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Realizing the potential for 2D SnSe optoelectronics requires understanding the thickness dependence
of structure, defects, and optical properties. We investigate the thickness-dependent crystal
structure, band gap, and carrier lifetime of SnSe films deposited by molecular beam epitaxy (MBE) on
(100) MgO. MBE enables stoichiometric (2h00)-oriented SnSe films with tunable thicknesses from
80 nm down to 4 nm. As thickness decreases, out-of-plane covalent bonds contract, while in-plane
bonding and the van der Waals gap expand with a concurrent increase in stacking fault density,
consistent with theoretical predictions of reduced stacking fault energies. Below 8 nm, the band gap
transitions from indirect to direct, increasing from 1.4 eVto 1.8 eV, primarily driven by a combination of
structural changes and confinement effects. Our results demonstrate how the thickness and structural
distortion of 2D materials can be used to modulate the optical properties relevant to optoelectronics.

Downscaling 2D materials offers more than just a route to thinner devices; it
also provides a knob for tuning performance and enabling new function-
alities through confinement, changes in local bonding environments, and
symmetry breaking—giving distinctive electrical, optical, and mechanical
characteristics compared to bulk'”. Understanding how to modify the
thickness of 2D materials to target a specific response is critical for the
development of 2D devices. For example, 2D group IV monochalcogenides
in the Pnma phase have the potential to develop ferroelectricity’,
photostriction®, and piezoelectricity’ as they approach the monolayer limit.
Additionally, these materials are emerging as 2D photodetector-°,
thermoelectric-’, and transistor materials’, where tailoring the electrical and
optoelectronic response is needed to improve efficiency. Therefore, there is
an urgent need to elucidate how the crystal structure and optical properties
of this class of materials evolve with thickness®’.

SnSe is of particular interest within the group IV monochalcogenides
due to its large predicted d); piezoelectric coefficient (250.58 pm/V)’, tun-
able band gap®, and thermoelectric performance (ZT = 2.6)°. While both the
crystal structure and optical properties are predicted to be dependent on the
number of SnSe layers, experimental results remain limited'*". An
increased band gap has been observed in SnSe nanosheets and in SnSe films
thicker than 50 nm, indicating that material properties evolve with

thickness*">. However, the thickness-dependent relationship between
crystal structure and band gap has not been measured in deposited films
thinner than 50 nm, despite the predictions that these changes become
particularly pronounced at thicknesses below 10 nm*"’.

The strong interlayer binding energy (32 meV/A?) relative to other 2D
materials makes SnSe likely to exhibit such distinctive layer-dependent
properties', but also makes controlled exfoliation difficult. While exfolia-
tion can realize SnSe films thicker than 10 nm, continuous lateral coverage
of thinner layers requires direct synthesis from a high-purity source
material *'°. Beyond thickness control, direct deposition also has additional
advantages of controlled orientation, lower defect density, and scalability
compared to exfoliation'”. Molecular beam epitaxy (MBE), for example, has
been used to deposit 2D (2h00) oriented SnSe films on (100) MgO substrates
with minimal defects (e.g., SnSe, inclusions, misoriented grains) due to its
precise control over the chemistry during deposition'”"*. Therefore, SnSe
films deposited by MBE provide a platform to study the thickness-
dependent structure and optical properties in monochalcogenides with
controlled layering.

In this work, SnSe films with thickness ranging from 80 nm down to
4 nm were deposited on (100) MgO substrates via MBE to determine the
thickness-dependent changes in structure and optical properties relevant to
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optoelectronics, particularly as thickness is reduced below 10nm. As
thickness decreases, the in-plane bond length and van der Waals separation
are both observed to increase with a concurrent decrease in the out-of-plane
covalent bond length. This, in turn, reduces the interaction between layers of
SnSe, increasing the propensity for stacking faults as thickness is reduced.
Due to these thickness-dependent structural changes and quantum con-
finement, the direct band gap increases from 1.3 eV for a bulk single crystal
up to 1.8 eV for a 4 nm thick film, along with an increase in carrier lifetime.
This work not only provides essential information on how scaling impacts
key parameters in SnSe, but also the mechanisms of change, which can be
applied to the deposition and device design for a wide range of 2D
chalcogenides.

Results and discussion

Film deposition, composition and crystal structure

The first step towards understanding the impact of thickness on the crystal
structure and optical response of SnSe is to deposit films spanning a range of
thicknesses. By varying the deposition time, SnSe films targeting thicknesses
of 4 nm, 8 nm, and 80 nm were prepared. X-ray reflectivity (XRR) corro-
borates the thickness estimated from the deposition time and provides
information on the surface roughness and density"’. Representative XRR
data for each thickness are shown in Fig. S1, and the associated fitting
parameters are given in Table S1. The measured film thicknesses are within
5% of the expected thicknesses based on the deposition time. Thus, each film
set is hereafter referred to by the target thickness (80 nm, 8 nm, or 4 nm).
Across all deposition conditions, the density for the films is consistent with
the theoretical density of 6.1 g/cm’ for SnSe™. Accurately fitting the 8 nm
and 80 nm films requires an additional SnO, layer that is approximately
1.4 nm and 3.9 nm, respectively. However, an SnO, layer is not necessary to
accurately fit the XRR data of the 4 nm film. We have previously shown a
self-limiting surface SnO, layer on SnSe when exposed to air, which does not
affect the long-term material stability’". Since the band gap of SnO, is
~3.6 €V at room temperature, presence of a SnO, layer is not anticipated to
impact the absorptive features of SnSe”’, which has a smaller band gap.

