular dichroism (XMCD), and grazing incidence x-ray diffraction (GID)
[see results below].

Figure 1(a) shows an atomic force microscopy (AFM) image of a 10-nm-thick FGT
�lm, which reveals the continuous coverage over the graphene/SiC surface terraces.
Discontinuities (holes) in the �lm are observed mostly close to step edges (indicated
by red arrows), resulting in relatively small areas with exposed graphene. The ap-
pearance of such morphological irregularities is probably related to an inability of
FGT to grow�under the employed synthesis conditions�on the bi- to few-layer-thick
graphene ribbons and patches located on step edge regions [L. A. Galves et al., Carbon
115, 162 (2017)]. They exhibit a much lower chemical reactivity in comparison to the
one of monolayer graphene covering surface terraces. This variation is known to af-

(a) (b)

0
25

 n
m

 

(a)

Fig. 1. (a) AFM image of a 10-nm-thick FGT �lm grown on graphene/SiC(0001). The red arrows in-
dicate the position of steps on the graphene/SiC(0001) surface. (b) Raman spectra for excitation at a
wavelength of 473 nm showing the graphene and SiC components for samples with (blue spectrum)
and without (green spectrum) a 20-nm-thick FGT �lm on top. The inset depicts the A1g and A1g+E2g
Raman components associated with the FGT �lm (blue spectrum). For comparison, the Raman spectrum
collected from a commercially available bulk FGT crystal is also plotted (green spectrum).
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fect the overgrowth of 2D materials [M. Heilmann et al., ACS Appl. Mater. Interfaces
12, 8897 (2020)]. Further optimization of the FGT growth parameters is anticipated to
mitigate this problem. The root-mean-square (RMS) roughness of the FGT �lm was
measured to be about 1 nm in 1�1 cm2 on a surface terrace, which is higher than the
one measured on graphene surfaces (RMS � 0.2 nm). Note that the AFM images de-
picted here were acquired from non-capped FGT �lms exposed to air for several days.
Thus, natural oxidation of the topmost few layers of the FGT �lm is expected to affect
the surface roughness [D. Kim et al., Nanotechnology 30, 245701 (2019)].

The results of Raman spectroscopy shown in Fig. 1(b) con�rmed that the graphene
did not suffer structural changes due to the FGT synthesis. Besides the SiC background
signal, the graphene-related 2D and G peaks remain mostly unaltered. The intensity of
the defect-related D peak does not increase after growth. This con�rms the structural
integrity of graphene and indicates that no rehybridization takes place in graphene,
e.g., due to the formation of covalent bonds with FGT. The Raman measurements also
con�rmed the formation of FGT. The inset in Fig. 1(b) shows two components appear-
ing at about 120 and 155 cm�1, which are associated with the A1g and the superposition
of the A1g+E2g phonon modes in FGT, respectively. The peak located around 205 cm�1

originates from SiC.
Figures 2(a) and 2(b) present re�ection high energy electron diffraction (RHEED)

patterns obtained before and after FGT growth, respectively. For the latter, the narrow
streaks indicate epitaxial growth of a 2D �lm with a smooth surface. The shift in their
location with respect to the pattern obtained for graphene/SiC reveals the evolution
to a larger in-plane lattice constant as expected for FGT. Further information on the
structure of FGT/graphene heterostacks was obtained by GID. Figure 2(c) shows an
in-plane reciprocal space map of a Te-capped, 10-nm-thick FGT �lm on graphene/SiC,
in which the color-coded scattered intensity in reciprocal space is plotted as a function
of reciprocal lattice units (rlu), referring to the hexagonal lattice of SiC(0001). Note
that we use the four-component vector notation for hexagonal symmetry, i.e., (hklm)
= (hk.m) = (hk-(h+k)m). There are highly localized substrate re�ections, namely the
SiC(21.0) one and its higher orders. A line scan crossing the SiC(21.0) re�ection is
superimposed to the map. We have also drawn different radii corresponding to net
plane distances of graphene, G(10.0) and G(11.0), and FGT, i.e., the FGT(n0.0) with n =
[2..4] and FGT(nn.0) with [n = 1..3]. Based on the three most intense contributions from
FGT, i.e., (11.0), (30.0), and (22.0), one can deduce an average in-plane lattice parameter
for FGT of 4.011 	A, which indicates a tensile strain of about 0.5 % [taking as a reference
value dFGT = 3.991 	A for bulk crystals from H.-J. Deiseroth et al., Eur. J. Inorg. Chem.
1561 (2006)]. The observed strain might be related to structural deformation in the
FGT layers due to bending around surface irregularities (e.g., graphene wrinkles and
SiC surface steps).
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Fig. 4. (a) Hysteresis loop recorded at the Fe L3 edge for a Te-capped, 20-nm-thick FGT �lm on
graphene/SiC(0001) at 3 K. The XMCD signal is normalized to its value in saturation. (b) Temperature
dependence of the Fe L3 XMCD maximum in saturation (6 T, blue circles) and remanence (red triangles).
Inset: XMCD signal recorded at 3 K under an out-of-plane magnetic �eld of 6 T (blue) and at remanence
(red).

nal (706.4 eV) [see inset in Fig. 4(b)]. The signal is normalized to an energy point
at the pre-edge region (703 eV), measured on the �y with a magnetic �eld (B) ramp
of 1.5 T min�1 at high B (from �6 to �2 T) and of 1.0 T min�1 at low B (from �2 to
�2 T). In accordance with the magnetotransport results, the square shape of the loop
reveals the strong out-of-plane ferromagnetic character of the Fe atoms in the FGT
�lm. The temperature dependence of the maximum of the Fe L3 signal in saturation
(6 T) and remanence (0 T) are plotted in Fig. 4(b). The remanent magnetization ex-
trapolates to zero at about 220 K, which agrees closely with the value of TC found
by transport measurements. The XMCD signal at 6 T persists at room temperature,
demonstrating a strong paramagnetic response, even though the long-range ferromag-
netic order has already vanished. Application of the magneto-optical sum rules for
XAS and XMCD [B. T. Thole et al., Phys. Rev. Lett. 68, 1943 (1992)] allowed us to
extract the orbital, spin, and total magnetic moments (morb, mspin, and mtotal) of Fe 3d
electrons in the ground state. From the experimental Fe L2,3 edges in the spectra at
3 K and 6 T, we obtain morb = (0.047 � 0.004) mB/Fe, mspin = (1.13 � 0.09) mB/Fe, and
mtotal = (1.18 � 0.10) mB/Fe. The orbital-to-spin moment ratio is 0.042 – 0.008, which is
comparable to that of elemental Fe (0.043) and somewhat larger than what is reported
for FGT single crystals (0.03).

In summary, vdW epitaxy of FGT on graphene was studied via MBE. The real-
ization of large-area FGT/graphene heterostructures with high structural and inter-
face quality could be demonstrated. Magneto-transport and XMCD/XAS investiga-
tions revealed a robust perpendicular magnetic anisotropy in FGT and the observation
of plateaus associated with the QHE effect in graphene. These results are relevant
for further research on wafer-scale growth of vdW heterostructures with multifunc-
tional properties. By combining FGT with other 2D crystals including transition metal
dichalcogenides and hexagonal BN, we envision the realization of spintronic devices
with dimensions and performance not achievable with conventional bulk materials.
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Lattice parameters of ScxAl1�xN layers grown on GaN(0001) by plasma-assisted
molecular beam epitaxy

D. V. Dinh, J. L¤ahnemann, L. Geelhaar, O. Brandt

(Sc,Al)N ternary alloys have attracted considerable interest for surface acoustic wave
devices due to their outstanding piezoelectric properties [M. Akiyama et al., Adv. Mater.
21, 593 (2009)]. Additionally, (Sc,Al)N layers grown on GaN templates have been con-
sidered for high-electron-mobility transistors with unprecedented electron sheet den-
sity [M. T. Hardy et al., Appl. Phys. Lett. 110, 162104 (2017)].

