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Abstract

Owing to their strong photon emission, low excitonic binding energies, and
nearly-ideal band offset values for water splitting reactions, direct gap quasi-2D
gallium chalcogenides are potential candidates for applications in energy harvesting,
optoelectronics, and photonics. Unlike other 2D materials systems, chemical
functionalization of gallium chalcogenides is still at its seminal stages. Here, we
propose vapor phase pyridine intercalation technique to manipulate optical properties
of gallium chalcogenides. After functionalization, the excitonic dynamics of quasi-2D
GaSe change significantly as evidenced by an increase in integrated PL intensity and
emergence of a new emission feature that is below the band edge. Based on our DFT
calculations, we attribute these to formation of bound exciton complexes at the trap
sites introduced by chemical reaction between pyridine and GaSe. On the contrary,
pyridine functionalization does not impact the optical properties of GaTe, instead
treats GaTe surface to prevent oxidization of tellurium atoms. Overall, results suggest
novel ways to control properties of gallium chalcogenides on demand and unleash
their full potential for a range of applications in photonics and optoelectronics.
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Recently, post-transition metal chalcogenides (PTMCs) have emerged as alternative
2D semiconducting materials owing to their strong second harmonic generation'~,
unusual band renormalization effects*”’, low excitonic binding energies™®, and direct
gap nature in the few-layer form>. PTMCs have the chemical formula of MX where M
post-transition metals (e.g. Ga, In, Tl) are covalently bonded to chalcogen atoms (e.g.
S, Se, and Te) and each layer has X-M-M-X atomic arrangement as shown in Figure 1a.
Similar to other layered materials, they can be isolated to mono- and few-layers using
standard mechanical exfoliation technique, or alternatively can be grown in 2D and
quasi-2D form using variety of vapor transport techniques4’ 11 More recently, these
materials have attracted much interest and 2™ harmonic generation effects™ °,
photodetectors® ' 2, and FETs® * '* applications have been experimentally
demonstrated using gallium chalcogenides (M=Ga) as active materials.

In the bulk form, direct gap GaSe and GaTe display rather strong photoluminescence
(PL) peak appearing at 2.0 eV and 1.65 eV, respectively, but goes from direct to
indirect transition as they are isolated to monolayers® '* ' ' In this regard, light
emission from 2D-PTMCs requires phonon participation in the exciton recombination
process which is rather inefficient for any realistic device applications relying on strong
absorption or emission of photons. However, few-layered (quasi-2D) GaX (X=Se and
Te) sheets are potential candidates for optoelectronics applications for the following
reasons: 1. They are direct gap semiconductors, emitting and absorbing photons rather
efficiently, 2. They are mechanically flexible similar to TMDCs and graphene, 3. they
offer advantages over group-VI TMDC:s as they possess low exciton binding energies,
and 4. Possess nearly ideal band offsets for water-splitting reactions'’. Since quasi-2D
direct gap GaX semiconductors are not strictly in 2D, their exciton binding energies are
significantly smaller (~50 meV) than that of TMDCs (~400-700 meV) due to reduced
quantum confinement effects'®?'. This implies that energy harvesting devices concepts
(photovoltaics) can be easily applied to GaX without any need for large energy for
separating e-h pairs. However, for realistic device applications, it is required to develop
novel routes to manipulate their properties at will.

Previously, intercalation technique has been applied to different kinds of layered
material systems such as graphite / graphene™?’, MoS,*¢, and WSe,*® where group 1A
(Li and K) and group VIIA (Br; and I,) atoms/molecules were intercalated across the
layers to achieve 2H- to T-phase semiconducting to metallic transition as well as to
charge the host material either n- or p-type depending on the intercalating specieszg. But
these intercalant atoms and molecules are only applicable to graphitic and TMDCs, and
rather ineffective for PTMCs as a result of stronger interlayer coupling preventing these
atoms to diffuse between layers™>® and Na intercalation process was shown to have
rather minimal effect or completely deteriorate material itself *'.
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Figure 1 Schematic of intercalation process a. Chemical structure of gallium chalcogenides and
pyridine molecules b. Schematics of the pyridine intercalation setup. ¢. Optical and d. AFM image taken
from CVD GaSe sheets.

