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ABSTRACT: Charge doping to Mott insulators is critical to realize high- TMA" intercalated Ruly i P

temperature superconductivity, quantum spin liquid state, and Majorana R o oo

. . . . ) Y e e D Contact

fermion, which would contribute to quantum computation. Mott insulators A, s 'd
BN o GRS ¢ covno

also have a great potential for optoelectronic applications; however, they X 3 o &

showed insufficient photoresponse in previous reports. To enhance the SRS
photoresponse of Mott insulators, charge doping is a promising strategy since

it leads to effective modification of electronic structure near the Fermi level. 2 . AT
Intercalation, which is the ion insertion into the van der Waals gap of layered i ; e (MTM =
materials, is an effective charge-doping method without defect generation. % 12| « R T

Herein, we showed significant enhancement of optoelectronic properties of a ~os

layered Mott insulator, @-RuCl;, through electron doping by organic cation %
intercalation. The electron-doping results in substantial electronic structure  °
change, leading to the bandgap shrinkage from 1.2 eV to 0.7 eV. Due to
localized excessive electrons in RuCl;, distinct density of states is generated in the valence band, leading to the optical
absorption change rather than metallic transition even in substantial doping concentration. The stable near-infrared
photodetector using electronic modulated RuCl; showed 50 times higher photoresponsivity and 3 times faster response time
compared to those of pristine RuCl;, which contributes to overcoming the disadvantage of a Mott insulator as a promising
optoelectronic device and expanding the material libraries.
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semiconductin -MoS, goes through a phase transition into
INTRODUCTION iconducting 2H-MoS, goes through a phase transition int
metallic 1T-MoS, by Li" ion intercalation as degenerated
silicon with a high level of doping."’

On the other hand, it is possible to change the optical
bandgap rather than semiconductor-to-metallic transition via
port,”? and telecommunication™® of 2D materials have been 1nterca1at10p if the df)ped electr0n§ are locahzed. instead of

. . o . freely moving. Mott insulators, which have especially strong

modified or improved via intercalation. ] ) - k
Among the applications including transistors,' "> memory electron—electron repulsion not as in conventional semi-
’ conductors,”® are candidates for the phenomenon. The large

devices,"'* and catalysts,l‘”16 2D layered materials have -
. . : . Coulomb repulsion energy U between two electrons over-
garnered attention as the most potential semiconducting o . SR
comes the kinetic energy ¢, resulting in its insulator

materials for optoelectronic devices attributed to their sizable
bandgap.'” However, application for near-infrared (NIR)
detection is limited compared to that of the visible range Received:  August 6, 2021
because of the narrow candidates of stable 2D materials having Accepted:  November 1, 2021
a bandgap around 0.5—0.8 eV.'® Unlike other properties, Published: November 4, 2021
tuning of the bandgap via ion intercalation is intrinsically

limited because it leads to metallic transition due to

concomitant charge doping during the process. For example,

Intercalation is an effective approach to modify the properties
of two-dimensional (2D) layered materials by incorporating
guests into their interlayer spacing. Various properties such as
the optical,l’2 magnetic,3_5 thermoelectric,® electrical trans-
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Figure 1. Band structures of the pristine and charge-doped Mott insulators. (a) Mott insulators, d states split into a lower- and upper-
Hubbard band (LHB and UHB) with the Mott gap. When doping with electrons, conventional scenarios are (b) formation of the in-gap
states at the Fermi level or (c) the modification of the Fermi level toward the edge of UHB. (d) Special change in the electronic states for

electron doping in a-RuCl;.

behaviors;>' otherwise, they would be metals according to
conventional band theory.

a-RuCl; is a layered material having spin—orbit coupling
(SOC)-assisted Mott insulating nature with a 2D honeycomb
lattice.”” Interestingly, a substantial degree of electron doping
via surface adsorption or intercalation of alkali metal ions in a-
RuCl; leads to bandgap shrinkage with NIR absorption instead
of metallic transition in previous reports.”’~*> Considering that
most Mott insulators are studied to go through insulator-to-
metallic transition or even superconducting transition under
charge doping,”® the retention of the bandgap in RuCl, after
electron doping is characteristic. Due to the localization of
excess electrons in RuCly,”* it showed unusual bandgap
change.

The optical bandgap change in RuCl, is also different from
Burstein—Moss shift, which is the optical bandgap increase
resulting from the high degree of electron doping in
conventional semiconductors. When the conventional semi-
conductors are degenerated due to excessive electron doping,
the absorption edge is shifted toward the states within the
conduction band, resulting from the Fermi level shift. In
contrast, the electron doping of RuCl; does not accompany the
Fermi level change and leads to the bandgap reduction from
band structure change.