(Sc,Al)N layers are fabricated most frequently by sputtering, but the resulting mate-
rial generally exhibits a very low crystallinity. Recently, (Sc,Al)N layers of higher crys-
tallinity have been synthesized by plasma-assisted molecular beam epitaxy (PAMBE).
Despite the improved structural properties of these layers, the existing studies do not
agree on the dependence of both the in-plane a and out-of-plane c lattice constants on
the Sc content, for which widely different values have been reported. However, the
c/a ratio of (Sc,Al)N is predicted to basically determine its piezoelectric coef�cients [H.
Momida et al., Appl. Phys. Express 11, 041201 (2018)]. Hence, an accurate knowledge
of the lattice constants of (Sc,Al)N is essential not only to synthesize lattice-matched
layers on GaN, but also to understand the elastic and piezoelectric properties of these
layers.

In this study, we investigate the crystalline properties and determine the lattice
parameters of ScxAl1�xN layers grown on undoped GaN(0001)/sapphire templates
using PAMBE. The composition of the layers is varied by changing the Sc �ux while
keeping the Al �ux constant. Likewise, we keep the growth temperature constant at
700 �C. The Sc content x of the layers is determined independently by two analytical
techniques, namely, x-ray photoelectron spectroscopy (XPS) and electron dispersive x-
ray spectroscopy (EDX). The lattice constants of the layers are measured using a triple-
axis high-resolution x-ray diffraction (XRD) system equipped with a Ge(220) hybrid
monochromator and a Ge(220) analyzer. We investigate layers with a thickness of 100�
120 nm to facilitate the detection of asymmetric XRD peaks allowing us an accurate
determination of both the out-of-plane and in-plane lattice constants.

Figure 1(a) shows the dependence of the Sc content in the solid phase, as measured
by XPS and EDX, on the corresponding beam �ux ratio. A linear relation is observed
as expected in the absence of desorption of the group III elements. Symmetric w-2q
XRD scans, as shown in Fig. 1(b), reveal that layers with high structural perfection are
obtained for x � 0.1. The distinct thickness fringes allow us to determine the layer
thickness of (105 � 1) nm. The XRD peak of layers with both lower and higher Sc
content broadens notably. For the highest Sc content, the appearance of an additional
peak gives evidence of phase separation. This phase separation is due to the fact that
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Fig. 1. (a) Sc content of the ScxAl1�xN layers under investigation. The data points represent the average
of the values determined by XPS and EDX. (b) Symmetric w-2q XRD scans of ScxAl1�xN layers on
GaN(0001). The Sc content is indicated in the �gure. The dashed and dash-dotted lines indicate the
0002 2q positions of relaxed GaN and AlN, respectively. (c) RSM of the Sc0.09Al0.91N layer around the
asymmetric GaN 10fl15 diffraction peak. (d) Azimuthal f scans of the Sc0.09Al0.91N and GaN 10fl15 peaks.

AlN crystallizes in the wurtzite structure, while ScN exhibits the rock-salt structure.
Therefore, at a certain value of x, a transition from the wurtzite to the rock-salt structure
will occur [C. Constantin et al., Phys. Rev. B 70, 193309 (2004)].

Reciprocal space maps (RSM) around the asymmetric GaN 10fl15 diffraction peak are
measured to obtain further insight into the crystal structure of the (Sc,Al)N layers and
to get access to their in-plane lattice constants. Figure 1(c) shows an RSM of the 105-
nm-thick Sc0.09Al0.91N/GaN layer. Besides the GaN 10fl15 peak, only the (Sc,Al)N 10fl15
peak is observed, indicating that this layer also has a hexagonal wurtzite crystal struc-
ture with the (0001) surface orientation. This conclusion is con�rmed by azimuthal
scans of the Sc0.09Al0.91N 10fl15 and GaN 10fl15 peaks as shown in Fig. 1(d). Addition-
ally, the RSM demonstrates that the Sc0.09Al0.91N layer is pseudomorphic to GaN.

For improved accuracy, the a and c lattice constants of the (Sc,Al)N layers are cal-
culated from the angular positions of the symmetric 0002 and asymmetric 10fl15 XRD
peaks. The measured lattice constants of ScxAl1�xN layers previously reported in the
literature and of the layers studied here are shown as a function of x in Fig. 2. It should
be noted that due to the phase separation, it is impossible to measure the a lattice con-
stant for the samples with x > 0.15. The value of a has been found to increase linearly
(a = 3.116 + 0.765 x) with increasing x [Fig. 2(a)], resulting in lattice matching of GaN
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for x = 0.095. In contrast, the value of c remains almost constant [Fig. 2(b)]. This
anisotropic expansion was observed before for (Sc,Ga)N, and attributed to local distor-
tions of the wurtzite structure due to the existence of a layered hexagonal phase of ScN
[C. Constantin, op. cit.].

The c lattice constants obtained for the (Sc,Al)N samples studied here are close to
the values previously reported in the literature for x < 0.15. However, for x > 0.15,
the values exhibit notable deviations. This fact is presumably related to the transition
from the wurtzite to rock-salt structure as discussed above.
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Fig. 3. (a) FWHM of the 0002 and 10fl12 x-ray rocking
curves and (b) 2DEG sheet density and mobility of
the ScxAl1�xN/GaN layers plotted as a function of
x. The lines are a guide to the eye.

The crystallinity of the ScxAl1�xN lay-
ers is investigated by measuring 0002 and
10fl12 x-ray rocking curves in the quasi-
symmetric skew-geometry. Figure 3(a)
shows the values for the full-width at
half-maximum (FWHM) of these diffrac-
tion pro�les as a function of x and,
equivalently, the lattice mismatch to
GaN(0001). The FWHM values of both
peaks decrease with increasing x, reach
minimum values at x � 0.1, and then in-
crease for higher x. This trend matches
exactly with the change of lattice mis-
match between (Sc,Al)N and GaN. For
the Sc0.09Al0.91N layers, FWHM values
of 24000 and 270�37000 are obtained for
the 0002 and 10fl12 rocking curves, respec-
tively. These values are comparable to
those of the GaN templates, indicating
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the high crystalline quality of these layers. Note that this is the �rst time that asym-
metric rocking curves could be measured for (Sc,Al)N.