Here, we report on controlling optical and excitonic properties of GaSe and GaTe
by organo-intercalation technique using pyridine organic molecules (CsHsN). Results
show that pyridine molecules intercalate between GaSe layers as evidenced by
increased interlayer spacing (Figure 2a-d) measured by atomic force microscopy
(AFM) and enhanced interlayer coupling strength from Raman spectroscopy
measurements. Optical spectroscopy measurements show that excitonic dynamics and
PL of GaSe largely change after intercalation process. In contrast to GaSe with
relatively weaker interlayer interaction, pyridine molecules do not diffuse across
GaTe layers, but instead functionalize GaTe surface which results in much improved
environmental stability and Raman spectrum. Overall findings herald new venues to
control material properties of quasi-2D PTMCs which are potential candidates in
optoelectronics, particularly energy harvesting devices, owing to their smaller exciton
binding energies and nearly ideal band alignment for photo-electrochemical cell
(PECs) applications'”.

Sample preparation and pyridine treatment Bulk PTMCs crystals were grown
using conventional Bridgman-Stockbarger method®, and few-layer GaSe and GaTe
sheets were isolated from their bulk counterparts using mechanical exfoliation onto 295
nm thick thermal SiO; on Si (SiO,/Si) substrates. Chemical vapor deposited (CVD)
GaSe sheets were synthesized (Figure lc-d) by transporting bi-products from a
mixture of Ga,Se; and GaSe powders (molar ratio 1:50) placed in the middle of the
furnace at 750°C, onto sapphire (c-cut) substrates placed downstream in a relatively
cooler zone, at least ~10-30 °C below 750 °C. Argon was chosen as the carrier gas
(10scem) due to its chemical inertness, and the total growth time was 10 minutes.
During the synthesis, chamber pressure was maintained at 10 Torr. Pyridine
intercalation was performed at 21 °C in a vacuum chamber containing pyridine liquid
solution (volume ~0.5 mL) and exfoliated GaX (e.g. GaSe and GaTe) flakes on SiO,/Si.
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The vacuum chamber was pumped down to low pressures to facilitate vaporization and
a pressure of 1 Torr was maintained during the intercalation process (Figure 1b). As a
notation, we will refer to pyridine treated GaSe and GaTe 2D sheets as P-GaSe and
P-GaTe, respectively for convenience.
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Figure 2 Structural changes after pyridine treatment. AFM images of exfoliated a-b. GaSe and c-d.
GaTe before and after pyridine intercalation, respectively e. XRD patterns of the gallium chalcogenides

before and after the pyridine treatment.

To understand the changes in the surface morphology and the thickness of the 2D
sheets, atomic force microscopy (AFM) measurements were performed before and
after the pyridine treatment. Pristine GaSe exhibits rather smooth surface which
measures 81 nm in thickness (Figure 2a). After intercalation, however, its thickness
increases nearly by 4% up to 84 nm, which corresponds to ~4% lattice expansion. Here,
we note that this change has been confirmed on a large number of GaSe sheets, and in
each measurement, the AFM tip was calibrated for highest accuracy. Typically, when
guest species (e.g. Li or K) intercalate between the layers of hosting lamellar material
system, such as graphitic materials, they form periodic sequences / arrangements of
native and guest layers, forming staged structures which can be identified by the
emergence of new x-ray reflection peaks in the x-ray diffraction (XRD) pattern27’ 2930,
However, considering relatively small changes in the c-axis and unchanged x-ray
diffraction pattern (XRD) (Figure 2e bottom a=b=0.3767 nm, c¢=1.5957 nm of GaSe
[JCPDS 37-931]), we conclude that P-GaSe is not staged, but instead pyridine
molecules are randomly distributed across the layers. This is rather similar to bromine,
iodine, or other organic intercalation compounds for different lamellar material systems
where staging is energetically not favorable® "%,

