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Axially-Polarized Excitonic Series and Anisotropic van der
Waals Stacked Heterojunction in a Quasi-1D Layered

Transition-Metal Trichalcogenide

Adzilah Shahna Rosyadi, Ying-Xuan Lin, Yu-Hung Peng, and Ching-Hwa Ho*

Anisotropic optical 2D materials are crucial for achieving multiple-quanta
functions within quantum materials, which enables the fabrication of axially
polarized electronic and optoelectronic devices. In this work, multiple
excitonic emissions owning polarization-sensitive orientations are clearly
detected in a multilayered quasi-1D ZrS; nanoribbon with respect to the
nanostripe edge. Four excitons denoted as Ag;, As,, Ag, and A, with E L b
polarized direction and one prominent A, exciton with E || b polarized
emission are simultaneously detected in the polarized
micro-photoluminescence (uPL) measurement of 1.9-2.2 eV at 10 K. In
contrast to light emission, polarized micro-thermoreflectance (uTR)
measurements are performed to identify the polarization dependence and
verify the excitons in the multilayered ZrS; nanoribbon from the perspective
of light absorption. At 10 K, a prominent and broadened peak on the
lower-energy side, containing an indirect resonant emission (D,) observed by
uPL and an indirect defect-bound exciton peak (A,,4) observed by both uPL
and uTR, is simultaneously detected, confirming the existence of a
quasi-direct band edge in ZrS;. A van der Waals stacked p-GaSe/n-ZrS,
heterojunction solar cell is fabricated, which demonstrates a maximum
axially-polarized conversion efficiency up to 0.412% as the E || b polarized

excitonic-transition energies,!!! orthogonal
polarization directions (i.e., E parallel and
E perpendicular to a specific axis),>
changes in the spin order of 2D layered
magnets,®) and alterations in the ferroelec-
tric state in 2D dielectric materials, etc.l®!
These materials can be considered as new
quantum materials beyond the commonly
studied superconductors. The rich quan-
tum states of these materials can be uti-
lized for high-speed quantum computation
and big data processing, distinct from tradi-
tional microprocessors that handle only dig-
ital states of “0” and “1” electrically.
Among the 2D materials, graphene has
been the subject of numerous ground-
breaking studies in integrated electronics
(photonics) and optics technology. How-
ever, graphene’s zero-bandgap nature
limits its applications in certain areas.
Alternatively, monolayer and few-layer 2D
transition metal dichalcogenides (TMDCs)
have gained significant attention due to

light incident onto the device.

1. Introduction

2D materials with in-plane anisotropy offer multiple quan-
tum states through various mechanisms, such as manifold
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their bandgap tunability and versatility in

various fields. To date, MoS,, MoSe,, WS,,

and WSe, are the most frequently studied

TMDCs due to their in-plane and out-of-

plane structural symmetries and diversed
applications.[”®] These TMDCs usually have bandgaps aligned
only within the visible-light absorption range, making them
unsuitable for infrared optoelectronics.’! Additionally, larger-
bandgap TMDCs (>1.5 eV) often exhibit relatively lower car-
rier mobility (10-200 cm?/V-s) compared to graphene.['*1% To
bridge the gap between graphene (zero-gap) and TMDCs (near-
infrared-visible range), black phosphorus (BP) is a promising
candidate for near- to mid-infrared optoelectronic devices and
exhibits in-plane anisotropic behavior.’! BP’s anisotropic nature
drives the demand for novel materials with directional or ax-
ial dependencies for optical, electrical, and optoelectronic appli-
cations. Notably, ReS, and ReSe, TMDCs,['*] as well as group
I11/IV-VI compounds like GaTel'*! and SnSe,!**! are extensively
studied for their highly anisotropic structures and optical and
electrical asymmetric behaviors. Despite being less prominent,
transition metal trichalcogenides (TMTCs) also show significant
anisotropic behavior in their optical and electrical properties due
to their quasi-1D structures but have not yet been systematically
studied.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Z1S,, belonging to the group-IV TMTCs (IM =Ti, Zr, and Hf),
has a quasi-1D crystal structure with the space group P2, /m. Its
strong in-plane anisotropy makes it suitable for electronic and op-
toelectronic applications due to its high anisotropic ratios in con-
ductivity and axial dichroism.[' ZrS; exhibits a remarkable pho-
toresponse across a wide range of wavelengths, from ultraviolet to
near-infrared light.['®17] It also possesses high stability for opera-
tion in air.'®! Unlike its TMDC counterpart, the ZrS, Se, series,
which is unstable and prone to oxidation in the van der Waals
plane,[¥1 ZrS, has a more stable crystal surface. ZrS; is con-
sidered an indirect semiconductor, and its photoluminescence
behavior is controversial and not well understood, as indicated
by many theoretical band-structure calculations previously.[20-221
Few reports describe the origin of photoluminescence in ZrS,
due to its indirect gap environment. Pan et al. observed a broad-
ened photoluminescence in ZrS; at ~1.8 eV,[??] although the di-
rect band edge of TMTC is near 2 eV. An earlier study by Ait-
Ouali et al. found that photoluminescence peaks at low temper-
ature appear ~1.96 — 2.08 eV and that the luminescence bands
are sensitive to small temperature changes and quenched over
time.[?3] The PL signal at ~2 eV was observed in ZrS; after heat
treatment,** and it was attributed to zirconium oxide related
peak.[2*?5] The light-emission properties of ZrS, remain unre-
vealed, and there is no clear consensus on the attribution and
mechanism of the exciton-series emissions in axially polarized
multilayered ZrS;.

We demonstrate herein strong visible excitonic lines (de-
noted as Ag;, Ag,, Ag, A,, and A,) emitted from multilayer
(ML) ZrS; nanoribbons between 1.9 and 2.3 eV using polar-
ized micro-photoluminescence (uPL) measurement at 10 K. Ad-
ditionally, there is a broadened PL peak at 1.8 eV (denoted
as D)) that may result from an indirect-like layer-by-layer res-
onant emission at 10 K. The PL peaks A; and D; show pre-
dominant E || b polarized emission, while Ag,, Ag,, Ag, and
A, features mainly emit E L b polarized light, as observed in
angular-dependent polarized uPL measurements at 10 K. The
excitonic series transitions of ML-ZrS; with similar energy and
polarization can also be detected and verified through exper-
imental band-structure measurements using polarized micro-
thermoreflectance (WTR) experiments at 10 K. The layered ZrS,
is proposed to possess an indirect-gap nature in both mono-
layer and bulk forms,[?>22] the observation of excitonic-series
emissions suggests that ML-ZrS; nanoribbons should be con-
sidered as a “quasi-direct” semiconductor. This property differs
from TMDCs like MoS,, MoSe,, WS,, and WSe,,/?! which ex-
hibit thickness-dependent band structures from bulk to mono-
layer. The experimental band-edge structure of ZrS, shows some
resemblance to ReS, and ReSe,,[%] which simultaneously
present indirect and direct PL emissions in their bulk and ML
forms.8] According to previous experimental and theoretical
reports on ReS,, the small k-difference between the valence band
maximum (VBM) and conduction band minimum (CBM) al-
lows monolayer and bulk ReS, to emit strong PL peaks at room
temperature.’%3! The polarized excitons (Ag;, Ag,, Ag, A;, and
A,) emitted from ML-ZrS; nanoribbons may originate from the
I' point with I'-X or I'-Y oriented polarizations. The theoretical
CBM of ML-ZrS; is at Z point, indicating an indirect transition,
i.e., a “quasi-direct band.” The transition assignments of uPL and
UTR are referred to density-function-theory (DFT) band struc-
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ture calculations. Temperature-dependent uPL, uTR, and micro-
transmittance measurements of ML-ZrS; at 10-300 K are im-
plemented to evaluate the excitonic transition energies, indirect
and quasi-direct band edges, and excitonic binding energies of
the TMTC. Time-resolved photoluminescence (TRPL) with area-
mapping function is used to characterize ML-ZrS; in the energy
region near the main exciton peak of A; from 10 to 300 K. The
PL decay lifetime is determined to be r; = 0.31 + 0.02 ns at
300 K. The fast recombination time indicates the emission orig-
inates from the direct band edge of layered ZrS,. Based on the
axial-polarized and in-plane anisotropic behaviors of ML-ZrS;,
a stacked multilayer p-GaSe Cd 1%/n-ZrS; heterojunction solar
cell (SC) was fabricated, showing different photoelectric conver-
sion efficiencies with linearly-polarized light parallel and perpen-
dicular to the ML-ZrS; nanoribbon’s b-axis.

