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Abstract

We investigated the formation of Schottky barriers at the interface between rare-earth tritelluride (RTes) crystals
and n-type silicon (n-Si) substrates. This study explores the rectifying characteristics of RTes/n-Si junctions (R
= Dy, Ho, Er) and their relation to the charge density wave (CDW) transition. Using the thermionic emission
model, we analyzed current-voltage (/-V) measurements to obtain the Schottky barrier height (¢sgn) and the
ideality factor (). The temperature dependence of the extracted ¢sgu and 7 reveals kink features near the CDW
transition temperature. The Schottky-Mott model is employed to explain these kink features in the derivatives
of ¢sgu and 1/z, and attributes them to changes in the work function of RTes during the CDW transition. Our
findings suggest that Schottky junctions can be utilized to probe the electronic states of RTes, enabling potential

RTes device applications in electronics and optoelectronics.

Two-dimensional (2D) materials have the potential to replace conventional materials in next-generation
electronic devices due to their atomic scale thicknesses and their intriguing physical and chemical properties
arising from low dimensionality. Therefore, it is essential to study the interfacial phenomena of heterojunctions
when integrating 2D materials into current device fabrication processes. Schottky junctions, comprised of a
metal-semiconductor junction that exhibits rectifying behavior, are a critical interface structure for developing
and understanding the performance of 2D material-based devices. An idealized model of the Schottky junction
solely depends on the intrinsic electronic structures of the metal and semiconductor constituents. However,

predicting the characteristics of Schottky barriers at metal-semiconductor interfaces is made challenging by
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Fermi level pinning (FLP), wherein the Fermi level is pinned at a particular energy level at the interface and
cannot shift to an anticipated equilibrium position. The simple Schottky-Mott rule fails to consider more

complicated effects, such as metal-induced gap states (MIGS) and bond polarizations.

Rare-earth tritellurides (RTes, R = La— Nd, Sm, Gd — Tm) comprise a class of 2D van der Waals (vdW) materials
(Figure la). Crystalline RTes demonstrate a wide variety of electronic and magnetic properties, with many
members of this family exhibiting antiferromagnetic order (except for LaTe3, which has no 4f electrons and is
non-magnetic). These materials possess tunable charge density wave (CDW) states'-, high carrier mobility*®,
superconductivity induced by intercalation and high-pressure, and magnetic properties stemming from the rare-

earth elements> 7!

, making them candidates for next-generation electronic, optoelectronic, and spintronic
devices. The CDW transition temperature of RTes varies as a function of the rare-earth element, spanning from
245 K in TmTes to 600 K in LaTes, demonstrating their extensive range of tunable properties’ . RTe;
materials are also among the few examples of vdW magnets with high metallicity, extending the electron regime
of such magnets alongside insulating antiferromagnetic FePS3'®!3, ferromagnetic Crlz'°, Cr,Ge,Tes?, and

Fe3;GeTe,?" 22, potentially making them essential components for device applications.

Although Schottky junctions of 2D vdW materials have been studied in several materials?>2°

, including some
CDW materials*” 2, no studies have yet been reported on RTe; heterojunctions. In this paper, we investigate
Schottky junctions consisting of RTes and n-type doped Si (n-Si) substrates by performing temperature-
dependent current-voltage (I-V) measurements on DyTes, HoTes, and ErTes. Our results indicate that Schottky
barriers are sensitive to the CDW formation in RTes and can serve as interface-state probes, offering insight into

the electronic properties of RTes.

The RTes single crystals (R = Dy, Ho, Er) were synthesized using self-flux technique. Each growth contained a
5 g mixture of rare-earth metal (99.9 %, Alfa Aesar) and tellurium (99.999 %, Alfa Aesar) at the ratio of R:Te =
3:97 and was sealed in a quartz ampoule with quartz wool under 10°® Torr. The ampoule was heated at a rate of
30 °C /h to 800 °C and held for 12 h. Afterwards, the temperature was slowly reduced at the rate of 3 K/h to 550
°C and the excess flux removed using a centrifuge. The ampoule was opened in a glovebox, and the ~5 mm-
sized crystals were kept in an inert nitrogen environment to avoid oxidation. For energy-dispersive X-ray
spectroscopy (EDS), Raman spectroscopy, and electric transport measurements, the crystals were exfoliated
down to 50 — 100 nm thicknesses by mechanical exfoliation using the established micromechanical exfoliation.

