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ABSTRACT

Tellurium (Te) has recently emerged as a promising p-type semiconductor that can be processed at low temperatures, compatible with back
end of line CMOS integration. Characterization of tellurium-dielectric interfaces is essential for further device advancements. Here, the
interface quality of Te with ZrO, gate dielectric is studied in a metal-oxide semiconductor capacitor structure. The interface trap density (D;)
is measured as a function of atomic layer deposition (ALD) temperature, without the use of a seed layer. Given the low thermal budget of Te,
the ALD temperature is shown to be particularly important. The lowest Dy, of 5 x 102 states/cm® eV is obtained at a low ALD process tem-
perature of 120 °C. To further assess the impact of D;; on device performance, field-effect transistors (FETs) were fabricated. The subthresh-
old swing and effective hole mobility of the FETs were analyzed in relation to Dj, emphasizing the importance of a defect-minimized

interface for enhancing Te transistor performance.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0267586

Tellurium (Te) is a p-type semiconductor that has emerged as a
promising candidate for next-generation semiconductor devices due to
its unique properties, including high hole mobility and a thickness-
dependent bandgap, which ranges from 0.31eV in bulk to 1.04eV in
the monolayer.' ° Notably, evaporated Te can be deposited over
large areas at low temperatures, making it an attractive material
for optoelectronics and flexible electronics as well as circuit integra-
tion.”  Despite recent advancements, research on the Te/gate dielec-
tric interface remains limited. Moreover, the high vapor pressure of Te
above 250 °C constrains studies on its interface with gate dielectrics
that require high processing temperatures, such as thermally oxidized
S0,

As transistor channel lengths are scaled down, the oxide thickness
must also be reduced to meet voltage requirements. However, this
results in high levels of leakage currents in ultra-thin oxide layers. One
approach to mitigate this issue is to use high-x dielectrics, which main-
tain the same gate electrostatics with a thicker dielectric film."' "
ZrO, is a widely studied high-« dielectric with low leakage current and
suitability for deposition at low temperatures.'*'* In this study, we
focus on characterizing the interface between evaporated Te and
atomic layer deposition (ALD)-grown ZrO, as a function of ALD

temperature, without the use of a seed layer. Te-based capacitors with
ZrO, gate dielectric were fabricated. Capacitance-voltage (C-V) and
conductance-frequency (G/w-f) measurements were performed to
extract the interface trap density (Dj). Dj is found to increase at
higher ALD temperature, with the lowest extracted value of 5 x 10"
states/cm?-eV observed at 120°C. Additionally, Te-ZrO, based field-
effect transistors (FETs) were fabricated at various ALD temperatures
and characterized using current-voltage (I-V;) measurements to
assess device properties corresponding to each D;; level.

A quartz substrate was used for fabrication of metal-oxide-
semiconductor (MOS) capacitors to minimize parasitic capacitance.
Figure 1(a) shows the schematic of a Te MOS capacitor with a bottom
electrode contact and a top-gate with ZrO, as the gate dielectric. The
fabrication process involves defining the bottom electrode area using
standard photolithography at the first step, followed by deposition of
30 nm thick rhodium (Rh) via e-beam evaporation as the metal con-
tact. The Te region was then patterned using photolithography to
cover both the bottom electrode and the quartz surface. An 8 nm thick
amorphous Te layer was thermally evaporated at —80 °C to achieve a
uniform film."® Te undergoes an amorphous to crystalline phase tran-
sition near ambient conditions due to the low activation energy. A low
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FIG. 1. (a) Cross-sectional schematic of
the device structure and measurement
setup used for C-V and G/w-frequency
measurements. (b) and (c) Optical micro-
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scope images of SB and MB capacitors,
respectively. (d) XPS measurement
results of an 8nm Te layer on a Si sub-
strate. (e) C-V characteristics at room
temperature for an SB Te capacitor with
an ALD temperature of 120°C. The AC
amplitude is 25 mV.
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substrate temperature during crystallization limits the nucleation site
formation and reduces grain boundaries. The substrate temperature
was maintained below 5 °C during crystallization, to achieve crystalline
Te with grain sizes exceeding several micrometers.” Afterward, the Te
was lifted off, and a 10 nm thick ZrO, layer was deposited across the
entire surface using ALD at temperatures of 120, 150, and 180°C. Te
spontaneously oxidizes upon exposure to air, forming a native oxide
layer with a thickness of up to approximately 0.4 nm."” For the remain-
der of this study, we refer to the resulting Te-TeO,-ZrO, interface
as the Te-ZrO, stack. Next, the gate electrode was patterned on the
Te-ZrO, stack, followed by the deposition of a 2 nm Ti/30 nm Au gate
electrode via e-beam evaporation and subsequent liftoff. To ensure
reliable probing, the ZrO, layer over the contact pad region was etched
using a buffered oxide etchant. Finally, single-bridge (SB) and multi-
bridge (MB) capacitors were fabricated to examine the impact of grain
boundaries on interface trap density, with the MB structure divided
into nine separate identical regions, as shown in Figs. 1(b) and 1(c).
The total active areas of the SB and MB capacitors were 383 and
435 um?, respectively. The MB design minimized the influence of grain
boundaries at the Te-ZrO, interface by segmenting the active area into
smaller regions, with each bridge area smaller than an individual grain.
C-V measurements were then performed, as shown in Fig. 1(a).