2. Results and Discussion

Figure 1a shows the high-resolution-transmission-electron-
microscope (HRTEM) image derived from an as-grown few-layer
Z1S, nanoribbon flake (with crystal edge along b axis) shown in
the inset. The result clearly shows stripe fringes along the crys-
tal's b axis and the magnification image from a square region
(see the right-upper part) displays the lattice spacing values are
3.7 Afor dg10) and 5.12 A for d100), respectively. The selected-area-
electron-diffraction (SAED) pattern reveals dotted pattern with
the marked index planes of (010) and (100) match well with the
HRTEM lattice spacing and reported data.*?! The SAED result
also agrees with the fast-Fourier-transform (FFT) pattern derived
from the HRTEM result in Figure 1a. The HRTEM and SAED re-
sults confirmed highly crystalline quality of the ML-ZrS; nanorib-
bon available for further optical and electrical characterizations.
Figure 1b presents the powdered X-ray diffraction (XRD) pattern
of ZrS; crystal with the 26 angle ranges from 5 to 90°. The pre-
ferred orientation of the layer structure is presented as the c-plane
indices series of (001), (002), and (004) peaks. The magnification
section of 260 = 30°—70° with marked indices are also displayed
in the inset square of Figure 1b for illustration. The XRD pat-
tern matches well with the standard diffraction data (JCPDS #30-
1498) with a monoclinic symmetry (P2,/m) and the lattice con-
stants are estimated to be a = 5.13 A, b = 3.72 A, ¢ = 8.93 A,
and f = 97.48°, respectively. The values of in-plane lattice con-
stant a and b are in agreement with the HRTEM result shown in
Figure 1a.

Figure 1c depicts the atomic schemes of b-side view, top view,
a-side view, and 3D cross section view, etc. of ZrS;, where the
green circle illustrates a Zr atom and the blue ball represents a
sulfur ion. From the b-side view, the fundamental unit of ZrS; is
consisted of one-pair upside down ZrS trigonal prisms in the
enclosed red area in Figure 1c. Each ZrS, trigonal prism pro-
vides four triangular faces and the individual upside-down pair
interconnects with each other to extend along b axis for build-
ing pseudo-1D chain-like structure. The a-side view of the lower-
right part in Figure 1c depicts a chain-like structure to extend
along [010] direction. The chain-like structure can be regarded as
a Quasi-1D arrangement as shown in the 3D view in the left side
of the b-side view. The inter-chain bond between the Zr and S
atoms (along a direction) is weakly bonded. Therefore, the quasi-
1D feature is mainly responsible for the in-plane anisotropy along
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Figure 1. a) High-resolution transmission electron microscope (HRTEM) image, selection-area electron diffraction (SAED) pattern, bright field (BF)
mode of the ZrS; nanoribbons, and also fast fourier transform (FFT) result of the multilayered ZrS; nanoflakes. b) The powdered X-ray diffraction
pattern of ML-ZrS; in the 20 angle range of 5-90°. The enlarged portion is the peak pattern at the 35-70° range. c) The atomic arrangement seen from
the side views of a and b axis, and top view in ML-ZrS;. The 3D atomic schemes that responsible for the quasi-1D chain structure (left-top), 2D nanosheet
(left-middle), and 3D cross section view with vdW gap (left-bottom) are included for illustration. d) The polarized micro-Raman (uRaman) spectra with
the polarized angle of 0°, 90°, and 180° with respect to the ZrS; nanoribbon’s b axis. The OM image and AFM result of the nanoribbon are also displayed
in the inset.
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and perpendicular to the b-axis direction (i.e., force or electric
field || and L to the b axis). For the atomic arrangement of the
top-view plane (also c-plane) of ZrS;, it is similar to the HRTEM
image in Figure la which possesses the spacing of chain about
a = 5.12 A. Figure 1c also presents a 3D cross section view of a
two-layer ZrS; where the monoclinic unit cell and van der Waals
gap are present.

To see the axial-dependent structural anisotropy, polarized
micro-Raman (uRaman) measurement of a ML-ZrS; nanoribbon
(exfoliated on SiO,/Si substrate) was carried out and the result
was shown in Figure 1d with Z(XX) Z (0 = 0°, E || b), Z(XY) Z
(0 =90° E L b),and Z(X X) Z (9 = 180°, E || b) polarized con-
figurations. Where E represents the optical electric-field direc-
tion. The insets of Figure 1d show the atomic-force-microscope
(AFM) image of the nanoribbon sample, which is in accordance
with the optical-microscope (OM) picture with a layer thickness
of #31 nm, corresponding to 35 layers of ZrS; (i.e., the mono-
layer thickness is ~0.89 nm).*?] There are at least 6 active out-
of-plane modes of A,' (79 cm™), A,? (119 cm™), A’ (147 cm™),
A’ (276 cm™), A, (317 cm™"), and A® (526 cm ™) with the max-
imum intensity appeared at the E || b (6 = 0° and 180°) polarized
direction but they diminish significantly at the E L b (8 = 90°)
polarization in Figure 1d.1*}] Specially, one of the in-plane vibra-
tion mode B_* (239 cm™!) reaches its maximum intensity at the
E L b (8 = 90°) polarization and which disappears at the E || b
polarization, in orthogonal to those of the A, related modes in
Figure 1d. The full angle-dependent polarized pRaman spectra
for each of the Raman modes from 6 = 0° to 180° are demon-
strated in Figure S1a (Supporting Information), and their atomic
movements of Raman mode are also included in Figure S1b-h
(Supporting Information) for comparison. The polar plot of each
vibration mode is analyzed using angular-dependent dichroic re-
lation as:

I(0)=1,+1,%cos” (6-6,) (1)

where I, is the offset of the Raman intensity, I, the amplitude,
and 6, is the angle deviation from the b axis. The polar plots of
fitting result of Equation (1) together with the attribution of each
Raman mode of ZrS; are listed in Table S1 (Supporting Informa-
tion). The A, related modes and the B,* (239 cm™) peak exhibit
mutual orthogonal in polarized angle (8,,), which is typical for
the monoclinic layer structure with quasi-1D chains.

Owing to the reduced dimensionality of 2D layered materials,
the screen effect to a many-body system (like excitons and
trions, etc.) is weakened for rendering a larger binding energy of
excitons.!**] Especially if the 2D materials have a lower structural
symmetry as monoclinic or triclinic layer structure, plenty num-
ber of excitonic transitions, e.g. excitons in ReS, and ReSe,,*!
are present in the layers. Figure 2a shows the unpolarized (bot-
tom) and angle-dependent polarized uPL spectra of § = 0 (E || b),
15, 30, 45, 60, 75, and 90° (E L b) of a multilayered ZrS; nanorib-
bon as the sample picture and AFM image shown in the inset of
Figure 1d at 10 K. The polarized and unpolarized puPL spectra in
Figure 2a show one broadened peak at D; = 1.805 eV, a smaller
peak of A, ; = 1.9 eV, and the other group of sharp excitonic
series (marked as Ay) including the peak features of Ag; ~ 1.984,
A, ~ 2004, A, ~ 2.035, A, ~ 2.062, and Ag ~ 2.111 eV with
energy sequence present at 10 K. Observing in detailing in the
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Figure 2. a) Angle-dependent pPL spectra of the excitonic peaks in a ML-
ZrS3 nanoribbon from 0 = 0° (E || b) to = 90° (E L b) at 10 K. b) The rep-
resentative scheme of polarized emissions of the observed excitons (Ay)
is displayed in the left part. The right part depicts the indication of one de-
tected excitonic series denoted as Agy, Agy, Ag, and continuum band in the
ZrS3 nanoribbon with a-polarized behavior. The polar plots and angular-
dependent polarized-emission analysis of ¢) Dy, d) Ay, and A, €) Ag, and
A,, and f) Ag observed from the polarized uPL spectra at 10 K.

PL peaks of the Ag;, Ay, and Ag series, the three exciton peaks
show an intensity-decreased sequence from Ay, (highest), Ag,
(middle) to Ag (minimum) and they show the same polarization
dependence with the highest intensity at § = 90° (E L b) and the
minimum strength at 8 = 0° (E || b) polarized spectrum as shown
in the blue-arrow directions for increasing amplitudes. These
excitons are referred to a modified Rydberg series (exciton) in the
ML-ZrS,; with an E L b (or E || a) axially-polarized transition along
the I'-X direction close to the I point. The representative scheme
of the modified Rydberg exciton series (Ag;, Ag, and Ag) with
energy and intensity order (as observed from Figure 2a) is shown
in the below plot in Figure 2b. The “continuum” band depicts the
end-band state of this Rydberg series. The energy separations
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between the Ag;, Ag,, Ag and continuum band can be further
analyzed using modified Rydberg series formula, E, = E,-
R ;"/(n+y)”,’*¥ where E,, is the energy of the n, peak (n=1,2,
3, ...), E, is the threshold energy of the continuum band, and R 4"
is the effective Rydberg constant (i.e., binding energy of then =1
level). The value of y is related to the dimensionality (a) of the ma-
terial expressed as y = (@—3)/2.3%1 For the 3D case, i.e., a = 3 and
y = 0, the Rydberg series formula returns to Hydrogen like and
the electron wave-function operation can be only radius (r) depen-
dent, y(r) = R(r). For the dimensionality lower than 3D (1<a<3),
the value of y is negative. The angular momentum will start to
incorporate into the states and the electron wave function will
become radius (r) and angle () dependent, y(1,8) = R(r)©(0).¢!
According to the fitting analysis of the Ag series in Figure 2a
using Rydberg series formula, the physical parameters can be
obtained to be E, = 2.13 + 0.02 eV, R y" = 0.14 + 0.01 eV, and
y =-(0.03 + 0.02), respectively, at 10 K. The negative value of y
means the dimensionality of the ML-ZrS; is lower than 3. For the
A, feature, the PL peak intensity is the highest in the unpolarized
spectrum and it shows an E || b polarized emission as the peak
strength varied as the black-arrow line shown in Figure 2a. The
A, can be regarded as the main band-edge exciton coming from
the direct gap along the I'Y direction near the I" point of the
band structure in ML-ZrS;. The transition amplitude of the A,
emission is small (red-arrow line) and which is along the largely
a-polarized (f = 90°) direction in Figure 2a, similar to the Ag
series excitons. It may come from the VBM consisted of multi-
valley A degeneracy (A;, A,, etc.) along the I'-X direction near
the T" point in the quasi-1D ML-ZrS; band. The origins of the
A,, A,, and A series transitions will be evaluated and discussed
by theoretical band-structure calculation and experimental
critical-points transitions observed by pTR experiment later.

