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ABSTRACT

The coupling of electronic degrees of freedom in materials to create “hybridized functionalities” is a holy grail of modern condensed matter
physics that may produce versatile mechanisms of control. Correlated electron systems often exhibit coupled degrees of freedom with a high
degree of tunability which sometimes lead to hybridized functionalities based on external stimuli. However, the mechanisms of tunability
and the sensitivity to external stimuli are determined by intrinsic material properties which are not always controllable. A Mott metal-
insulator transition (MIT) is technologically attractive due to the large changes in resistance, tunable by doping, strain, electric fields, and
orbital occupancy but not, in and of itself, controllable with light. Here, an alternate approach is presented to produce optical functionalities
using a properly engineered photoconductor/strongly correlated hybrid heterostructure. This approach combines a photoconductor, which
does not exhibit an MIT, with a strongly correlated oxide, which is not photoconducting. Due to the intimate proximity between the two
materials, the heterostructure exhibits giant volatile and nonvolatile, photoinduced resistivity changes with substantial shifts in the MIT tran-

sition temperatures. This approach can be extended to other judicious combinations of strongly correlated materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044066

The physical properties of strongly correlated materials appeal to
a broad scientific community because of the versatility and tunability
of their electronic responses via internal and/or external perturba-
tions.'” However, the number of ways of controlling a single corre-
lated material is limited by the available internal degrees of freedom.
This presents a difficult challenge when a device concept requires a
specific mechanism of control that is not accessible within a material.
Here, we present a simple, general solution to this limitation by judi-
ciously designing a heterostructure that hybridizes the functionalities
of two seemingly unrelated materials: a strongly correlated Mott insu-
lator with a photoconducting semiconductor. This provides exquisite
control of a metal-to-insulator transition (MIT) via optical means.
With its striking simplicity, our methodology can be expanded to cre-
ate hybridized functionalities across, e.g., semiconductors, strongly
correlated, magnetic, and topological materials.

The Mott MIT in vanadium oxides—a hallmark of strong corre-
lations—exemplifies behavior that is attractive for its fundamental
interest and potential applications in modern technologies.”*'* This
transition is characterized by an abrupt change in the electrical

resistivity by several orders of magnitude and can be controlled by
modulating the temperature, doping, pressure, electric field, and to a
small extent with laser light.l 2% Some materials, such as VO,,
also feature large changes in their optical properties across the MIT,
making them attractive for optoelectronic applications.”” *” Earlier
studies”®*” used VO, to modify the boundary conditions in hetero-
structures and this way to implement electrically controlled optical
devices. The reverse effect, i.e., controlling the Mott insulating transi-
tion by applying light, remains difficult because the effect of light is
limited to small changes in the MIT.”

We have developed a highly sensitive optoelectronic Mott insula-
tor, by heterostructuring vanadium oxide with a well-known semicon-
ducting photoconductor. In this geometry (Fig. 1), light strongly
affects the MIT through proximity effects, due to changes in the inter-
facial Schottky barrier, carrier doping, and/or light-induced interfacial
catalytic reactions. We used the archetypical photoconductor, cad-
mium sulfide (CdS), one of the most studied chalcogenide semicon-
ductor materials’’ which has a high concentration of donor carriers.””
When exposed to visible light, CdS changes its conductivity
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FIG. 1. Schematic device and experimental setup. A CdS (80 = 1nm) film was
deposited over vanadium oxide thin films (10 = 1 nm both). The CdS/V,03 and
CdS/VO, heterostructures were illuminated with a white light LED. CdS/V,03 heter-
ostructures were directly grown on Al,O; (R-cut) substrates, and CdS/VO, were
grown on a TiO, (001) substrate for optimal growth. The bilayer conductivity was
measured with two probes contacted by two Au pads.

substantially by generating electron and hole carriers™ with electrons
as the main carriers in the photoexcited state. Moreover, when the
CdS interacts with oxygen and light, this material can behave as a pho-
tocatalyst.”*”” To maximize the effect of the interface on the transport
properties, the thickness of the VOx was reduced to 10 nm. We show
that these hybrid heterostructures exhibit very large, volatile, and
nonvolatile photoinduced modulations of both the amplitude and the
critical temperature of the MIT. Moreover, there are interesting simi-
larities and differences between the two VOx-based heterostructures.
Such significant enhancement of the photosensitivity to light in Mott
insulators provides an advanced material for basic research studies
and a promising platform for optoelectronic applications.