At this thickness range, the properties of the material are not significantly affected by its reduced thickness®.

The characterization of the synthesized crystals is shown in Figure 1b-f for HoTe3 as a representative example.

The crystal structure was characterized by X-ray diffraction (XRD) using a Malvern PANalytical Aeris with Cu



Ka radiation (1= 1.54184 A) (Figure 1b). The XRD spectrum showed sharp (0 1 0) reflections, indicative of the
out-of-plane b-axis direction. The lattice constants were consistent with reported values !>, Scanning electron
microscopy (SEM) and EDS were performed with an accelerating voltage of 20 kV. The EDS spectrum (Figure
1c) showed an R to Te ratio close to the ideal 1:3 stoichiometry, with a measured value of 2.76. This slight
deviation suggests the possible presence of a small number of Te vacancies. Figure 1d shows SEM imaging of
exfoliated samples and the EDS mapping images shown in Figure le-f reveal uniform distribution of rare-earth

and tellurium atoms across the entire crystal.
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Figure 1. (a) The crystal structure of RTes. (b) The XRD spectrum of single crystal HoTes. (c) The EDS spectrum, (d)
SEM image, and EDS mapping of (e) Ho, and (f) Te.
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Figure 2. (a) Geometry of RTes/n-Si Schottky junction device. (b) Optical image of the ErTes/n-Si Schottky junction
device. (c) Band diagram of a Schottky junction formed by metallic RTe3 and n-Si substrate. gy is Schottky barrier
height, ¢y is work function of RTes, ¢ is work function of n-Si, y is electron affinity of n-Si. The dashed line
represents the Fermi level. In the Schottky-Mott model, below the CDW transition temperature of RTes, the work
function increases due to the CDW gap opening at the Fermi level of RTes, and the Schottky barrier height increases.

The samples used for I-V measurements were prepared by deterministic transfer of mechanically exfoliated
crystals (Figure 2a, b). The transfer procedure is illustrated in supplementary materials (Figure S1). The
polycarbonate (PC) solution was prepared by mixing 5% PC in chloroform to produce a homogeneous solution.
The RTes crystals were mechanically exfoliated onto PC-coated glass sides. Prior to transferring the exfoliated
crystal, the Au/Cr electrode (100 nm of Au and 20 nm of Cr as a wetting layer) was deposited onto as-received
Si (001) (n-type 8 x 10" to 1 x 10'° cm™>) wafers with a 300 nm thick oxide layer (SiO>). The exposed SiO; was
etched with a buffered oxide etchant (BOE) consisting of 6 NH4F:1 HF.

Prior to the RTes flake transfer, the current between the top electrode and the Si substrate was measured. The
leakage current was confirmed to be below the detection limit of our measurement system (10 pA), indicating

that leakage current is not a significant factor in our measurement.

The exfoliated RTes crystal and PC film were transferred onto the exposed Si surface and the deposited Au/Cr
electrode. The PC film was left on top of the device to impede oxidation of the RTe; crystal. The transfer

procedure was completed in less than 30 minutes to minimize air exposure. Ohmic contact to the Si substrate
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was achieved by Cr deposition onto the backside of the Si substrate followed by annealing at 500 °C for 10 min
to form Cr silicide at the interface. The I-V characteristic of this Ohmic contact used in this study is shown in

the supplementary materials (Figure S2).

The temperature-dependent /-V measurements were performed using a Janis cryostat over a temperature range
of 30 to 320 K, with measurements taken at 1 K intervals. The voltage control and current readings were obtained

using a Keithley 2400 SourceMeter.

The Schottky-Mott model represents the bands diagram of a metal-semiconductor junction (Figure 2c) when the
FLP can be ignored. According to this model, the Schottky barrier height ¢sgu can be determined via the work
function of the metal and the electron affinity of the semiconductor as described by ¢spy = ¢, — x. Below the
CDW transition temperature of RTes, the work function of RTes increases due to the CDW gap opening at the

Fermi level; therefore, the Schottky barrier height is expected to increase.
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Figure 3. Out-of-plane resistivity versus temperature of DyTes, HoTes, and ErTes. The current is oriented along the
b-axis direction (out-of-plane). The CDW transition temperatures are marked by triangles for each compound. The
data is offset for clarity.