For the broadened PL feature D; of ML-ZrS, in Figure 2a,
the peak may correlate with the multilayered indirect-like reso-
nant emission in a quasi-direct band structure of ZrS,.[?® The
smaller peak of A; 4 ~ 1.9 eV besides D, (~1.805 €V) is an in-
direct defect-bound exciton of donor caused by sulfur vacancy
(V) below the CBM of ML-ZrS;. The existence of sulfur defi-
ciency to cause Vg-bound excitonic emission can be verified by
the result of energy dispersive X-ray spectroscopy of an as-grown
ZrS, crystal (i.e., stoichiometric ratio Zr: S = 1: 2.92) shown in
Figure S2a (Supporting Information). The X-ray photoelectron
spectroscopy (XPS) results of Zr 3d and S 2p states of ZrS, are
shown in Figure S2b,c (Supporting Information). Essentially, the
Zr 3d (3d;;, and 3ds),) states shift to higher energy, while the
S 2p (S 2p;;, and S 2p, ) orbitals shift to lower energy from
the pure elements by forming a ZrS, compound, as shown in
Figure S2b,c (Supporting Information). In ZrS,;, the sulfur 2p
states include S 2p states [i.e., S 2p;), (160.2 eV) and S*~ 2p,
(161.2 eV) peaks] and S, 2p states [i.e., S,*~ 2p;;, (161.2 eV) and
S,*” 2py), (162.35 eV)].’¥] The XPS peak intensities of S 2p and
S, 2p in ZrS; need to be comparable in an ideal sulfide com-
pound of ZrS,. Figure S2c (Supporting Information) shows that
the intensities of the S 2p states [S*~ 2p; , and $*~ 2p, ,] are lower
than those of the corresponding S, 2p states [S,*” 2p;, and S,*~
2p, ), indicating that ZrS; may exhibit only S vacancies and not
S, vacancies. The presence of S vacancies also results in the for-
mation of a little ZrO,, as evidenced by a small shoulder peak at
183.6 eV in Figure S2b (Supporting Information).®®) The O 1s
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peak in Figure S2d (Supporting Information) also proves a little
bit oxidation in the crystal. The PL features D; and A ; simul-
taneously reveal b-polarized behavior at ,, = 0° shown in the
pink-arrow line and black-arrow line in Figure 2a. They are cor-
related with the optical contribution from indirect gap with an
indirect-like resonant emission (D;) and an indirect donor-bound
exciton (A;,4). The b-polarized optical behavior of D; and A, 4
is evident by the polarized transmittance and absorption spec-
tra in Figure S3 (Supporting Information), where they showed a
b-polarized indirect band edge of ZrS,. The polar plots of angular
dependence of the polarized uPL emissions in Figure 2a can be
analyzed using the dichroic relation of Equation (1) and which
are respectively displayed in Figure 2c—f for the features of Dy,
Ag, AL A, Ag,, and Ag. Essentially, the indirect gap (D,) and di-
rect gap (A;) show E || b polarized behavior while the As series
(Ag;, Ag,, and Ag) and A, exciton display an a-polarized character
to make multidisciplinary optical-quanta states observed in ML-
Z1S,. A representative scheme of polarized light emissions from
a ML-ZrS, is depicted in the left part of Figure 2b, the Rydberg
series (Ag;, Agy, and Ag) and the main A, exciton show mutual
orthogonal of the polarization state. It is caused by the in-plane
anisotropy arisen from the Quasi-1D chain-like structure of the
ZrS; nanoribbon.

In order to verify the origin of the observed excitonic-series
emissions in the Ay group and investigate the indirect related
D, and A, peaks, power-dependent PL measurement was
implemented. Figure S4a (Supporting Information) depicted
power-dependent PL spectra of multilayer ZrS, using a 375-nm
solid state laser with different laser power from 0.3 mW (1%) to
30 mW (100%) at 25 K near band edge. Four main PL emissions
of Dy, A4, Agy, and A, are observed and their peak intensities
versus laser powers are displayed in Figure S4b (Supporting In-
formation). The power dependence of each PL feature (solid line)
can be analyzed using a law of I ~ L¥ [ is the PL intensity and L is
the laser excitation power].*®! The obtained fitted values for the
indirect related parts of D; and A, are k ~ 1.07 and k ~ 1.09. For
the free-exciton related emissions, the k values are k ~ 1.18 and
k ~ 1.13 for A, and Ag;. The k values of free-exciton emissions
are slightly larger than those of the indirect-related emissions
in ZrS,. For a non-excitonic and defect-related emission the k
value is usually less than one (e.g., 0.6-0.7 in CdTe/GaAs).*!
To further identify the uPL emission features in Figure 2a, light
absorption (reflection) by optical transitions via polarized uTR
experiment was also carried out. Modulated TR measurement
of semiconductor is effective for characterization of excitons,
critical-point and inter-band transitions in the semiconductor’s
band structure.***2] It is a physically derivative method for
measuring the reflectance spectrum of semiconductor dielectric
function by directly applying heat modulation to the crystal
lattice of the sample periodically. Figure 3a shows the polarized
and unpolarized uTR spectra of the ML-ZrS,; nanoribbon sample
(as that in the yPL measurement) from 1.65 to 2.65 eV at 10 K.
There are a lot of transition features denoted as A 4, Ag;, A, Ag,,
Ag, and B features can be detected in the unpolarized and angle-
dependent polarized pTR spectra from 6 = 0° (E || b) to 8 = 90°
(E L b) as shown in Figure 3a. The dotted lines in Figure 3a are
the experimental uTR spectra and the solid curves are those of
the first derivative Lorentzian line-shape fits of the experimental
data wusing the expression as AR/R = Re(Z

i=1ton
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Figure 3. a) Angle-dependent polarized uTR spectra measured from 6 = 0° (E || b) to = 90° (E L b) for the band-edge transitions in ML-ZrS; nanoribbon
at 10 K. The transitions of A4, Asy, Ay, Asy, Ag, and B features (with different polarization dependence) are detected based on the optical-absorption
mechanism. The 2D contour plots of polarization dependence of the b) Agy, ) A;, d) Agy, €) Ag, and f) B transitions are shown below. g) The band-
edge scheme of ML-ZrS; nanoribbon constructed by the experimental uPL and pTR measurements as well as theoretical band-structure calculations in
Figure S5 (Supporting Information).

Adv. Sci. 2024, 11, 2406781 2406781 (6 of 14) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AIFe81D Bqedldde au Aq peusenob aJe sspoie YO ‘88N Jo SN 10} AReiq1T8ulUQ 431 UO (SUORIPUOD-PUe-SWLRIW00 A3 1M Afe.d Ul juo//Sdny) SUORIPUOD pue swie | 8 88s *[Z0z/0T/9T] uo Arigi]auljuo A8 |Im eAnde1-8qnopesy Aq T8/90120Z SAPe/Z00T 0T/10p/w0d A8 1w Arelqijeul|uo//sdny wolj pepeojumod ‘€ ‘vZ0Z ‘v8e86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

(a) 10K (b)

Norm. AR/R, T, PL. (a.u.)
PL Intensity (a.u.)

o PPL

ﬂ//\‘: T
T 100K

;-/ 100 T(K) 300
b 100K
% Ay -x1 0
-] 100-300K
=

=~

60K

22 24 26 28 16 18 20

16 18 2.0

22 24 26 16 18 20 22 24 26

Photon Energy (eV) Photon Energy (eV) , Photon Energy (eV)
10 7
(d) WIR| | (e) 1O 29 | 1
—_— e 300K ~ ] = |9
e e b DGOK = ] A1 Peak @ }
- 220K < E .
= 200K 2.4 g B By
T D s— — iy & '
-~ | Pt —— o= .0 . -
o | T }ﬁgﬁ S\ 23 ® uTRExpt. Z 10"+ FL ZrSS 20 {
E 77K e/ = 9 ’{PL EXPt:_ 3 ] TD TRPL 0 300
= — Y 30K il Varshni Fit. E
— -4 wk | B0 il
Alml As s 2'2 i A
Agy As2 B = =
Ay 10° = g 1 0'1 4
. 2.1 Ag(traPL) ??‘ 3
Z £
= Asy(TR&PL) ’5
5 IAI(TR&PL) Z
10 T(K) 300 :
T T T T T T 1.9 T y T T T T T 10'2 T T T T T T o T T
1.8 2.0 22 24 26 28 0 100 200 300 0 2 4 6 8 10
Photon Energy (eV) Temperature (K) Delay Time (ns)

Figure 4. a) The comparison of unpolarized uTR, micro-transmittance (Tr) and uPL spectra for the band-edge transitions of ML-ZrS; at 10 K. The insets
show the OM image and AFM result of a new sample of ZrS; nanoribbon used for unpolarized pPL measurement. The temperature-dependent pPL
spectra of b) 10-100 K and c) 100-300 K (with 10x magnification) in ML-ZrS; together with the peaks fitting analysis of the excitons and transitions. The
related 2D contour-plot spectra are also shown in their insets for contrast. d) Temperature-dependent uTR spectra (including 2D contour-plot spectra)
of ML-ZrS; between 10 and 300 K. e) The analysis of temperature-dependent transition energies of ZrS; obtained by uPL and uTR. The solid lines are
those of the Varshni fits. f) Temperature-dependent TRPL results (focused at the A; peak) and the analysis of band-edge recombination lifetime of ZrS,.