In addition to thickness measurements, XRR also provides a metric of
surface roughness. The 4 nm films exhibit a predominantly flat morphology,
indicated by the low average roughness (R,) of 1.5nm. The surface
roughness measurements are further corroborated by atomic force micro-
scopy (AFM) images, shown for each film type in Fig. S2. The morphology
of the film deposited by MBE shows mixed island and layer growth. The
relatively low surface roughness and limited out-of-plane grain growth seen
in the thinner films are desirable for electrical and optoelectronic applica-
tions that require continuous surface coverage and crystallographic align-
ment. As the thickness increases up to 80 nm, the surface roughness
increases to 2.8 nm as the growth mode transitions towards islanded growth.
The measured step height of the layers of the 4 nm and 8 nm films range
from 0.6 to 0.7 nm, which closely matches a monolayer (half unit cell) of
SnSe. The islands observed in the 80nm films are relatively flat
(R, = 1.63 nm), with a height of 12-17 nm between the peak of the grain and
the bottom of the grain boundary. The XRR and AFM corroborate the low
surface roughness of the thinner (<10 nm) films deposited by MBE.

Given the volatility of selenium and the multiple oxidation states that
tin can adopt, it is vital to verify the stoichiometry of the MBE-deposited
SnSe films. X-ray photoelectron spectroscopy (XPS) provides information
on film composition as well as insight into the bonding configuration. Figure
S3a and S3b show the Se 2 d and Sn 2 d binding energies for an 8 nm thick
film. At the film surface, a significant portion of tin is bonded to oxygen®,
corroborating the XRR results that pointed to the presence of a surface SnO,
layer. Additional selenium peaks are also measured at the surface, which
have previously been attributed to either segregated selenium or SeOH**>.
Next, argon ion etching is used to remove the surface contaminants to
determine the bulk film composition. After etching, the Sn-O and excess Se
peaks were no longer observed (Fig. S3c and S3d), confirming that the
oxidation was limited to the surface, as has previously been reported”'. The
relative elemental percentages of tin and selenium in the bulk were 51.3% Se

and 48.7% Sn, which is within the measurement error of the system for the
expected 1:1 Sn:Se ratio. The compositions determined from XPS before and
after etching are given in Table S2. Due to the limited measurement depth of
XPS, electron energy loss spectroscopy (EELS) was used to corroborate the
composition of SnSe films deposited by MBE, shown in Fig. S4a—c. The
composition of a 16 nm thick SnSe film deposited under the same condi-
tions was found to be 54.7% Se and 45.3% Sn through the thickness of the
film. The top SnO, layer was not included in the quantification. The
composition is consistent through the thickness of the film, although there
are some deviations because of the atomic resolution of the measurement.
Overall, the XRR, AFM, XPS, and EELS show that MBE enables the
deposition of SnSe with precise layer control down to 4 nm.

XRD affords insight into the crystal phases, crystallographic
orientation, lattice parameters, strain, and defects in the samples. The
thickness-dependent XRD results, shown in Fig. 1a, are consistent with
the Pnma phase of SnSe (PDF card #00-048-1224)* with an out-of-plane
(2h00) orientation. The single crystal standard is also included as a point
of comparison for the bulk lattice parameters. The out-of-plane (2h00)
orientation indicates that the van der Waals bonds are perpendicular to
the substrate, meaning that the basal plane is oriented parallel to the
substrate, as is expected for a 2D material. No other phases or crystal-
lographic orientations are observed by XRD. As the SnSe film thickness
decreases, the peak width broadens as the thickness limits the crystallite
size, inducing Scherrer broadening. Stacking faults between 2D layers,
which have a propensity to form in SnSe films™, can also contribute to
the peak broadening. In addition to the peak broadening, there is an
increase in the out-of-plane lattice spacing of the SnSe layers with
decreasing thickness, as evidenced by the shift to lower 20 values. Using
the 26 position of the (400) peak to calculate the percent increase in out-
of-plane lattice parameter, this translates to a 0.25% and a 1.5%
expansion, respectively, in the 8 nm and 4 nm films, when compared to
the 80 nm thick film. The expansion could stem from an increased
impact of the epitaxial strain imparted from the substrate or an intrinsic
change in crystal structure with decreasing thickness'"".

In addition to the change in out-of-plane spacing, there is anisotropic
peak broadening and shifting between the (2h00) order of peaks. Table S3
gives the a-lattice parameters and full width-half maximum (FWHM)
values calculated from the (2h00) peak for each film thickness. For the
80 nm films, all peaks produce an out-of-plane lattice parameter (|al) of
11.515 £0.001 A, consistent with prior report of 11.50 A. When the film
thickness is reduced to 4 nm, there is a larger disparity in the a-lattice
parameter calculated from each peak (|| = 12.282 A when using the (200)
peak, |a| =11.732 A when using the (400) peak). Ideally, the lattice para-
meter should be consistent regardless of the exact peak in a given family of
equivalent planes. Disparities like those observed here indicate likely
structural variations through the thickness of the films that become more
pronounced as the film thickness decreases. In other 2D materials, dif-
fraction anisotropy has been attributed to either stacking faults, dislocations,
or disorder’*™", but anisotropic diffraction has not previously been reported
in SnSe films. Overall, the XRD results show that the magnitude of the out-
of-plane lattice parameter (|a|) and the degree of disorder increase with
reduced film thickness.