The temperature dependence of the out-of-plane resistivity measured using a four-probe configuration is shown
in Figure 3. The transition temperatures determined from the derivatives of the resistivity versus temperature
graph were Tcpwi = 263 K, Tcpwz = 157 K for ErTes, Tcpwi = 285 K, Tcpw2 = 110 K for HoTes, and Tcpwi =
307 K, Tcpwz = 51 K for DyTes, respectively. The derivatives used to determine the transition temperatures are
shown in the supplementary materials (Figures S3-S6). The transition temperatures are consistent with our

Raman spectroscopy study (Figure 4) and reported results 332,
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Figure 4. (a) Raman spectra of HoTes as a function of temperature, measured from 88 K to 268 K in 30 K intervals.
Dotted lines indicate the CDW amplitude mode and an associated phonon mode used for fitting. (b) The variation in
temperature for both the CDW amplitude mode and the coupled phonon mode of DyTes, HoTes, and ErTes. Solid
lines demonstrate the fits based on the interaction between the phonon mode and the amplitude mode, following the
Ginzburg-Landau temperature dependence coupled with a phonon mode.

RTes crystals exhibit two CDW transitions characterized by distinct wavevectors along the c-axis (Tcpwi) and
a-axis (Tcpw2). The CDW transition temperatures of these RTe; crystals have been verified by examining the
temperature dependence of Raman spectra for Tcpwi, as well as resistivity measurements for both Tcpw; and

Tcowe.

Taking HoTes as an example, its temperature-dependent Raman spectra are shown in Figure 4a. A peak around
52 cm™ at 88K corresponds to the CDW amplitude mode and shifts towards lower energies (softens) as the
temperature rises. This peak moves to zero frequency and disappears above the CDW transition temperature. At
lower temperatures, as the intensity of the CDW amplitude mode diminishes, the Raman shift becomes
temperature-independent, and the intensity of the peak near 60 cm™' strengthens and blueshifts. This observed
anti-crossing behavior arises from the interaction between the CDW amplitude mode and the phonon mode,

aligning with previous studies®® 3!-33

The Ginzburg-Landau model can describe the temperature dependence of the CDW mode as wcpw =

T )B 30,31, 34

- , where wcpw denotes the frequency of the CDW mode, w, represents the CDW
CDW!

(uox(l—

amplitude mode’s frequency at low temperature, and £ is a critical exponent. The CDW amplitude mode and
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phonon mode (wpy) interact through a coupling constant (), which can be expressed as a matrix ( ?W a) )
ph

The eigenvalues of this matrix correspond to the vibrational frequencies observed in Raman spectroscopy. The

data points presented in Figure 4b were used for fitting purposes, while those at lower temperatures were

excluded due to the observed coupling with another peak around 80 cm™, resulting in a deviation from the two-

mode coupling model. The CDW transition temperatures of ErTes, HoTes, and DyTe; were determined by fitting

the Ginzburg-Landau model coupled with the phonon mode shown in Figure 4b. The fittings yield Tcpw: values

of 266 K for ErTes, 288 K for HoTes, and 299 K for DyTes.

a b
020 . . . . TTTT] 1E4 . . . . .
. [ ]
ErTe,/n-Si I l [ * sk
045 | I " ,' .J 1 1E6 | §
- T -, 300K
g [ 17111 g =1} ]
Zonft telee i po o yy
E | | 5 S i
8005- -'.,'T .{Ifr - S s ..-° /‘/}f' 0
300K $ 5084 s
§ii3id 1 B ot iéd 3
50K 1E-11 o (O Aol Pl ]
0.00 i £ 5 - T30
PRI T sty AL A
. . . . . P P N St S N .
0.6 -0.6 -0.4 0.2 0.0 0.2 04 0.6

L
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Bias (V) Bias (V)

Figure 5. I-V characteristics of ErTes/n-Si Schottky junction at different temperatures (a) in the linear scale and (b) in
the semilogarithmic scale. The data shown are selected as examples at 50 K intervals between 50 K and 300 K. The
dotted lines in the semilogarithmic plot represent the linear parts used for the calculation of the Schottky barrier height

sy and the ideality factor 7).