To promote ALD of ZrO, on the Te surface, a thin Te oxide layer
is necessary to provide TeO,-OH" sites for the adsorption of Zr ALD
precursors.' '® X-ray photoelectron spectroscopy (XPS) measure-
ments on a representative 8 nm thick Te film confirmed the presence
of TeO,, as shown in Fig. 1(d). Figure 1(e) presents the frequency-
dependent C-V characteristics at ambient temperature for the SB
capacitor with a ZrO, gate dielectric deposited at an ALD temperature
of 120°C. TeO, is a p-type semiconductor with high hole mobility."”*’
Therefore, any interface trap is likely to form at the interface between
Te-TeO, and ZrO,. To account for the influence of the thin interfacial

1 2

Ve (V)

oxide, the gate capacitance was extracted from the C-V characteris-
tics at Vg = —1.0V, yielding a value of 0.67 yiF/cm?. Tn the full deple-
tion region (Vg > 1.5V), frequency-dependent capacitance dispersion
was observed, which is attributed to the reduced response of minority
carriers (electrons) at high frequencies, consistent with the typical
behavior of conventional p-type metal-oxide-semiconductor (MOS)
capacitors in CMOS technology. However, at frequencies above
500 kHz, a substantial decrease in capacitance was observed across the
entire C-V curve. This behavior is attributed to the presence of deep
trap states at the Te-ZrO, interface, which hinder the ability of charges
to respond to high-frequency signals.”' ** As shown in Fig. S1, the
C-V curves of all capacitors with ZrO, ALD temperatures of 120, 150,
and 180 °C exhibited similar trends in frequency dispersion and a sig-
nificant reduction in capacitance at high frequencies.

The conductance method was used to extract G/w-f and calculate
D;,”*® as shown in Figs. 2(a)-2(c). The measured conductance (Gy,,)
was derived from the measured dissipation factor (D,,) and measured
capacitance (C,) as G, = DpoCp.”” The corrected capacitance (C.)
and corrected conductance (G.) were obtained from the measured
capacitance (C,,,) and conductance (Gy,,) in the accumulation region.
These values were then used to determine the sheet resistance (R) as
follows:

Ry = Gpa/ (G%, + *C2,). (1)

Based on R, the series resistance factor (a) was calculated as
a=Gy — (G2 + ©°C2) R, Subsequently, the corrected capacitance
and corrected conductance were determined using the following
equations:

[(GE, + *C2) a]/(a* + *C2), 2)

G,
C = [(G: + 0*C2) Cu] /(a® + *C2). (3)
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FIG. 2. (a) Equivalent circuit of a Te
capacitor. (b) Simplified circuit layout of
(d) (e) (a). (c) Equivalent circuit measured using
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Finally, the equivalent parallel conductance (G,/®) and Dy were
expressed as

Gy/o = wG.CL/[G: + w*(Cq — C.)?), 4

Dy = (2.5/q) (Gp/w), (5)

where G, represents the equivalent parallel conductance. Based on
these equations, the G,/w-f of the SB capacitor with a ZrO, dielectric
deposited at an ALD temperature of 120 °C was plotted as a function
of Vg, ranging from 1.9 to 1.3V, as shown in Fig. 2(d). The Gp/w-f
plots in the full depletion region for all capacitors at various ZrO, ALD
temperatures are presented in Fig. S2. Subsequently, D;, was extracted
using the maximum peak values in the G,/w-f curves. Figure 2(e)
presents the D;, values for SB and MB capacitors with ZrO, gate dielec-
tric deposited at ALD temperatures of 120, 150, and 180°C.
Considering that 8 nm-thick Te has a bandgap of approximately
0.5eV,” the lowest Dy value observed in our measurements was
5 x 10'? states/cm*-eV at the midgap for the MB capacitor with ZrO,
deposited at 120 °C, while D;; increased at higher ALD temperatures.
Under identical ALD conditions, SB capacitors consistently exhibited a
higher D;, than MB capacitors. Notably, D;, of the MB capacitor with
ZrO, deposited at 150°C was reduced by approximately 71% com-
pared to that of the SB capacitor at the same ALD temperature. This
D, reduction in MB capacitors is attributed to the mitigation of
Te grain boundary effects at the Te-ZrO, interface, achieved by
segmenting the active capacitor area. However, both SB and MB
capacitors fabricated at an ALD temperature of 180°C exhibited a
significant degradation in interface quality, with D; exceeding
3.6 x 10" states/cm*-eV.