Lo /[exp(—jd;™)- (E-E;*+T;*)4]}.*) Where i is the respective
transition, I,* and ¢;* are amplitude and phase of the line
shape, and E;** and I',** are the transition energy and broadening
parameter of each band-edge excitonic transition. The obtained
transition energies from the line-shape fits of the polarized
and unpolarized pTR features at 10 K are A4, = 1.90 + 0.03,
Ag; = 1.986 + 0.006, A; = 2.008 + 0.006, Ag, = 2.068 + 0.008,
Ag =2.128 + 0.062, and B = 2.51 + 0.01 eV, respectively. The
energies of the Ay, Ag,, and Ag series excitons and that of
the A, transition measured by pTR are matched with those
obtained in the uPL spectra of ML-ZrS; in Figure 2a. As shown
in Figure 3a, the D, feature of uPL is not clearly detected in
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the uTR measurement due to its much-broadened and indirect
character (see Figure S4a, Supporting Information) so that it
cannot be sharply resolved in the derivative-like TR spectrum.
Thus, only the A, transition can be detected in the ZrS,
nanoribbon at low temperature. Besides, the A, transition of uPL
in Figure 2a is weakened and not detected in the uTR spectra
by thermal modulation in Figure 3a. It is maybe owing to the
A, exciton is very sensitive to the temperature change and it
can be only detected at T < 20 K using temperature-dependent
UPL as evident in Figure 4b. For the Ag;, Ag,, Ag excitons and
continuum band observed in pTR measurement at 10 K (see
Figure 3a), the unpolarized uTR spectrum shows clearly the
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intensity order of Ag,, Ag,, and Ag as the uPL peaks shown in
Figure 2a,b. However, for the polarized uTR spectra at § = 15°
to 90°, the transition amplitude of the latest As transition is
weakened and reveals a broadened feature. This result may be
due to the combination of Ag and the continuum band under
the weakened polarized light of the incident probe beam in the
polarized uTR condition, as displayed in Figure 3a.

The angular dependences of polarized intensities of TR ob-
tained for the Ag;, A, As,, A, and B transitions are analyzed and
depicted in Figure 3b—f as the 2D contour plots. The 2D contour
plot of the Ag series excitons (Ag;, Ag, and Ag) also demonstrates
a-polarized (E L b) behavior similar to the polarized uPL result
in Figure 2d-f. The main band-edge exciton A, is also present
b-polarized behavior in Figure 3c, agrees with the polar plot of
polarized uPL in Figure 2d. The A, transition in Figure 3a is
related to an indirect-like bound exciton in this “quasi-direct” lay-
ered material with a largely b-polarized orientation at low temper-
ature. There is also an extra feature B at #2.51 eV can be detected
in the pTR spectra at 10 K in Figure 3a. This B exciton feature
may come from the valence-band splitting to conduction band
valley of ZrS,, similar to the B exciton of the other TMDs like
WS, and MoS,, which originates from the split VB to CBM.[*}]
From Figure 3a, the B exciton in ZrS; cannot be fully forbidden in
the polarized TR measurement. It shows a majorly b-polarized
behavior (at 8 ~ 0° and 180°) as displayed in Figure 3f.

In order to support the assignment of transition origins of
the band-edge excitons, theoretical band calculations of the ML-
ZrS,; were implemented. Figure S5 (Supporting Information)
shows the band-structure calculations of a bulk ZrS; using den-
sity function theory (DFT) method with some of the lattice pa-
rameters coming from the XRD measurement. The result pro-
poses the multilayered ZrS; is an indirect semiconductor with
the valence-band maximum (VBM) consisted of multi-valley de-
generacy points between the I" and X positions (e.g., A; and A,,
etc.) whereas the conduction-band minimum (CBM) is located
at the Z point. The observation of multi-valley degeneracy in
the uppermost valence band of ZrS, has also been reported in
previous theoretical calculations,**) occurring between the I’
and X points. The valence band maximum (VBM) of the quasi-
1D ZrS; primarily comprises the p, and p, orbitals of S atoms
within the partial density of states (PDOS). These orbitals exhibit
spin degeneracy around the high-symmetry I' point, attributed to
the inclusion of spin-orbit coupling (SOC), resulting in Rashba-
like spin-band splitting.!**! As a result, the valence band under-
goes significant spin-band splitting, leading to the observation
of multi-A (A, A,, A, etc.) energy bands shifting during spin
polarization. This phenomenon is evident in, for instance, the a-
polarized A series (Ag;, Ag,, and Ag excitons). The Rashba-like
physics in the band structure of condensed matter often arises
from inversion breaking in a highly symmetric system, resem-
bling hydrogen-like behavior, and it will happen owing to the re-
duced dimensionality. The reduction of dimensionality could in-
troduce angular momentum (L) into the Hamiltonian for wave
function operations.*®] For a structural transition from a pure
2D to a quasi-1D structure of ZrS,, the Rashba effect can re-
sult in oriented multi-valley peaks at the valence band maximum
(VBM), which may not align with the I' point but instead of lying
along the I'-X or I'-Y directions. This result causes the in-plane
anisotropic properties of the ML-ZrS,.[*¢]
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Referred to the band-structure calculation of Figure S5 (Sup-
porting Information), the D, transition observed in uPL is as-
signed to be an indirect-resonant like feature originated from
VBM at I'-Y to the CBM at Z. The A, , feature is an indirect
donor-bound exciton (by sulfur vacancy) which originates from
VBM at I'-Y to the CBM at Z. For a clear illustration between the
experimental and theoretical results of ML-ZrS;, a representative
scheme is thus depicted in Figure 3g for mutual comparison. The
occurrence and observation of the excitonic series emissions of
Ag AL A, A, and Ag (Ay) may come from the so-call “quasi-
direct” or “direct-like” excitonic transitions within the band struc-
ture of ML-ZrS; in Figure S5 (Supporting Information). The Ry-
dberg like series of Ag;, Ag,, and Ag (as well as the other A,) with
majorly a-polarized behavior may originate from multi-valley de-
generacy A (VBM) — CBM along the I' — X direction. The main
band-edge exciton A, with a b-polarized character is from VBM to
CBM along the I" to Y direction and that of B transition observed
by uTR is from the spin-orbital splitting (Agp) in ML-ZrS, with
a slightly b-polarized behavior. The experimental value of (VBM-
Agp) is #0.495 eV observed from TR measurement in Figure 3a,
which is in agreement with the calculated value of ~0.5 eV in
the band structure of Figure S5 (Supporting Information). The
valence-band state of ZrS; is mainly contributed by the hybridiza-
tion of S 3p orbitals with a small-fraction contribution from the
Zr 4d and 5p states. The highest occupied states of VBM of ZrS,
may split into two bands with the highest occupied states of an-
tibonding S 3p-IT", and the other lower states of S 3p-c", [/l with
an energy separation of Ay, = 0.5 eV from TR measurement.
The CBM of the ML-ZrS, is mainly hybridized by the Zr 4d" and
S 3p" antibonding states at Z point (see Figure 3g; Figure S5,
Supporting Information). In general, the manifestation of photo-
luminescenece from the consisted excitonic series relies on the
energy difference between the indirect and direct gap is relatively
small in a “quasi-direct” layered semiconductor.??!] As shown in
the band structure of bulk ZrS; in Figure S5 (Supporting Infor-
mation), the energy difference of the two calculated CBM valleys
(at I and Z) is very small [i.e., A(Ep-E;) 20.12 eV]. The value is
close to the energy difference between the transitions of direct
exciton A, and indirect bound exciton A, observed by pTR mea-
surement in Figure 3a.