Raman spectroscopy corroborates the phase assignment and
thickness-dependent bond lengths observed by XRD. As shown in Fig. 1b,
mode energies and intensity ratios of the Raman spectra confirmed the
presence of the Pnma phase of SnSe with no other phases detected in the thin
films, even as a secondary SnSe, phase is apparent at some locations on the
single crystal"”. Although an SnO, layer was observed for the thicker films by
XRR and XPS, it is below the detection limit for both XRD and Raman
spectroscopy.

Peak shifts in the Raman spectra provide insight into changes in bond
length, with peaks shifting to higher wavenumbers indicating shorter bond
lengths”. Monitoring the positions of the Raman modes provides an
assessment for how the bonding changes with thickness''. A schematic
showing the vibrations associated with each Raman mode of Pnma SnSe is
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Fig. 1 | Measured and calculated thickness-dependent structural changes of SnSe.
a Thickness-dependent XRD 20 scan of SnSe thin films. Peaks denoted by * are from
the MgO substrate. Peaks denoted by X are from Cu kp and W La X-rays. All other
peaks originate from the SnSe. b Thickness-dependent Raman spectra of SnSe films
measured with a 532 nm laser. Dashed vertical lines in a, b indicate the peak
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positions of the single crystal. All peaks are attributed to SnSe. ¢ Exaggerated
schematic of the change in crystal structure with reducing thickness. d The calcu-
lated change in the van der Waals (d,qw), covalent out-of-plane (d,), and covalent
in-plane (d,) bond lengths as a function of the number of layers.

shown in Fig. S5. The A; and A; peaks correspond to predominantly out-of-
plane atomic motion vibrational modes, while the A;, A;’, and Bég modes
correspond to in-plane motion™. As the films become thinner, the A;,, AZ,,
Ag, and B; " modes shift to lower wavenumbers, while the Ag mode shifts to
higher wavenumbers. The red shift of the in-plane modes (A};7 AZ,, and B§g)
indicates that the in-plane bonds expand as the thickness decreases. The red
shift of the A; mode indicates that the van der Waals separation also

expands with decreasing thickness. In contrast, the blueshift of the Ag mode

suggests that the length of the out-of-plane covalent bonds becomes shorter
with reduced thickness. Similar peak shifts were observed using both
532 nm and 785 nm excitation wavelengths (Fig. S6a), verifying that the
shift is not caused by resonant Raman effects and can be unequivocally
assigned to changes in bond length.

Figure 1c¢ shows a schematic of the collective change in bond length and
layer spacing determined from the Raman spectroscopy and XRD (structure
exaggerated for clarity). Taken together, the Raman and XRD results sup-
port the deduction of a decrease in the out-of-plane covalent bond lengths
(d;) and an increase in the van der Waals spacing and in-plane bond length
(d,) with decreasing film thickness. If the change in in-plane bonding was
due to epitaxial strain imparted from MgO, a blueshift of the A; and B} o
would be expected because the lattice mismatch between SnSe and MgO is
tensile (1.42%) along the b axis, while the lattice mismatch along the c axis is
compressive (—5.51%). To provide further evidence that the change in
structure is not caused by the substrate and to compare Raman shifts, an
8 nm film was deposited on muscovite mica: a 2D substrate with high lattice

mismatch (>14%) and low propensity for epitaxy. The films deposited on
muscovite mica and MgO show similar shifts in Raman modes with
decreasing thickness (Fig. S6b), indicating that the structural changes are
indeed not due to epitaxy from the substrate. Thus, it is evident that the
structural changes are intrinsic to the material and not imparted by external
factors. This characteristic will enable identification of SnSe film thickness
using Raman shifts for SnSe films, similar to approaches used for graphene
and MoS,'**". In addition to the Raman shift, the full width at half maximum
(FWHM) of the Raman peaks also increases with decreasing thickness,
indicating that disorder increases with decreasing thickness, which corro-
borates the finding of increasing stacking faults and dislocations by XRD.
To better understand how the bonding changes with thickness, the
crystal structure and bond length of SnSe are calculated using density
functional theory (DFT) with varying layer thicknesses. No substrate-film
interactions are included in the calculations; therefore, any change in
structure with decreasing thickness must be intrinsic and not due to strain
imparted from the substrate. The trends from the DFT calculations corro-
borate the changes in bonding observed by Raman and XRD. The out-of-
plane van der Waals bond length (labeled here with d,qw) and in-plane
bond lengths (d,) increase, while the out-of-plane covalent bond length (d)
decreases with decreasing film thickness, presented in Fig. 1d. While the out-
of-plane bonds (both van der Waals and covalent bonds) are predicted to
shift in opposite directions, an overall increase in the |a| lattice parameter is
predicted (Figure S7), in agreement with the shift observed in XRD. How-
ever, the calculated change in lattice parameter is less than that observed by
XRD. The discrepancy between theory and experiment can be attributed to
the presence of stacking faults and dislocations, which produce peak shifts in

