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Evidence of direct optical transitions in y-In,Se;
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We present an optical study of high crystalline quality y-In,Se; films grown epitaxially on (0001)-oriented
sapphire. Well-defined structures are detected at 2.147, 2.240, 2.359, and 2.508 eV in the optical absorption at
T = 10 K. On the basis of the selection rules, we associate them to direct optical transitions with excitons built
from the upper and spin-orbit splitoff valence bands and the first conduction band at the I point. The first two
lowest excitonic peaks vanish from the absorption spectrum above 7 = 120 K at a critical temperature for which
the photoluminescence emission fades out as well. It leads us to an estimate of the exciton binding energy of the
order of 10 meV in y-In,Ses. Last, we interpret additional absorption peaks to LO-phonon replicas of the free

exciton with a phonon energy of ~14 meV.

DOL: 10.1103/PhysRevMaterials.6.064003

I. INTRODUCTION

The van der Wals (vdW) materials are about to revo-
lutionize the optoelectronic components due to their two-
dimensional (2D) nature that offers a complete freedom
to model tailor-made ultrathin heterolayer-based devices.
Their outstanding intrinsic properties promise significant ad-
vances in semiconductor applications based on valleytronics,
twistronics, or straintronics [1-3]. More specifically, the
physics of the ferroelectricity is boosted in vdW-layered
compounds with unprecedented mechanisms like the polar
stabilization or the switching kinetics, which are reviewed
exhaustively in Ref. [4]. One of the spearheads of these ma-
terials is «-In,;Ses; which reveals nonzero in-plane (IP) and
out-of-plane (OOP) polarizations at room temperature as well
as a coupling between both components, known as the dipole
locking effect, where the switching of one dipole reverses the
second one [5-7]. The recent discovery of these unusual prop-
erties, i.e., the stability and switchability of the polarization
at room temperature, has generated vast research on the 2H
and 3R polymorphs of a-In;Se; [8] from which the ferro-
electricity arises due to the noncentrosymmetric crystalline
structure of the vdW-stacked layers. A recent study reports
that y-In,Ses films, which do not have a 2D structure, also
exhibit IP and OOP at T = 300 K [9]. Therefore research de-
voted to the enhancement of the crystalline quality of In,Ses
thin films has to be pursued for a finer determination of the
polarization properties of the different polytypes of In,Ses.
Additionally most of the ferroelectric field-effect transistors
are currently fabricated manually from the exfoliation of bulk
samples [10,11]. As a consequence the epitaxy of In,Ses;
must be developed since good knowledge of the growth
will also enable the large-scale production of more complex
devices such as multiferroic tunnel junctions [12] and will
allow the synthesis of In;Ses-based heterojunctions [13,14]
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in which OOP polarization will play a predominant role at the
interface.

Historically the y polymorph has attracted attention among
the other polytypes of In,Ses due to its higher band gap of
the order of 2 eV at room temperature which makes it fairly
suitable for photovoltaic applications [15]. It has been used as
a buffer layer in Mo/CulnSe/In;Ses/ZnO solar cells [16] or
as a first growth step in a CulnSe absorber before copper dif-
fusion [17]. This material is potentially interesting for indoor
photovoltaics as well, which focuse on the light wavelengths
in the visible rather than on the broadband infrared contribu-
tion of the solar light spectrum. Like many vdW compounds,
the band gap of y-In,Ses depends on the number of stacked
layers and increases up to 2.5 eV when the film thickness
slims down to the monolayer [18].

Bulk crystals of y-In,Ses have first been grown by chemi-
cal vapor transport in sealed ampoules [18-21]. Single-source
and double-source metal organic chemical vapor deposition
processes have also been extensively studied to produce thin
films [22-24]. The main precursors are H,Se for the chalco-
gen source and dimethyl- or trimethylindium for the element
III [25]. Here we focus on the coevaporation of y-In,Se; films
from indium and selenium sources [15,26,27]. We report the
growth of good crystalline quality y-In,Ses epitaxial films
on (0001)-oriented sapphire wafers, which exhibit remarkable
optical absorption spectra.