The I-V curves for RTes/n-Si junctions were measured by applying the voltage between the Au electrode and the
n-Si substrate. Figure 5 shows the measured /-V curves for ErTes as an example of the studied RTes materials.
These curves demonstrate rectifying characteristics, indicative of Schottky barrier formation at the interface
between RTe; crystals and the n-Si substrate. The /-V characteristics of the other RTes/Si and Au/Si junctions,
along with that of a reference Au/Si Schottky junction fabricated by direct deposition of Au onto Si, are shown
in the supplementary materials (Figure S8-S10). To evaluate the Schottky barrier height ¢sgn and the ideality

factor #, the I-V measurements were fitted to the thermionic emission model, providing insights into current

transport across the Schottky junction. The model is represented by the equation:
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I(T,V) = I,(T) [exp (%) - 1] M

Here, I(T, V) is the current as a function of temperature 7 and applied voltage V, e is the elementary charge, 7 is

the ideality factor, and kg is the Boltzmann constant. The saturation current, /o(7) is defined as:

e
Iy(T) = SA"T? exp (— %) )
B
*1,2
In this equation, S is the diode area, ¢spy is the Schottky barrier height, and A* = % is the Richardson

constant, which equals 112 A/cm?K? for n-type Si. The ideality factor, 7, offers insight into the primary current
transport mechanism within the Schottky junction. An ideality factor close to 1 indicates that thermionic
emission mainly governs current transport, whereas values significantly greater than 1 suggest additional current

transport mechanisms, such as tunneling or recombination 3.

A linear fit was achieved by plotting In(J) against V. The slope of this linear fit was used to determine the ideality
factor 7, and the y-intercept was used to calculate the Schottky barrier height ¢spn. The temperature dependences
of n and ¢spu were determined through multiple temperature scans and averaged to reduce noise. The standard
errors of the determined 1 and @sgn are shown in the supplementary materials (Figure S11-14). The derivatives
of 1 and ¢pspy were smoothed via the Savitzky-Golay method using a 51-point window (corresponding to a 51
K temperature range) and a polynomial order of 2. To mitigate device-to-device variations and the impact of
slow RTes degradation caused by trace amounts of residual air in the vacuum system, data was acquired from
multiple devices. The extracted ¢sgu and # exhibit temperature dependency as shown in Figure 6. Additionally,
the values of ¢spn and # for Au, a material without a CDW transition, are shown by yellow dashed lines for
comparison. Figure 6a, the Schottky barrier height ¢spn, does not display evident kinks as observed in other
CDW?/3D material Schottky junctions reported by other groups?”- 2. Nonetheless, kinks are clearly visible in the
derivative of ¢spn, shown in Figure 6b. These kinks are marked by a colored triangle for each RTes. For ErTes,
a kink occurs around 228 K, while for HoTes, two kinks appear around 129 K and 254 K. These temperatures
are adjacent to the CDW transition temperatures measured by electric transport measurements and temperature-
dependent Raman spectroscopy, implying that these kinks originate from the CDW transition. ErTe; displays a
sole kink in the derivate of ¢spn, while the out-of-plane resistivity indicates two CDW transition temperatures.
This discrepancy might arise because the two transition temperatures of ErTes are close, making it difficult to
distinguish the two kinks in the derivative of ¢sgn of ErTes. The CDW transition temperature of DyTes was not

within the investigated range, and therefore a distinct kink was not observed.

The kinks are more pronounced in the derivative of 1/5. Figure 6¢ and d depict the temperature dependence of
1/5 and the derivative of 1/5, respectively. For ErTes, a kink appears at 233 K, while for HoTes, two kinks
emerge around 130 K and 283 K. Similar to the behavior of ¢spn, ErTe; only exhibits a single kink, possibly

because its two transition temperatures are close and thus difficult to differentiate. The temperatures of the kinks



AlIP
é/_ Publishing

in the derivative of 1/7 are similar to the temperatures obtained from the derivative of ¢sgn. It is worth noting
that DyTes shows a dip in the derivative of 1/, which is not observed in the derivative of ¢spn. This possibly

implies the kink exists near 300 K, matching the CDW transition temperature determined by electric transport

measurement and the reported values in the literature 032,
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Figure 6. (), (b) Schottky barrier height ¢psgy and the derivative of ¢sgy as a function of temperature. (c), (d) Ideality
factor 1) and the derivative of 7 as a function of temperature. The y-axis scale of dn/dT was individually optimized
for DyTes, HoTes, and ErTes to highlight the kink associated with the CDW transition. Triangles represent the CDW
transition for each RTes; compound.

The kink features observed exclusively in RTes/n-Si and not in Au/n-Si junctions, initially suggest that the work
function shift of RTes influences both the Schottky barrier height and ideality factor. However, a more careful

interpretation reveals other potential influences. If the CDW transition alters the density of interfacial states and
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the strength of FLP, the kinks in the Schottky junction properties may arise by the change of FLP rather than the

change in the RTes work function. The models of FLP can be classified by its origin being extrinsic or intrinsic.