npj 2D Materials and Applications | (2026)10:18


www.nature.com/npj2dmaterials

https://doi.org/10.1038/s41699-025-00655-0

Article

Fig. 2 | Impact of thickness on stacking fault for- a) 150
mation. a. Relative energy of different stacking AA Polar
faults in SnSe compared to the expected AB anti- = 120 == e \ntipolar
polar stacking. Dashed lines indicate the bulk values % i
in SnSe. Representative STEM images of a 4 nm (b) s )
and 16 nm (c) thick SnSe film on MgO substrate. g 90+ /
The image of the 4 nm film shows a basal dislocation e
(marked by “T”), a stacking fault (plane indicated by é‘ 60
line labeled “SF”), and small grains with orthogonal é ACIPSIF
orientations (zone axis markers). By contrast, the W pofeees memenoos comemos s ool
16 nm thick film contains large regions free of these w301 ././._/‘—p——.
types of defects.

0 0 é 1|5 2IO 2|5 3IO

Number of Layers

bulk measurements such as XRD, but are not captured in DFT-calculated
lattice parameters.

To assess the likelihood for increased stacking faults in thinner layers,
we calculate the relative energy of stacking faults as a function of film
thickness to compare the relative stability of different 2D stacking config-
urations. Figure 2a gives the relative energies for various stacking faults
shifted along the [001] or [010] directions or both, as illustrated in Fig.
S8a and S8b. As film thickness decreases, the relative energy of different
stacking faults (e.g., AC, AA) compared to the AB ground state becomes
progressively smaller. The lowest energy stacking fault is the AC polar
configuration, which lies above the AB stacking energy by 37 meV per layer
in the bulk and by only 15 meV per layer in a bilayer. The decrease in relative
stacking fault energy with reducing thickness is understandable, given the
increased van der Waals bond length, which points to decreased interactions
between layers. The calculated decrease in stacking fault energy agrees with
the increased anisotropy in XRD (2h00) peaks as the film thickness is
reduced. The higher propensity for stacking faults with reduced film
thickness has been proposed to cause a net polarization in SnSe films
deposited by chemical vapor deposition due to symmetry breaking™. The
net polarization induced by stacking faults in SnSe enables novel func-
tionalities such as ferroelectric and nonlinear optical applications™. Stacking
faults have also been predicted to lead to a direct band gap in SnSe. Thus,
understanding the propensity for stacking faults with thickness is critical for
optoelectronic applications™.

To directly visualize how the film structure varies with thickness,
high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) was performed on 4 nm and 16 nm thick SnSe
samples. To enable a direct comparison between experiment and theory,
a 16 nm SnSe film was deposited, corresponding to the maximum
number of layers considered in our calculations and representing the
thickness regime where stacking fault density and bond lengths
approach bulk-like values. Representative images of the 4 nm and 16 nm
samples are presented in Fig. 2b, ¢, respectively. The 16 nm films have a
defect-free SnSe structure maintained throughout the full thickness,
extending laterally over more than 50 nm. Owing to the cubic symmetry
of the MgO substrate, grains oriented along both the [010] and [001]
zone axes are present across the entire sample (not shown here). This is
expected due to the symmetry of the underlying substrate (4-fold)
compared to the symmetry of the film (2-fold) about the out-of-plane
axes. The 4 nm film exhibits a more disordered crystal structure, with
small grains and numerous defects, including stacking faults, basal
dislocations (extra % plane of a complete 2D material unit cell), and
orthorhombic orientation changes throughout its thickness. Additional
representative images showing the increased propensity for stacking
faults and disorder in the thinner films are shown in Fig. S9. The longer
deposition time for the thicker films likely provides additional annealing
to promote the equilibrium layering structure in the thicker films.
Further in-situ analysis is needed to assess how the film structure

changes with time. The results from the STEM are consistent with the
reduced barrier for stacking faults predicted in Fig. 2a. Furthermore,
these defects in the 4 nm film contribute to the variations in the XRD
peak positions and the increased FWHM of the XRD and Raman peaks
as a function of thickness seen in Fig. 1a, b.

Quantitative image analysis is performed on areas without observed
defects in both 4 nm and 16 nm films to understand the intrinsic structural
changes as a function of film thickness. Details of the image processing and
analysis are listed in the methods section. Figures 3a, b show representative
measurements of atomic column positions in both films, with the atom
positions overlayed on the micrograph. The measured Sn positions were
used to quantify the distributions of four structural parameters: the |a| (out-
of-plane) and [c| (in-plane) lattice parameters, 2D layer thickness (Sn-Sn
distance), and van der Waals gap width. For each parameter, Sn-Sn dis-
tances were calculated for all measured atomic columns and projected along
the appropriate in- or out-of-plane lattice vector. The first SnSe layer in each
sample was excluded from the analysis, as it is distorted relative to the bulk
structure, and in the case of a 4 nm film, is oriented orthogonally to the
overlying layers. Figure 3c—f summarize the structural analysis. In agree-
ment with the bulk measurements and theory results, the average spacing of
the van der Waals gap increases with decreasing thickness (Fig. 3¢) while the
average layer thickness decreases slightly (Fig. 3d). The average |a| increases
approximately 2 pm in the 4 nm film compared to the 16 nm film. The [¢|
increases only slightly, below the resolution limit of STEM. Furthermore, the
broader distribution in the layer thickness and van der Waals gap as
thickness is reduced matches the increased FWHM of the peaks in XRD in
Fig. 1a. The trends observed in the change in atomic spacing match the
XRD, Raman, and DFT results. Collectively, the HAADF STEM, XRD,
Raman, and DFT point to thickness-dependent bonding and crystal
structure variations of SnSe, which, as we will demonstrate in the next
section, is critical for understanding optical properties of SnSe.