As a result, electron localization hosted in the 2D layered
Mott insulator RuCl; renders it to be a perfect system for
tuning the optical bandgap via ion intercalation. However, it is
difficult to demonstrate a device using alkali metal ion
intercalated a-RuCl; because of the instability of an alkali
metal ion in ambient atmospheric conditions.”” For the
synthesis of stable electron-doped @-RuCl;, we introduced
the intercalation of organic molecules into layered a-RuCl;.
With the thermodynamically favorable combination of a-RuCl,
with an intercalant (sometimes called guest molecule), the
tetramethylammonium ion (TMA®), the intercalation occurs
under mild heating in the ambient air. The (TMA") RuCly
superlattice had a stable structure for more than four months
and showed an optical absorption of NIR centered at 0.7 eV,
which was 500 meV lower than pristine absorption. The
dramatic reduction of the optical bandgap originates from the
distinct density of states (DOS) generated in the valence band
nearer to the Fermi level.

In this study, we successfully demonstrated the air-stable and
NIR photodetector of 1600 nm absorption, which was
forbidden in pristine a-RuCl; utilizing the (TMA'),RuCl,
superlattice as a channel material. Pristine a-RuCly as a
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channel material did not respond to the 1600 nm light source
because the optical absorption took place above 1 eV. In
contrast, the photodetector with the (TMA') RuCl; super-
lattice was stably operated under a 1600 nm light source. In
comparison with the pristine photodetector under 1100 nm
illumination, the intercalated photodetector under 1600 nm
light exhibited 50 times higher responsivity and three times
faster response time. Considering that optoelectronic devices
utilizing Mott insulators have been unsatisfactory due to low
photocurrent,”**’ the organic ion intercalation not only
changes the optical bandgap in a desirable way but also
enhances the optoelectronic properties.

RESULTS AND DISCUSSION

In general, Mott insulators have an energy gap called the
Mott—Hubbard (M—H) gap in the transition-metal d states
originating from the large Coulomb repulsion energy U
between two electrons. It leads to the splitting of d states
into a upper- and a lower-Hubbard band (UHB and LHB)
with an M—H gap across the Fermi level”' The exact
electronic structure of a-RuCly could be described considering
SOC as well as electron—electron repulsion (Figure S1,
Supporting Information). Under octahedral symmetry, 4d
states are split into higher energy e, and lower energy t,, states.
In general, 4d° transition-metal oxide or halide shows a t>,
low-spin configuration due to a sufficiently large crystal field.
When the moderate spin—orbit interaction is taken into
account, the t,, band is split into an effective total angular
momentum J, = 1/2 doublet and J,; = 3/2 quartet bands.”’ >
Despite the smaller value of the spin—orbit interaction
compared to that of 5d° Mott insulators,””** many of the
theoretical calculations or experimental results reported that
spin—orbit interaction in a-RuCl; is essential to explain its
electronic property.*>~>” Moreover, the less on-site electron—
electron repulsion U compared to the Mott insulator with 3d
electron configuration is sufficient to open a Mott gap in the J ¢
= 1/2 states, leading to the splitting of UHB and LHB across
the Fermi level.”" Since J.4 = 3/2 quartet band and LHB of J,¢
= 1/2 are fully occupied by five 4d electrons, @-RuCl; has an
insulating nature, as shown in Figure la. Typically, insulating
phases of Mott insulators are easily collapsed by charge doping,
which is called the metal-to-insulator transition (MIT). The
charge carrier doping into Mott insulators is one of the key
strategies for obtaining superconductors with high transition
temperziture.26’40’41
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Figure 2. Schematics and characterizations of the facile a-RuCl, intercalation. (a) Schematics of the chemical intercalation of @-RuCl,. (b)
Selected X-ray diffraction (XRD) spectra of the pristine a-RuCl; and (TMA"),RuCl; (left). The intercalated superlattice kept its structure for
more than four months (inset). The corresponding one-dimensional electron density along the c-axis (right). (c) Cross-sectional high-
resolution transmission electron microscopy (HRTEM) image comparison between the pristine RuCl; and (TMA*),RuCl; and the
corresponding fast Fourier transformation images with a scale bar of 2 nm. (d) Fourier transformation infrared spectroscopy (FT-IR)
spectra of pristine RuCl; and (TMA*),RuCl,. (e) Photoinduced force microscopy (PiFM) image of pristine RuCl; and (TMA*),RuCl, at
1482 cm™'. (TMA*),RuCl; has a higher PiFM signal due to the intercalation of the TMA" ion with a scale bar of 400 nm.