In addition to AFM measurements, the presence of guest pyridine molecules can also
be detected by micro-Raman measurements, which provides invaluable information
regarding to interlayer coupling from the changes in the vibrational properties of the
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material itself. In Figure 3a-b, Raman spectra taken from exfoliated and CVD grown
GaSe sheets are depicted before and after intercalation. Overall spectra display four
most prominent first order Raman peaks located at 138, 217, 254, and 312 em’™
respectively, which correspond to ALE, E’(Lo), and A | vibrational modes, consistent
with the reported values™® . Out of these four peaks, A"} mode is most sensitive to the
restoring forces (interlayer coupling) acting on the adjacent layers. In fact, out-of-plane
A peak position has been identified as a reliable parameter to measure the thickness of
the 2D sheets, mainly because the interlayer coupling shows considerable changes
going from bulk to monolayers and the A peak position follows a trend with the
material thickness® **. After pyridine molecules are intercalated between the layers,
the restoring forces acting on individual GaSe layers (by inserted pyridine molecules)
increases, thereby stiffening the A", mode from 138.8 to 139.4 cm™as confirmed by our
Raman measurements (Fig.3a-b). Here, it is worthwhile to mention that if the layer —
layer distance were to increase without any foreign species intercalated between the
layers, one would expect to observe softening in the Raman mode frequencies due to
reduced interlayer interaction and restoring forces. When intercalants are present
between layers, two opposing effects occur simultaneously: Intercalants increase the
interlayer spacing (reducing the restoring force) and tightly interact with the hosting
matrix increasing the restoring force. Observed results imply that the latter effect
(interaction between layers and foreign molecules) dominate over slight increase in
lattice spacing, thereby stiffening the out-of-plane Raman mode. Indeed, similar results
have been observed in other intercalation compounds and such changes have been

attributed to magnitude of the interplay between intercalant — host matrix interactions®™
36

After discussing changes in GaSe, next we discuss our results for P-GaTe. In
contrast to our findings for GaSe, total thickness, XRD (a = 1.745 nm, b = 1.047 nm,
¢=0.409 nm and y=104.5" of GaTe [JCPDS No. 33-571]), and the Raman spectrum
display no change after pyridine treatment, implying that the intercalation technique is
not effective fortuning the properties of GaTe (Figure 2e). It is anticipated that the
interlayer coupling strength of GaTe is much greater than that of GaSe, owing to larger
Bohr radius of Te atoms, and thus pyridine diffusion process is less likely to happen in
GaTe compared to GaSe. To test this, we have performed DFT calculations to
determine the interlayer binding energy, which is defined as the energy difference
between bulk material and isolated monolayers, for GaSe and GaTe. In agreement with
above discussions, interlayer coupling energy of GaTe (-1.936 eV/nm?) is much
stronger than that of GaSe (-1.576 eV/nm?), and thus, GaTe sheets are prone to pyridine
intercalation process. Even though pyridine molecules do not participate in the
intercalation process, they interact with the highly oxidizing GaTe surface (Figure S1)
to increase the material’s environmental stability. These findings will be discussed later
in the article.
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Changes in optical properties of PTMCs after pyridine treatment Next, we
focus on the effects of pyridine treatment on the optical properties of gallium
chalcogenides. Figure 3c-d shows the PL spectrum taken on exfoliated and CVD GaSe
sheets before and after the intercalation process: It can be seen that the overall PL peak
increases in intensity and peak shape changes in a way that a new emission line appears
at 1.969 eV which is ~25 meV below the band edge at 1.997 eV. This implies that
pyridine molecules largely modulate the excitonic dynamics (lifetimes) as well as
exciton complexes (e.g. free vs bound excitons). Earlier results on TMDCs (MoS,,
MoSe;, MoTe,, and WSe,) have shown that the interaction between 2D materials and
such highly polar molecules as O,, H,O, and Li effectively changes the surface carrier
concentration, which in return manifested itself as neutral (X": ek) to charged (XH': eech
or ehh) transition’”**. For 2D TMDCs, the energy splitting between X”and X" is in
the order of 20-40 meV>’, but this is largely unknown for 2D and quasi-2D PTMCs™.
One possible explanation is that the peak splitting in Figure 3c is associated with
X°>X"" crossover mediated by pyridine —~GaSe charge transfer. In this case, the low
energy peak (labeled as A) would be attributed to the charged exciton complexes,
whereas the high energy peak (B) is from neutral excitons. However, we note that this
is rather unlikely picture as the trion binding energy is expected to be large (~30 meV)
only when the system is truly 2D in nature, e.g. when the electron wavefunction is
tightly localized and quasi-particle interactions are much enhanced, as previously
observed in 2D MoS, and MoSe,”. On the contrary, GaSe sheets in this work are
few-layers to 100 nm in thickness, and the binding energy of trions is anticipated to be
close to an order of magnitude smaller (Epinging< 5 meV) than observed peak splitting
(~25 meV)™.
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Figure 3 Optical properties of GaSe before and after intercalation Raman spectra of a.
exfoliated and b. CVD grown quasi-2D GaSe sheets before and after pyridine intercalation. PL spectra
and fitted lines of c. exfoliated and d. CVD grown GaSe before and after intercalation. Peak A and B