II. EPITAXY OF y-In,Se; FILMS

The y-In;,Se; films have been epitaxially grown by coevap-
oration on (0001)-oriented sapphire substrates in ultrahigh
vacuum. The temperature of the indium effusion cell is set
at Ty, = 790°C, which leads to an average growth rate of
500 nm/h. The temperature of the selenium source Tg. is
tuned in such a way that the ratio of the beam equiva-
lent partial pressures of the VI/III elements is optimized to
target the In,Se; stoechiometry as checked by energy dis-
persive x-ray spectroscopy. Our optimum growth parameters
are Ts. = 195 — 197°C and a temperature substrate equal to

©2022 American Physical Society
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FIG. 1. (a) 8 — 20 x-ray diffractogram of a y-In,Se; film grown
on (0001)-oriented sapphire substrate. The unit of the XRD intensity
is the square root of counts per second. The rocking curve of the
main (006) peak is plotted in the inset. (b) The room-temperature
Raman spectrum of a y-In,Se; film. The thin vertical lines indicate
the energies of the vibrational modes. (c) The helical structure of the
crystal cell in side and in top views. The black dots represent the
selenium atoms.

T, = 450°C. It is consistent with the previous studies, which
have demonstrated that a sufficient provision of selenium is
required for the growth of the selenium-rich phase In;Ses
[15,26-28]. Depending on the growth setups, the formation
of this phase occurs for values of the Se/In beams ratio R
ranging from 2, similar to our conditions, up to 10. Recently
the synthesis of the B polymorph of In,Se; was reported
by molecular beam epitaxy (MBE) for higher 7; and higher
values of R [29].

Figure 1(a) shows the 6 — 26 x-ray diffractogram of a
y-In,Ses film, which highlights the preferential orientation of
the (007) planes of the crystallites along the (0001) direction
of the sapphire substrate. The detection of the main (006) and
(00 12) peaks at 27.532° and 56.837°, respectively, leads to a
¢ lattice parameter of the hexagonal cell equal to 19.42 A. This
is slightly larger than the usual value of 19.38 A reported for
the bulk by only 0.2 % [21,30]. However, it was demonstrated
in Ref. [27] that the ¢ parameter could be dependent on the
growth temperature of the soda lime glass substrates spanning
from 19.38 A up to 19.44 A. The formation of grains of a
metastable phase competing with the y phase which induces
constraints along the ¢ axis during the growth was suggested
for interpreting this observation. Besides, the in-plane lattice
parameter a was measured constant in an identical way to
what we observe with a value of = 7.12 A, in perfect agree-
ment with the bulk value [19,21]. The crystallite size along the
growth direction is estimated of the order of 150 nm from a
simple Debye-Scherrer analysis of the main diffraction peak.

The growth of y-In,Ses; on crystalline sapphire wafers
favors the orientation of the layers and reduces the mosaicity
in contrast to the observation reported in the case of the de-
position on amorphous glass substrates. The inset of Fig. 1(a)
displays the rocking curve of the (006) main peak, whose full
width at half maximum is of the order of 0.4°. It remains sig-
nificant and results from the misorientations of the crystallites
out of the caxis of sapphire. It is comparable to the value
of 0.55° recently reported for y-In,Se; films deposited by
MBE on mica [31]. Thus our epitaxial y-In,Ses layers grown
by coevaporation are of good crystalline quality, which will
be confirmed by the optical results presented below. The y
phase unlike the other polymorphs of In,Ses («, B, .. .) is not
a 2D-layered material and therefore follows more stringent
conditions in terms of lattice matching with the substrate than
for vdW epitaxy. Thus the nature of the substrate material is
likely the main origin of the present crystallographic quality
limitations of our In,Se; films. It is worth noting that the ex-
istence of a turbostraticlike stacking which occurs sometimes
in 2D compounds, such as boron nitride or graphite [32,33],
is ruled out to explain the larger ¢ lattice parameter in our
epilayers. The absence of distinct atomic sheets is visible from
the 3D crystallographic structure sketched in Fig. 1(c) based
on a distorted wurtzite lattice. It is formed by two intertwined
screws made of a chain of tetrahedra connected by a common
corner and a chain of bipyramids (octahedra) linked by an
edge [21]. Selenium and indium atoms are, respectively, at the
corners and in the centers of these polyhedra. Interestingly,
from this helical shape, it results in a large optical rotary
power in y-In,Ses [28].

The crystalline quality of our films is further demonstrated
by Raman spectroscopy. Figure 1(c) shows the typical Raman
spectrum of a y-In,Ses; sample measured in backscattering
configuration at room temperature with a laser wavelength of
473 nm. The high-frequency modes at 81, 94, 150, 177, 205,
and 228 cm~! are the clear signatures of the y polymorph with
the prominent peak at 150 cm ™' [34,35]. In addition, these ex-
perimental values are compared with the computed energies of
the vibrational modes [36] listed in the Supplemental Material
[37].