Finally, it is of interest to examine the electrical properties of the (Sc,Al)N/GaN
structures, which we do here by room-temperature Hall effect measurements. The
results are displayed in Fig. 3(b), and reveal a maximum electron sheet density and
mobility at x � 0.1, i. e., for lattice-matched �lms. For low Sc concentrations as in this
work, the (Sc,Al)N layers remain insulating, similar to pure AlN, and the rather high
electron sheet densities measured can only originate from two sources: the intention-
ally undoped GaN template and the two-dimensional electron gas (2DEG) induced
by the difference in electrical polarisation between GaN and (Sc,Al)N. For the former,
separate Hall measurements yield sheet densities of 2 � 1013 cm�2 (corresponding to a
volume density of 5 � 1016 cm�3) and a mobility of 200 cm2V�1s�1, values very close
to those obtained for Sc contents far from lattice matching. Evidently, the increase in
both sheet density and mobility close to lattice matching is due to the formation of
a 2DEG. Analyzing the data in the framework of a two-conduction-band model [D.
C. Look et al., J. Appl. Phys. 74, 311 (1993)], we obtain values of 4.5 � 1013 cm�2 and
375 cm2V�1s�1 for the sheet density and mobility of the 2DEG at x = 0.1, values close
to actual (Sc,Al)N/GaN high-electron-mobility transistor structures reported by other
groups [M. T. Hardy et al., op. cit.]. Away from lattice matching, the 2DEG rapidly
degrades presumably due to the formation of dislocations at the hetero-interface.

Concluding, we have accurately determined the composition and lattice constants
of (Sc,Al)N layers on GaN(0001) by independent experimental techniques. A lattice
match to GaN is established at a Sc content of about 0.1. (Sc,Al)N layers with this
composition exhibit a very high structural perfection (essentially limited by that of the
template) and give rise to a 2DEG at the (Sc,Al)N/GaN interface with a high sheet
density.
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Adsorption-controlled LaInO 3 growth by plasma-assisted molecular beam epitaxy

G. Hoffmann, D. Klimm 1, and O. Bierwagen

The family of complex oxides comprises dielectric, semiconducting, superconducting,

ferromagnetic, and ferroelectric materials. Their common, perovskite, crystal struc-

ture provides the basis for combining these oxides and their respective properties epi-

taxially to form (multi)functional heterostructures. Among these oxides, the wide-

bandgap semiconductor BaSnO3 (BSO) has the highest room-temperature electron mo-

bility—up to 320 cm 2/Vs for bulk material [H. J. Kim et al., Appl. Phys. Express 5,

061102 (2012)] and 183 cm2/Vs for thin �lms [H. Paik et al., APL Mater. 5, 116107

(2017)] have been reported. BSO has a band gap ofEg � 3.1 eV. Interfacing the non-

polar oxide BSO with the wider-band gap ( Eg � 5.0 eV) polar oxide LaInO3 (LIO),

has been predicted to induce and con�ne a two-dimensional electron gas (2DEG) at

the interface through polarization doping [K. Krishnaswamy et al., Appl. Phys. Lett.

108, 083501 (2016)]. Different �avors of molecular beam epitaxy (MBE) have demon-

strated the adsorption-controlled growth of BSO thin �lms with the highest quality

and electron mobility [S. Raghavan et al., APL Mater. 4, 016106 (2016), A. Prakashet al.,

J. Vac. Sci. Technol A33, 060608 (2015)], whereas the MBE growth of LIO has not been

reported to date.

Here, we demonstrate the adsorption-controlled growth of LIO thin �lms by plasma-

assisted MBE using In and La effusion cells and a controlled �ow of oxygen injected

into the plasma source run at a RF power of 200 W. In order to sustain the plasma even

at low O 2 �uxes in the range of 0.06–0.14 sccm we provided an additional 0.1–0.2 sccm

Ar �ux to the plasma source using a separate mass �ow controller. A line-of-sight

quadrupole mass spectrometer allows us to analyze the �ux desorbing from the sub-

strate.

Our LIO �lms are grown on orthorhombic (110)-oriented DyScO 3 (DSO) substrates.

As shown in Fig. 1(a), LIO also possesses an orthorhombic unit cell with lattice param-

eters a = 0.595 nm,b = 0.571 nm, and c = 0.824 nm [K. Krishnaswamy et al., Appl.

Phys. Lett. 108, 083501 (2016)]. The In atoms are surrounded by oxygen atoms in

a tilted octahedral arrangement. Both, DSO and LIO form a coinciding (100)-oriented

pseudocubic unit cell in their orthorhombic (110)-orientation [see Fig. 1(b)]. The result-

ing lattice mismatch of these pseudocubic cells is in the range of 4.5–5.5% depending

on the orientation of the a, b, and c directions between LIO and DSO. The pseudocubic

cell of the LIO results in an alternating stacking of polar LaO (+1) and InO 2 (-1) planes

due to the charge transfer of 0.5 electrons per unit cell from the LaO to the InO 2 below

and above [see Fig. 1(c)]. At the LIO/BSO interface, a net charge of 0.5 electrons per

1Leibniz-Institut f ür Kristallz üchtung im Forschungsverbund Berlin e.V., Max-Born-Straße 2 D-12489

Berlin
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Fig. 1. (a) Orthorhombic LIO unit cell with three octahedra formed by the oxygen atoms highlighted in
red. (b) Sketch of the relationship of the orthorhombic (pink) and related 1 � 1 � 2 pseudocubic (black)
LIO unit cell. (c) Cation stacking at the LIO/BSO interface. Due to the polar discontinuity (indicated by
the bracketed numbers) charge transfer from the LaO to the SnO2 layer provides electrons to a 2DEG
(red shaded area). (d) Schematic cation stacking for LIO on DSO according to our growth approach. The
lattice mismatch between DSO and LIO along the ab-plane and c-plane is 5.14% and 4.56%, respectively.

unit cell transfered to the neutral SnO 2 layer is predicted to form a 2DEG in the BSO,

illustrated by the red shaded area, that is partially con�ned by the conduction band

offset between LIO and BSO [K. Krishnaswamy et al., Appl. Phys. Lett. 108, 083501

(2016)]. The low lattice mismatch of 1.1 to 1.4% (depending on the orientation of the

LIO orthorhombic unit cell) between BSO(100) and LIO(110) promises a high-quality

interface for the epitaxial realization of this 2DEG.

Prior to growth the DSO substrates were annealed at 1050 � C in oxygen at atmo-

spheric pressure in a tube furnace for 6 hours. This treatment provides a stable, ScO2-

terminated surface [see Fig. 1(d)] that enables LIO growth with controlled stacking

sequence and regular step-terrace structure related to the unintentional substrate off-

cut.

Possessing two different cations, a common challenge for the MBE-growth of com-

plex oxides is the realization of the proper cation stoichiometry of 1:1. As long as one

cation (or its suboxide) can desorb from the �lm surface at growth temperature, the

�lm stoichiometry can self-adjust as adsorption of this cation is controlled by the �ux

of the other cation, the O-�ux, and the thermodynamically stable �lm composition.

This ”adsorption-controlled” approach has been used by others and ourselves to grow

BaSnO3 [H. Paik et al., APL Mater. 5, 116107 (2017), A. Prakashet al. J. Mater. Chem.

C 5, 5730 (2017)]. In the case of LIO, the low vapor pressures of La (and its suboxide

LaO) result in a sticking coef�cient of unity at the growth temperatures accessible to

us, whereas In (and its suboxide In2O) possess a high-enough vapor pressure to grant

desorption from the growth surface. To delineate the growth conditions that provide

an LIO �lm free of any secondary solid La 2O3 or In 2O3 phases, an Ellingham diagram

was computed using the FactSage™ thermochemical software package. This diagram

shows the formed solid phases as function of temperature and oxygen partial pressure.

For the calculation of the LIO phase, the heat capacity cp and formation enthalpy DH
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of bulk LIO were experimentally measured and added to the database. The Elling-

ham diagram shown in Fig. 2(a) was calculated in an In excess and for a total pressure

of 10� 6 mbar to match our MBE conditions in terms of excess In �ux and O 2 back-

ground pressure. The pure LIO solid phase is delineated by two lines towards lower

(higher) temperatures or higher (lower) oxygen pressures that lead to the formation of

secondary In2O3 (La2O3) phases. The ideal gas consists of In2O (desorbing In-species)

and O2.