corresponds to low energy and high energy peaks which are separated by 25 meV.
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Another possibility involves mechanical strain induced by guest pyridine
molecules and this effect will also be discussed in parallel with other mentioned
possible mechanisms to explain the overall PL spectrum. To assess mechanical strain
model, we have performed DFT calculations on pristine and P-GaSe sheets (Figure
4a). Since pyridine molecules break the periodic unit cell approximation, we have
compared the density of states (DOS) of GaSe after pyridine intercalation (Figure 4a)
to estimate band gap changes. DFT calculations show that the optical band gap
increases by 330 meV due to quasi-2D to 2D crossover and band renormalization
mediated by the increase in the interlayer spacing, which is more than a decade larger
than observed peak splitting (~25 meV), and thus mechanical strain itself cannot
account for the observed changes in the PL spectrum.

Last possibility is related to presence of bound excitons (X®): Intercalation process
is notoriously known to introduce some degree of the imperfections into the lattice
forming donors or acceptors>” >, In the presence of these defect sites, free excitons are
efficiently trapped in reduced dimensions (2D), when the electron wavefunction is
tightly localized, at the defect / impurity sites. Since two PL peaks are separated by ~25
meV, these localized traps are likely to be shallow impurities just below or above the
conduction band minimum (CBM) or valence band maximum (VBM), respectively. To
confirm our results, we have performed similar measurements on large area 2D-GaSe
sheets synthesized by chemical vapor deposition technique (CVD) at 750 °C. Figure 3d
shows that PL of CVD GaSe sheets already display dominant ‘A’ peak which are
associated with chalcogen (Se) vacancies which are common among CVD grown 2D
chalcogenide materials. In this case, pyridine molecules are anticipated passivate
vacancy sites after binding at these imperfections to reduce the emission (radiative
recombination) of peak A. Indeed, recent report on GaSe has pointed out that bound
excitonic features appear at energies red shifted by ~40 meV’. This agrees well with our
observation where the new PL feature also appears ~30-40 meV below the main
emission line. However, future studies on time-resolved photoluminescence
measurements from micron-size probing areas might clarify the underlying
mechanisms and excitonic dynamics.
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Figure 4 Environmental studies on pyridine treated GaSe sheets a. Density of states (DOS) of
pristine and intercalated GaSe sheets. Three dimensional plots of PL spectrum from b. pristine and c.
intercalated GaSe and corresponding two dimensional time dependent PL spectra for d. pristine and e.
intercalated GaSe sheets. Each PL spectrum data was collected every 5 seconds repeatedly for 15

minutes and plotted in 3D form. Full timescale is 15 minutes in total.