We fabricated 10 = 1 nm thick epitaxial V,0; film on top of
r-cut sapphire substrates using rf magnetron sputtering from a V,0;

ARTICLE scitation.org/journal/apl

target, in an 8 mTorr high-purity argon (>99.999%) atmosphere. The
substrate temperature during deposition is 720 °C, and the sample is
cooled at a rate of 80 °C/min after growth. A 10 * 1 nm thick epitaxial
VO, film was grown by reactive sputtering on top of an TiO, substrate
(oriented along the (001) plane). A 4 mTorr argon/oxygen mix (8%
0,) was used during deposition, and the substrate was kept at 600 °C
during the growth and later cooled down at a rate of 12°C/min. CdS
80 = 1 nm thick film was grown on top of the VOx with rf magnetron
sputtering from a CdS target, in a 2 mTorr pure argon atmosphere at
150 °C. Electrical transport properties of a CdS film grown directly on
Al,O5 are shown in the supplementary material. In each CdS/VO,
bilayer, two Au (40 nm) electrodes were patterned on top of the CdS/
VO, heterostructures films. XRD measurements were done in a
Rigaku SmartLab system at room temperature. Single-phase growth is
confirmed by XRD, epitaxially along the (012) direction for V,0O;, tex-
tured along (002) for VO,, and hexagonal phase direction H(002) for
CdS. In all samples, negligible changes in the crystal structure were
observed upon exposing them to light (see supplementary material).
Transport measurements were carried out on a Montana C2 S50
Cryocooler and TTPX Lakeshore cryogenic probe station, using a
Keithley 6221 current source and a Keithley 2182A nanovoltmeter. A
white LED (Thorlabs model MCWHLP1) was used for the photocon-
ductivity measurements.

Figure 2 shows the hysteretic resistance of the samples as a func-
tion of temperature in the dark, due to the first order MIT of over five
orders of magnitude in CdS/V,0; and three orders of magnitude in
CdS/VO,. This temperature-dependent behavior is identical to that of
bare VO, and V,03, shown in Fig. 3, confirming that growing CdS
over the vanadium oxide does not modify their properties. Figure 2
shows the effect of illumination of these samples with varying light
power densities. As the light power density is increased, the MIT tem-
perature is reduced and the resistance of the insulating ground state
decreases. The effects are most notable in the CdS/V,0; bilayer, where
the MIT is almost completely suppressed for a light power density of
731 mW/cm?. This results in a resistance drop of more than 6 orders
of magnitude compared to the case with no light. The light effects are
smaller, though still significant, for VO, with Tyyr decreasing by
~15K when illuminated with a power of 731 mW/cm? meaning a
drop of about two orders of magnitude in the resistance at 308 K.
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FIG. 2. Light-induced modification of the metal-insulator transition in CdS/vanadium oxide heterostructures. Electrical transport measurements of the resistance as a function
of temperature from the bilayers (a) CdS/V,05 and (b) CdS/VO,. (c) Values of metal-insulating transition temperatures (Tyr) plotted as a function of the power density of the

light source.
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FIG. 3. Light-induced modulation of the metal-insulator transition in bare vanadium oxide films. Electrical transport measurements of the resistance as a function of the temper-
ature in bare vanadium oxide thin film without CdS: (a) V205 (10 = 1 nm) and (b) VO, (10 = 1 nm). The green curve corresponds to resistance vs temperature without light
and the red curve with light. In both cases, a small shift in the onset of the transition is labeled.

In the absence of CdS, the effect of light directly on the vanadium
oxide is much smaller, as shown in Fig. 3. This implies that the CdS
plays a crucial role in our observations and that sample heating does
not play a role. To investigate further the origin of this effect, we
repeated the photodoping experiments with thicker VOyx films
(100 = 2 nm), which exhibit no changes in the Ty (see the supple-
mentary material). This points to a proximity effect localized at the
CdS/VOx interface. To further corroborate this, we fabricated samples
in which a 10-30nm thick, insulating AL,O; layer was sandwiched
between the vanadium oxide and the CdS (see the supplementary
material), so that any proximity effect would be suppressed. No MIT
modification was observed in this case.

There are additional major differences between the response of
the two CdS/vanadium oxide hybrid heterostructures. Figure 4 shows
the resistance vs temperature (R vs T) for the two types of heterostruc-
tures, measured with and without light, as a function of time. The

a) IOQ'IT\'II'I‘I'I'I'I‘gb
~ ——0.0 mW/em® ]
108 L —731mW/em®
= =after turning OFF
P
7
S it E
(]
2 6
5 100F
S
|7}
= .
Q 10 F
I~ CdS/V,0,
10* ¢
S~
103 T 1 I T 1 T T
20 40 60 80 100 120 140 160 180 200 220

- Temperature (K)

green curves show the R vs T before illuminating the samples, the red
curves during illumination, and the black dashed curves show the state
after turning the light off. The V,05 bilayer presents a volatile modula-
tion of the MIT [Fig. 4(a)], i.e,, the R vs T recovers its original shape
immediately after the light is switched off. This contrasts to the nonvol-
atile modulation in the VO,. The R vs T does not recover its original
shape, and the MIT remains suppressed for hours after the light has
been turned off. This nonvolatile change, however, is not permanent.
The blue curve shows that after 8 h at room temperature, the original
MIT returns to its initial behavior. More information can be found in
the supplementary material. Importantly, this demonstrates that the
photodoping process does not introduce permanent damage into the
sample.

