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Abstract

Experimentally, when compared with III-V, II-VI, or IV-IV layered systems,
the InSe Raman spectrum does not change very much as a function of the
number of InSe layers. A simple linear chain model is sufficient to explain this
effect. In our model, two parameters are used to characterize Raman spectra:
the halfwidth I characterizing the sample quality and the coherence length A
determined by the sample thickness n. Our analysis shows that the coherence
length A is linear in n. We obtain a fair agreement between computed and
experimental Raman spectra.

1. Introduction

During the last few years, a new technique called ‘van der Waals’ epitaxy has been developed
for the growth of heterostructures using layer-type semiconductors [1-7]. Molecular beam
epitaxy (MBE) is used to growth ultra-thin films whose thickness can be as small as a few
atomic layers. Such ultra-thin films have recently been studied extensively by various methods
such as the reflection high-energy electron diffraction (RHEED) [8], x-ray diffraction [5], and x-
ray standing-wave diffraction techniques [6]. Another very useful technique for controlling the
quality of these thin films is Raman scattering. Raman spectroscopy has been frequently used to
study conventional superlattices based on III-V compounds [9—-11], II-VI materials [8,12—-14],
and IV-IV systems [15] (see [16] for a review). Recently, it was also applied to weak Raman
signals from extremely thin films and to characterize their structural properties [7,10,11,17].
Thus it is interesting to theoretically study the vibrational properties of thin van der Waals
epitaxial layers [18] and compare them with the results of Raman scattering experiments.
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Figure 1. Raman spectra of thin InSe films on GaSe/Si. Sample thickness n (in layers): (a) n = 3
and (b) n = 21; (c) bulk.

In this paper, we make a direct comparison between theoretical (computed) and
experimental Raman spectra of InSe films grown on GaSe substrates and we study their
evolution as a function of the layer thickness.

2. Experiment

MBE growth techniques are used to prepare ultra-thin films of a few atomic layers of InSe
on a buffered GaSe/Si(111) substrate [19]. A layer has to be understood as an elemental
sheet constituted of an Se—In—In—Se atomic plane sequence, with a thickness of 8.32 A [20].
The weakness of the interlayer coupling between two layered materials like InSe and GaSe
can counterbalance a large lattice mismatch (6.7%) between the first epitaxial layers and the
substrate. Thus, almost relaxed InSe films can be produced with the same lattice constants
as the bulk [21]. Growth of InSe and GaSe films was carried out in the same MBE chamber
with a base pressure better than 10~'° Torr. RHEED was used to monitor the quality of the
silicon substrate surface and the structure of the films during epitaxial growth. More details
about growth conditions and characterization techniques for GaSe and InSe can be found
elsewhere [19,22].

Raman spectra were measured at low temperatures using a double-grating monochromator.
The 488 nm line of an Ar* laser was focused on the sample along its c-axis in a quasi-back-
scattering geometry. Atlow temperature, this photon energy is resonant with the second exciton
of InSe situated at the gap E| between the p,—p,-like valence band and the s-like conduction
band [23,24]. The power density was 250 W cm™2.

Raman spectra are presented in figure 1. The three spectra correspond respectively to InSe
samples consisting of 3 layers (figure 1(a)) and 21 layers (figure 1(b)), and a bulk InSe sample
(figure 1(c)). The two thin layered samples were deposited on silicon substrates covered with

a buffer layer of GaSe.
When the number n of InSe layers stacked along the c-axis of the GaSe epilayer
is small, the Raman spectrum presents broad bands (FWHM = 10 cm™!) as shown in

figure 1(a). With increasing n, the InSe bands become narrower, as illustrated in figures 1(b)
and (c).
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Figure 2. Mechanism of observation of the forbidden in-plane wavevector phonon in thin films.

The bands observed at 117, 205, and 232 cm ™! correspond respectively to the I'?, '}, and
Ff phonons of InSe. The bands at 134, 240, and 311 cm~! (this last band is not shown in the
figure) can be attributed to the phonon modes of the GaSe buffer with the same symmetry as
those in the InSe layers. The GaSe bands are hardly observable for the thicker layer of InSe
(figure 1(b)) because of its optical absorption. The peak observed at 211 cm™! (figures 1(b)
and (c)) appears more intense in thin films of 21 layers than in bulk. This peak is due to
scattering by a LO phonon of InSe polarized along the layer plane and is forbidden in a back-
scattering configuration when the wavevector is normal to the layer plane. Due to its reflection
on the substrate, the forward-scattered Raman component can be detected together with the
backwards-scattered component, which makes possible the observation of phonons with a
wavevector parallel to the layer plane, as illustrated in figure 2.

Experimentally, the InSe Raman spectrum is almost independent of the number » of InSe
layers. This result is completely different from those found for III-V [9-11], I-VI [8, 12—14],
or IV-IV [15] layered systems, where series of n LO peaks are observed for films of n
layers. These compounds, with zinc-blende or diamond structure, are 3D crystals, and the
atomic planes are strongly bonded by semi-ionic or covalent bonds. In the case of InSe,
the bulk is constituted of In,Se, layers weakly bound by van der Waals forces. For this
reason, the vibration coherence length along the c-axis is small (a few layers). Consequently,
confinement effects may appear significantly for thickness smaller than the coherence length
of bulk vibrations. Experimentally, we begin to observe spectral changes of Raman bands
due to spatial correlated effects for thickness of about three layers (In,Se;). A model which
reproduces the experimental Raman spectra, introducing the coherence length as a parameter,
is presented in the next section.