The insets in Figure 4a depict the image and AFM result of one
additional ML-ZrS; nanoribbon with 20 nm thickness and its un-
polarized pPL spectrum (with the multiple-peaks fits) is displayed
in the bottom. The unpolarized uTR and micro-transmittance
(i-e., Tr) spectra at 10 K are also included for comparison in
Figure 4a. All the excitonic transitions of A, 4, Ag;, Ay, A,, A,
and Ag with energy order show approximately a one-to-one cor-
respondence of energy position (with experimental error) in the
unpolarized pTR, Tr and pPL spectra of Figure 4a to identify
the co-existence of these features. In contrast to the unpolar-
ized uPL spectrum of ML-ZrS; in Figure 2a (see the microscope
image of Figure 1d with different nanoribbon orientation), the
A, emission is observed in Figure 4a owing to the A, emission
presents in-plane anisotropy and sensitive to the optical-axis po-
larization at 10 K. The center location of the absorption edge
in the Tr spectrum of ML-ZrS; is also matched well with the
main band-edge transition A, detected in the uTR and pPL mea-
surements for verification of the quasi-direct characteristic of
Zr1S;. To see the temperature-variation behavior of the Ay series
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excitons, temperature-dependent pPL and pTR measurements of
10 — 300 K are implemented. Figure 4b,c respectively show the
unpolarized pPL spectra (also the 2D contour plot) of ML-ZrS, at
10-100 K and at 100-300 K. At 10 K, the broadened peak at lower-
energy side consisted of a prominent indirect-resonant emission
D, (green-area fit) and a smaller indirect bound-exciton emission
A4 (brown-area fit). As the temperature increases to 60 K, the
PL intensity of D, decreases faster than that of A ; to make a
broadened D;+A; peak in Figure 4b. The A, ; excitonic feature
is maybe ionized at T = 100-120 K due to its free to bound be-
havior in Figure 4c and then the combination peak of D+A; 4
is present as a shoulder peak at 150 to 180 K in Figure 4c. The
D+A,,4 peak will finally merge with the main A, peak to ren-
der a combined and broadened puPL peak at ~1.94 eV at 300 K in
ML-ZrS,. Figure S6a (Supporting Information) also presents the
quasi-direct band edge of ML-ZrS, measured by pPL (with area
mapping), Tr and pTR is matched at 300 K, and which is posi-
tioned at ~#1.94 eV.

For the temperature variation of the A, Ag,, and Ag series ex-
citons (i.e., a-polarized), the fitted intensities of PL in Figure 4b at
10 K have the strength order of A, (the highest, dark-blue area
fit), A, (the middle, blue-area fit), and Ag (the lowest, yellow-
area fit) such as the excitonic-series scheme shown in Figure 2b.
As the temperature is increased, the PL intensities of the three
excitons are simultaneously degraded and their transition ener-
gies are decreased in Figure 4b,c (with scale magnification x10).
The fitted results of Ag,;, Ag,, and Ag can be resolved only up to
150-180 K and they will be merged into a broadened peak when
T > 210 K in Figure 4c. For the main band-edge transition of
the A, feature, the peak position is at ~2 eV at 10 K, the promi-
nent peak feature shows intensity degradation and energy reduc-
tion behavior as the temperature increases from 10 to 100 K in
Figure 4b as well as from 100 to 300 K in Figure 4c. It will fi-
nally dominate the PL emission by merging with the other peak
(like D, feature) to form a broadened peak at ~#1.94 eV at 300 K.
The A, exciton shows a b-polarized behavior as the indication
shown in Figure 2d. The temperature-dependent PL intensity
change of the A, and Ay, features can be analyzed to obtain the
activation energies for exciton emission. The obtained values are
30 + 2 meV for A, and 18 + 3 meV for the Ag; exciton as shown
in the analysis of Figure S6d (Supporting Information). Figure 4d
shows the temperature-dependent unpolarized uTR spectra (with
Lorentzian line-shape fits) in the temperature range between 10
and 300 K for illustration of the temperature variation of the
band-edge transitions. The 2D contour plot of the uTR spectra of
ZrS, is also displayed in the inset. Essentially, the excitonic tran-
sitions of the Ay series observed in ML-ZrS, (at the same tem-
perature) present comparable transition energies (within a stan-
dard error) detected from both uPL and uTR experiments. The
A, 4 feature of indirect donor-bound exciton is gradually ionized
at 100-120 K in Figure 4d. The ionization temperature is close
to the uPL result in Figure 4c. The temperature-dependent tran-
sition energies of some selected features in the Ay exciton se-
ries from both experiments in ML-ZrS, are depicted in Figure 4e
with representative error bars. The solid (open) symbols with er-
ror bars are the data points of Ag;, As,, Ag, A,, and B transitions
obtained by uTR (uPL) and the solid lines are the least-square fits
of a Varshni empirical formula, E(T) = E(0)-a-T?/(p+T), where
« is the strength of exciton-phonon coupling and g is related to
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the Debye temperature of the material. From the Varshni fits, the
Debye temperature related parameter is about f = 280 + 50 K in
this material and the value of exciton-phonon coupling strength
is @ = (7.76 + 0.25)x107* eV K! for the Ay, Ag,, and Ag se-
ries. The values of a of the B (2.2 x 107 eV K!) and A,
(=3.2%x107* eV K™') transitions are smaller than that of the As se-
ries to show a slower temperature-energy shift as the temperature
is changed in Figure 4e. It is inferred that the lattice dilation along
I'-X (Ag;, Ag,, and Ag) and along I'-Y (A, and B) could present dif-
ferent temperature coefficient due to the in-plane anisotropy of
crystal lattice of the ZrS; nanoribbon.

Figure 4f shows the temperature-dependent TRPL decay
curves of the ML-ZrS, nanoribbon positioned at the main A, peak
between 10 and 300 K for characterization of carrier dynamics of
the main band-edge emission. The solid curves represent the ex-
perimental analyses of the TRPL spectra using the exponential-
decay fit (i.e., y = yo+1;-exp[-(t-ty) /7, ]+, -exp[-(t-t,) /7,]) with the
decay time constants of 7, and 7, starting from the electron-hole
recombination time at t = t,. The decay time 7, is related to the
band-edge emission lifetime and 7, correlates with the surface
state or defect related mechanism in ZrS;. The TRPL curves in
Figure 4f shows the PL decay time of 7, and 7, are increased as
the temperature is lowered from 300 down to 10 K due to the
enhanced trapping effect from the surface states and defects in
ZrS,. When the temperature is lowered down the phonon pop-
ulation is lower and the exciton population is higher, hence the
probability of non-radiative recombination is also lower. The ex-
citons can thus survive longer period to emit light with a longer
decay lifetime.l*8] The inset in Figure 4f depicts the values of 7, of
the band-edge emission are increased linearly from 0.31 t0 5.5 ns
at 300-10 K. The short decay time (fast) of 7, certifies that the A,
exciton is a direct-recombination emission even it is measured
inside a “quasi-direct” 1D nanoribbon of ML-ZrS,. Figure S6a—c
(Supporting Information) respectively show the TRPL mapping
results of a bulk ZrS, in a 40 x 40 um? area at 300 K. The averaged
emission wavelength of the A; exciton is %639 nm (1.94 eV) and it
possesses an averaged PL decay time constant of 7; = 0.31 ns for
rendering a direct-like semiconductor behavior with in-plane op-
tical anisotropy. Thus, the ML-ZrS, nanoribbon could own a great
potential for fabrication of in-plane anisotropic optoelectronics
devices.

Figure 5a shows the microscope image of a stacked multilayer
ZrS, and multilayer GaSe doped Cd 1% (i.e., p-type GaSe) het-
erojunction device with the bottom and top graphene (Gry and
Gry) acted as the ohmic-contact layer to the Au electrode. The
heterojunction device is made on a SiO, /Si substrate with all the
thickness information of the 2D materials shown in the atomic-
force microscope (AFM) result of Figure 5b. The thickness of the
ML-ZrS; is #25 nm and that of the ML p-GaSe is %70 nm for
making a vertically stacked p-GaSe/n-ZrS; heterojunction-diode
solar cell (SC). The as-grown layered ZrS, presents lightly n-type
conductivity with a carrier concentration of 1.37 x 10 cm=3 and
electron mobility of 32.11 cm? V-s~! measured by resistivity and
Hall measurement at 300 K. For p-GaSe, the incorporation of 1%
Cd in the layered GaSe significantly enhances its p-type behavior
and the values of hole concentration and Hall mobility are deter-
mined to be 3.4 X 10’ cm— and 19 cm? V-s~! as listed in Table S2
(Supporting Information). The p-GaSe:Cd 1% is a layered direct
semiconductor with a remarkable photoluminescence and high
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Figure 5. a) The optical microscope (OM) image of a p-GaSe/n-ZrS; stacked heterojunction solar-cell device. b) The thickness information and AFM
image of the p-GaSe/n-ZrS; stacked heterojunction device. c) The uTR spectra of multilayer p-GaSe (green), multilayer n-ZrS; (red) and the stacked junc-
tion part (blue). d) The polarized J-V curves of the p-GaSe/n-ZrS; stacked solar cell under dark, E L b, E || b, and unpolarized condition that illuminated
by the incident laser of 532 nm between the bias range of —1to 2 V. e) The band-edge scheme for operation of the p-GaSe/n-ZrS; homojunction-like
SC under light illumination. The lower part depicts the stacking-layers structure of the p-GaSe/n-ZrS; homojunction-like SC. f) The pRaman spectrum
in the stacked junction part of the p-GaSe/n-ZrS; SC. g) The result of filling factor (FF) and photoelectric conversion efficiency (n) analyzed from the

polarization-dependent J-V curves in (d).

optical absorption, making it a good candidate for solar cell ap-
plication. GaSe presents an isotropic hexagonal layer structure
with a bandgap of x1.992 eV at room temperature,*! which
aligns well with the quasi-direct bandgap of n-ZrS; (A; = 1.94 eV)
for forming a “homojunction like” p-n diode and SC. The
n-ZrS; multilayer is stacked along b axis and the property of
p-GaSe is isotropic (i.e., see the polarized photoconductivity re-
sult in Figure S9, Supporting Information) so that the vertically
stacked p-GaSe/n-ZrS; “homojunction like” SC is intended to de-
sign for polarization sensitive photovoltaic device as shown in
Figure 5a,b.