Experimentally, we found an appropriate growth window at a �xed substrate tem-

perature of Tsub = 925 � C in the O2 �ux range of 0.1–0.12 sccm which corresponds to

oxygen partial pressures of 2.88–3.78� 10� 7 Torr measured by quadrupole mass spec-

trometry. These growth conditions indicated by the purple square in Fig. 2(a) are

within the theoretically predicted growth window if we disregard the effect of the

plasma. The La �ux determined the �lm growth rate (�xed at 1 nm/min) while In

is provided in a slight excess. Fig. 2(b) shows the desorbing In2O �ux measured as In

fragment by line-of-sight quadrupole mass spectrometry. In the blue shaded region,

the desorbing In �ux decreases with increasing O 2 �ux indicating adsorption control

by the O2 �ux as more In is incorporated into the �lm. In the green shaded area, the

In signal follows the In cell temperature since less In is being desorbed when less In is

provided.

After growth, the samples were investigated using atomic force microscopy (AFM)

and x-ray diffraction (XRD). Fig. 3(a) shows an AFM image of a 44 nm-thick �lm with

a root-mean-square roughness of 0.25 nm. The step terrace structure of the underlying

DSO substrate is still clearly visible, underlining the smooth �lm morphology. The in-

set of Fig. 3(a) shows a streaky RHEED pattern acquired along the LIO [110] azimuth

of the �lm indicating epitaxial two-dimensional growth. Fig. 3(b) shows a symmetric
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Fig. 3. (a) AFM image of a 44 nm-thick LIO layer. The step terrace structure of the underlying DSO
substrate is still clearly visible. Inset: RHEED pattern acquired along the [110] azimuth of the LIO layer.
(b) Wide-range X-ray w - 2Q scan of the LIO/DSO heterostructure indicating absence of secondary
phases. Inset: LIO 220 re�ex with thickness fringes of a 44 nm-thick LIO Layer. (c) RSM of the 33 2̄
re�ex of a 165 nm-thick LIO layer grown on DSO substrate under similar conditions as the sample in
(a) and (b). The crystal truncation rod, the monochromator streak, and the detector streak are labeld
by CTR, Mon, and Det, respectively. The black squares show the theoretically expected re�ex positions
indicating an almost fully relaxed LIO layer.

2Q - w XRD scan along the out-of-plane direction. No additional phases (e.g., In 2O3 or

La2O3) were observed and the thickness of the LIO �lm was determined by the thick-

ness fringes of the LIO 220 re�ex shown in the inset. The full-width-at-half-maximum

(FWHM) of the w-rocking curve (not shown) of the LIO 220 re�ex for samples inside

the growth window ranged from 0.09 � to 0.11� revealing the growth of high-quality

LIO on DSO for the given fair lattice match. A reciprocal space map (RSM) of the 33 2̄

re�ex of a 165 nm thick LIO �lm on a DSO substrate is shown in Fig. 3(c). The black

crosses mark the theoretically expected position of the DSO and LIO re�exes indicating

an almost fully relaxed LIO layer despite the broadened LIO peak.

For samples that were grown at higher or lower oxygen partial pressures, the FWHM

values of the rocking curve increased by a factor of 3–5 indicating the boundaries of

the growth window. Furthermore, an additional phase was observed in XRD mea-

surements for a sample that was grown at 730 � C substrate temperature and with

PO2 = 7.8� 10� 8 mbar (not shown). We identi�ed this phase as In 2O3 by its 222 re�ex

in agreement with the predicted In-rich regime in Fig. 2(a). However, even though

our �ndings of an appropriate growth window overlap with the predicted region in

Fig. 2(a), the size of the window resulting in high quality LaInO 3 �lms is signi�cantly

smaller than one would assume from the calculated phase diagram and may need fur-

ther investigation of the �lm quality as a function of both pressure and temperature.

In summary, we have developed the adsorption-controlled epitaxial growth of LIO

�lms by plasma-assisted MBE. Growth on DSO substrates results in single crystalline

�lms with smooth morphology. In combination with our existing expertise in the MBE-

growth of BSO(100) layers, the gained understanding on LIO growth enables us to next

realize LIO/BSO heterostructures in pursuit of the interfacial 2DEG in this polar/non-

polar perovskite heterostructure.
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Bandgap widening and behavior of Raman-active phonon modes of cubic single-

crystal (In,Ga) 2O3 alloy �lms

J. Feldl, M. Feneberg1, A. Papadogianni, J. Lähnemann, T. Nagata2, O. Bierwagen,

R. Goldhahn1, M. Ramsteiner

The sesquioxides In2O3 and Ga2O3 are wide-bandgap semiconductors, which hold

promise for applications in the �eld of transparent electronics. Since the fundamen-

tal bandgaps of these two binary compounds in their most stable structural phases

span the range from 2.7 eV (In2O3) to 4.8 eV (Ga2O3), an extended tunability of the

electronic properties is expected for (In,Ga)2O3 alloys. However, the crystal structure

of In 2O3 is cubic bixbyite, whereas Ga2O3 assumes a monoclinic structure (b-Ga2O3) in

thermal equilibrium. Accordingly, the knowledge about the miscibility of the binary

compounds for a speci�c crystal structure is of crucial importance. Furthermore, mate-

rial properties such as the electronic band structure and the behavior of phonon modes

in (In,Ga)2O3 alloys are of fundamental interest.

In this work, we use spectroscopic ellipsometry, hard X-ray photoelectron spec-

troscopy, and Raman spectroscopy to study the electronic and vibrational properties

of high-quality, cubic, single-crystal (In,Ga) 2O3 �lms synthesized by molecular beam

epitaxy (MBE).

The (In1� xGax)2O3 �lms were grown on (111) surfaces of yttria-stabilized zirco-

nia substrates by plasma-assisted MBE at a substrate temperature of 600 °C. After

growth, the nominally undoped samples were thermally annealed under an oxygen

atmosphere leading to carrier concentrations of several 1017 cm� 3. For studying free-

carrier related phenomena, a Sn-doped alloy �lm with a nominal Ga content of 8 %

was grown. All �lms are cubic (bixbyite structure) with Ga contents of 0 � x � 0.1
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Fig. 1. (a) Point-by-point �tted imaginary part of the dielectric functions e in the spectral range between
3.0 and 4.5 eV for nominally undoped (In,Ga) 2O3 �lms with different Ga contents. (b) Energy shift
of the absorption onset with respect to that of cubic In 2O3 as a function of Ga content. The error bars
indicate an estimated correction for the in�uence of the strain on the absorption onset.

1Institut f ür Physik, Otto-von-Guericke-Universit ät Magdeburg, Germany.
2National Institute for Materials Science, Tsukuba, Japan.
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according to energy-dispersive X-ray spectroscopy. In addition, a high-quality, bulk

single-crystal In 2O3 sample was utilized for reference purposes.

