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ABSTRACT

Room temperature van der Waals ferroelectric materials whose ferroelectricity may survive down to atomic layer limit are highly desirable
for device miniaturization. In this article, we present the optically active reconfigurable room temperature rectification in a recently predicted
ferroelectric van der Waals material NbOI,. NbOI, devices with a thin (~17-unit cells) single crystalline channel and inert graphite
electrodes were assembled into two-terminal devices which showed >100 x photoresponse to 405nm laser. By DC poling on a 1-um-
channel NbOI, device, the photocurrent changed from symmetric to single-Schottky-diode type. The polarity of such rectification can be
switched back and forth by DC poling along opposite directions. Such reconfigurability evidences the existence of in-plane room temperature
ferroelectricity in thin NbOI, and its potential in nonvolatile optoneuromorphic computing and nonvolatile technologies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052941

Innovations in materials provide a strong impetus in the develop-
ment of nonvolatile electronic devices and the extension of Moore’s
law at large, specifically device miniaturization, high operation speed
and reliability, reduction in energy consumption, etc. The depolariza-
tion field of conventional ferroelectrics remains a major challenge for
the miniaturization of ferroelectric memory devices."” The use of lay-
ered ferroelectrics beyond perovskite oxides not only enables robust
ferroelectricity down to a few-atomic-layers limit, but also triggers
innovative device architectures, such as ferroelectric semiconductor
field effect transistor.” On the other hand, the integration of optically
active materials (e.g., semiconductors or organic dyes) into integrated
circuits could potentially alleviate technical issues, such as crosstalk,
resistor—capacitor delay, and Joule heating, by utilizing photons as
another information carrier, as witnessed by the recent demonstra-
tions of artificial synapse or optoelectronic logic enabled by optically
modulated Schottky barriers.””

The search for van der Waals (vdW) ferroelectric semiconductors
with ferroelectric ordering, even in atomically thin layers, being opti-
cally active within the visible regime and high Curie temperature has
identified a handful of candidates, mainly among chalcogenides, e.g.,
o-In,Ses, group-IV monochalcogenide (GeS, SnTe, SnS, and SnSe),
1T-MoS, monolayers, etc.”* '’ Very recently, a family of vdW oxyha-
lides NbOX, (X=Cl, Br, I) was predicted to be ferroelectric with
spontaneous polarization ~20 uC cm™ >, optical bandgap 1.6-1.9eV,
and potentially above-room temperature ferroelectric ordering down

to monolayer limit.'' Not only oxyhalides may inherit the chemical
abundance and the ease of fabrication from the oxide nature, but also
their split-anion composition can render interesting symmetry-
induced physical phenomena beyond ferroelectricity.'” Despite the
synthesis of bulk NbOX, in the 1960s, the experimental study on their
electronic or optical properties has remained absent.” "

Here, we report the optically active and electric-field switchable
Schottky barriers in ultrathin vdW NbOI,. We present the observation
of switchable rectification in double-Schottky-diode devices upon elec-
tric field poling. The switching is attributed to the modulation of
Schottky barrier heights by interface dipoles, evidencing the room
temperature in-plane ferroelectricity in thin NbOI, sheet.

At room temperature, NbOI, crystallizes into a monoclinic
phase, with a=7.52A, b=3924A, c=15.036A, and f=103.3°,
assigned to a space group C2 [Fig. 1(a)]."* The Nb-O-I octahedra
show both edge-sharing and corner-sharing co-ordinations and are
separated by a vdW gap of ~3 A parallel to (001)."" Although the fer-
roelectricity in NbOI, was not experimentally verified in earlier works,
the polar phase by a recent theoretical study turns out highly consis-
tent with the room temperature structure obtained from early x-ray
diffraction (XRD) studies.""** Calculated phonon spectrum of NbOX,
indicates that the ferroelectric ordering along b axis stems from the
displacement of Nb, as shown by the orange arrow in Fig. 1(a) right
sketch.'" The crystal structures of NbOX, and their alloyed phases are
supposed to be similar to NbOL."" In this work, NbOI, bulk crystals

Appl. Phys. Lett. 119, 033103 (2021); doi: 10.1063/5.0052941
Published under an exclusive license by AIP Publishing

