Optically active indium selenide crystal phase heterostructures grown by
molecular beam epitaxy

P. Wojnar*?*, M. Wejcik®, S. Kret!, P. Baranowski®, M. Aleszkiewicz®, J.Z. Domagata’,
S. Chusnutdinow™?
! Institute of Physics, Polish Academy of Sciences, Warsaw, Poland
2 International Research Centre MagTop, Institute of Physics, Polish Academy of Sciences,
Warsaw, Poland
*E-mail : wojnar@ifpan.edu.pl

Indium selenide attracts the great interest due to its outstanding electronic and photonic
properties, such as the excellent photo-responsivity, good electron mobility, robust room
temperature ferroelectricity, high Seebeck coefficient and the large band gap tunability
depending on the thickness. One of the challenges of fabrication indium selenide is the
complexity of its phase diagram. Most of indium selenide crystalline phases belong to the
family of two-dimensional (2D) semiconductors which are characterized by strong in-plane
covalent bonds and weak interlayer van der Waals forces. Different crystalline phases of
indium selenide may be characterized by a significantly different value of the band gap, e.g.,
the band gap of bulk y-In2Se3 amounts to 2.15 eV and that of bulk y-InSe to 1.32 eV (at
cryogenic temperatures).

In this work we report on the crystal phase control of indium selenide thin layers during a
molecular beam epitaxy (MBE) process. It is achieved by changing the growth conditions,
such as the growth temperature and the indium to selenium flux ratio, during the growth. In
the case of thin layers grown at 350°C on (111)B-GaAs substrate keeping indium to selenium
flux ratio of 0.2 an almost perfect y-In,Sez crystal phase is obtained. This is confirmed by a
comprehensive study involving X-ray diffraction and low temperatures photoluminescence
which reveals a single emission line at 2.15 eV corresponding well to the bandgap of y-In,Ses.
In the next step, the MBE growth is stopped and the indium to selenium flux ratio risen up to
0.5. After the restart of the growth, indium selenide changes its crystal phase which is
monitored in situ by a distinct change in the reflection of high energy electron diffraction
(RHEED) pattern. This observation is consistent with atomic force microscopy, Figure 1,
which reveals a remarkable change of the surface morphology: triangular shaped structures
with the side lengths of the order of a few um and the height of ~ 1.2 nm are characteristic for
the growth with the indium to selenium flux ratio of 0.5, while rather oblique structures
without any sharp edges - for indium selenide growth with indium to selenium flux ratio of
0.2.

Interestingly, a quite intense optical emission in the near infrared spectral range appears as
effect of the growth of the above described indium selenide crystal phase heterostructures,
Figure 2. Moreover, it is found that the emission energy exhibits a distinct change depending
on the average thickness of the second layer, from 1.1 eV for layers thicker than 20 nm up to
1.2 eV for a layer with the average thickness of 5 nm. This variation is consistent with the
guantum size effect influence on the emission energy of thin layers. Furthermore, the
photoluminescence lines exhibit a distinct blue shift with increasing excitation fluence. Based
on the latter effect the observed optical emission is ascribed to the recombination at the type 11



interface between the two crystalline phases. Consistent with this interpretation is also the fact
that the energy of this transition is lower than both: the bandgap of y-InSe and the bandgap of
v-In,Ses. Inhomogeneity of indium selenide thin layers is investigated by spatially resolved
cathodoluminescence revealing changes of max.40 meV of the emission energy depending on
the spatial position of the excitation spot.
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Figure 2 (a) Transmission electron microscopy
evidencing the presence of two distinct indium

Figure 1 An almost flat surface of an
indium selenide layer grown at 450° C
with In/Se flux ratio of 0.05 revealed by
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atomic force microscopy. Atomic steps selenide crystalline phases: the y-In2Se3 and y-InSe
with the height of 1.2 nm are visible. on the left and right side of the image, respectively.
Scale bar corresponds to 500nm. (b) Photoluminescence spectrum from

v-InSe/y-In2Se3 heterostructure with the top layer
thickness of 17 nm and 60nm, respectively, in blue,

g compared to the reference y-In2Se3 layer, in red.
) Temperature of the measurement 10K, excitation
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