III. EXCITONS AND PHONON-ASSISTED ABSORPTION
PROCESSES AT LOW ENERGIES

Figure 2(a) presents the main result of this paper, namely,
the low-temperature optical absorption of a representative
y-In,Ses film. The data are reproducible. It has been recorded
on four different samples grown with slightly different con-
ditions. A first sharp peak is detected at 2.147 eV close to
the absorption edge, followed by successive steps at higher
energies (2.240, 2.359, and 2.508 eV) indicated by vertical
arrows. An additional plateau at 2.700 eV has to be confirmed.
The interaction of the high-energy excitons with the lowest
continuum of states broadens them. We suggest that these
features are due to direct photon absorption at I' (i.e., at
the center of the Brillouin zone) from the top and the lower
spin-orbit splitoff valence bands (VBs) to the first conduction
band (CB), as represented in Fig. 2(b) [38].

First we focus on the close vicinity of the band gap where
the absorption curve reveals three peaks at 7 = 10 K [see
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FIG. 2. (a) Optical absorption of a y-In,Se; film at 7 = 10 K. The arrows highlight distinct features in the absorption curve. The inset
focuses on the band-edge region with PL (gray) and absorption spectra (black). (b) Band diagram of y-In,Se; around the I" point along the
K — T — M path in the Brillouin zone. The vertical arrow represents an allowed direct optical transition from the upper VB to the lowest CB
at k = 0. The colors of the dots and the horizontal lines match with the colors of the arrows in Fig. 1(a).

inset of Fig. 2(a)]. The main peak at E = 2.147 eV is un-
doubtedly the signature of the free exciton (FX), i.e., the
n = 1 exciton. It was reported previously for polycrystalline
y-In,Ses but the experimental data were not shown [28]. The
second peak at 2.161 eV, 14 meV above, may be attributed to
the n = 2 exciton. The third peak at 2.177 eV is much broader
and looks like the “hump” reported in several semiconductors,
such as InSe [39,40]. In the present case, it is obvious that the
latter cannot correspond to the n = 3 exciton. Indeed from the
energies of the n = 1 and supposed n = 2 peaks one would
obtain an exciton binding energy of 19 meV and a ls — 3s
splitting of 16.9 meV. The band gap should, therefore, be
located at 2.166 eV, that is, below the energy of the hump.
Also the 2.161 eV line presents an excessive broadening com-
pared with the width of the 2.147 eV peak. Nothing pleads for
this observation in the theory of the dielectric function [41].
Among different origins (3D Sommerfeld factor, interband
matrix element, etc.), the most plausible explanation of the
side peak is a longitudinal optical (LO) phonon replica of the
n = 1 excitonic peak in a similar way to what occurs in II-VI
materials [42], other monochalcogenides [43], and wurtzitic
nitrides [44,45]. In a 1-LO phonon process the phonon en-
ergy would be equal to 30 meV. If a 2-LO phonon process
is assumed, the second peak, first attributed to the n =2
exciton and located at half energy (i.e. ~14 meV), could be
associated to the 1-LO phonon replica. The optical reflec-
tivity data displayed in the Supplemental Material support
this identification [37]. The reexamination and our proposal
of this peak are supported by the questionable large value
of the Rydberg, since the FX peak disappears completely in
the optical absorption spectra above T = 120 K [Fig. 3(a)].
The photoluminescence (PL) emission vanishes at the same
temperature as well [Fig. 3(b)] and, therefore, suggests an
exciton binding energy of the order of 10 meV. Hence the
interpretation of the 2.161 and 2.177 eV peaks in terms
of the 1-LO and 2-LO replica of the n = 1 excitonic peak
makes sense. The polar phonon of 120 cm~!, ie., 15 meV,
present in the list of the vibrational modes in the Supplemental

Material [37] can account for this energy difference. The
second phonon-assisted feature is smoother and broader than
the first one, which is also coherent with our interpretation.
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FIG. 3. Temperature dependence of the absorption (a) and PL
(b) spectra of y-In,Se;.
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FIG. 4. (a) Energy of the free exciton (FX) peak detected in the absorption vs temperature. (b) FWHM of the FX peak vs temperature
measured from the absorption (dots) and the PL spectra (open circles). (¢) Arrhenius plot of the integrated whole PL spectrum vs 1000/7T. The
solid line is the fit by the single recombination process discussed in the text.

From the temperature dependence of the energy of the
FX peak, which is plotted in Fig. 4(a), we can assert that
the zero-temperature band gap of y-In;Se; equals E¢(0) ~
2.15 eV in this sample, in agreement with the value reported
in Refs. [28,46]. The gap value comes up to 2.16 eV in other
samples (see Supplemental Material [37] and the zero-point
gap renormalization analysis [47-51]). The dependence of the
full width at half maximum (FWHM) of the n = 1 peak is
traced as a function of T in Fig. 4(b). The fit by the exciton
broadening function I'(T') = I'(0) + B/[exp(fiwpn/ksT ) — 1]
leads to a zero broadening I'(0) = 3.7 meV for the FX ab-
sorption peak, an electron-optical phonon coupling constant
B = 157 meV, and an average phonon energy of 21 meV. The
latter is found equal to 17 meV from the PL data. The acoustic
phonon contribution proportional to 7' remains negligible.