Figure 1(a) displays the imaginary parts of the dielectric functions (DFs) for the

undoped (In,Ga) 2O3 �lms in the spectral range between 3.0 and 4.5 eV measured by

spectroscopic ellipsometry. The binary �lm exhibits an onset of optical absorption at

about 3.8 eV as previously reported for undoped or low doped In 2O3. Due to the dipole

forbidden nature of the fundamental bandgap, this absorption onset is related to the

dipole-allowed transition from the conduction band minimum to a lower lying valence

band. The DFs of the alloy �lms provide clear evidence for a blueshift of the onset of

optical absorption with increasing Ga content as shown in Fig. 1(b), which reveals a

nearly linear relationship with a slope of DE/ Dx = 1,450 meV. Our �nding is in strong

contrast to several publications, where even a redshift is reported as a consequence

of the incorporation of Ga into In 2O3. For our oxygen annealed samples with carrier

concentrations of no more than 1018 cm� 3, carrier induced effects such as the Burstein-

Moss shift can be neglected. Regarding the possible in�uence of residual lattice strain

on the optical absorption onset of the alloy �lms, it has to be considered that maximum

tensile in-plane strain values of about 0.2 % have been determined by X-ray diffraction

measurements for In2O3 �lms with thicknesses above 200 nm grown under the same

conditions. Assuming such a strain level for the present alloy �lms, a strain-induced

redshift of the optical absorption onset by 19 meV would have to be taken into account.

In accordance with our �ndings for the optical bandgap, the results obtained by X-ray

photoelectron spectroscopy (not shown here) reveal also for the fundamental bandgap

a monotonic increase with Ga content, again in contrast to the initial redshift reported

in several publications.
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Fig. 2. Point-by-point �tted infrared dielectric functions
(solid lines: real parts, dashed lines: imaginary parts) of
an n-type doped (In,Ga) 2O3:Sn �lm ( x = 0.08) before (as-
grown) and after oxygen and vacuum annealing.

The carrier concentration in the

Sn doped alloy �lm could be var-

ied by different annealing condi-

tions from 4 � 1019 to 3.5� 1020 cm� 3,

which allowed us to investigate the

impact of the doping level for an

alloy �lm at exactly the same Ga

content (x = 8 %). From the DFs

in the spectral range between 3.0

and 4.5 eV (not shown here), a shift

of the absorption onset is deduced,

which monotonically increases with

carrier concentration up to 350 meV,

in quantitative agreement with the results obtained for cubic In 2O3. The parameter-

free point-by-point DFs in the infrared spectral range are shown in Fig. 2. Using the
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Drude model for the free-carrier contribution to �t the line shape of the complex DFs,

the deduced plasma frequencies exhibit the expected monotonic increase with carrier

concentration. The accordingly derived effective masses (0.2 to 0.33m0) depend on

the doping level, in accordance with the case of cubic In 2O3. However, a signi�cant

change of the effective masses induced by Ga incorporation could not be extracted.

Most importantly, our results demonstrate that the advantage of bandgap engineering

by alloying can be transferred to transparent conducting oxides.
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energy of 3.81 eV. The frequencies of the phonon modes
marked by vertical lines and labels. The frequencies of the
modes marked by blue vertical lines are shown in Fig. 4.

Room temperature (295 K) Ra-

man spectra of the nominally un-

doped (In,Ga)2O3 �lms are shown

in Fig. 3 for excitation close to the

optical bandgap of In 2O3. The

spectrum of the In 2O3 reference

sample exhibits the expected opti-

cal phonon lines between 135 and

635 cm� 1. The same optical phonon

lines are resolved in the spectra of

the (In1� xGax)2O3 samples with an

increased line width and a shift to

higher frequencies, with the excep-

tion of a few low-intensity and

high-frequency modes. This �nd-

ing con�rms the bixbyite structure

of the alloy �lms for Ga contents up

to 10 %. No splitting could be ob-

served for the phonon modes from the alloy samples, indicating a one-mode behavior

of the corresponding phonon modes.

A reliable evaluation of the dependence on the Ga content has been possible for

�ve optical phonon modes. The shifts of their Raman peak frequencies with respect

to the corresponding In 2O3 frequencies are shown in Fig. 4 as a function of the Ga

content. The modes E(1)
g , F(8)

2g , F(9)
2g , and F(14)

2g exhibit a nearly linear blueshift with in-

creasing Ga content. In contrast, only for the A(1)
g mode a redshift is found with a very

weak dependence on the Ga content. The nearly linear dependences observed for most

phonon frequencies (cf. Fig. 4) provide evidence for the absence of a solubility limit re-

garding the substitutional incorporation of Ga on group-III lattice sites in In 2O3 for Ga

contents up to 10 %. In contrast, a constant phonon mode frequency for Ga contents

larger than 6 % has been reported for sintered ceramic alloy �lms in the literature. The

occurrence of a maximum phonon frequency following an initial linear blueshift has

been explained by phase separation. Consequently, our results provide evidence for a
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higher Ga solubility limit for alloy �lms grown by MBE under the chosen conditions.
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a correction for the expected strain-induced red-
shift.

The phonon frequencies are expected to

depend on the residual lattice strain in the

alloy �lms. As mentioned above, a maximal

tensile in-plane strain level of about 0.2 %

has been found for In 2O3 �lms grown un-

der the same conditions. For such a strain

level, a redshift of the phonon modes by

roughly 0.35 % has been observed for binary

In2O3 �lms (not shown here). Assuming

the same relative strain-induced frequency

shift for the alloy �lms, the data shown

in Fig. 4 are displayed with error bars,

which indicate the correction for the ex-

pected strain-induced redshift on the high-

frequency side. In contrast to the optical

absorption onset, the in�uence of free carri-

ers on the phonon modes in centrosymmet-

ric bixbyite �lms can be neglected for our

analysis. Altogether, several optical phonon

modes appear to be suitable for the determi-

nation of the Ga content in (In,Ga) 2O3 �lms

by Raman spectroscopy. In this respect, the

F(14)
2g mode at 635 cm� 1 is best suited, i.e., it

has the strongest absolute dependence on the Ga content (cf. Fig. 4). In fact, we have

been able to reveal phase separation in MBE-grown alloy �lms for Ga contents above

10 % in the framework of a more recent study.

We would like to thank Dr. Zbigniew Galazka for providing us with the state-of-

the-art In 2O3 bulk reference sample. This work was performed in the framework of

GraFOx, a Leibniz-ScienceCampus partially funded by the Leibniz association.
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Electronic end states in dimerized quantum-dot chains engineered atom by atom

V. D. Pham, S. C. Erwin, F. v. Oppen, K. Kanisawa, S. F̈olsch

A topological insulator is nonconducting in its interior but has metallic surface states

within the energy band gap resulting from the atomic structure and symmetry of the

bulk. The surface states cannot be removed by perturbations as long as the bulk spec-

trum remains gapped. This robustness is remarkable from the fundamental point of

view and suggests new technological applications. The Su-Schrieffer-Heeger (SSH)

model of polyacetylene constitutes a particularly clear and important example of a

one-dimensional (1D) topological phase. It represents a chain of degenerate orbitals

in which electrons can hop with alternating amplitude between nearest-neighbor sites.

This simple picture captures the properties of symmetry-protected boundary states at

the interface between distinct topological phases.

(a) 43

Sample bias (V)

��

��

����

����

dI
/d

V
 (

nA
/V

)

0

20

40

0-0.05-0.10-0.15-0.20-0.25

3��3 a'
Separa��on

4��3 a'

(b)

50 Å

<211>

Fig. 1. (a) STM images (0.1 nA, 0.1 V) of a quantum-dot
monomer (left) made of six In adatoms and quantum-dot
dimers (center and right) with interdot separations of 3
and 4 in units of

p
3a0, a0 = 8.57 	A is the surface-lattice

constant. (b) Conductance spectra of the monomer (green)
and the two dimers (red and blue): the monomer gives rise
to a con�ned state about 0.1 eV below EF while a bonding
(s) and an antibonding state ( s � ) emerge for the dimers
[spectra taken at the tip positions marked in (a)]. Arrows
indicate the downshift of the s � s � doublet relative to the
monomer energy induced by the potential that each dot
experiences from the other.