Conventionally, the consequences of doping for Mott
insulators can be explained by two scenarios. The first one is
the formation of “in-gap states”, as represented in Figure 1b.
Cai et al. tracked the electronic structure with increasing hole-
doping concentration of Bi,Sr, La,CuOg,s from insulating
phase to the superconducting regime.*” They discovered that
in-gap states emerged within the original gap of the parent
cuprates with a small doping concentration. As doping
concentration increased, the in-gap spectral weight was
increased and the gap between in-gap states became narrower
to 12 MeV. The second scenario is the shift of chemical
potential toward the conduction (valence) band upon electron
(hole) doping, as shown in Figure lc. Battisti et al. visualized
the evolution of the electronic states of electron-doped
(Sr_,La,),Ir0,.** In this case, the electron doping did not
change the Mott gap size until a certain threshold doping
concentration. When the threshold concentration was reached,
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the Fermi level was abruptly pinned closer to the bottom of the
UHB, leading to a metallic nature.

However, upon electron doping of a-RuCl; via intercalation,
the MIT transition was not observed, even with a substantial
degree of doping. There was an abrupt spectral weight transfer
in the valence band near the Fermi level as soon as the electron
was doped into the system, as presented in Figure 1d. The
position of the distinct DOS generated in the valence band
does not vary with the doping concentration. The portion of
the generated one increases while that of the original UHB is
suppressed. This phenomenon is interesting in that it does not
accompany a metallic transition. Instead, the optical absorption
peak shifts to lower energy and the peak position keeps along
with the doping concentration. Considering that cuprates
require ~5% of doping for superconducting transition,™ the
insulating property of a-RuCl; persists until an extraordinary
doping concentration.
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Figure 3. Optical property tuning via intercalation and the underlying band structure modification. (a) UV—vis absorption spectrum of
pristine and intercalated a-RuCl;. (b) Valence-band photoemission spectrum of pristine and intercalated RuCl,. (c) Scanning tunneling
microscopy (STM) constant current images of pristine (top) and intercalated (bottom) RuCl;. Each right figure is the blown-up image of the
rectangular region in the corresponding left figure. They are probed with a sample bias of 0.3 V. The lozenge in the right figure represents
the in-plane unit cell with the lattice parameter, 4, of 5.98 A and the blue solid dots indicate Ru ions in unit cell. (d) Scanning tunneling
spectroscopy (STS) spectra of pristine (black) and intercalated (red) RuCl,.

In this study, to explore the modification of optical
properties by intercalation, we used a few-layered single-
crystalline a-RuCly grown by a flux method. Synthesized a-
RuCl; exhibited a typical antiferromagnetic ordering transition
at Ty = 14 K, as in other studies,**" where Ty is the Néel
temperature (Figure S2). Then, the a-RuCl; crystal was
mechanically exfoliated on quartz or 300 nm SiO,/Si
substrates. @-RuCl; was intercalated with a TMA" ion with a
facile chemical intercalation method, as shown in Figure 2a.
The substrate containing exfoliated @-RuCl; was immersed in
the TMA'Br /propylene carbonate solution at 80 °C in
ambient air for a few hours (Figure S3). The spontaneous
intercalation of the TMA" ion into a-RuCly did not require
complicated experimental setups, as in electrochemical
intercalation. Moreover, unlike air-unstable alkali metal ion
intercalation, intercalation was conducted in ambient atmos-
pheric conditions. This facile intercalation of the alkylammo-
nium ion into a-RuCl; can be explained with the following
equations: a-RuCly + x(TMA*) + Br~ — (TMA"),RuCl,” +
'/,Br,,

Here, we suggest that the driving force of spontaneous
intercalation of TMA" ion into the a-RuCl; crystal is electron
donation from Br~ of TMA*Br~ to the surface of a-RuCl;,
similar to the n-type doping of WSe, reported in previous
reports that the Br™ ion in cetyltrimethylammonium bromide
(CTA'Br~) enabled electron injection.46 The molecular-
donated electron can be localized at transition-metal Ru**
surroundings and reduce transition-metal ions due to the Mott
insulating nature of a-RuCl;. The reduction of Ru’* is
exceptionally favorable because Ru®* centers have low spin,
diamagnetic d® character. The d° electron configuration has
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special stability, which originates from the ligand field
stabilization energy.’” Therefore, the spontaneous intercalation
of a TMA" ion into RuCl; is possible under mild conditions.
The intercalation of the TMA" ion was easier compared to
other alkylamines because of its short carbon chain length. The
tetraalkylammonium ion, whose alkyl group has more than an
ethyl chain, could not be used as a precursor for facile
intercalation of a-RuCl; due to kinetic reasons (not shown
here).