3. Model

Let us first consider bulk GaSe and InSe. These are III-VI group semiconductors and have
identical layered structure, each layer consisting of two single planes of Se atoms on both
sides of two planes of metal atoms (Ga or In) stacked along the c-axis. Since we are interested
in the effect of heterostructure formation along the c-axis, we use a linear chain model with
nearest-neighbour short-range interactions for lattice dynamics [9, 25]. For bulk InSe, the
dispersion curve as a function of k, obtained in this way is shown in figure 3, where c is the
lattice constant along the c-axis.

Next we consider thin films consisting of n layers of InSe stacked on a single-layer GaSe
substrate. In this case, we need interlayer force constants between heterogeneous layers.
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Figure 3. The calculated phonon dispersion curve along the c-axis in InSe (longitudinal modes).

We use averages of two corresponding bulk values [26]. In thin films, each layer contains
four atoms. Thus for a one-layer GaSe substrate and n layers of InSe, we have to solve
4(n+1) secular equations. By diagonalizing the corresponding dynamical matrices, we obtain
the normal-mode frequencies and associated eigenvectors giving the atomic displacements in
different layers. The result for n up to 20 is shown in figure 4. The modes at 307, 237, and
122 cm™~! are substrate (GaSe) modes and do not depend on 7. All the other modes vary with n.
Atomic displacement study shows that the optical modes (232, 205, and 117 cm™") are mostly
confined in the InSe layers while the acoustic modes (<50 cm™!) are spatially delocalized.
From figure 4, we obtain that for the values of the layer thickness that we are interested in,
the spectra cover most of the possible frequency ranges expected from the dispersion curve
(figure 3) and that the energy levels are closely spaced due to the small dispersion of the optical
branches. It should be also noted that it is not possible to include the wavevector selection rule
in this type of calculation without making further assumptions. Thus it is meaningful to start
from the bulk material and incorporate the finiteness of the sample. This is done as follows.
The intensity of Raman scattering where incident light k; is scattered into k; is given by

L) =" fi(k, ) A (@), 0]
ks

Here ¢ = I; - I_é is the wavevector transfer. The factor f; (l? s) is the scattering function

describing the coupling between the light and the phonon of wavevector k in the branch s.
Ag,(w) is the spectral function for the mode ks and Wy (k) is the phonon dispersion relation:

Ap, (@) = 8w — o, (k). 2
Under the assumption of a finite damping rate I due to the spectral width and sample
imperfections, and taking in account anharmonicity effects, we consider equation (3) instead
of equation (2):

I'/n
Ap(w) = = . 3)
(0 — wy (k)2 + T2

This is a Lorentzian with width I". Equation (3) is reduced to equation (2) for ' — 0.
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Figure 4. Variations of normal-mode frequencies of thin InSe films as a function of the number of
layers n.

We consider now the scattering function f; (12, s)in (1): for perfect crystals, the wavevector
conservation rule during the scattering process implies

f(; (]_éa S) X 8121} = ‘Sk.xq.r Skyqy 5kr’1: : (4)
For amorphous materials, f; (I;, s) is independent of k:

fik,s)=1 )

and the Raman scattering intensity in equation (1) reflects essentially the density of
states [27,28]. For partially disordered materials, one may consider a state intermediate
between the crystalline (equation (1)) and the amorphous (equation (5)) states in the form

ik, 5) oc e~k=ara? 6)

where A is a measure of the coherence length. For large and small A~!, equation (6) naturally
reduces to (4) and (5), respectively. Thin films conserve the translational symmetry in the layer
(x, y) but not along z. Therefore, one may use a mixture of equations (4) and (6) in the form

7 —(k,—q,)* A2
filk,s) o< 8 g, 8¢ q,6” 79N

We expect the coherence length A here to increase with the film thickness n. Campbell and
Fauchet [29] took a similar approach using Gaussian functions for calculating line shapes in
various confined structures. In the case of thin films, their spectral function (equation (11) of
their paper) is essentially our equation (6) multiplied by a corrective factor due to a cut-off
effect.

We shall now calculate the Raman intensity according to equation (1) and compare it
with the intensities of the Raman spectra of figure 1. Numerical integration of equation (1)
is straightforward for finite values of I'. When I' = 0 the integral involves the delta function
(equation (2)), and can be calculated by the Gilat—-Raubenheimer method [30] adapted to one
dimension. From the experimental values of figure 1(c), the halfwidth at half-maximum I’
is about 1 cm™!. We calculate the Raman intensity (equation (1)) for different values of the
coherence length A and, for each value of n, we choose the value of A which allows the best
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Figure 5. Theoretical Raman spectra of thin InSe films for various thickness n: (a) n = 3 and
(b) n = 21; and (c) bulk.
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Figure 6. The inverse coherence length A~! (times c) as a function of 1/n. The straight line
represents A~ ¢ = 7 /n.

reproduction of the positions and widths of the Raman bands. The result is shown in figure 5
and is compared with the experimental spectra of figure 1. The agreement in band positions
seems reasonable and the general tendency is correctly reproduced. (The experimental noise
in figure 1(a) is due to the extremely weak Raman signal from a very thin sample.)

In figure 6, we plot A~'c as a function of the inverse thickness 1/n. Here n = oo
corresponds to the bulk. The error bar represents the acceptable parameter range for a given
value of 1/n. The plot shows that A~! and 1/# are linearly related, as expected. The straight
line represents A~'c = m/n, which is theoretically expected. Though there are only three
experimental points with large error bars, the agreement may be considered as fair and we may
consider our model as reasonable.
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4. Conclusions

We studied, both experimentally and theoretically, the evolution of Raman spectra as a function
of layer thickness in InSe thin films. We calculated the Raman spectra numerically, taking into
account the finite thickness of the samples. Two parameters were used to characterize Raman
spectra: the halfwidth I and the coherence length A. We obtain a fair agreement between
theoretically predicted and experimentally determined Raman bands. Our analysis shows that
the coherence length A is linear in n, as expected.
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