To gain further insight into the neutral exciton — bound exciton complexes, we
have performed detailed environmental studies to observe how pyridine intercalation
related changes in the material properties evolve over time (Figure 4b-e) that are similar
to studies in other 2D material systems* . More specifically, if the lower energy peak
(A) is associated with the bound excitons that are caused by permanent structural
imperfections introduced by pyridine, it is anticipated that this new peak will display
either negligible time dependence and will still be distinguishable after prolong amount
of time. Time dependent PL spectra were collected from pristine and P-GaSe every 5
seconds up to 15 minutes under 488 nm excitation laser and results are shown in Figure
4b, d (pristine) and 4c, e (intercalated). Before discussing our on results on P-GaSe, we
point out that the PL spectrum of pristine GaSe is largely unchanged mainly because
the GaSe crystal is environmentally stable and its surface does not deteriorate (Figure
4b and d), whereas P-GaSe undergoes significant changes over time (Figure 4¢ and e).
Figure 4e shows a color map of the PL spectrum of P-GaSe as a function of time in
which we clearly observe two spectral features whose intensities strongly depend on
time. The two peak feature rapidly decays in intensity but the overall integrated PL
remains much higher than the pristine GaSe even after couple weeks. More
importantly, the low energy feature is still distinguishable after 15 minutes timescale
(Figure 4e) or even after three weeks. This implies that the peak A likely to be
associated with permanent changes in GaSe, in support of the neutral exciton and
bound exciton complexes. Despite our PL 3D-contour plot duration time was limited to
15 minutes to avoid local overheating effects, adversely affecting structure of materials,
and power source fluctuations in extended periods of time, detailed environmental
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studies were performed within 2 weeks timeframe. Our results point out that GaSe
layers remain intact and optical performance remain unchanged after first 10 minutes.
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Figure 5 Optical properties of GaTe before and after intercalation. a. PL spectrum of
exfoliated GaTe before and after intercalation, b. color map of pristine GaTe PL as a function of time (y
axis up to 15 minutes) and c. color map of intercalated GaTe d. Raman spectra of exfoliated GaTe before

(black) and after (red) pyridine intercalation, respectively.

After presenting results on GaSe, we discuss the effects of pyridine intercalation on
the optical properties of GaTe sheets. From Figure 5a, we observe an emission peak at
1.66eV, which can be attributed to the direct band gap emission (neutral excitons), and
this peak remains largely unchanged both in intensity and peak shape even after
prolonged pyridine intercalation (Fig. 5a-c). This finding and no observable change in
thickness (AFM line scan in Figure 2c-d), imply that pyridine molecules do not diffuse
between layers. As discussed before, this can be attributed to large Bohr radius of Te
atoms resulting in stronger interlayer coupling, preventing pyridine molecules from
diffusing. Interlayer coupling energy calculated from DFT results show that GaTe
layers interact with each other ~23% stronger (-1.576 eV/nm* for GaSe, and -1.936
eV/nm? for GaTe) which is in accord with the discussions above.

Despite relatively unchanged PL spectrum of GaTe, its Raman spectrum undergoes
a significant change as shown in Figure 5d. Raman spectrum of pristine GaTe is rather
weak and displays broad peaks at 163 and 211 cm™. Interestingly, Raman intensity
increases by two folds after intercalation, and concurrently series of new vibrational
modes appear at 116, 129, 144, 178, 211, and 284 cm’. At first, these peaks might be
interpreted as vibrational modes (signal) from byproduct materials (Te and Ga clusters)
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created by presumably reactive interaction between pyridine and GaTe. However, our
measurements on freshly exfoliated and mildly aged pristine GaTe samples reveal that
P-GaTe Raman spectrum closely matches to that of freshly exfoliated GaTe samples,
and observed peaks are related to 1* order Raman peaks of low-symmetry monoclinic
phase of GaTe. GaTe surface is expected to physi-sorb O, molecules at the Vr (Te
vacancy sites), similar to MoTe,.* Despite the exact origin is unknown, we speculate
that improved environmental stability might be associated with passivating the defect
sites, such as Te vacancies which can be easily oxidized in ambient condition, with
pyridine molecules to avoid surface degradation. Previously, effects of Te vacancies on
2D materials (MoTe,) have been discussed and our discussions are in line with earlier
arguments*. Here, we point that no observed changes in the flake thickness by AFM
measurements suggest that the pyridine treatment does not coat GaTe surfaces, but
instead might functionalize the defects sites. We also point out that since pyridine
treatment largely changes the light emission properties of GaSe, it is rather difficult to
distinguish surface effects from intercalation effects. This is also partly due to the fact
that selenium compounds typically contain smaller density of defects as Te-based
materials require higher temperature growth but possess lower material temperature
(introducing Te-vacancies during cool-down process). In the view of this, we argue that
extended stability of GaSe, with respect to GaTe, is related to intrinsic defects
generated / present in typical material growth.