The XRD measurement showed that the interlayer distance
of RuCly was expanded from 5.6 t010.2 A after intercalation
(Figure 2b). The one-dimensional (1D) electron density map,
which was calculated from the XRD (00l) peaks, successfully
described the electron density of the TMA* ion between the a-
RuCl; slabs after intercalation. The intercalated superlattice
kept its structure even after four months in ambient air
conditions, indicating the superior stability of the superlattice.
Moreover, the (TMA"),RuCl; superlattice sustains its
structure when it is immersed in any polar solvents that are
usually used in device fabrication processes. Atomic force
microscopy (AFM) analysis confirmed the increment of the
height of the a-RuCl; flake after intercalation, which
corresponded well to the interlayer space change measured
by XRD (Figure S4). The increment of interlayer distance was
further confirmed by a cross-sectional image of pristine a-
RuCl; and the (TMA"),RuCl, superlattice by HRTEM shown
in Figure 2c. Fast Fourier transformation of both specimens
revealed that the interlayer distance of a-RuCl; increased from
5.8 A to 8.8 A by intercalation. Although the interlayer distance
after intercalation was not matched perfectly with the XRD and
AFM results due to the superlattice’s fragility to Ga and the
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Figure 4. Localized electron doping and electronic band structure modification induced by TMA" ion intercalation. (a) Ru 3d core level of
the pristine (upper) and intercalated (lower) RuCl; measured by XPS. Ru was reduced from Ru** (blue) to Ru®>* (red) due to electron
doping by TMA" ion intercalation. (b) Isosurface plots of the charge density difference for intercalated RuCl,. Yellow and blue isosurfaces
represent the excessive and deficient charge densities, respectively. The isosurface level is equal to 0.006 e/Bohr’. (c) Band structure and
total DOS of pristine @-RuCly and (d) (TMA"),RuCl; superlattice. (e¢) Computed orbital-resolved band structures of pristine a-RuCl,
(upper) and (TMA*),RuCl; superlattice (lower). Five Ru 4d orbitals are indicated by different colors.

electron beam, all the above analyses well reflect the increment
of the interlayer spacing of the RuCl; by TMA® ion
intercalation.

On the other hand, the existence of an intercalated TMA"*
ion was directly proved by Fourier transform infrared (FT-IR)
spectroscopy and photoinduced force microscopy (PiFM)
(Figure 2c and d).*® Before intercalation, pristine a-RuCl, did
not exhibit a discrete absorption peak in the 700—2000 cm ™"
range. However, the intercalated superlattice had characteristic
absorption peaks centered at 950 and 1483 cm™'. The
absorption peaks at 950 and 1483 cm™' corresponded to C—
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H bonds, as in the FT-IR spectrum of the TMA*Br~ salt
(Figure SS). The incorporation of a TMA' ion into the
superlattice could be spatially resolved by PiFM analysis when
the IR light of 1482 cm™" wavenumber was irradiated onto the
sample, as shown in Figure 2d and Figure S6. If the sample
absorbed light due to the molecular vibration, the thermal
expansion of the sample manifests and would be enhanced by
the tip-enhanced field, leading to a higher PiFM amplitude
called nano-IR absorption. Compared to the pristine a-RuCl;,
the intercalation superlattice had a higher nano-IR absorption
signal over the entire crystal region, which indicated the
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homogeneous intercalation of a TMA" ion into the a-RuCls.
The intercalated species was confirmed as a TMA" ion rather
than tetramethylamine by the N 1s spectra in the X-ray
photoelectron spectroscopy (XPS) result (Table S1).*

Having confirmed the homogeneous intercalation of a
TMA* ion into RuCl;, we now address the intercalation
effects on the optical properties of the (TMA") RuCl,
superlattice. Using ultraviolet—visible (UV—vis) spectroscopy,
we found that the intercalation of the TMA" ion drastically
altered the optical absorption of @-RuCl; as represented in
Figure 3a. Our measured UV—vis absorption spectrum of the
pristine @-RuCl, well agreed with previous reports.””*”*" For
the electronic structure of @-RuCl;, the valence-band
maximum band consisted of Ru 4d electrons.”* As shown in
Figure 3a, the strong absorption peak at 1.2 eV (A) was
assigned as interband transitions across the M—H gap, namely,
d’d> — d*d° (LHB — UHB). Excitation B centered at E = 2.1
eV could be associated with cubic crystal field splitting, which
is excitations into the e, states. Peak C originated from Cl 3p—
Ru 4d charge transfer excitations. The broad features of both
peaks reflect the pronounced dispersion of Cl 3p bands.”" After
intercalation, the strong absorption peak A completely
vanished, while an absorption peak a centered at 0.69 eV
was developed. When the degree of intercalation was
reasonably controlled by varying the immersion time, the
absorption peak of pristine a-RuCl; was gradually decreased,
while the generated absorption peak by intercalation increased
instead (Figure 3a inset and Figure S7). It is worthy to note
that the position of the peak a is invariant with the degree of
intercalation and the Mott gap did not collapse during the
whole intercalation process.