119, 033103-1


https://doi.org/10.1063/5.0052941
https://doi.org/10.1063/5.0052941
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0052941
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0052941&domain=pdf&date_stamp=2021-07-21
https://orcid.org/0000-0002-1258-933X
https://orcid.org/0000-0002-0026-0625
https://orcid.org/0000-0003-0925-4309
https://orcid.org/0000-0003-2115-2225
mailto:shij4@rpi.edu
https://doi.org/10.1063/5.0052941
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

scitation.org/journal/apl

c) (006)
(004) (008)
1002
g ] 011
‘9 ot (-204)(202)
£
10 20 30 40 50
20 (deg.)
d) Si
2 ‘
g | \“ ‘)A\‘
E /.‘.w«»«"\— ﬁ?ﬂ_ﬁll%st/ et “M‘“W»
[ Bulk

100 200

300 400 500 600
Raman Shift (cm1)

700 800

FIG. 1. Structure and characterizations of NbOl, single crystals. (a) Structure of NbOl, in room temperature monoclinic phase. The polar displacement of Nb is highlighted by
the orange arrow. (b) Optical images of exfoliated NbOl, nanosheets. The three images are under the same magnification. (c) XRD of ground NbOI, bulk crystals. (d) Raman
spectra from NbOI, bulk crystals and nanosheets. The peak at ~524 cm™" is from silicon substrate. The three peaks at 209, 273, and 611 cm™~" are from NbOL,.

were synthesized by a chemical vapor transport method (see
“Methods” in the supplementary material). As-synthesized NbOI,
bulk crystals are ~1mm in size, showing a black color and shiny
facets, consistent with previous reports.”” Energy-dispersive x-ray
spectroscopy (EDX) analysis also indicates a Nb:I = 1:2 atomic ratio.
As expected, the crystals can be easily exfoliated by scotch tapes and
transferred onto various substrates with their optical images shown in
Fig. 1(b). The rainbow-like colors on the flakes or their edges indicate
the formation of terrace structure, consistent with the cracking of lay-
ered materials during exfoliation. In some cases, gray and semi-
transparent layers can be observed on the edges of exfoliated crystals,
as shown in Fig. 1(b), lower-right, and supplementary material Fig. S1.
The exfoliated crystals showed no observable degradation after expos-
ing to ambient condition for a few weeks. Based on atomic force
microscopy (AFM) in Fig. S1, the smallest thickness we can obtain is
~4.5nm, which can be assigned to three layers of unit cells. XRD on
ground NbOI, crystals is shown in Fig. 1(c) and turns out highly con-
sistent with the structure reported earlier."” The strong (002n) peaks
indicate that the crystals prefer to distribute with the vdW planes ori-
ented horizontally even after grinding. The Raman spectra of NbOI,
bulk crystal and nanosheets transferred to a Si substrate are shown in
Fig. 1(d) (see “Methods” in the supplementary material). In both cases,
three Raman peaks can be observed at 209, 273, and 611 cm L
Although a theoretical reference on the Raman spectrum of NbOX, is
still lacking, the observed peaks cannot be assigned to either Nb,Os or
NbO,.'*"” Nevertheless, the two sharp peaks at 209 and 273 cm ™" are
energetically close to the Raman peaks observed in Nb,Os, which are
assigned to the vibration of the whole Nb-O octahedron.'® Therefore,
the structural and optical studies so far have confirmed the synthesis
of phase-pure NbOL,.

For transport and optoelectronic studies, exfoliated NbOI, and
graphite were assembled into two-channel planar devices (see
“Methods” in the supplementary material). Here, exfoliated graphite
sheets were used as electrodes for their chemical stability and mechani-
cal flexibility. The optical image and a sketch of device 1 are shown in

Figs. 2(a) and 2(b), respectively. Here, a rectangular NbOI, crystal was
transferred onto the top of two graphite (Gr.) sheets, yielding a chan-
nel length of ~25 yum and width of ~8 um. The dark and photocur-
rent (illuminated by fluorescent lamps, ~10 Wm ™ ?) of device 1 are
compared in Fig. 2(c). Despite a ~30-fold increase in current upon
illumination, the line shape of the two curves is rather similar. A
change in the slope of I-V curves can be observed around +1.5V bias,
which is an indicative of a possible change in conduction mechanism.