Thickness dependent optical properties

Decreasing the layer thickness in other 2D materials has been shown to
induce changes in the optical properties due to both quantum confinement
and changes in bonding'***. However, for SnSe, the impact of the structural
changes on its optical response remains unclear. To address this knowledge
gap, UV-Vis spectroscopy was used to track the evolution of SnSe band gap
with decreasing thickness, as shown in Fig. 4a. Measurements of SnSe single
crystals are also included to provide a point of reference for the thin films.
The Tauc plot for the SnSe thin films fit to a power coefficient of ¥, indi-
cating that these samples exhibit a direct band gap. The direct band gap of
the SnSe single crystal is 1.29 eV, which matches the predicted bulk direct
band gap of SnSe (1.3 eV)™. The direct band gap of SnSe films increases with
decreasing thickness, from 1.4 eV at 80 nm, to 1.5 €V in the 8 nm films, and
finally to 1.8 eV in the 4 nm samples. In addition to the observed direct band
gap, the 80 nm films also have an indirect transition at 1.3 eV, highlighted in
the Tauc plot in Fig. S10. While indirect transitions were not observed by
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Fig. 3 | Thickness-dependent HAADF-STEM. a HAADF-STEM image analysis
showing the measured Sn and Se atomic column positions of the 4 nm and b 16 nm
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UV-Vis for the thinner films, the increase in defects could mask a lower-
energy indirect transition. In other 2D monochalcogenides and dichalco-
genides, such as MoS, and GaSe, a thickness dependence on the nature
(direct, indirect) of the band gap has been attributed to quantum
confinement”’ ™. The direct band gap observed in the thinner SnSe films
increases the thickness-normalized light absorption compared to an indirect
band gap, which is critical in 2D optoelectronics due to the reduced amount
of material to absorb light. The tunable band gap of the SnSe films, spanning
from the near-infrared to visible range, is beneficial for photodetectors and
photovoltaics, where the wavelength of light absorption is critical to device
performance. The Urbach tail—the region of sub-band gap absorption—
increases with decreasing thickness consistent with the increase in structural
disorder observed by XRD, Raman, and STEM data.

DFT calculations of the direct electronic band gap in Fig. 4b qualita-
tively support the increasing trend in band gap with decreasing SnSe
thickness observed experimentally. We note that despite the scissor shift
correction applied, our DFT results still underestimate the band gap for
<10 nm thicknesses but correctly predict the band gap of the thicker film
limit. We find that the calculated indirect band gap also increases with
decreasing thickness (see Fig. S11), with the indirect transition predicted to
be a lower energy transition for all thicknesses. The increased defect con-
centration observed in the thinner samples could increase the sub-band gap
absorption and mask lower energy indirect band gaps in the thinner films.
Prior theoretical work on SnSe shows that stacking faults can drive an
indirect-to-direct band gap transition and increase the band gap energy due
to a shift in the conduction-band minimum caused by the change in

interlayer interactions with different stacking configurations™. Stacking
faults were not included in the DFT-calculated band gaps, which could cause
the discrepancy between calculated and measured band gaps. The increased
propensity for stacking faults and dislocations reduces the likelihood of
phonon-mediated electronic transitions (i.e., indirect band gaps) due to
phonon-stacking fault and phonon-dislocation interactions, making the
direct transition more pronounced even if the indirect transition is lower in
energy'"*. Therefore, the increased stacking fault density contributes to the
increase in band gap and indirect-to-direct transition as the thickness is
reduced from 80 nm to 8 nm—which is corroborated by the XRD, STEM,
and computational results that show an increase in stacking faults at lower
thicknesses.

Arguably, both quantum confinement and the thickness-dependent
crystal structure could contribute to the observed and calculated band gap
increase with decreasing thickness'”. To investigate the origin for the
discrepancy between theory and experiment, we performed two additional
sets of calculations: (1) the band gap of SnSe films was calculated con-
straining the in-plane lattice parameters, van der Waals layer spacing, and
atomic positions to those of the bulk (see blue curve in Fig. 4b); (2) in-plane
lattice constants of the film were fixed to the bulk values, while atomic
position and van der Waals distances were allowed to relax (black curve in
Fig. 4b). In both cases, across all thicknesses we observe that the band gap at
fixed in-plane lattice constants is rigidly shifted upward by about
0.1-0.15 eV compared to the case when both lattice constants and atomic
positions are allowed to relax. These results point to the band gap increase at
low thicknesses originating from primarily from the stacking faults or a
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Table 1 | Measured band gaps of SnSe films deposited in this study compared to a single crystal and literature

Thickness Sample type Growth method Band gap Type of transition Ref.
~1mm Single crystal Bridgman 1.3eV Direct This study
80 nm Thin film MBE 1.4eV Direct This study
80nm Thin film MBE 1.3eV Indirect

8nm Thin film MBE 1.5eV Direct This study
4nm Thin film MBE 1.8eV Direct This study
1.3um Thin film Evaporation 1.0-1.1eV Direct 13

100 nm Thin film Chemical bath deposition 1.1eV Direct/forbidden 61

<20 nm Nanocrystals Solution 1.7eV Direct 62

4.3nm Nanosheets Liquid phase exfoliation 1.4eV Indirect 8

confinement effect rather than the change in bond lengths, as has been
previously reported for MoS,".