To study the reduction of the optical bandgap after
intercalation, the DOS in the valence bands of pristine a-
RuCly and the (TMA*),RuCl; superlattice were analyzed by
ultraviolet photoelectron spectroscopy (UPS). As presented in
Figure 3b, the UPS spectrum of the pristine a-RuCl; shows the
strong peak (P) centered at ~1.5S €V and the onset of the
valence band at ~0.75 eV. The strong peak corresponds to Ru
ty, antibonding LHB, in agreement with previous reports.”**
After intercalation, the peak centered at ~1.15 eV (I) appears
and the onset of the valence band shifted to the Fermi level
with ~0.25 eV, which is indicated by the green arrow,
suggesting the generation of a distinct DOS within the
bandgap after intercalation. Because UPS analysis only
provided information about the valence band, we conducted
STM and spectroscopy (STS) measurements to understand
the effect of intercalation on the conduction band as well.

The representative STM images of both pristine a-RuCl;
and the (TMA'),RuCl; superlattice shown in Figure 3c
revealed a well-ordered layered structure (left figures) and a
hexagonal lattice with the same in-plane lattice constant value
of 598 A (right figures). In the corresponding STS spectra
measured on the two sample surfaces (right figures in Figure
3c); however, a dramatic change of local density of states
(LDOS) in the valence band was observed (Figure 3d). The
peak at ~—1.0 eV was assigned as the valence-band maximum
(VBM) of the pristine a-RuCly, while the intercalated
superlattice had the VBM at ~—0.4 eV. On the other hand,
the position of the conduction band minimum (CBM) had
negligible change after the intercalation (~0.5 eV), although
the LDOS of CBM was decreased after the intercalation. The
origin of the DOS in the valence band was presumably related
to the decreased DOS in the conduction band. As a result, the

Mott excitation of d°d®> — d*d® (LHB — UHB, 1.2 eV) was
suppressed and the charge fluctuation by doping, d°d® — d°d°
dominantly led to the reduction of optical bandgap (0.69 eV)
after intercalation.”*

To understand the origin of the electronic structure change
behind the optical property change, we conducted XPS and
density functional theory (DFT) calculations for pristine and
intercalated RuCl;. The electron donation from the Br™ ion to
pristine RuCl; reduced the electronic state of RuCl; from
Ru**(4d%) to Ru**(4d°®), which was supported by XPS spectra
of the Ru 3d states. Before intercalation, the Ru 3d spectra
showed mostly the Ru®" state with negligible Ru** state (Figure
4a). After intercalation, the intensity of Ru’" ds/, and dj,
peaks largely decreased, while that of Ru*" increased instead.
On the other hand, the intensity of the C 1s peak (C—N)
apparently increased after intercalation because the guest
molecule contained carbon atoms. The appearance of the N 1s
peak and no binding energy shift of the Cl 2p level after the
intercalation process confirmed the successful TMA" inter-
calation and localized electron doping at the transition metal
site (Figure S8). When one molecule of TMA" was inserted
into RuCl; slabs, one electron transferred from Br~ to RuCl;.
As a result, the effective doping concentration could be
calculated from a comparison of the atomic ratio between Ru
and N, obtained from XPS analyses. While pristine a-RuCly
contained no N atom, as in Table Sl, the intercalated
superlattice had 40% of N compared to the Ru atom. The
change in the relative atomic ratio between Ru and CI was
negligible (~3.0) after intercalation. Therefore, the effective
electron doping via TMA" ion intercalation could be inferred
as 1.6 e per each RuCl; unit cell.

The electron doping of a-RuCl; was further confirmed by
the change of magnetic property after intercalation. Before
intercalation, a-RuCl; featured an antiferromagnetic order
under Ty = 14 K. However, the intercalated RuCl; showed
paramagnetic behavior with depressed magnetic moment
(Figure S9). Because the 4d° electron configuration of Ru**
is reduced to a 4d° state with a magnetic nonactive state for
roughly 40% of the Ru®* centers, the long-range magnetic
order is disturbed by charge doping in the Ru ion. Therefore,
the intercalated superlattice showed a paramagnetic property,
where magnetic susceptibility decayed with increasing temper-
ature with no magnetic transition. A similar magnetic change
has been reported in Li intercalated in a-RuCl; >

We performed vdW-corrected DFT calculations to under-
stand the origin of the electronic and optical property changes
upon intercalation in RuCl;. To mimic TMA" intercalation
between RuCl; layers, we added one excessive electron on each
TMA* ion and introduced two TMA? ions in the unit cell to
represent 50% doping concentration. We first analyzed the
charge density difference for intercalated RuCl; to observe the
transfer of an additional electron from the TMA® ion to RuCl,
as shown in Figure 4b. To do this, we aligned the Cartesian
axes to Ru—Cl bonds in the RuCly octahedron. We can clearly
see additional electron transfer from the TMA? ion to the the
state of the Ru 4d orbital showing reduction of the Ru ion as
we expected. In addition, we found that the bandgap decreases
due to generation of distinct states introduced by intercalation
of the TMA® ion near the Fermi level, as shown in Figure 4c
and d. In the right panels of Figure 4c and d, one can notice
that the DOS of the CBM level decreases while the distinct
states are generated in the VBM levels, and this result is in
good agreement with our STS measurement. In particular, as
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Figure S. Photoresponse under visible and NIR range illumination for the pristine RuCl; and (TMA*),RuCl; photodetector. (a) Schematic
diagram of the pristine and intercalated RuCl; photodetector under laser illumination. (b) Photoswitching characteristics of the pristine a-
RuCl; under modulation of the incident light power (A = 1100 nm, 180 K) and (c) (TMA*),RuCl, photodetector under modulation of the
incident light power (4 = 1600 nm, 180 K). (d) Temporal current response of the pristine @-RuCl; and the intercalated (TMA*),RuCl,
photodetector with a rise and decay time of <25 ms and <8 ms, respectively.

