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Section S1. Effect of temperature, flow-rate, and precursor amount on the ReS; vapor phase
growth

The temperature dependent studies in the 490-520 °C range reveal that increasing the temperature
decreases the nucleation density but yields larger sized flakes at atmospheric pressure (Figure Sla-c).
This finding is consistent with previous studies in graphene' and MoS,> monolayers. However, ReS,
monolayers grown at higher (>520 °C) temperatures take more complex shapes with multi-layer growth,
thus the ideal temperature for the high-quality formation of these triangular flakes appears to be in the
range of 490-520 °C.

In our studies, we find that the growth temperature, initial loading amount of NH;ReO, and overall
flow-rate make large changes in overall coverage and domain structure of ReS, layers (Figure S1d-f). For
example, increasing the NH,ReO, precursor amount from 10 mg to 50 mg at 500 °C and 50 sccm flow-
rate, results in much smaller domain sizes and higher nucleation densities (Figure S1d-f) due to much
increased Re intermediate oxide concentration. This implies that NH,ReO,, i.e., rhenium sub-oxides,
controls the nucleation density and large-area growth in agreement with similar findings for MoOs in
MoS, growth. High flow rate of carrier gas may promote the mass transfer that contributes to the
increase in the crystal growth rate. In this case atoms do not have enough time to move into the right
lattice locations, where crystal domains could have the lowest surface free energy, and the probability
of defect formation increases therefore under high flow rate conditions, the ReS2 crystals are more
likely to grow under kinetic conditions which is resulting in the formation of dendritic morphologies
rather than the thermodynamic ones. Similarly, decreasing the flow-rate from 50 sccm to 10 sccm
significantly increases the domain sizes and stabilizes hexagonal features possibly due to much wider
diffusion boundary layer and limited precursor supplies in line with trends for NH,ReO, precursor
amount. Overall, it appears that hexagonal ReS, monolayers are synthesized at low temperature,
NH,ReQ, precursor amount, and flow-rate conditions, whereas triangular features are observed at
slightly higher temperatures.



031116 030816 031416
490 oC, 25 mg 50 sccm 510 oC, 25 mg, 50 sccm 520 oC, 25mg, 50 sccm

Low temperature —> High temperature

040516 031516 031516
500 oC, 10 mg 50 sccm 500 oC, 25 mg 50 sccm 500 oC, 50 mg 50 sccm
Low amount precursor > High amount precursor

041416 042816 031116
490 oC, 10 mg 10 sccm 490 oC, 10 mg 20 sccm 490 oC, 10 mg 50 sccm
Low flow-rate High flow-rate

Figure S1 Optical images taken from ReS, monolayers deposited onto c-cut sapphire substrates at
various conditions such as a-c low to high temperatures, d-f low to high precursor amount, and g-i low
to high gas flow-rates.

Section S2 Angle resolved measurements on Bulk and few-layer ReS,

Figure S2 shows polar plots for 153 cm™ and 214 cm™ peaks, the most two prominent Raman
peak of ReS,, for exfoliated ReS, thin (<5 nm) and thick (<50 nm) samples. As shown below, the polar
plot of 214 cm™peak aligns relatively well with the b-axis direction of the exfoliated ReS, crystal. On the
contrary, the 153 cm™ peak does not line with any of the distinguishable features of exfoliated ReS,.This
phenomena is related to the fact that 214 cm™ peak involves atomic displacements of S and Re atoms
along the b-axis whereas 153 cm™ peak does not have well defined atomic displacement along any high
symmetry points (along b- or g-axis)®. This finding is fully consistent with prior findings and similar
reports on ReS,*®, and allows us to define the b-axis direction from angle resolved Raman spectroscopy
measurements. We, however, note that there is a slight offset (~10 degrees) from absolute b-axis
direction. For this reason, angle resolved Raman measurements on 214 cm™ vyields the crystalline
orientation of b-axis when offset by 10 degrees. This effect was accounted in identifying the absolute b-
axis direction from the maximum angle at which Raman intensity of 214 peak is maximized. This can be



seen in triangular and hexagonal flakes: Compare Figure 2b to Figure 2d-e and Figure 2g to Figure 2h.
Similar offset was also mention in earlier studies®”.
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Figure S2. Angle-dependent Raman for Exfoliated thick (thickness > 50 nm) and thin (thickness < 5nm)
ReS, samples.

Section S3 Angle-resolved reflectivity measurements on the hexagonal monolayer ReS,

The reflectivity measurements are performed at 4K. A broadband white light (tungsten-halogen lamp)
is focused on the hexagonal monolayer ReS, sample by a 50X objective with a spot size about 2 um,
which is smaller than the triangle domain size. The excitation and detection are both linearly polarized
along the same direction. An achromatic half wave plate is used to change the polarization angle with
respect to the sample. The reflected signal from the sapphire substrate and the ReS, flake are dispersed
by a spectrometer and detected with a Si-CCD as shown in the Figure S3 black and red curves. The
reflectivity is deduced by (Rsamplessapphire-Rsapphire)/Rsapphire @S plotted in Fig.S3 (blue curve), where
Rsample+sapphire @Nd Rsapphire represent the reflectance from ReS, on sapphire substrate, and the pure
sapphire substrate respectively. Here in Figure S3 the results with excitation and detection polarization
angle at 30° are shown. The integrated intensity of reflectivity curves from 1.8 eV to 1.9 eV (shaded
region in Figure S3) of all the angles are used to generate the data points in Figure 2f in main text, which
depicts the anisotropy between different domains. The slight birefringence of the substrate alone has
been measured separately and is subtracted from the ReS, reflectance data.
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Figure S3 Reflectivity measurements at 30° performed at cryogenic (4K) temperatures on one sub-
domain of hexagonal ReS, flake.

Section S4 Raman mapping at 214 cm™ on a hexagonal flake grown under non-ideal
conditions
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Figure S4. (left) Raman mapping at 214 cm™ peak position and Angle-dependent Raman for various
domains (from A to F).
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