In general, the electron emission through a single Schottky bar-
rier with a bias-dependent permittivity of insulator yields

a®p V@E/ne;
b

J=A"T?e ®Te T (1)

where ] is the current density, E is the electric field intensity defined as
the voltage applied to the device divided by the distance between elec-
trodes, A" is the Richardson constant, g is the elementary charge, kg is
the Boltzmann constant, ¢; is the insulator dynamic permittivity, and
@y is the Schottky barrier height.”” When the Schottky emission domi-
nates, one would expect a straight line in a log|I| — m plot. In the
presence of trap states, space-charge-limited (SCL) conduction would
dominate, yielding I o< V", where n>1 (n=1 indicates Ohmic con-
tact). Therefore, if SCL conduction dominates, a log|I| — |V| plot
would yield a straight line with its slope n >1. The photocurrent given
in Fig. 2(c) is replotted as Figs. 2(d) and 2(e) so as to verify the possible
Schottky or SCL conduction. The log|I| — | V| plot in Fig. 2(d) mostly
falls onto different straight lines, indicating that the conduction with
—5to 0V and 0 to +2.5V is dominated by trap filling processes (i.e.,
SCL). When bias exceeds ~+2.5V, the log|I| — /|V| re-plot yields a
straight line, indicating the strong Schottky emission in this regime.
Such SCL-dominated conduction in low bias regime and transition to
other mechanisms at high bias regime are common in oxide ferroelec-
trics.”" The Ohmic contact between metal and vdW semiconductor is
rather challenging to achieve due to the presence of vdW gap, the high
structural anisotropy, and the possible formation of interface defects
or Fermi level pinning.”” In device 1, since the dimension of the
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FIG. 2. Transport characteristics and photoresponse of NbOI, device 1. (a) and (b) Optical image and structure sketch of device 1. (c) I-V curves of NbOI, device 1 measured
in the dark or illuminated by ~10Wm~2 lamp light. (d) Re-plot of the photocurrent of device 1 using log|/| — |V|. (e) Re-plot of the photocurrent of device 1 using

logl!| — \/|VI.

graphite-NbOI, interfaces is comparable to that of the channel, the
channel resistance might become comparable to those from the inter-
faces. In this regard, the origin of the trap states observed in the low
bias regime of device 1 becomes hard to identify. In the presence of
interface trap states, light illumination introduces mobile carriers and
might change the Schottky barrier height.”’ In device 1, however, the
similar slope of the I-V curves of photo and dark currents when bias
is above +3V indicates the similar Schottky barrier heights in these
two scenarios and can possibly exclude the interface traps as the main
origin of the trap states in device 1.

To probe the ferroelectricity, NbOI, microcrystals were pressed
into a ceramic pellet (diameter 6.35 mm and thickness ~0.1 mm). By
applying the double wave method, a P-E loop was obtained, yielding
remnant polarization ~50 uC/cm?, qualitatively consistent with pre-
diction (see “Methods,” Fig. S3, and supplementary material note 1 for
details)."" Due to the fundamental challenge in measuring the P-E
hysteresis loop of lateral nanosheet devices (dominant capacitance is
parasitic since most electric fields do not pass through the device, see
the supplementary material note 2 for details), the ferroelectricity of
the channel material is often probed indirectly by monitoring the
change of Schottky barrier heights upon electric poling.”**” Briefly, the
bound charge at the surface of a properly poled in-plane ferroelectric
material would contribute to electric displacement, change the barrier
height at metal-ferroelectric interfaces, and, in turn, adjust the I-V
rectification of the device. Therefore, we fabricated the device 2 with a
much shorter channel, Fig. 3(a). Based on the color of the exfoliated
NbOL, nanosheets transferred onto SiO,/Si wafer (Fig. S1), the thick-
ness of the NbOI, crystal in device 2 is 20-30 nm, corresponding to
13-20-unit cells. In device 2, the two graphite electrodes are on top

and beneath the NbOI, nanosheets, and a narrow channel is inten-
tionally introduced so that (i) the channel length can be reduced to
~1 pm, and potential breakdown of the air gap between electrodes can
be avoided; (ii) the electrodes surrounding both top and bottom surfa-
ces and the edges of the NbOI, nanosheet provide sufficient screening
charges; and (iii) the reduction in channel length and channel resis-
tance facilitates the exploration of the potential in-plane ferroelectricity
and the conduction mechanism in NbOI,.