Using the approach of atom

manipulation by cryogenic scan-

ning tunneling microscopy (STM)

we created dimerized quantum-dot

chains on the InAs(111)A surface to

mimic the alternating hopping of

the SSH model. The building block

of the chains is a “longish” quan-

tum dot consisting of six indium

adatoms lined up on adjacent sur-

face sites. The left hand-side panel

in Fig. 1(a) shows an STM to-

pography image of such an In 6 dot

in which the adatoms are evenly

spaced by a0 = 8.57 	A (a0 is the

surface-lattice constant of the 2 � 2

In vacancy reconstruction). Plac-

ing the STM tip at constant height

above the dot and recording the

bias-dependent conductancedI/ dV

(as an approximate measure of the

electronic density of states) yields the green spectrum reproduced in the upper and

lower part of Fig. 1(b). A single conductance peak is observed indicating a state at

about 0.1 eV below the Fermi level (at sample bias V = 0). We showed earlier that this

state derives from surface-state electrons of pristine InAs(111)A which are con�ned by

the positively charged In adatoms constituting the dot.
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The center and right hand-side panels of Fig. 1(a) show STM topography images

of individual quantum-dot dimers with interdot separations of 3 (center) and 4 (right)

in units of
p

3a0. The corresponding conductance spectra in Fig. 1(b) [red and blue

curve] reveal a bonding ( s) and an antibonding state ( s � ) resulting from the quantum

coupling between the dots in the dimer. This coupling decreases with increasing sepa-

ration as evident from the observed s � s � splittings. In addition, the s � s � doublet is

downshifted relative to the corresponding con�ned-state energy of an individual In 6

dot. This shift decreases as the interdot separation increases. We interpret it as an elec-

trostatic shift which arises from the potential change that each dot experiences from

the other.
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Fig. 2. (a) STM image (0.1 nA, 0.1 V) of a dimer chain with N = 10 dots and alternating separations of 4
and 3 in units. The unit cell marked yellow contains two dots residing on A and B sites of the sublattice
structure, respectively. The intracell hopping t1 is smaller than the intercell hopping t2. (b) Conductance
spectra obtained with the tip probing the sites indexed i (spectra taken at symmetry-equivalent sites
are averaged). Vertical bars mark the levels calculated for a SSH chain with N = 10 and hoppings
(t1, t2) = ( 39, 55) meV; the levels are rigidly shifted in energy to match the sequence of conductance
peaks, the gap region of an in�nite chain is shaded gray. The observed conductance peaks within the
gap (labelled e1 and e2) reveal the emergence of end states. The spectral feature labelledP indicates a
bound state of the electron accumulation layer and does not belong to the molecular states of the dimer
chain. (c) Conductance maps recorded at constant tip height and at the biases where the statese1 and e2
are observed in the spectra. The states have maximum probability density at the end sites and decay on
their respective sublattice into the bulk.

In a next step, we assembled chains of quantum-dot dimers. The STM topography

image in Fig. 2(a) shows a chain consisting of �ve dimers, thus a total of N = 10 dots.

The unit cell occupied by a single dimer is marked yellow. Each unit cell contains one

dot residing on sublattice A and the other on sublattice B. In this particular example,

the separation within each cell is 4 units whereas the intercell separation is 3 units. In

a single-particle tight-binding (TB) description, we assume that the hopping is half the

s � s � splitting of the individual dimers shown in Fig. 1. The hopping within a cell

is thus t1 = 39 meV while that between cells is larger, t2 = 55 meV, implying that

the weaker hopping occurs at the ends. In the SSH model this choice of alternating
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hopping leads to the emergence of a localized state at both ends of a �nite chain, one

residing on sublattice A and the other on sublattice B. In the limit of a long chain,

these end states are centered in the energy band gap of the dimerized chain and decay

exponentially into the bulk. In a �nite chain, the overlap of the end states leads to an

energy splitting between their odd and even superpositions.

Figure 2(b) shows conductance spectra obtained by probing the dots along the

dimer chain. A sequence of conductance peaks is observed which re�ect the “molec-

ular” states of the �nite chain. For comparison, the vertical bars mark the theoretical

energy levels of a �nite SSH chain with N = 10 labelled by the quantum number n.

The theoretical energies were obtained from the eigenvalues of the corresponding TB

Hamiltonian assuming the hopping values (t1, t2) discussed above plus a rigid shift

(equivalent to constant but nonzero onsite energy) to match the experimentally ob-

served peaks. The gray-shaded area marks the gap between the energy bands of the

corresponding in�nite dimer chain with a gap width of 2 jt1 � t2j. The theoretical levels

with n = 5 and 6 correspond to the split end states within the gap.

It is evident from Fig. 2(b) that the experimental spectra are essentially consistent

with the theoretical level structure. Of particular interest are the two states observed

in the mid-range, labelled e1 and e2, which are located within the predicted gap region.

Figure 2(c) shows spatial conductance maps of the dimer chain recorded at the bias

voltages where the two states e1 and e2 are observed in panel (b). The maps reveal that

the statese1 and e2 have maximum probability density at the end dots and reside pre-

dominantly on A (B) sites in the left (right) half of the chain. Indeed, this observation

is consistent with the case of a �nite SSH chain for which the split end states reside on

the two different sublattices and decay into the bulk.

Nevertheless, there are also deviations from the ideal SSH case. Most notably, the

measured energy levels are asymmetric about their average value. In contrast, the SSH

model implies sublattice symmetry and thereby a level spectrum that is symmetric

about the center of the gap. The experimentally found asymmetry is a consequence

of sublattice-symmetry breaking which arises because the dots are charged and create

an onsite potential along the chain that is higher at the ends than in the middle. The

effect of �nite screening – which is characteristic for a semiconductor material as in-

vestigated here – also leads to the aforementioned observation that the s � s � doublet

of an individual dimer is downshifted relative to the corresponding con�ned-state en-

ergy of a single dot [cf. Fig. 1(b)]. We performed a TB analysis which includes the

screened potential from all the In adatoms to further quantify the impact on the en-

ergy level spectrum and the wave functions of the observed states. Notwithstanding

these deviations from the ideal SSH case, the end states indeed exist in the dimerized

quantum-dot chains realized in this project.
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Fig. 3. (a) STM topography image (0.1 nA, 0.1 V) of a dimer
chain made of N = 10 dots with alternating spacings in-
verted relative to those of the chain in Fig. 2. The intracell
hopping t1 is larger than the intercell hopping t2, suggest-
ing that the chain is in the trivial phase. (b) Correspond-
ing conductance spectra and SSH level structure (vertical
bars) calculated with hoppings (t1, t2) = ( 55, 39) meV. In
agreement with the expectation for the trivial phase, no
conductance peaks fall into the gap region of an in�nite
dimer chain with the hopping values quoted above.

To �nally verify these �ndings,

the dimer chain discussed above

can be rearranged in a way that

the stronger hopping occurs at the

ends. This situation is illustrated by

the STM topography image in Fig.