shown in Figure 4e, the number of unoccupied Ru 4d,, and
4d,, states in the CBM level are significantly reduced by
intercalation. This suggests that the unoccupied Ru 4d,, and
4d,, states in the CBM level become occupied by intercalation.
Due to this stabilization of the unoccupied Ru 4d t,, states
caused by the electron transfer, the computed bandgap (0.541
eV) becomes smaller than that of pristine RuCly (0.871 eV),
which is in good agreement with our experiment.

To analyze the effect of localized charge doping in the Mott
insulator RuCl;, the photoresponse using pristine RuCl; and
the (TMA'),RuCl, superlattice as channel materials was
evaluated under 1100 nm (1.12 eV) and 1600 nm (0.77 eV)
laser illumination, respectively, at 180 K. The intercalated two-
terminal device was prepared by immersing the pristine device
in the TMA'Br™/PC solution. The intercalation time was
carefully controlled so as not to deteriorate the contact with
the Cr/Au metal electrodes. Both pristine and intercalated
devices showed linear and symmetric I4,—Vy, curves, indicating
an ohmic-like contact (Figure S10). After intercalation, the
resistance decreased slightly, but the insulating behavior was
kept, which was inferred from the temperature-resistance
measurement (Figure S11). The intercalation of RuCl; was
easily detected by the color change of a RuCl, flake through an
optical microscope (Figure S12).

Since pristine RuCl; had an optical absorption above 1 eV,
the photoresponse of the photodetector was measured at 1100
nm illumination (1.12 eV). The photocurrent increased upon
turning on the incident laser and decayed upon turning off the
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light (Figure Sb). The typical rise and decay times for the
response were characterized as <25 ms (Figure Sd, upper
panels). With higher incident laser powers, the photocurrent
increased without exceeding 1 nA. The responsivity (R) was
acquired from the photocurrent (I,;) at 100 #W illumination
and calculated as 4.2 X 107° A/W. Responsivity was calculated
by the equation R = I,,/P where P is the power of the incident
light. On the other hand, under 1600 nm illumination (0.77
eV), the photodetector made of pristine RuCl; showed no
difference between the dark and illuminated states (I,,)
(Figure S13).

In contrast, after intercalation, the device represented a
photoresponse at 1600 nm attributed to the change in optical
absorption. Figure Sc displayed the time-dependent photo-
response of the device under various laser powers. With
increasing power, the photocurrent was increased monotoni-
cally to ~20 nA. The responsivity (R) of the device was
calculated to be 1.0 X 107* A/W, which showed 50 times
higher responsivity than that of the pristine one with the same
irradiation power density. The response time was 3 times faster
than that of the pristine one, which showed a rise and decay
time of <8 ms. By fitting the I}, and laser power with a simple
power law, I, ~ P“ the fitting parameter a was deduced to be
~0.99 (Figure S14). Because a was close to 1, the origin of the
photocurrent in the intercalated superlattice was inferred to be
not from defect states.” It should be noted that the mild
doping method via intercalation introduced negligible defects
into RuCl,.
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Many Mott insulators, including undoped cuprates such as
YBa,Cu;0¢ La,CuO, and Nd,CuO,, showed ultrafast
relaxation and recombination compared to usual semi-
conductors with similar bandgaps,”* which was investigated
with femtosecond pump—probe spectroscopy.””*>*® It can be
explained by a strongly bound state called a holon—doublon
cluster (HDC, like an exciton) caused by spin—spin interaction
as well as the direct Coulomb interaction.”” Since the
formation of HDCs suppressed the photogenerated carrier
diffusion along the source—drain bias, it is difficult to extract
the carrier from the HDC. Therefore, the external quantum
efficiency of the pristine RuCl; photodetector was sacrificed.

In contrast to the typical Mott insulator, which can derive
MIT from carrier doping, the (TMA*), RuCl; superlattice still
sustains its insulating phase after enough electron doping
through intercalation. Therefore, we should understand the
large improvement of the photoresponse after interaction in a-
RuCl; under the Mott insulator regime. For the electron-doped
(TMA*),RuCl; superlattice, we believe the improvement of
the photoresponse compared to pristine RuCl; is due to
enhanced effective electron number, reduction of the carrier
hopping barrier energy, and successful hindrance for
generation of HDCs by the electron-doped Ru®' site after
intercalation.”® However, clear elucidation of enhanced
photoresponse in the doped Mott insulator RuCl; should be
further studied.