The photoresponse transient of device 2 is shown in Fig. 3(b).
When a —5V bias was applied, the current increased by 130 fold
when the channel region was illuminated (405 nm diode laser, 5 mW,
spot diameter ~2 mm, unfocused). Both rise and fall current transients
can be captured by the following bi-exponential model:

t—ty

() =1 +Lhe = +hLe =, Q)

where I, indicates a constant background current. The increment
from photocurrent is decomposed into two parts with their prefactors
I, and I,. The time constants are indicated by 7; and 7, respectively.
As compared in Fig. 3(b), the instant response in rise/fall of photocur-
rent is dominated by time constants 043 and 0.47 s, respectively.
Following this instant response, the rise/fall transients are dominated
by two longer time constants, 10.53 and 4.65 s, respectively. Similar bi-
exponential profiles were observed in device 1 except that the time
constants are much longer [Fig. S2(b)]. The short- and long-time con-
stants can be ascribed to the carrier extraction near electrodes and the
carrier drifting inside the channel, respectively. The long-time con-
stants might partly come from the intrinsic electronic band structure
of NbOI,, which carries a complex optical transitions and carrier
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FIG. 3. Photoresponse of device 2. (a) Near symmetric and linear dark current of device 2. The insets show the optical image and structure of the device. The channel length

is ~1 um. (b) Photoresponse transient under —5V bias.

relaxations (see the supplementary material note 3 for details)."' The
bi-exponential decay of photoconductivity may be suitable for emulat-
ing the spike-timing-dependent plasticity of biological synapse with a
potential application in photonic synaptic devices.” The arguably
symmetry-induced slow photoconductivity transient also offers higher
controllability and repeatability in device design/fabrication compared
to extrinsically induced modulations.

The photocurrent of device 2 (illuminated by 405 nm diode laser,
5 mW, spot diameter ~2mm, unfocused) turns out nonlinear but
symmetric, Fig. 4(a), which is completely different from the near-
linear dark I-V response shown in Fig. 3(a). The current from two
back-to-back symmetric Schottky diodes with a negligible channel
resistance yields

inh eV
<I>B) SN 2ks T

o Axg2 _ b
J=A'T exp( N N 3)
cos 2nkpgT

kgT

where 7 represents the ideality factor of Schottky barrier, and other
parameters carry the same meanings as in Eq. (1).”° As shown in the
inset of Fig. 4(a), the photocurrent (hereafter named stage 1) can be fit-
ted using Eq. (3), yielding an ideality factor of n=1.068, rather close
to unity. It should be noted that fitting using Eq. (3) cannot provide
the exact barrier height. Therefore, when illuminated, the channel
resistance of device 2 is reduced significantly such that the I-V charac-
teristics become dominated by the Schottky barriers at interfaces alone.
By temperature-dependent I-V measurements using the ceramic pellet
device, the Cu-NbOI, Schottky barrier height is estimated to be
~0.85V (details are in Fig. S6 and supplementary material note 4).

To verify the re-configurability of interfacial Schottky barriers,
device 2 was poled by +20V for 10 min in the dark (nominal electric
field intensity ~200 kV cm ™), yielding stage 2 shown by the orange
curve in Fig. 4(b). Interestingly, the photocurrent of stage 2 is highly
asymmetric with a knee voltage around +2.2 V, highly similar to that
from a single Schottky diode. In addition, the photocurrent of stage 2
at +3V bias is about ten times that of stage 1 under the same bias,
while the photocurrent in the reverse-biased cycles of stages 1 and 2 is