The stacked junction of p-GaSe/n-ZrS; has also been verified
by optical measurement of TR and structural measurement of

Adv. Sci. 2024, 11, 2406781 2406781 (10 of 14)

uRaman. The results are respectively shown in Figure 5¢,f for il-
lustration. For n-ZrS; multilayer, the main direct transition is at
~1.95 eV (red fitted curve) and the main band-edge transition of
p-GaSe [i.e., GaSe (BE)]is at 1.99 eV for rendering a “homojunc-
tion like” stacked (hetero-) junction with an averaged transition
energy of BE = 1.982 eV presented in the lower uTR spectrum
of the p-GaSe/n-ZrS, stacked junction in Figure 5c at 300 K. The
B transition at ~2.488 eV was simultaneously detected in n-ZrS,
part and the p-GaSe/n-ZrS; stacked junction for verification of
the formed p-n junction. The D;+A,,4 transition has also be de-
tected as a broadened PTR shoulder feature at ~1.81-1.85 eV
in the p-GaSe/n-ZrS, stacked junction part. For the pRaman
measurement of the stacked junction, Figure 5f shows three
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active modes of A%, A %, and A,°® (red color) of ZrS; (referred

to Figure 1d) which mixed with three modes of A, ', E,,', and
A,,* (green color) originated from layered GaSe!*’! can be simul-
taneously detected on the stacked junction of the p-GaSe/n-ZrS,
SC. It verifies that the vertically stacked heterojunction of p-GaSe
on n-Zr8S, is successfully fabricated. Figure 5d shows the current-
density versus bias (J-V) curves of the multilayer p-GaSe/n-ZrS,
heterojunction SC with different illumination conditions of dark,
E || b, E L b and unpolarized lights with respect to the ML n-
ZrSy’s longer crystal edge of b axis. The incident light source is
a 532-nm solid state laser via the facilitation of light-guiding mi-
croscope (LGM) consisting of an objective lens for impinge onto
the junction area of the van der Walls stacked p-GaSe/n-ZrS; SC.
The representative scheme of the axially-polarized photoelectric-
conversion response measurement of the p-GaSe/n-ZrS, stacked
junction SC is depicted in the lower part of Figure 5e. The se-
lection of the 532-nm incident light is referred to that the maxi-
mum photoconductivity (PC) response of ZrS; is close to 2.33 eV
as shown in Figure S7b (Supporting Information), which covers
all photoconductive contributions from the band-edge transitions
(including A4 and the Ay series excitons) as well as close to
the exciton B observed in uTR. When the incident photon en-
ergy of green laser is larger than those of the indirect (~1.81-
1.85 eV) and direct bandgaps (~1.94 eV) at room temperature,
the energy states of carriers between 1.81 and 2.33 eV of ZrS,
will be excited and the energetic carriers of excitation will fi-
nally relax their energies (i.e., lost energy to lattice) to the band
edge of CBM and VBM for resulting in photoconduction behav-
ior. Because the VBMs and CBMs at different k are the main
contribution to the photoconduction of the ML-ZrS;, thus the p-
GaSe/n-ZrS, stacked SC shows in-plane anisotropic photoelec-
tric conversion behavior when illuminated with a 532-nm laser
of different polarizations onto the ML-ZrS;. The polarization
states of the 532-nm laser can be controlled by a rotatable visible
dichroic-sheet polarizer and the power densities are measured to
be 1 x 105 W m~2 for unpolarized condition, 1.88 X 10° W m~2
for E || b, and 1.01 x 10° W m™2 for the E L b situation,
respectively.

Figure 5d reveals an increase in the short-circuit current den-
sity (denoted as J4.) generated under different illumination con-
ditions of dark, E L b, E || b, and unpolarized light from a 532-
nm laser with different power density. The band diagram of the
p-GaSe/n-ZrS; “homojunction like” stacked SC under light illu-
mination is depicted in the upper part in Figure Se. Under dark
condition, the built-in potential (V,;) of the SC diode can be mea-
sured directly by Kelvin-probe work function measurement with
area mapping for the layered p-GaSe: Cd 1% and n-ZrS, as shown
Figure S8a,b (Supporting Information). The averaged work func-
tion (®) of n-ZrS; is ~#4.965 eV and that of p-GaSe is 5.395 eV to
make a value of Vi; = 0.43 eV as shown in Figure S7c (Support-
ing Information) in this homojunction-like p-n diode. Figure S8d
(Supporting Information) also reveals a real work function differ-
ence for a stacked p-GaSe/n-ZrS; junction device to indicate the
contact built-in potential is ~0.43 eV. The V,; value is matched
with the cut-in voltage of the J-V curve under dark condition
as shown in Figure 5d. The photoelectric conversion efficiency
(n) and filling factor (FF) of the |-V curves for the p-GaSe/n-
ZrS, stacked SC can be calculated from J. and open-circuit volt-
age (Vo) under different illumination conditions of E L b, E
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|| b, and unpolarized light. The filling factor can be evaluated
as FF = Pyya/Usc X Voc) and the photoelectric conversion ef-
ficiency (n) is estimates by 7= Pyyie)/Pinopy (X100) %. Where
Pyl 15 the maximum electric power (J X V) defined as the
maximum rectangular area limited by the fourth quadrant of the
J-V curve under different illuminated condition and Py, rep-
resents the incident optical power density.

The estimated values of FF and # calculated from the -V
curves of different illumination conditions of E L b, E || b, and
unpolarized light are depicted in Figure 5g and the numbers
are listed in Table S3 (Supporting Information) for comparison.
Under light illumination, the open-circuit voltage V. increases
from V; = 0.43 V (dark) to Vo = 1 V owing to the stacked p-
GaSe/n-ZrS; SC owns high optical sensitivity to make a larger
photocurrent under different illuminated conditions of E L b, E
|| b, and unpolarized light. The FF values of E L b, E || b and unpo-
larized conditions are 0.38, 0.53, and 0.38, and which makes the
photoelectric conversion efficiency of the stacked p-GaSe/n-ZrS,
SCofn=0.301%, n = 0.412%, and n = 0.077%, respectively. The
maximum 7 value is along E || b polarized direction and the value
of n = 0.412% is comparable with the other vdW heterostructure
of GaSe-MoSe, with thickness ~#79-118 nm ( = 0.46%)>" and a
back-gate controlled p-GaTe/n-MoS, stacked junction on SiO, /Si
illuminated by a 473-nm laser (n = 0.45%).°>!] But the efficiency
of n = 0.412% of the E || b condition for the p-GaSe/n-ZrS; SC
is lower than a monolayered direct-gap WSe,-MoS, lateral p-n
heterojunction solar cell (7 = 2.56%).521 The relative lower effi-
ciency maybe somewhat relates to the excitonic nature within the
vertically stacked ML-ZrS; interface involving both indirect and
quasi-direct excitons. Additionally, exploring the TMTCs-based
solar cells remains challenging due to limited literature as most
assessments are only based on theoretical prediction. For the un-
polarized condition, the reduced 7 value as comparing to those of
the E L band E || b polarization is possibly due to the unpolarized
optical power is the highest and the filling factor is reduced for
decreasing conversion efficiency.*?! It is noticed that the FF and
n values are the highest under the E || b polarized condition for
the p-GaSe/n-ZrS; stacked SC. The reason is owing to the indi-
rect gap (D;+A,,4) and direct main exciton (A,) are all b-polarized
transitions at # = 0° observed in uTR and uPL for efficient gener-
ation of photocarriers. This situation was also verified by a chain-
like layered ReSe, p-n homojunction SC with b-polarized indi-
rect and direct gaps.® The 5 value of E L b direction of the
p-GaSe/n-ZrS, stacked SC is 0.301% in Figure 5g, which shows
26.8% reduction as comparing to that of the E || b condition. The
b-polarized photocurrent response of a MoS, /ZrS; stacking de-
vice had ever been observed to enhance along the ZrS,’s crystal-
chain edge of b axis.[>®] The photoelectric conversion along b and
along a axis for the multilayer ZrS,-GaSe vertically stacked SC
shows significant in-plane anisotropic effect mainly contributed
from the polarized indirect gap (D;+A,,4) and polarized direct ex-
citons (Ay) in the band structure of the quasi-1D ML-ZrS,. Prior
to fabricating p- and n-ZrS; and their p-n homojunction light-
emitting diodes, producing the p-GaSe/n-ZrS,; homojunction-
like SC holds the promise to showcase in-plane anisotropic
optoelectronics and energy devices using the quasi-1D ZrS,
nanoribbons. The potential use of the polarized ZrS, /GaSe stack-
ing SC device can also be utilized as optical switch or optical dig-
ital memory for technological application.
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3. Conclusion