CONCLUSION

In summary, we suggested an approach to engineer the
bandgap using charge doping in a layered Mott insulator, a-
RuCl;. In contrast to conventional layered semiconductors, the
excessive carrier doping in a-RuCl; did not lead to metallic
transition, which instead leads to effective bandgap reduction.

As a layered Mott insulator, the optical absorption of a-
RuCl; was altered via a facile and spontaneous intercalation
method. With organic ion (TMA") intercalation, the
intercalation superlattice showed exceptional stability in the
ambient air (more than four months), unlike in the
intercalation of an alkali metal ion. Due to localized electron
transfer during intercalation, the optical absorption peak of a-
RuCl; was changed from 1.2 eV to 0.7 eV. Surprisingly, the
reduced optical bandgap was independent of the relative
composition of (TMA®),. The change in optical absorption
was mainly attributed to the distinct DOS generated in the
valence band with negligible shift of the conduction band.

To further prove optoelectronic properties enhancement via
intercalation, the demonstration of photodetectors using
pristine RuCl; and the (TMA*),RuCl; superlattice as channel
materials was conducted. As pristine RuCl; commenced to
absorb light from 1 eV, the pristine photodetector had no
photoresponse at 1600 nm laser (0.77 €V). At 1100 nm
illumination (1.12 eV), it showed 42 X 107 A/W of
photoresponsivity and 25 ms of response time. With a bandgap
shift to 0.7 eV via intercalation, the photodetector using the
(TMA"),RuCl; superlattice showed a stable photoresponse in
the NIR range. The photoresponsivity was calculated to be 1.0
X 107* A/W with 8 ms of typical response time, which showed
50 times higher responsivity and 3 times faster response time
than those of pristine photodetectors. The relatively fast
response time (<8 ms) of intercalated photodetectors
suggested that the photocurrent mainly resulted from the
band-to-band transition, not from the bolometric effects or
trap states.

This stable and effective method of bandgap engineering
using intercalation of layered Mott insulators could help to
overcome disadvantage of optoelectronic properties in the
Mott insulator. Moreover, charge doping to Mott insulators
through intercalation suggested this study can be very useful
without generation of crystalline defects in host materials for
not only development of optoelectronic device but also
realization of theoretically predicted high-temperature super-
conductivity, quantum spin liquids, and Majorana fer-
mions,””~®" which would further contribute to future quantum
devices.

EXPERIMENTAL METHODS

Chemical Vapor Transport Growth of Single-Crystalline a-
RuCl;. First, RuCl; (Sigma-Aldrich, Ru contents 45—55%) was sealed
with a quartz ampule under vacuum (pressure ~107° Torr) and
annealed at 500 °C for 48 h. Then we resealed about 1 g of the above
annealed RuCl; as a starting precursor under vacuum in a silica
ampule with an inner/outer diameter of 12.5/13.75 mm and a length
of 120 mm. For the vapor transport growth, the ampule was put
horizontally into a single-zone tube furnace, and we ramped up the
temperature of the hot end, where RuCl; was located, in the ampule
to 700 °C for 12 h, where it was kept for 7 days and cooled to room
temperature for 12 h. a-RuCl; crystals were typically formed at the
cold end of the ampule with a temperature of 670 °C.

Device Fabrication. Cr/Au (10/30 nm) patterned electrodes
were deposited on a 300 nm SiO,/Si substrate by an e-beam
evaporator. The mechanically exfoliated a-RuCl; with an 80—100 nm
height was positioned on the prepatterned electrodes.

Intercalation. The facile intercalation of a-RuCl; was done in
ambient air conditions. The mechanically exfoliated flakes on different
substrates or the gold-contacted a-RuCl; device were immersed in a
saturated tetramethylammonium bromide solution in propylene
carbonate. The solution was heated to 90—120 °C for 2—5 h
depending on the substrate. Then, the exfoliated flakes or devices
were rinsed with acetone and IPA, followed by N, blowing.

Characterization. Laboratory-based XRD equipment (Smartlab,
Rigaku) was used for interlayer distance calculation and one-
dimensional electron density analysis. The relationship between the
structure factor and electron density is explained in the Supporting
Information.

AFM equipment (Innova-Labram HR800) was used to measure
the thickness of pristine RuCl; and intercalated RuCl;. The cross-
sectional samples were prepared by a focused ion beam (FIB, FEI
Helios NanoLab 450) to observe interlayer spacing change after
intercalation. Then, HR-TEM images were obtained using a FEI
Titan® G2 60-300 operating at 200 kV.