A qualitative explanation of these effects arises by considering the
charge carriers in the CdS and VOx as well as the fact that Mott MIT's
are highly sensitive to the carrier concentration.”® It is well

)

10’ —— T
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FIG. 4. Time dependence of the light-induced modulation. (a) Volatile changes in the transition temperature of the CdS/V,05 heterostructure. (b) Nonvolatile changes observed
in the CdS/VO, sample. In both cases, the dash lines show the resistance vs temperature immediately after turning off the light. In VO, case, the blue curve(triangles) shows

the recovery of the original state after 8 h at room temperature.

Appl. Phys. Lett. 118, 141901 (2021); doi: 10.1063/5.0044066
Published under license by AIP Publishing

118, 141901-3


https://www.scitation.org/doi/suppl/10.1063/5.0044066
https://www.scitation.org/doi/suppl/10.1063/5.0044066
https://www.scitation.org/doi/suppl/10.1063/5.0044066
https://www.scitation.org/doi/suppl/10.1063/5.0044066
https://www.scitation.org/doi/suppl/10.1063/5.0044066
https://scitation.org/journal/apl

Applied Physics Letters

documented that conductivity of CdS in the photo-excited state is
through electron carriers.” On the other hand, while in V,0;, the
electrical conduction is by holes” and that of the VO, is by elec-
trons.”” The critical carrier concentration needed to undergo a Mott
MIT can be affected by adding more photoelectrically created elec-
trons from the CdS, which leak into the VOx. If the work function of
the CdS falls between that of V,03 and VO,, the observed differences
in the effect would have a natural explanation. This would explain
qualitatively three important facts discovered in our experiments: (1)
the effect is an interface effect, (2) the light completely disrupts the
MIT in V,0; and has a minor effect on the VO,, and (3) the effect is
volatile in V,0j3 and nonvolatile in VO.

Alternatively, the differences observed may suggest that the
underlying mechanism for the MIT modulation in the various
CdS/VOx samples is different. The nonvolatile modulation
observed in VO, could be explained by light-induced chemical
reactions. On the other hand, CdS is also one of the most promi-
nent photocatalysts.”"*" Irradiation with photons of energy larger
than the bandgap may create electron-hole pairs, which would pro-
duce reduction/oxidation reactions at the CdS/VOy interface. This
would reduce the VO, into a different Magnéli phase.”' After the
light is switched off, those chemical changes would persist and only
slowly reverse over time. The volatile V,0; case is different and
would be compatible with a modulation of the MIT caused by pho-
todoping. Electrons generated by light in the CdS would transfer
across the interface into the ultrathin (hole conducting) V,O;
layer, doping it and destabilizing the Mott insulating phase. Future
work will be performed to identify which of these speculative sce-
narios lead to the effect we observe.

In conclusion, we have demonstrated large, light-induced
modulation of the MIT in CdS/VOx heterostructures. For CdS/
V,0s, the Tyr modulation is as large as 140 K, and the giant resis-
tance reduction is as high as six orders of magnitude. For CdS/
VO,, the modulation is much smaller, although the resistance can
be reduced by two orders of magnitude in the middle of the transi-
tion. A single study showed that light irradiation can be used to
modify the insulating resistivity of VO,,” with minimal effect on
the transition temperature. The modification we observe is volatile
in V,0; bilayers and nonvolatile in VO, bilayers. We show that
these effects are caused by the intimate contact at the CdS/vana-
dium oxide interface. A simple qualitative explanation suggests
that these effects are caused by the differences in the electronic car-
riers in CdS (electrons), V,03 (holes), and VO, (electrons) and
their work functions. An alternative possible explanation for these
effects involves photodoping in V,03,** and CdS-mediated photo-
catalysis in VO,.">"" Further experimental work is under way to
elucidate the precise mechanism. The volatile and nonvolatile
behavior in two closely related material systems opens up the pos-
sibility for the use of these systems for different neuromorphic
applications such as synaptors and neuristors.

In a broader sense, our results show a very promising approach
toward the development of hybrid functionalities in materials using
the possible transfer of electronic responses in a properly engineered
heterostructure. This may have further applications as functional
materials useful in other optoelectronic applications or systems where
a different functionality can affect each other when incorporated into
hybrid heterostructures.
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See the supplementary material related to the structural charac-
terization of the analyzed heterostructures.
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