The extrinsic origins result from imperfections such as vacancies, impurities, and residues at the interface, and
the models describing the extrinsic origins include the disorder-induced gap state (DIGS)*® and the unified defect
model (UDM)¥. DIGS is described by weakened energy splitting between bonding and antibonding states
resulting from disrupted crystal lattice periodicity, whereas UDM originates from the formation of defects and
antistites, which create discrete defect states. As both models originate from the semiconductor component and

not the metal, these effects are negligible in our samples.

A small degree of surface oxidation during sample preparation is inevitable. The oxide layer forms a disordered
structure rather than a crystalline oxide at the interface®, which might promote FLP through mechanisms such
as DIGS and UDM. ErTes exhibits a higher oxidation rate compared to DyTe; and HoTes, which may explain
the less pronounced features observed in ErTes at the transition temperature compared to DyTes and HoTes.
However, since this is also an extrinsic origin of FLP, it similarly cannot account for the kinks observed at the

CDW transition temperature.

The intrinsic origins include Metal-induced gap state (MIGS)* and the bond polarization model*. MIGS is
formed in the Si bandgap by the penetration of the electron wave function of RTes. While MIGS at 2D metal/2D
semiconductor junctions are suppressed, strong FLP has been observed in many 2D/3D material junctions +'43,
It is possible that MIGS are formed at the RTes/n-Si interface. However, MIGS has a dependence on the
semiconductor used, and the effect of the metal is minimal. Therefore, the FLP contribution to the change in the

work function of RTe; arising from MIGS is negligible.

The band polarization model can be described by ¢spy = v — ¥s + Qs, where Ny is the density of

—q*Ngdus
€
bonds at the metal/semiconductor interface, dys is the distance between metal and semiconductor atoms, Qs is
the change in charge of semiconductor atoms at the interface “°. Therefore, this model depends on the metal used
through the density of bonds at the metal/semiconductor interface, the distance between the metal and
semiconductor atoms, and the metal work function. Since lattice distortion in the CDW state is minimal, the
changes in chemical bonding and the distance between the metal/semiconductor atoms at the interface on the
FLP during CDW formation are also minimal. Another possible explanation for the observed changes stems
from the modulation of interfacial dielectric properties during the CDW transition, as reported in 1T-TaS, 2.
However, this possibility can be ruled out because the carrier density of RTejs stays significantly higher than that
of n-Si. Based on this analysis, the kinks can be attributed to the change in the work function of RTes originating

from the CDW transition.

The kink features observed in the derivates of both the Schottky barrier height ¢sgn and ideality factor # can be
qualitatively justified using the Schottky-Mott mode. The Schottky barrier height is determined by the equation
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¢spa = Pm — Xx- As the temperature decreases and the material enters the CDW state, ¢,,, increases, resulting
in a larger ¢pspy. This increase causes a downward deflection in the derivative of ¢ggy, observed on the lower

temperature side of the CDW transition temperature, as illustrated in Figure 6a and b.

The ideality factor # decreases (corresponding to an increase in //#) below the CDW transition temperature, as
displayed in Figure 6¢ and d. This observation suggests an increased contribution from thermionic transport. A
possible explanation for this behavior is that the Schottky barrier height increases below the CDW transition

temperature, thereby reducing the tunneling probability.

In conclusion, our study has shown demonstrated heterojunctions with RTe; and the formation of Schottky
junctions for RTes/n-Si (R = Dy, Ho, Er). The temperature dependence of Schottky barrier height and ideality
factor in RTes/n-Si heterostructures has yielded insights into the effects of the CDW transition on Schottky
junction properties. The kink features observed in the derivatives of both Schottky barrier height and ideality
factor can be attributed to changes in the work function of RTes; during the CDW transition. These kink
temperatures were found to be close to the bulk CDW transition temperatures. Our analysis has ruled out the
impact of MIGS, band polarization, and modulation of interfacial dielectric properties as the primary sources for

the observed kinks.

Our findings highlight the significance of CDW transitions on the Schottky barrier height and ideality factor,
which has important implications for developing devices based on these heterostructures. Furthermore, this work
demonstrates the potential of Schottky junctions as a tool for probing electronic states in RTe; materials and

broadens the scope of their application in electronic devices.

Supplementary Material

See the supplementary material for sample preparation, measurements, methodology, and error analysis.
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