The band gap of the samples deposited both in this study and in
previous reports is compared in Table 1. The band gaps of the SnSe films
deposited by MBE in this work fall within the range of SnSe produced by
other thin film methods. The 1.3 ¢V indirect band gap measured for the
80 nm films matches the expected indirect transition for SnSe, while the
direct band gap measured for thinner films is similar to what has been
observed for other thin films, shown in Table 1. The likelihood of forming
stacking faults strongly depend on the deposition or growth method used,
which, as discussed earlier, can affect both the energy and nature (indirect,
direct, etc.) of the optical band gap of SnSe”. For example, in liquid phase
exfoliation (LPE), stacking faults are less likely to form because samples are
synthesized from bulk SnSe, which has a higher activation energy for
stacking faults (Fig. 2a). Furthermore, LPE is typically performed at room
temperature, whereas the higher deposition temperatures in MBE would
make it easier to overcome the smaller barrier to stacking fault formation in
thin films. Therefore, the direct band gaps measured in the directly
deposited films are likely a function of stacking faults. An indirect band gap
of single crystal SnSe has previously been reported at 0.91 eV*. However, this
feature could not be assessed because it lies below the detection limit of the
spectrophotometer used (Jasco V-630 spectrometer, energy limit of
1.13eV)".

Due to quantum confinement, as well as the changes in band gap and
crystal structure, the carrier lifetime in SnSe likely changes with thickness*.
Understanding how the carrier lifetime changes with thickness is critical to
understand the device applications for 2D SnSe. For this reason, the
thickness-dependent carrier lifetime of SnSe was probed via time-resolved
photoluminescence (TRPL), shown in Fig. 4c (the corresponding TRPL
fittings are shown in Fig. S12). The carrier lifetimes decrease as thickness is
increased, from 1.4 ns for the 4 nm film, to 0.34 ns for the 8 nm film, and to
0.29 ns for the 80 nm film*. The increase in carrier lifetime observed with
decreasing thickness will facilitate charge extraction in an optoelectronic
device. A similar change in carrier lifetime with decreasing thickness was
observed in thin films of the isostructural compound SnS, attributed to
changes in the energy level alignment due to quantum confinement*. The
increased defect density with reduced thickness could also lead to trap states,
which have been shown to increase carrier lifetime*’. Therefore, confine-
ment and defect traps are anticipated as the cause of the thickness-tunable
carrier lifetime in SnSe, especially considering the increased level of disorder
within the thinner layers as evidenced by the broadening of the Raman and
XRD spectra.

In summary, we find that both the crystal structure and the band gap
are dependent on the layer thickness in SnSe. (2h00) oriented SnSe films
with controllable thickness and no detected secondary orientations or
phases were deposited by MBE. Structural changes occur with decreasing
thickness, where covalently bonded layers of SnSe are compressed out-of-
plane, and the van der Waals bonds and in-plane bonds are stretched.
Furthermore, XRD, DFT, and STEM results show that there is an increased
propensity for stacking faults as thickness is reduced, which enables a direct

band gap in films below 10 nm. Between the 80 nm and 8 nm films, the
direct band gap remains fairly consistent, but as the film thickness is reduced
to4 nm, we observe a 0.4 eV increase in the direct band gap of SnSe (1.8 eV).
The carrier lifetime of the films also increases with decreasing thickness,
indicating that there is quantum confinement in thinner films. In addition to
confinement, thickness-dependent changes in bonding contribute to the
observed band gap evolution. Our ab-initio calculations support these
interpretations and further show that the optical properties of ultra-thin
(<20 layers) SnSe are driven primarily by quantum confinement effects
rather than mechanical strain. The insights into the thickness-dependent
properties of SnSe will enable development of SnSe optoelectronic and
ferroelectric devices and pave the way for future research into similar 2D
materials.