3(a) showing a chain of �ve dimers

in which the alternating hopping

is inverted relative to the previous

case in Fig. 2(a). Within the

SSH model, this con�guration cor-

responds to the trivial phase lack-

ing any end states. Accordingly, all

theoretical levels shown as vertical

bars in Fig. 3(b) lie in the range

of the bands and there are no states

within the gap. Again, this predic-

tion is consistent with the experi-

mental spectra in Fig. 3(b).

In our ongoing work we �nd that also domain walls introduced between the two

dimerizations somewhere along the chain give rise to localized states within the gap, in

agreement with the SSH model. This shows that the quantum-dot chains explored here

provide a versatile means to create arti�cial boundary states in a 1D electron system.
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Coordination Environment of Ga in Amorphous and Annealed

(In,Ga) 2O3 and Ga2O3 Studied by X-ray Absorption Spectroscopy

A. Reis, M. Hanke, P. Mazzolini 1, O. Bierwagen, E. Welter2, A. Trampert

Ga2O3 is an ultra-wide bandgap semiconductor (E g � 4.8 eV) and therefore a promis-

ing candidate for the implementation of high-power transistors and UV light emitting

diodes. Alloying it with In 2O3 (Eg � 2.7 eV) allows for band gap tuning and the de-

sign of heterostructure devices. Ga2O3 as well as In2O3 can crystallize in multiple bulk

phases, the most stable ones are monoclinicb-Ga2O3 and cubic d-In2O3. The behaviour

of heavily disordered systems and the process of phase formation upon crystallization

of amorphous solid solutions has recently been addressed by in-situ transmission elec-

tron microscopy techniques [C. Wouters et al., Microscopy and Microanalysis 25(S2),

1890 (2019)]. Complementary to microscopy or diffraction techniques the measure-

ment of the Extended X-ray Absorption Fine Structure (EXAFS) is able to serve as a

suitable analytical tool to gain statistical information on the coordination environment

of a particular type of atom even in cases when long range order is missing.

Amorphous Ga 2O3 and (In xGa1� x)2O3 �lms of 250 nm thickness and a nominal

concentration x=0.5 were deposited at a low growth temperature of 100 � C on a Si (111)

substrate in a molecular beam epitaxy chamber. Subsequently, the samples underwent

annealing at 800 � C for 15 min in a pure O 2 atmosphere. EXAFS measurements were

performed at beamline P65 (synchrotron PETRAIII, Hamburg) across the Ga K-edge

at 10367 eV. With respect to the thick Si substrate, data were collected in �uorescence

mode. At incident angles f of 25� , 45� and 65� �ve spectra of each sample were ac-

quired to access the orientation dependence of the spectra.

A major challenge of the measurement on crystalline substrates is the presence of

numerous diffraction peaks in the spectra due to the ful�lment of the Bragg condi-

tion. In particular arti�cial high frequencies are added, potentially affecting the EXAFS

in the frequency region where multiple scattering at higher coordination shells takes

place. To some extend the problem can be overcome since the Bragg condition is angle

dependent. First, the spectra were processed for each angular position f separately,

i.e. normalization and background removal were performed. Out of this redundant

data set, a minimum function for the normalized absorption coef�cient m(E) can be

derived, which eventually yields the EXAFS spectrum c (k).

Figure 1(a) shows the resulting EXAFS oscillations probed at the as-grown (amor-

phous) and annealed samples. Instead of c (k) we plot here a weighted EXAFS func-

1Department of Mathematical, Physical and Computer Sciences, University of Parma, Viale delle

Scienze 7/A, 43124 Parma, Italy
2Deutsches Elektronen-Synchrotron, Notkestrasse 85, 22607 Hamburg, Germany
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Fig. 1. (a) k2-weighted EXAFS function c (k), i.e. k2c (k), as taken at amorphous and annealed Ga2O3
and (In,Ga)2O3 layers. Smooth oscillations are visible but for the case of annealed Ga2O3 Bragg peaks
are superimposed. (b) The normalized absorption coef�cient m(E) of the annealed Ga2O3 layers as a
function for various incident angles f , showing that different crystallites were probed. The inset shows
m(E) for an extended energy range.

tion k2c (k). For both spectra of the ternary (In,Ga)2O3 as well as the amorphous Ga2O3

layer this data evaluation process is straight forward, whereas for annealed Ga 2O3 the

strongly �uctuating signal k2c (k) carries several Bragg peaks on top. All recorded EX-

AFS spectra re�ect this issue. Figure 1(b) reveals a part of the normalized absorption

coef�cient m(E) for different incident angles. The oscillations vary in shape, implying

that the annealing process induced the formation of a range of disordered crystallites.

Since each time other crystallites were probed the Bragg peaks cannot simply be sep-

arated from the spectrum by the application of a �lter. The inset depicts a normalized

extended absorption spectra across the Ga K-edge.

Figure 2(a) shows the absolute value of the Fourier transformed EXAFS function

jc (R)j = jF [k2c (k)]j of the amorphous and annealed (In,Ga)2O3 layers. Both spectra

exhibit only one peak originating from single scattering at the �rst coordination shell.

The curve maximum is located at 1.41 	A in both cases, which means that the length

of the scattering path and thus the coordination length for next-nearest-neighbor has

not been changed. Hence the annealing process did not lead to the formation of higher

coordination shells under the given conditions. Figure 2(b) contains jc (R)j for the

amorphous and annealed Ga2O3 layers. The spectral function of the as-grown one has

one single maximum at 1.41 	A as well, thus surprisingly the scattering length is identi-

cal to the one measured in the ternary alloy. As we assume that the �rst shell consists

only out of O-atoms this implies that the coordination length in both systems must be

the same despite the comparatively large atomic number (Z = 49) for In. Consequently

the initial amorphous state is very similar to the one of the ternary alloy as deduced

from to the Ga–O binding length. On the other hand, the spectral function jc (R)j of the

annealed Ga2O3 layer as probed at different angles f depicts peaks due to the scatter-

ing at higher coordination shells indicating that crystallization has started. Additional

to the �rst maximum at 1.38 	A (Ga–O bonds), further broad peaks appear between 2.73
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Fig. 2. (a) Magnitude of the Ga-EXAFS function jc (R)j, which is equivalent to the absolute value of the
Fourier transformation jF [k2c (k)]j of amorphous and annealed (In,Ga)2O3. Only �rst shell scattering
with identical path lengths is observed. (b) jc (R)j of amorphous and annealed Ga2O3. Annealing
changes the local ordering within the material by the formation of higher coordination shells (dashed
lines). Besides the omnipresent Ga–O coordination, a second shell due to Ga–Ga bonds becomes visible
and even a third one might be recognized. Curves are vertically shifted for better readability.

and 2.76 	A (Ga–Ga bonds) and between 3.71 and 3.77	A (Ga–O bonds). These maxima

slightly vary in position and amplitude due to the degree of disorder in the not yet

completely crystallized Ga 2O3.

Our results can be compared to those of other groups, who also considered dis-

ordered and crystallized Ga 2O3 �lms by means of X-ray absorption spectroscopy. H.