To investigate the variation in D;, with ZrO, ALD temperature,
the Te regions of the capacitors were examined using optical micros-
copy. The Te grain size showed no significant difference compared to
the as-deposited films after the ZrO, deposition at a process tempera-
ture of 120 and 150 °C, as shown in Figs. 3(a)-3(c). However, Fig. 3(d)
indicates recrystallized Te after ALD deposition at 180 °C, resulting in

E-E, (eV)

a substantial increase in grain boundaries, which led to the observed
degradation in Dj. This trend is further supported by atomic force
microscopy (AFM), which shows a gradual increase in mean surface
roughness (Ry) with higher deposition temperatures. Raman spectros-
copy of the Te regions revealed no significant shift in the vibrational
mode peaks, but a reduction in the integrated intensity counts of the
E, mode and broadening of its full width at half maximum (FWHM)
were observed at elevated temperatures (see the supplementary
material). The stable surface morphology of Te between 120 and
150 °C ALD temperatures, alongside a significant increase in D;; of the
SB capacitor, confirms that higher ALD temperatures promote deep
trap site formation at the Te-ZrO, interface. The notable reduction in
D;; from SB to MB capacitors at 150 °C further indicates that these
trap sites are particularly concentrated at Te grain boundaries.
Additionally, in the MB capacitor, as the ZrO, ALD temperature
increased from 120 to 150°C, D; increased by approximately
2.7 x 102 states/cm*eV. This increase is attributed to the formation
of additional interface trap sites due to the higher ALD temperature,
even after minimizing the influence of grain boundaries.

To assess the impact of Dy, on FET performance, we fabricated
FETs using the same process as the capacitors, as shown in Fig. 4(a).
The devices feature a metal (Rh) contact-first scheme for the source
and drain, an 8 nm-thick Te channel, a 10 nm-thick ALD ZrO, gate
dielectric, and Ti/Au gate electrodes. Figure 4(b) shows the fabricated
FET with a Te channel width and length of 12 um each. Figure 4(c)
presents the Ing—Vg characteristics at Vpg= —0.1V for the fabricated
FETs. Devices with ZrO, gate oxide deposited at ALD temperatures of
120, 150, and 180 °C exhibited subthreshold swings (SSs) of 264, 294,
and 298 mV/dec, respectively, as illustrated by the steepest slope in
Fig. 4(c). The corresponding maximum effective hole mobilities vs Vg
were extracted to be 59, 33, and 27 cm® V' s/, respectively, as shown
in Fig. 4(d). These results clearly demonstrate a direct correlation
between D;, and device performance. However, the fabrication process in
this study primarily focused on achieving a clean Te-ZrO, interface, and
the Te/source-drain contact scheme was not optimized. Consequently,
the SS increased by approximately ~160 mV/dec compared to previous
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FIG. 3. (a) Optical image and AFM morphology scan of the as-deposited Te after crystallization in the capacitor. (b)—(d) Optical images and AFM scans of the Te region in

capacitors with ZrO, ALD temperatures of 120, 150, and 180 °C, respectively.

@ (b)

FIG. 4. (a) Cross-sectional schematic of
the Te FET device structure and the mea-
surement setup used for |-V measure-
ments. (b) An optical microscope image of
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reports.” Future improvements in Te-FET performance can be achieved
by optimizing the device fabrication process, particularly developing
optimal contacts for Te devices.

In conclusion, Dy of Te capacitors with ALD-deposited ZrO,
gate dielectric was extracted from the C-V and G/w-f characterization
as a function of ALD deposition temperature. Te capacitors were fabri-
cated in both SB and MB types, and the lowest D;, value, calculated
using the conductance method, was found to be 5 x 10'? states/
cm? eV for the MB capacitor with ZrO, deposited at 120 °C, where the
influence of Te grain boundaries was minimized. As the ZrO, ALD
deposition temperature increased up to 180 °C, D;, showed a notable
increase, revealing a rise in grain boundary density due to Te

recrystallization. Increase in the ALD temperature led to the genera-
tion of deep trap sites at the Te-ZrO, interface. Likewise, Te FET fab-
ricated under the same conditions exhibited degradation in SS and
effective hole mobility with increasing ZrO, deposition temperature,
confirming a strong correlation with Dy. This work highlights the
importance of defect minimized interface for enhancing scaled Te
transistors in future technologies.

See the supplementary material for room temperature C-V char-
acteristics and G/w vs frequency plots of single and multi-bridged Te
capacitors at various ZrO, ALD temperatures, and Raman spectra of
the Te regions within the capacitors.
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