The PL was measured as a function of temperature with
a Q-switched green laser of 532 nm. The low-temperature
traces in Fig. 3(b) show a response composed of several peaks
as described earlier [52]. The high-energy peak is the free
exciton since its energy corresponds to the one of the n = 1
absorption peak Stokes-shifted of about 1 meV at the lowest
excitation power [see inset in Fig. 2(a)]. The adjacent peaks
were attributed to bound excitons in the past, but phonon repli-
cas could be now considered, as the separation between the
two highest peaks is ~14 meV. The PL signal is completely
quenched above 7' =~ 120 K whatever the laser power, which
was previously reported in Refs. [24,53]. At the opposite,
some authors observed the persistence of the PL signal up to
room temperature [54,55]. It reveals the predominance of the
excitonic emission, without the noticeable detection of deep
defects at low 7', and of the nonradiative emission at high
temperature. The Arrhenius plot of the integrated PL peak
intensity is plotted vs 1000/T in Fig. 4(c). The data are fitted
by a single-channel recombination process,

I

I(T) = 3 )
1+ AT? exp(—E,/kgT)

ey

where the 732 dependence accounts for the effective den-
sity of the band continuum states [56]. The activation energy
E, =~ 30 meV is in good agreement with the previous reported
values between 25 and 41 meV [17,24,54].

IV. BAND SYMMETRY AND OPTICAL SELECTION RULES

The low-temperature absorption curve presents several
steps in the band-to-band region far from the band gap
[Fig. 2(a)]. A second absorption edge is detected at 2.240 eV,
with a fairly broad excitonic peak that fades out with increas-
ing temperature [Fig. 3(a)]. This situation can be compared
qualitatively with what happens in InSe with optical transi-
tions from the p-like topmost and lower p,, p,-like spin-orbit
splitoff VBs to the lowest s-like CB [39,57,58]. In the present
case, additional steps at 2.359 and 2.508 eV are detected. We
attribute all of these features to direct transitions at k = 0 from
the upper and subjacent VBs to the lowest CB. The computed
band dispersion is shown in the vicinity of the I' point in
Fig. 2(b) (computational details are given in the Supplemental
Material [37]). The value of the band gap (~1.05 eV) is far
from the experimental value which is inherent to the band
computation within the generalized gradient approximation.
However, the second CB is located approximately 600 meV
above the first CB (see Fig. 2 in the Supplemental Material
[37]), while the splittings between the successive VBs are
smaller and equal 122, 87, and 132 meV from top to bottom
VBs. They are in agreement with the 93, 119, and 149 meV
splittings measured experimentally between each kink in the
absorption curve. Here we consider that the incorrect under-
estimated band gap does not alter significantly the dispersion
and the energies of the VBs at I', which supposes a rigid
shift of the bands. Of course a better match could certainly be
obtained between the experimental and the theoretical values
after an optimized calculation of the bands’ dispersion. Taking
the spin-orbit coupling into consideration allowed a rather
good agreement with the observed VB splittings.

Now we examine the symmetry of the bands to check if the
selection rules allow the suggested optical transitions.

The minimum of the CB at I' transforms like I'; 4+ I'g
according to the notations used in Refs. [59,60] that we adopt
here. Regarding the VB at T', the first five successive states
transform like I'7 + I'g, I'1; + 'p, I'7 + g, T'g + Mg, and
I'; + T's in terms of increasing hole energies. The notations
['; + T'; are abbreviated as I'; ; in Fig. 2(b). The tables in-
dicate that the symmetry I'y;, of the dipolar operator, which
transforms like a polar vector of components {x, y, z}, is given
by different symmetries depending on the orientation of the
electric field of the emitted photon: I';(z) + ['s(x) + Te(y).
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Let I'. and I', represent the representations of the conduction
and VBs, and let I',,, denote the symmetry of the set of the
excitonic envelope functions. The symmetry of the excitonic
states is obtained, in the most general case, as the reducible
product [61]:

FC®F:®Fenv=ZFg&‘ (2)

In the theory of the hydrogenic atoms, only states {|n, 0, 0)}
of the n kind have the possibility to couple radiatively with
the electromagnetic field, which in the language we use here,
writes

Fem} = l—‘1~ (3)

This equation still holds in our case although, from the cylin-
drical symmetry around the ¢ axis, these are now the {|n, [, 0)}
states, with / even, that have the possibility to couple radia-
tively with the electromagnetic field [62]. In the absence of
exciton, the ground state of the crystal is also of I'j symmetry.
Therefore the selection rules are at the end obtained by the
simple equation

F @@y DT @)

There are two main cases to consider:

(1) When the polarization of the emitted photon is along
the z direction, which is equivalent to I'g;, = I'1, the selec-
tion rules indicate that dipolar excitonic recombinations are
allowed for the specific situation when the symmetries of the
conduction and VBs are switched from I'; to I's and vice
versa.