Methods

Thin film synthesis

SnSe thin films were deposited by molecular beam epitaxy (MBE, DCA
Instruments, model R450) on (100) MgO substrates (MTI Corp.). MgO was
selected as the substrate as it has been shown to promote the (2h00)-
orientation of the Pnma phase SnSe". Additionally, the wide band gap
(Eg > 5 eV) of MgO ensures that the optical response can be differentiated
from SnSe”. The background pressure was held below 2.5 x 10~ Torr with
no background selenium pressure. Prior to deposition, the MgO substrates
were cleaved and subsequently annealed in vacuum at 900 °C for 10 min to
remove surface contamination. Then, the substrates were cooled to the
deposition temperature of 290 + 5—°C and held there for 10 min before
initiating the deposition. The cooling rate after deposition is approximately
10 °C/min and was held consistent between samples. The Sn:Se flux ratio
was controlled through two independent Sn and Se effusion cells set to a
ratio of 1:1.39 + 0.3, as calibrated by a quartz crystal microbalance. A 1:1.4
flux ratio is used in this study (compared to higher flux ratios that have been
used in previous work'’) because it was found to improve crystallinity and
morphology in SnSe films thinner than 10 nm.” The deposition rate was
maintained between 0.08-0.16 A s™'. The deposition timing was adjusted to
target films with thicknesses of 80 nm (83 min), 16 nm (30 min), 8 nm
(30 min), and 4 nm (7 min). 8 nm thick SnSe samples were also deposited on
uncleaved muscovite mica substrates (MTI Corp.) under the same condi-
tions to provide a reference material on a layered substrate. SnSe single
crystals (2d Semiconductors) were used as a standard for comparison.

Compositional and structural characterization

X-ray photoelectron spectroscopy (XPS) measurements were taken with a
Thermo K- Alpha X-ray photoelectron spectrometer with a monochromatic
aluminum source (1.486keV) and 180° double-focusing hemispherical
analyzer. An electron flood gun was used to reduce charging effects. Any
residual charging was corrected by shifting the adventitious C 1s peak to
284.8 €V, as described in ref. 48. The crystal structure of the SnSe thin films
was characterized by X-ray diffraction using a Rigaku Smartlab XE dif-
fractometer equipped with a copper K,; source, an incident Ge (220) two-
bounce monochromator, and a high-resolution 6-0 closed-loop
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goniometer. 20 scans were measured from 10 to 50° with a 0.02° step at a
scan rate of 4°/min. The 20 positions for all scans were corrected using the
MgO (200) peak at 20 = 42.90° to account for any angular offset (PDF card
#01-071-1176)". The 26 measurement of the single crystal was performed
with a Rigaku Miniflex with a copper K, source from 10 to 50° with a step of
0.04° and a scan rate of 10°/min. Film thicknesses were determined by X-ray
reflectivity (XRR), also using the Rigaku Smartlab XE, performed with a 1°/
min scan rate and a 0.02° step size. The XRR data were fit with the SmartLab
Studio software (Rigaku). R-factor values for the goodness of fit were below
2% for all samples. Atomic force microscopy (AFM) images were collected
with a Bruker Icon AFM using Scanasyst Air tips (Si tip on nitride lever,
k=04N/m, tip radius=2nm) using the quantitative nanomechanical
mapping measurement mode. The images were collected with 512 samples/
line and a scan rate of <0.6 Hz.

SnSe film cross sections were prepared by the focused ion beam (FIB)
liftout method using a ThermoFisher Helios dual-beam FIB with Ga source.
All lamellae were cut on the MgO [100] zone axis and thinned by the ion
beam down to a final voltage of 2 kV to minimize amorphous damage and
Ga implantation. To minimize atmosphere exposure and degradation of the
FIB samples after liftout, all samples were stored in an Ar-filled glove box
and sealed in Ar-filled bags for transportation to the microscope. Thickness
of crystalline TEM samples can be estimated by analyzing the intensity
variations in the position averaged convergent beam electron diffraction
(PACBED)™. The FIB lamella we presented in this study is estimated by
position averaged convergent beam electron diffraction to be, at most,
20-30 nm thick in the analyzed regions.

Aberration-corrected high-angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM) imaging was done using a
Thermo-Fisher Titan STEM at 300 kV with a convergence angle of 30 mrad
and a beam current of approximately 50 pA. Images were acquired with
dwell times of 3 or 5 s per pixel, and STEM pixel sizes of 9.0 or 12.9 pm for
the 16 nm and 4 nm film samples, respectively. For quantitative structural
analysis, HAADF STEM image pairs were acquired at orthogonal scan
directions. The images were drift corrected using a non-linear drift cor-
rection code’’. Instrumental scan distortion was also measured and cor-
rected with a custom script using images from the cubic MgO substrate.
Atomic scale structural measurements of the films were performed on the
fully corrected images using the Python package SingleOrigin™. This soft-
ware isolates intensity peaks in the image using the watershed algorithm.
Isolated peaks are matched to a projected reference lattice generated from an
appropriate crystallographic information file to ensure all atom columns are
found, and spurious peaks are ignored. 2D Gaussians are then fit to each
atomic column peak to measure the positions. For closely-spaced atom
columns, groups of close columns are automatically grouped together and
simultaneously fit with multiple 2D gaussians (one per atom column in the
group) to account for overlapping intensity. In the current data, this meant
that Sn-Se dumbbells in the [010] zone axis of SnSe were paired together,
and the pair fit with two Gaussians. Pixel sizes were calibrated on images of
[110] zone axis silicon using 5.43102 as the lattice parameter™. The accuracy
of the atom position and distance measurements is assessed from the MgO
substrate. The 2D pair correlation function of the measured atom positions
in an image of the MgO substrate was calculated, showing peaks with
standard deviations (o) between 4.9 and 5.8 pm at correlation lengths of up
to 1 nm (approximately the longest distances measured from the SnSe
films). Thus, the distance measurement error is conservatively estimated as
+5.8 pm, and the fitting error for individual atom columns is inferred to be
0=4.1pm (sub-pixel precision). Using this measurement variance, the
range of estimated standard errors on the mean for the SnSe distance
measurements in Fig. 3 is: +0.28 to 0.45 pm for the 4 nm film and +0.10 to
0.14 pm for the 16 nm film. These ranges reflect the different number of
measurements made for each distance parameter and sample based on the
number of available atom columns in the images. We note that the standard
error in all cases is well under 1 pm.