Overall results presented the first functionalization technique to control optical properties of both
CVD grown and exfoliated gallium based post-transition metal chalcogenides (PTMCs), e.g. GaSe
and GaTe, using pyridine (C;H,N) organic intercalant molecules. We find that pyridine molecules
intercalate between GaSe layers, as evidenced by AFM and Raman spectroscopy measurements,
thereby increasing PL intensity by introducing new bound exciton emission feature (mechanism). In
contrast, due to strong interlayer coupling of GaTe, pyridine does not intercalate but instead treats
GaTe surface in a way that it improves the environmental stability of GaTe. Findings offer a new way
to manipulate the properties of quasi-2D PTMCs, which are potential candidates for energy
harvesting, optoelectronics, and photonics applications owing to their reduced exciton binding
energies in quasi-2D, direct gaps, and nearly-ideal band offset values for photoelectrochemical cell

applications®.

Methods:

Material preparation and characterization: Crystalline GaSe and GaTe were grown using the
Bridgman method. To study the optical changes in GaSe and GaTe layers after intercalation, both bulk
crystals were separately used to mechanically exfoliate quasi-2D layers on 295 nm thick thermal SiO2 on
Si (Si02/Si) substrates. Following the exfoliation process, to achieve intercalation, GaSe and GaTe
samples and a beaker of pyridine solution (0.5 ml) were then placed in a vacuum chamber, which was
pumped and maintained at a pressure of 1 Torr, for 20 hours. As a result of low pressure, the vacuum
chamber got filled with pyridine molecules for the span of intercalation process. A schematic for the
intercalation setup and process is shown in Figure 1b. Structural evolution of the samples before and after

intercalation was monitored by X-ray diffraction (XRD) technique using Cu Ka irradiation on an 800 W
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Philips 1830 powder diffractometer. Morphology and thickness variation before and after intercalation
was characterized with Atomic Force Microscopy (AFM), scanned on a Bruker D3100 Scanning Probe
Microscope in ambient environment. The scanning rate was 1Hz and resolution was set to 256x256. The
data was processed using Gwyddion software. Optical changes were measured by Renishaw PL/Raman
system. For both PL and Raman, a 488 nm source of laser was used as the excitation source. Time
dependent PL slices were captured with an interval of 5 s between consecutive slices. Time dependent PL
3D map was collected after 60 PL spectra where each spectrum was averaged over 2-3 runs where each

run lasted ~5 s, adding up to ~15 minutes collection.

DFT Calculations: To test the experimental results, we performed first-principle density functional
band structure and total energy calculations. We have calculated the formation energy of
pyridine-intercalated  bilayer-GaSeand GaTe. The formation energy is defined as:
E~=[E(intercalated)-E(bilayer)+E(pyridine)]/S, where E(intercalated), E(bilayer), and E(pyridine) are the
total energies of the intercalated bilayer, the pristine bilayer, and the isolated pyridine molecule,
respectively. S is the area of the bilayer in the supercell. In the calculations, a pyridine molecule is

intercalated into a 2X2 supercell of bilayer GaSe, and a 2X1 supercell of GaTe.
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