Axially polarized band-edge transitions with b-polarized (i.e.,
indirect gap D;+A 4, main exciton A; and spin-orbital-splitting
B) and a-polarized (A, Ag,, Ag series, and A, excitons) behav-
iors are first observed and identified by polarized uTR, pPL,
and micro-transmittance experiments in a quasi-1D ML-ZrS,
nanoribbon from 10 to 300 K. The high-quality nanoribbon
crystals of ZrS; were grown by chemical vapor transport (CVT)
method. XRD and HRTEM measurements confirmed the exis-
tence of the monoclinic phase within the crystals and revealed
a strong b-axis oriented edge, indicating a highly in-plane
anisotropic structure. This anisotropy is further verified by polar-
ized pRaman measurement. The polarized pPL spectra exhibit
D, (including A ,) and A, peaks (including A; and Ag series
excitons), consistent with those of the polarized TR spectra and
theoretical band-structure calculations along different k direc-
tions. The observed evidence suggests an indirect-gap nature
of ZrS; and the origin of the Ay excitons is from quasi-direct
excitons along I'-X or I'-Y orientation. The b-polarized A, exciton
reveals the highest PL intensity at 10 K and the exciton recom-
bination lifetime is from 5.5 ns decreases to 0.31 ns from 10 to
300 K, similar to that of a direct-gap emission in 2D materials.
Furthermore, we successfully fabricate an anisotropic multilayer
p-GaSe: Cd 1%/n-ZrS, van der Waals stacked solar cell with simi-
lar bandgap value. The homojunction-like p-GaSe/n-ZrS, stacked
SC presents the highest photoelectric-conversion efficiency and
the largest filling factor along the E || b polarized direction
with respect to those detected in the E L b and unpolarized
conditions. The primary A, exciton, as predicted by the polarized
emission spectra, enhances the performance of # under the
E || b polarization and also achieves 5.4 times higher efficiency as
compared to the unpolarized condition. The quasi-1D ML-ZrS,
nanoribbon exhibits multiple excitonic levels with polarized
optical states, which can potentially provide various quanta
for applications in quantum computation and data processing
technologies.

4. Experimental Section

Growth of ZrS; Layered Single Crystals:  The growth of zirconium trisul-
fide (ZrS;3) single crystal was carried out by the chemical vapor transport
(CVT) method with iodine trichloride (ICl;) as the transport agent. The
high purity materials (Zr:99.99% and $:99.99%) with stoichiometric com-
position (ratio of Zr to S is 1:3 with 10 gram powder in total) were first pre-
pared together with an appropriate amount of ICl; (10 mg cm~3) were put
into a quartz ampoule (20 cm in length and 3 cm in inner diameter). The
quartz ampoule was directly cooled with liquid nitrogen and then sealed
in a vacuum environment at ~107 Torr. The ampoule was then heated
at 760 °C for two days in a three-zone furnace to synthesize the source
material. After that, the furnace temperature was adjusted to create a tem-
perature gradient of 760 °C (source zone) — 680 °C (growth zone) for the
crystal growth. The ICl; acted as a transport agent that facilitated the va-
por transport of ZrS; from source zone to growth zone, where nucleation
and crystal growth may occur at the growth zone. The growth process was
lasted for 288 h, yielding large red-rose colored ZrS; layered crystals with
an area size of up to ~#1-2 cm? and a thickness of up to 300 um. The
ZrS; crystals had a layered structure with weak van der Waals interaction
between the layers, which enables a mechanical exfoliation of different-
thickness ML-ZrS; nanoflakes onto a SiO,/Si substrate using the scotch
tapes of different adhesiveness.
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Micro-Photoluminescence and Time-Resolved Photoluminescence Mea-
surements: The optical system of TRPL consisted of a laser scan-
ning confocal spectral microscope (LSCSM) with a 50x objective lens
(WD =8 mm), a Horiba HR-320 spectrometer, and a TimeHarp 260 data
acquisition card (PicoQuant). The excitation source was a 375 nm picosec-
ond pulse laser which was driven by a PDL 800-D diode-laser driver. A pair
of Galvo mirrors from the LSCSM was used for scanning the mapping
area of the 2D layered sample. After the excitation by laser, the photolu-
minescence signal was first collected by the LSCSM, and then the time-
resolved photoluminescence (TRPL) data were obtained using the time-
correlated single photon counting (TCSPC) technique from the TimeHarp
260 card. The SymPhoTime 64 software was used to process and ana-
lyze the TRPL data of the multilayer samples on the SiO,/Si substrate.
One pair of dichroic sheet polarizers (with a visible-light-to-infrared range)
equipped on a rotatable holder was utilized for angle-dependent polarized
measurement.

Micro-Thermoreflectance (uTR) Measurements: The multilayered ZrS,
exfoliated on a SiO, /Si substrate was utilized to be measured using micro-
thermoreflectance (UTR) spectroscopy with a white-light source derived
from a 150-W Xenon-arc lamp. The white-light source was then dispersed
by a 0.2-m PTI monochromator with a 1200-grooves/mm grating for pro-
viding the monochromatic light. Incident and reflected monochromatic
lights of the multilayer sample were guided by two silica fibers and a light-
guiding microscope (LGM) consisting of an Olympus 50x objective (WD
~8 mm). The optical alignment of sample and light path could be adjusted
through the CCD camera pairing with the LGM. A 4-Hz ON/OFF heating
current (~0.4 A) was used to generate the modulated heat to the Au-coated
quartz plate and the sample. An NF 5610B lock-in amplifier was used to
implement phase-lock detection of the averaged normalized reflectance
signal of AR/R under heat modulation. A Janis liquid-helium open-circled
cryostat equipped with a Lakeshore 335 digital thermometer controller fa-
cilitated the low-temperature and temperature-dependent uTR, uPL, and
TRPL measurements.

Fabrication of p-GaSe:Cd 1%/n-ZrS; Stacked Heterojunction Device:
Few-layer and multilayer forms of graphite (multilayered graphenes), n-
ZrS;3, p-GaSe:Cd 1% were mechanically exfoliated using different tapes
(white or blue tapes of different stickiness). Polydimethylsiloxane (PDMS)
was used as a medium to transfer and stack these multilayered materi-
als onto a SiO,/Si substrate with pre-patterned Au electrodes. Both ML
materials and PDMS were aligned in a stacking position precisely using
a microscope stage with three axial micromanipulators. The atomic-force
microscope (AFM) was used to measure the thicknesses and profile of
the stacked-junction materials. The graphene was used to make an ohmic
contact between the 2D semiconductor and the Au electrode. Keithley 230
programmable voltage source and Keithley 6485 pico-ampere meter were
used to measure the J-V curves of the stacked heterojunction device. The
incident light source of 532-nm solid-state laser at unpolarized, E || b and
E L b conditions were controlled and conducted by an integrated RAMaker
polarized uRaman system (with objective) onto the sample. An Ophir op-
tical power meter equipped with a broadband thermal sensor estimates
the power density at different polarized conditions. A visible dichroic-
sheet polarizer facilitates the implementation of polarization-dependent
photoelectric-conversion measurement.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Polarization Raman of Multi-layered ZrS;
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Figure S1. (a) Angle-dependent pRaman measurements of ML-ZrS; at room temperature for the

polar plots in seven vibrational modes of (b) Ag'~79 cm™!, (c) Ag?~119 cm™, (d) A’~147 cm’!, (e)

2



B*~239 cm’!, (f) A~276 cm!, (g) A~317 em!, (h) A®~526 cm™. The value of polarized
rejection ratio (R) that defined as R=(Imax-Imin)/(Imax+Imin) for the polarized-intensity change of
each vibration mode is also shown. The representative schemes of the atomic movement of each
mode is also included in the inset in (b) — (h). The most prominent peaks in (a) are the Ag’, A’ and
A,° vibrational modes. These peaks may come from the Zr-S related bonds with intra- or inter-
chain vibrations in the ZrS3 layer. The polar plots of all Ag related modes show a maximum
intensity at 0,=0° and they are fully forbidden at Z(XY)Z (0=90°). The maximum strength of the
B.* mode is oriented at 0,=90° due to its shearing-mode behavior The Ag-related modes are
attributed to the breathing mode. The attributions of the A,' and A,® modes are dominated by the

S-S bond movements as shown in Table S1.

Table S1. Fitting Parameters of the polar plots of angular-dependent pRaman results with the

equation: Iy = I, + I,. cos?(6 — 6,,,) and their attributions.