The UV—vis absorption spectrum was measured in the wavelength
range 300—3000 nm using an integrating sphere spectrometer
(Lambda 1050) at KARA (KAIST Analysis Center for Research
Advancement). A 2.5 cm X 2.5 cm quartz substrate was used as a
reference, and mechanically exfoliated a-RuCl; on a quartz substrate
was used as a pristine sample. For the intercalation sample, the
pristine sample was immersed in a TMABr~/PC solution for a few
hours and rinsed with acetone and IPA, followed by N, blowing.

The STM and spectroscopy (Unisoku Co., USM 1300) experi-
ments were carried out using low-temperature STM in an ultra-high-
vacuum chamber, whose base pressure was below 1 X 107'° Torr.
Pristine or intercalated RuCl; crystals were loaded into the STM
chamber and quenched down to ~78 K for the STM and
spectroscopy measurements. A Pt—Ir alloy probe tip was used to
measure the STM.

PiFM measurements were carried out by the VistaScope from
Molecular Vista Inc. (San Jose, CA, USA), which was coupled to a
Laser Tune QCL system from Block Engineering with a tuning range
from 750 to 1900 cm™" and a wavenumber resolution of 1 cm™". The
40 ns pulsed beam was side-illuminated at a 40 degree angle from the
sample surface by a parabolic mirror, which has a numerical aperture
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(NA) of around 0.4. The average illumination power of the QCL
source is approximately 2 mW with a 24 diameter focal spot. The
microscope was operated in noncontact/tapping mode with a PDMS-
less gold-coated Si cantilever obtained from NCH-Au PiFM at
Molecular Vista Inc. The 40 ns pulsed QCL beam was modulated at
fm = 1.82 MHz (= f; + f,) by tuning its repetition rate to the sum
frequency of the cantilever’s first and second eigenmodes, f; and f,.
The free oscillating noncontact/tapping amplitude was typically
around 2 nm at the second eigenmode of the cantilever (typically
around 1.57 MHz), and the PiFM amplitude was demodulated at the
fundamental resonance (typically around 250 kHz).

Pristine and intercalated RuCl; crystals were opened in a glovebox
filled with Ar gas and transferred into an XPS/UPS adaptable sample-
transfer-vessel to prevent surface reaction with air. The Ar-filled vessel
was connected to the system and pumped down before loading
samples into the system. XPS and UPS measurements were performed
using a PHIS000 Versa Probe II (Ulvac-PHI). The base pressure was
below 3 x 107! Torr. A monochromatic Al Ka source (1486.6 V)
and windowless He discharge light source with He(I) emission at 21.2
eV were used as light sources for XPS and UPS, respectively. The
binding energy scale for XPS was calibrated using sputtered Au, Ag,
and Cu films based on ISO 15472. The spectrometer work function
for UPS was monitored by measuring the Fermi level with a sputtered
Au sample.

To estimate transport characteristics, the devices were biased by a
Keithley 4200 semiconductor parameter analyzer system. The low-
temperature measurements were performed in a cryostation sS0
(Montana Instruments). For photoresponse-characteristic investiga-
tions, a supercontinuum laser source (Fianium) and SP2150
monochromator (Teledyne Prinston Instruments) were used as a
light source. An SHOS shutter (Thorlabs) was used for systematic
control of light.

Computational Details. We performed first-principles DFT
calculations within the generalized gradient approximations of
Perdew, Burke, and Ernzerhof (PBE).”> We used a plane-wave basis
and projector augmented-wave (PAW)**** pseudopotentials with the
Vienna ab initio Simulation Package (VASP) c0de.”7% To include
the effect of the van der Waals dispersive interactions on structural
properties, we performed structural relaxations with Grimme’s D3
method® as implemented in VASP. SOC effects were included self-
consistently during all electronic and structural relaxations. The initial
crystal (monoclinic C2/m) and magnetic (zigzag antiferromagnetic)
structures of a@-RuCl; we consider here were obtained from a previous
experimental study.” For intercalated RuCl;, we removed one RuCl,
layer and added two TMA molecules in the 1 X 1 X 2 supercell. The
effective Hubbard U,g(U—]) of 2.0 eV was chosen on the basis of the
previous DFT study.”’ For all calculations, we used (i) a 5 X 3 X 5 k-
point grid for pristine RuCly; and a 5 X 3 X 3 k-point grid for
intercalated RuCly and (ii) a SO0 eV plane-wave cutoff energy. We
explicitly treated 14 valence electrons for Ru (4p°4d’Ss"), seven for Cl
(3s%3p%), five for N (2s*2p*), four for C (2s?2p?), and one for H(1s").
All structural relaxations are performed with a Gaussian smearing of
0.05 eV.”! The ions are relaxed until the Hellmann—Feynman forces
were less than 0.01 eV A™!. We also optimized the unit cell volumes.
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