(2) When the polarization of the exciton is polarized in
the plane orthogonal to z, two (equivalent) cases can be dis-
tinguished:

(a) When the electric field of the emitted photon is
along the x direction, which is equivalent to I'y;, = I's,
dipolar excitonic recombinations are allowed for the spe-
cific situation where the symmetries of the conduction and
VBs are I';7 (resp. I'g) and I'7 (resp. ['12).

(b) When the electric field of the emitted photon is
along the y direction, which is equivalent to I'y;, = I,
dipolar excitonic recombinations are allowed for the spe-
cific situation where the symmetries of the conduction and
VBs are I'g (resp. I'7) and I'g (resp. T'yy).

This quite abstract description can be simplified if work-
ing in the context of an angular momentum representation
in a spherical space and using the familiar notations of the
textbooks of atomic physics in the context of quantum me-
chanics. Let as usual J; be the spatial angular momentum of
the electron wave function and § = 1/2 the spin angular mo-
mentum. The total angular momentum of the electron scales
fromJ =J; 4+ 1/2toJ = J; — 1/2 and given a J, the series of

states |J, mj) is 2J + 1 times degenerated. The representation
D; that describes the symmetry of the quantum state repre-
sented by J is either irreducible or expanded along a series of
irreducible representations. According to the tables of Koster
et al. [59], in the case of the Cy point symmetry,

(1) Twofold states Dy, {|1/2, +1/2)}, built from J; =0
and S = 1/2, transform like I'7 + I'g;

(2) Fourfold states D3/, {|3/2, £3/2)}, built from J; =1
and § = 1/2, transform like I'; + I'g {|3/2, £1/2)}and I'y; +
2 {13/2, £3/2)};

(3) Twofold states Dy, {|1/2, £1/2)}, built from J; =1
and S = 1/2, transform like I'7 + Ig;

(4) Sixfold states Ds; {|5/2,£5/2)}, built from J; =
2 and S = 1/2, transform like (I'; + I'g){|5/2, £1/2)} +
(T +Ti){15/2, £3/2)} + (To + Tio){15/2, £5/2) D).

Obviously the analysis of the selection rules using the
representation of the symmetries of the different quantities in
terms of the irreducible representations I';s is identical to the
prescription of the selection rules for optical transitions in the
context of the dipolar approximation in atomic physics: A; =
+1; Ay, =0, £1 [63]. This teaches us why transitions from
{15/2, £5/2) to {|1/2, £1/2) are forbidden. This is indicated
by a distinctive color of the corresponding VBs in Fig. 2(b).
The symmetry of the second CB (not visible in Fig. 2(b) but
in Fig. S2) is I'g 4+ I'1o and, therefore, all transitions from the
VBs to this CB are also forbidden except from the I'g 4+ I'yg
VB in the z polarization and from the I';; + I, VB for
polarizations orthogonal to z. We disregard this possibility as
in the energy range of our experiment we should detect only
one line and we measured four.

It is interesting to emphasize the identical symmetry for
quantum states of the kind {|J, £«)} for all J of a series
discriminatively inside the world of either fermions or bosons,
whatever «. This is not a specific quantum effect. It rather
comes from the cylindrical symmetry around the z axis and it
is a general property encountered for quadratic, trigonal, and
hexagonal symmetries [64].

V. CONCLUSION

We demonstrate the epitaxy of high crystalline quality
y-In,Ses films on (0001)-oriented sapphire substrates, which
reveal fine features in the optical absorption at low temper-
ature. Clear excitonic absorption and PL emission processes
are demonstrated, which fade out above 120 K in agreement
with a Rydberg energy of the order of 10 meV. Three optical
signatures are detected at higher energy for the first time,
which are associated to direct transitions from the spin-orbit
splitoff VBs to the lowest CB which respect the selection
rules of the Cg point group. Thus on top of its ferroelectric
properties the y polytype of In,Se; has interesting optical
properties, which should motivate further experimental and
theoretical research.
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