Raman Modes Attribution Lo (a.u) Ip (a.u) 0.,.®
Ag! (79 em™) S-S layer deformation 3.1 1.45x10° 0+5
Ag? (119 cm™) Zr-S layer deformation 7.3 9.69x10° 0+5
Ag’ (147 em™) Zr-S inter-chain 750 4.18x10° 0£5
B¢* (239 cm™) Zr-S chain shearing 50 1.87x10% 90+5
Ag’ (276 cm™) Zr-S intra-chain 2 3.82x10° 0£5
Ag® (317 em™) Zr-S inter-chain 1.3 2.34x10° 0+5
Ag® (526 cm™) S-S Expansion 146 1.00 x10* 0+5
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Figure S2. (a) Energy Dispersive X-ray (EDX) Spectroscopy of ML-ZrS3. The analyzed result of
peaks (Zr and S) shows a slight S deficiency in the as-grown layered ZrS; crystals. The calculated
stoichiometry of Zr and S is listed in the below table. (b) The analysis of X-ray photoelectron
spectroscopy (XPS) of Zr 3d orbitals of ZrS3. The binding energies of Zr 3d32 and Zr 3ds, orbitals
will undergo a blue shift from a pure element to ZrS3; compound. (¢) The XPS result of the S 2p
orbitals observed in ZrSs. The peaks include S** 2p3» (160.2 eV), S* 2p12 (161.2 eV), S2*° 2psn
(161.2 eV), and S2* 2p112 (162.35 eV) in the ZrS; compound. The corresponding energies are lower
than those with S 2p12 at 163.8 eV and S 2p32 at 161.7 eV in the pure element. The relative peak
intensity of S?" reveals lower than that of S;*. (d) The O 1s peak of ZrSs; to show a little bit

oxidation in the crystal.



Polarized transmittance and absorption spectra of ZrS;
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Figure S3. (a) The micro-transmittance spectra and (b) converted optical absorption data of
multilayered ZrS; with the polarization angle varied from 0=0° (E || ) to 6=90° (E L b) near the
indirect band edge at 10 K. The E || b polarized spectrum dominates the smaller band gap and thus

determines the indirect gap of ZrS; is along the b-polarized direction in the band structure.



Power Dependence of PL Spectra of ML-ZrS;
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Figure S4. Low-temperature power dependent PL measurement of unpolarized condition for the
layered ZrSs. (a) Power dependent PL spectra of multilayer ZrS; (~200 nm thick) at 25 K using a
375 CW laser with different laser power [0.3 mW (1%) to 30 mW (100%) controlled by neutral
density filter (ND)] near band edge. Four main PL emissions of Di, Ad, Asi and A; are observed
and their magnification scales (x15 to x1) are denoted at the right side of each spectrum. (b) The
semi-logarithm plot of PL peak intensity versus laser power for each feature of D1, Amd, As1 and
A1 derived from (a). The power dependence of each feature (solid line) is analyzed using a law of
I ~ L¥ [I is the PL intensity and L is the laser excitation power]. The obtained fitted values are
k~1.07 and k=1.09 for the indirect related parts of Di and Amg. For the free-exciton related
emissions, the k values are k=1.18 for A; and k=1.13 for Asi, respectively. The k values of free-

exciton emissions are larger than those of the indirect-related emissions in ZrSs.
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Figure S5. Band-structure calculated result of bulk ZrS3 using first-principle calculations in the
framework of density-function-theory (DFT) basis. The calculation was implemented via the
software of VSAP simulation package. Local density approximation (LDA) together with GW and
Bethe-Salpeter equation (BSE) were employed for the exchange and correction of potentials.
Along with the calculated band structures, the experimental transition features of the Di+Amd, A1,
Az, B, and the Asi, Asy, and As series are also assigned and indicated. The CBM is at Z point and
the Dr+Amq features of indirect-like resonant transition and donor-bound exciton are from I" to Z.
The top of valence band is shown to possess multivalley degeneracy like A1, A, efc. along I" to X
and which may also cause As series transitions and A». The A transition is along I to Y and present

b-polarized behavior and B is from spin orbital splitting (4so) in the ML-ZrS3 nanoribbon.
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Figure S6. (a) Comparison of quasi-direct band edge in the ML-ZrS; at 300 K measured by uTR,
micro-transmittance and uPL measurements. The inset shows the area mapping of the PL intensity
among 40x40 um? region. The histogram of emission wavelength reveals the main A; excitonic
emission is at an averaged wavelength of 639 nm (1.94 eV). (b) The averaged TRPL decay curves
of the main A peak of ZrS; at 300 K. The PL decay fit shows the lifetime of band-edge emission
(t1) is about 0.31 ns and defect related lifetime (12) is about 2.14 ns. The system IRF response
(blue line) indicates a lifetime of 0.09 ns (< 0.1 ns). (c) The fluorescence lifetime-image mapping
(FLIM) image and histogram of the band-edge emission lifetime (t1) among a 40x40 um? region
of bulk ZrS3. The value is also close to 0.31 ns. (d) The analysis of PL intensity degradation versus
temperature change for obtaining the activation energy of the A; and As; excitons in the

temperature-dependent puPL spectra of ML-ZrSs in Figure 4(b) and 4(c).



Electrical Properties of ZrS;
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Figure S7. (a) Temperature-dependent resistivity of ZrS; in E || b and E L b direction. The
activation-energy fit is analyzed using the expression p(T)=po-eXp[AE/(k-T)]. The inset shows the
resistivity ratio (RR) affected by different crystal orientation (a to b axis) is within 1.1~1.55 (20
to 300 K). (b) Photoconductivity (PC) spectra of ZrSz measured at different input frequency of
f=25, 50, and 100 Hz at 300 K. The maximum peak response is at 2.3-2.4 eV, close to the maximum
absorption energy of the 532-nm laser of 2.33 eV. When the incident photon energy of green laser
is larger than those of the indirect (~1.81-1.85 eV) and direct bandgaps (~1.94 eV), the energy
states of carriers between 1.81 and 2.33 eV of ZrSz will be all excited and the energetic carriers of
excitation will finally relax their energies (i.e. lost energy to lattice) to the band edge of CBM and
VBM for resulting in the photoconduction behavior. According to (b), the PC response of band-
edge conduction of ZrSz will start from its bandgap energy of ~1.805 eV and then increases the
response and finally reaches the maximum value of 5.4x10* (V) from a load resistor at ~2.5 eV.
Because the VBMs and CBMs at different k are the main contribution to the photoconduction of
the ML-ZrSs, thus the p-GaSe/n-ZrSz stacked SC shows in-plane anisotropic photoelectric
conversion behavior when illuminated by a 532-nm laser with different polarizations onto ML-
ZrSs.



Table S2. Electrical Properties of Layered ZrS; and GaSe:Cd 1%

Material P300K  P20K Po Activation Hall Carrier Hall
aterials (Q Q Q energy carrier density Mobility
cm) cm) cm) AE (meV)  type (cmd) (cm?
V-ls-l)
" ZrS3 1-fg7>< n 137x 102 32,11
GaSe:Cd 1%  9.66 p 3.40 x 10'° 19.02
. E|b 1.26  2.88 3.53 90.44
x107  x10%  x10°
ZrS3 1.95 3.47 9.41 80.69
ELb x107  x10%  x10°

(") obtained by van der Pauw method at 300 K
(") derived by regular bar-type (four point) resistivity measurement with different orientation.
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Figure S8. Kelvin-probe work function measurement with area-mapping function of layered (a)
p-GaSe: Cd 1% and (b) n-ZrS3 at room temperature. The averaged work function (®) of n-ZrS3 is
centered at 4965 meV and that of the p-GaSe is centered at 5395 meV. (¢) The band scheme
includes the information of work function measured by Kelvin probe and the direct gap measured
by uTR for both n-ZrS; and p-GaSe. The contact potential of built-in voltage is thus determined
to be Vpi~0.43 V in the p-GaSe/n-ZrS3 stacked heterojunction. (d) The work function profile of a

p-GaSe/n-ZrS; stacked heterojunction device measured by Kelvin probe.

Table S3. Estimated solar-cell parameters of the van der Walls stacked p-GaSe/n-ZrS;3
heterojunction SC from the results of J-V curves in Figure 5(d). Where Jmp and Vi, identify the
maximum rectangular area [i.e. the generated electric power Pmee)] of the fourth quadrant of each
J-V curve under different illuminated conditions of E L b, E || b, and unpolarized light.

Condition Jmp= Jsc Voc FF (Fil Measured n (%)

Pwmele)/ Vmp Factor) Input

Laser

Power

(Pin)

ELlb 0.601 0.852 1.000 0.38 1.01 x 10° 0.301
Ellb 1.102 1.454 1.000 0.53 1.88 x 10° 0.412
Unpolarized 1.104 1.962 1.000 0.38 1.00 x 10° 0.077
Unit nA/um? nA/um? \Y N/A W/m? N/A

12
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Figure S9. (a) Schematic illustration of photocurrent detection for p-GaSe on Si02/Si substrate,
as observed under the illumination of linearly polarized light with different polarized angle. (b)
The V-I characteristics of the p-GaSe on SiO2/Si recorded in ambient dark condition and under
varied angles of polarized light (6=0°, 15°, 30°, 45°, 60°, 75°, 90°). The laser power is ~24 mW. (¢)
The angle-dependent photocurrent response in layered GaSe measured across a full range of
polarization angles (6=0-360°) to show its isotropic behavior on the van der Waals plane. This
observation can further verify the in-plane anisotropic photoconduction behavior of the n-ZrSs/p-

GaSe heterojunction solar cell may majorly come from the ML-ZrSs.
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