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Figure S1. (a) Crystal morphology of c-plane layered ZrS>~Sex (x =0, 1, and 2). (b) Fresh-surface ZrSe2
with removing the outer layer to present dark and shiny surface. (c¢) When the ZrSe>was oxidized,
the color will change into pink red and white color on its surface.

Table S1. The comparison of lattice constants of ZrS2.Sex obtained by XRD and TEM measurements.

Material XRD a-xis (fo\) XRD c-axis (fo\) TEM a-axis (A)
x=0 Zrs, 3.656 5.818 3.651
x=1 ZrSSe 3.690 5.980 3.687
X=2 ZrSe, 3.768 6.101 3.769
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Material ZrSe,Oxidized ZrSSe Oxidized ZrS,0xidized
Zr Se o Zr Se S O zZr S O
Ideal Atomic
(%) 33.33 66.66 - 33.33 33.33 33.33 - 33.33  66.66 -

Atomic (%) 33.31 32.62 3407 34.02 2631 2632 1335 34.09 50.18 15.73

Material ZrSe, Fresh ZrSSe Fresh ZrS, Fresh
Zr Se (o) Zr Se S (o) Zr S (o)
Ideal Atomic
(%) 33.33 66.66 - 33.33 33.33 33.33 - 33.33 66.66 -

Atomic (%) 34.01 65.79 0.2 33.88 33.68 3229 015 3412 6571 0.17

Figure S2. Energy Dispersive X-ray (EDX) analysis of ZrS:~Sex (x = 0, 1, and 2) after oxidation. The
upper table shows atomic percentage of Zr, S, Se, and O that were analyzed using EDX spectra of
oxidized surface. The lower table shows the stoichiometric content of fresh surface after the
exfoliation of the sample surface. All the samples with new surface show chalcogen deficiency and a
little bit oxygen existed in the ZrSx—Sex (x =0, 1, and 2) series.
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Figure S3. Temperature-dependent Raman spectra of (a) ZrSz, (b) ZrSez, and (c) ZrSSe. The main

peaks (Aig) were highlighted by purple bars. It shows reduction in peak wavenumber from 4 to 300 K

for all the ZrS:>«Sex samples. The peak of Eg mode in ZrS: and ZrSSe also revealed similar

temperature-energy shift behavior with that of Aig mode owing to the shrinkage of the ZrXz (X=S5, Se)
lattice from 300 down to 4 K.
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Figure S4. The XPS spectra of (a) Zr 3ds2 and Zr 3dsp2, (b) S 2p32 and S 2p1, and (c) Se 3ds2 and Se 3ds2
in ZrS>-Sex (x =0, 1, and 2). The Zr 3ds2 and Zr 3dsp peaks shift to lower binding energy with the Se
content is increased and one additional oxidation peak at ~179 eV (Zr 3d in sub-oxide) (see Reference
S1) is observed in ZrSe2 in (a). For the S 2p and Se 3d orbitals, they still reveal redshift as the Se
content is increased. The oxidation effect can also be observed in one oxidation peak near 167 eV (i.e.,
S-O bond) in ZrSSe and ZrS: in (b).
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Table S2. Resistivity and Hall measurement results at 300 K.

40f4

YARYS ZrSSe ZrSe,
Resistivity (Q.cm) 0.25 0.0211 0.0058
Hall Coefficient (C-cm?) 15.42 3.929 2.12
Type n n n
Concentration (cm3) 4.05 x 10V 1.6 x 1018 2.9 x 1018
Mobility (cm?/V-Sec) 61.78 186.17 353.33
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