similar. When device 2 was poled by —20V for 10min in the dark
[yielding stage 3, shown by the aquamarine curve in Fig. 4(b)], the I-V
curve inherits the line shape from stage 2 except the opposite polarity.
Again, the I-V curve of stage 3 highly resembles that from a single
Schottky diode with a knee voltage ~—1.6 V. As shown in Fig. 4(c),
after re-plotting the photocurrent in stage 2 as log|I| — VIV (based
on Schottky emission, the main plot) or log|I| — | V| (based on SCL
conduction, the inset), the I-V characteristics of the reverse-biased
region and +2 to +3V region can be captured by the Schottky emis-
sion mechanism because these two parts fall precisely onto the
straight-dashed lines drawn in the main plot. For 0 to +1V, the SCL
re-plot yields a straight line, indicating a trap filling in this region. The
+1 to +2V part, covering to knee voltage or the “turn on process,”
cannot be well captured by either SCL or Schottky emission and might
be attributed to a defect-related complicated process. Similar trends
are expected in stage 3. The trap filling process in the low-biased
region may also explain the slight deviation of the I-V curve from
Eq. (3) in stage 1.

The switchable rectifications observed in stages 1, 2, and 3 of
device 2 can be explained by the switchable polarizations in NbOI,
channel, which are enabled by its in-plane ferroelectricity.”"***"** As
the energy band diagram in Fig. 4(a) shows, in the virgin state (stage
1), the ferroelectric dipoles of NbOI,, supposedly along [010], are ran-
domly oriented, rendering no net bound charges on the surfaces.
Therefore, symmetric Schottky barriers @5 are formed on the two
graphite-NbOI, surfaces with the barrier height determined by the
intrinsic band edge energies and the Fermi level of both materials. As
sketched in Fig. 4(d), the subsequent poling aligned the ferroelectric
dipoles and led to the accumulation of un-neutralized bound charges
on NbOI, surfaces, eventually raised/lowered the Schottky barriers
across each interface by ®p. As a result, the I-V characteristics in
stages 2 and 3 can be described as two asymmetric back-to-back
Schottky diodes connected in series. The modulation on barrier
heights also explains the much higher photocurrent of the forward-
biased cycle of stage 2 (or the reverse-biased cycle of stage 3) than that
of stage 1. The fact that the single-Schottky-barrier-based log|I|
—\/|_Vg| re-plot does capture the main characteristics of stage 2
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FIG. 4. In-plane ferroelectricity of NbOI, probed by the switchable Schottky barriers in device 2. (a) In stage 1, the random dipoles on the interfaces induce symmetric
Schottky barriers and, in turn, symmetric photocurrents. (b) With poling, single-Schottky-diode type rectification is observed, whose direction is switchable. (c) Re-plot of |-V
curve of stage 2. The main plot using log|/| — \/m indicates the Schottky emission in the reverse bias cycle and part of forward bias cycle. The double log re-plot shown in
inset indicates SCL conduction in part of forward bias cycle. (d) Repeated |-V scans under stage 2.

indicates that the supposedly asymmetric back-to-back Schottky bar-
riers in stage 2 or 3 are practically dominated by the higher one of the
two Schottky barriers. The repeated I-V scans shown in Fig. 4(d) indi-
cate that the rectification observed in stage 2 lasted for over 1500 s,
excluding mobile defects as the main cause for the rectification (see
Fig. S7 and supplementary material note 5 for details).””” Similar to
the observation in ceramic oxide ferroelectrics, barrier heights can be
modulated effectively by illumination, and the switchable rectification
of photocurrent along with the symmetric dark current suggests the
reported device could be promising in applications that require nonvo-
latility and reconfigurability.”'

In summary, we show the feasibility of developing thin NbOIL,
single crystal nanosheets by bulk synthesis and mechanical exfoliation.
Based on the transport and optoelectronic studies, Schottky emission
is identified as the major conduction mechanism in a ~1-um-channel
NbOIL, device. By poling the NbOI, device with a DC voltage, the pho-
tocurrent is changed from symmetric to single-Schottky-diode-like,
and the polarity of Schottky rectification is reversed after reversing
the DC poling direction. The adjustable Schottky barriers at
NbOL-graphite interfaces are proposed from the re-alignment of fer-
roelectric dipoles in NbOI,. Our work of vdW NbOI, sheets may shed
light on the design of nonvolatile optoneuromorphic computing and
nonvolatile technologies.

See the supplementary material for methods, Figs. S1-S7, and
notes 1-5, including AFM, EDX, additional optical images, additional
photoresponse transients, ferroelectricity and P-E loop measurements,
Schottky barrier measurements, and the analysis on ion migration.
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