Electron energy loss spectrum images were acquired on the same
instrument using a Gatan GIF Tridiem spectrometer equipped with a K2

Summit direct electron detector. The data was collected at 300 kV beam
energy, a convergence angle of 21.4 mrad, EELS collection angle of 42.4
mrad, pixel size of 0.5 A, and dwell time 2.5 ms. The detector was operated in
electron counting mode to reduce noise in the data. To quantify the ele-
mental composition, Sn-M and Se-L edge models were calculated using the
eXSpy python module (with the DFT-calculated general oscillator
strengths)™. Power law background and model fitting to the experimental
spectra were performed using a custom script.

Optical characterization

The UV-Vis spectra were collected with a Jasco V-630 spectrometer from
1100 nm to 280 nm at a speed of 500 nm/min. A blank MgO substrate was
used as a reference for background subtraction. The band gap was estimated
from the linear extrapolation to the energy axis in the Tauc plot. Tauc’s
method was used to analyze the band gap and to determine if the band gap is
direct or indirect. The absorption coefficient («) is calculated from:

2.303 x log(1)
a=———21
t

)

where ¢t is film thickness, and T is the transmittance™. The relationship
between the absorption coefficient and electron energy was then determined
by Tauc’s relationship, shown below:

B (E,, — E,)" = (a* E,,) )

where B is an energy dependent constant, Eyy, is the photon energy (hv), Eg is
the band gap, and n is the power factor”. The power factor is 1/2 for an
allowed direct transition and 2 for an allowed indirect transition. A linear fit
is applied to the data in the Tauc plot over a minimum range of 0.5V,
ensuring that the coefficient of determination (R’) is greater than 0.99. The
band gap was then extracted from the x-intercept of the line-of-fit.

Raman spectroscopy was used for further confirmation of the crystal
structure and to assess any changes in vibrational modes associated with
variations in bonding that occur as the thickness is reduced. Raman spectra
were collected with two different energy lasers, in two distinct systems, to
confirm peak shifts. The Raman spectra were collected in air utilizing a
Witec Alpha300R confocal microscope with 0.25 mW focused to a dif-
fraction limited spot size of ~600 nm with a wavelength of 532 nm (2.33 eV).
Collected light was dispersed off a 1800 lines/mm grating within a 600 mm
Czerny-Turner style spectrometer, resulting in a spectral resolution of
<0.5 cm™. Accompanying time-resolved photoluminescence (TRPL) was
collected with the same instrument that was utilized for the 532 nm Raman
spectroscopy measurements. For TRPL a 405 nm (3.06 V) laser having a
nominal pulse width of 50-100 ps was used for excitation, with the resulting
luminescence monitored with an avalanche photodiode photon counter to
determine the dependence of carrier lifetime on thickness. Lifetime, 7, was
extracted by fitting an exponential decay function to the collected photo-
luminescence intensity profile via:

t—t,

I=I,+Axe + (3)

where I is the intensity of photons counted, I, is the baseline count, A is the
amplitude of the peak, and ¢, is the time of initial excitation. The Raman
spectra were further corroborated by taking measurements at a wavelength
of 785 nm (1.58 eV) with an Invia Qontor Renishaw Raman with a 2400

lines/mm grating and a resolution <0.5 cm ™.

Theory

Density Functional Theory calculations were preformed using the Vienna
Ab initio Software Package™ . Various SnSe thicknesses were modeled,
ranging from the monolayer limit up to 30 layers (which is equivalent to a
film thickness of 17 nm). A vacuum region of 30 A was used to limit
interactions between periodic images. The SCAN exchange-correlation
functional™ was selected with the added rvv10 correction® to model the Van
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der Waals interactions between layers. The electronic density was converged
(with changes in energy smaller than 10®eV between self-consistent field
iterations), and the in-plane lattice constants and atomic positions were
relaxed (with forces smaller than 1 meV/A, except for 20 and 30 layers, for
which forces were converged below 5meV/A) using a Brillouin zone
sampling of 15 x 15 x 1. The single particle Kohn-Sham eigenvalues and the
optical dielectric constants were subsequently computed with the fixed
converged electronic density on a denser 24 x 24 x 1 grid in the Brillouin
zone. The direct and indirect electronic band gaps were computed using the
obtained Kohn-Sham eigenvalues from this latter calculation. Note also that
we employed the HSE06 hybrid exchange-correlation functional on the
monolayer, bi-layer, and bulk structures relaxed within the SCAN+rvv10
approximation. In all three cases, we found that the electronic band gap
increased by about 0.5 eV. Therefore, we present our results with an added
scissor shift correction of the band gap of 0.5 eV, which matches closely the
experimentally measured band gap for SnSe in the bulk limit. A 500 eV
kinetic energy cut-off for the plane wave basis was employed across all
calculations.

Data availability
The data that support the plots and findings of this manuscript are available
from the corresponding author upon reasonable request.
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