Yang et al. [Appl. Surf. Science 479, 1246 (2019)] report on a series of Ga2O3 thin

�lms grown by pulsed laser deposition at different growth temperatures. For growth

temperatures below 700 � C exclusively �rst shell scattering takes place, whereas for

higher temperatures additional second shell features have been observed. S.C. Siah

et al. [Appl. Phys. Lett. 107, 252103 (2015)] compared spectra of amorphous Ga2O3

thin �lms to the one of monoclinic b-Ga2O3 single crystals. The Fourier transformed

EXAFS of the disordered �lms exhibits only one peak. However, in case of the single

crystal multiple peaks originating from higher shell scattering emerge. Values given

for the �rst coordination shell (i.e., Ga–O bond length) coincide very well with our

observation (DR < 0.1 	A). In case of second coordination shell (Ga–Ga bonds) both

groups report distances similar to our �ndings. Therefrom we conclude that in our

caseb-Ga2O3 has been formed.

In the next step the smooth spectra of Ga2O3 and (In,Ga)2O3 will be �tted using the

EXAFS equation given by

c (k) = S2
o å

j

N j f j (k)

kR2
j

e� 2k2s2
j e� 2Rj / l (k)sin(2kRj + dj (k)) ,

where j indicates the scattering path, Rj the half path length, S2
o the scattering ampli-

tude, N j the coordination number of atoms in the jth shell, s the Debye-Waller factor

and l (k) the mean free electron path length. The scattering amplitude f j (k) and the

phase shift dj (k) are dependent on the atomic number of the scattering atoms. The

obtained coordination lengths can then be compared to the result of complementary
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measurements, especially X-ray and electron diffraction. The coordination number is

of particular interest as it might give evidence whether one of the crystal phases is

predetermined by the arrangement of the cations in the solid solution.

To rule out the in�uence of the Bragg peaks on the signal further EXAFS measure-

ments pursuing a different approach will be performed. Promising candidates would

be oxide �lms on amorphous substrates, as e.g. on glass. EXAFS data taken at the oxy-

gen K-edge at 543 eV (preferably at the synchrotron BESSYII) can provide complemen-

tary information since the photo electrons are originating from the oxygen sublattice.

Additionally Bragg artifacts are not present at this X-ray energy.

In conclusion we gained information about the coordination environment in disor-

dered Ga2O3 and (In,Ga)2O3 thin �lms before and after annealing. In case of (In,Ga) 2O3

layers, annealing at 800 � C for 15 min in a pure O 2 does neither lead to scattering at

higher coordination shells nor a change of the Ga–O bond length in the �rst coordi-

nation shell. This signi�es that short range order is preserved under the given condi-

tions and crystallization has not yet taken place. In case of Ga2O3 layers the scattering

length of the �rst shell slightly decreases upon annealing. There are additional contri-

butions to the spectral EXAFS function originating from subsequent Ga–Ga and Ga–O

coordination shells. Obviously the annealing process initiates a crystallization process

leading to the formation of multiple disordered crystallites of the b-phase.
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Impact of Bi on breakdown of epitaxy of low temperature GaAs:Bi

E. Luna, M. Wu 1, T. Aoki 2, M. R. McCartney 2, J. Puustinen3, J. Hilska 3, M. Guina 3, D.

J. Smith2, A. Trampert

Complex morphology is observed in the GaAs:Bi cap layer of Ga(As,Bi) �lms grown

on GaAs(001) by low-temperature (LT) molecular beam epitaxy (MBE). In recent years,

there has been increased interest in the so-called dilute-bismide alloys, due to their

potential bene�ts for high-performance mid-infrared lasers, detectors, and other pho-

tonic and/or spintronic devices. In order to successfully incorporate Bi into III-V semi-

conductors, e.g. GaAs, the material is usually grown under nonconventional growth

conditions, which in the case of MBE involve LT growth with substrate temperatures

(Ts) below 400� C and a careful control of the As-to-Ga �ux ratio close to stoichiometry.

Whereas the microstructure of Ga(As,Bi) is extensively investigated, there are scarce

reports on the microstructure of the adjacent LT-GaAs material used as barrier and/or

cap layer. Furthermore, the incorporation of excess Bi and/or segregated Bi from the

underneath Ga(As,Bi) layer into LT-GaAs is anticipated, further complicating the al-

ready complex LT-GaAs system.

Using a combination of transmission electron microscopy (TEM) methods, includ-

ing advanced scanning (S)TEM techniques, we analyze the intricate morphology of the

LT-GaAs:Bi cap layer of some Ga(As,Bi) structures. The microstructure is dominated

by the presence of V-shaped twinned domains in the LT-GaAs cap layer and by the (un-

intentional) inhomogeneous incorporation of Bi from the underlying layer. Numerous

“V-shaped” features are detected close to the layer surface, see Fig.1. In addition, ver-

tical stripes are detected in the Ga(As,Bi) layer. These re�ect the presence of lateral

composition modulations in Ga(As,Bi) stemming from surface spinodal decomposi-

tion at the growth front, as already addressed [E. Luna et al., J. Appl. Phys. 117, 185302

(2015); Nanotechnology 27, 325603 (2016)]. The V-shape of the domain structures in

the LT-GaAs cap layer is de�ned by the presence of defects and/or periodic patterns

along adjacent f 111g planes. Some V-shaped domains contain sequences of microtwins

and/or stacking faults (SFs), as seen in Fig.2(a)-(b). The microstructure of the domains

often resembles complex moiré patterns associated with regions of overlapped twins.

Notably, in addition to twinned domains, Bi-rich V-shaped domains are also found.

They are characterized by a seemingly perfect crystal structure which show slightly

brighter contrast than surrounding areas in high-angle annular dark-�eld (HAADF)

images, as in Fig.2(c), that indicates the presence of atoms with large atomic number

Z, most likely Bi atoms, inside the domain. The appearance of the domains closely

1Universit ät Erlangen-Nürnberg, Germany
2Arizona State University, USA
3Tampere University, Finland
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Ga(As,Bi)

LT GaAs

100 nm
GaAs

(a) surface

Ga(As,Bi)

LT GaAs

100 nm

(b) surface

Fig. 1. Overview TEM micrographs of a representative sample showing cross-sections of the
Ga(As,Bi)/GaAs heterostructures observed: (a) along the [-110] zone axis, and (b) close to the [110]
zone axis. The images were recorded simultaneously, explaining why only one is in exact zone-axis
orientation.

resembles that of Bi-rich triple-period-type ordered domains in Ga(As,Bi) epilayers,

albeit these here are smaller in size and contain less Bi [M. Wu et al., Appl. Phys. Lett.

105, 041602 (2014)]. Using different techniques, we have tried to evaluate the average

Bi content unintentionally incorporated into LT-GaAs. The measurements suggest that

the Bi content in the LT-GaAs cap is very small and below detection limits ( < 1% Bi).

Furthermore, the fact that HAADF images show Bi-rich areas in very localized posi-

tions indicates that the unintentional Bi incorporation shows preferential incorporation

into some speci�c regions. The Bi atoms which incorporate into LT-GaAs (at trace or

impurity levels) most likely stem from the buildup of Bi atoms on the Ga(As,Bi) sur-

face due to the severe and complex Bi segregation in Ga(As,Bi) even for this low Ts and

growth conditions.

Advances in aberration-corrected electron microscopy allows investigations of the

atomic con�gurations inside and outside V-shaped domains. Our detailed analysis

{111}
(b)

5 nm
LT GaAs

(a)

twins

[110]

[001]

[110]

(c)
Bi-rich domain

Fig. 2. High-resolution (HR) TEM (a) and aberration-corrected (b) TEM micrographs of V-shaped and
semi V-shaped domains in LT-GaAs:Bi cap layer of a representative sample. (c) Atomically resolved
HAADF image of Bi-rich domain with a brighter contrast inside the domain (i.e., higher average Z).
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