
Journal of Physics D: Applied Physics

PAPER

Demonstration of compensated n-type scandium
nitride Schottky diodes
To cite this article: Dheemahi Rao et al 2023 J. Phys. D: Appl. Phys. 56 074004

 

View the article online for updates and enhancements.

You may also like
Vibrational and thermal properties of ScN
and YN: quasi-harmonic approximation
calculations and anharmonic effects
Salma Tahri, Abdallah Qteish, Iyad I Al-
Qasir et al.

-

Improving polycrystalline GaN by
controlling annealing temperature of ScN
interlayer
Y S M Alvin, M E A Samsudin, M Ikram Md
Taib et al.

-

Effect of impurities on morphology, growth
mode, and thermoelectric properties of (1
1 1) and (0 0 1) epitaxial-like ScN films
Arnaud le Febvrier, Nina Tureson, Nina
Stilkerich et al.

-

This content was downloaded from IP address 1.6.122.81 on 03/02/2023 at 05:22

https://doi.org/10.1088/1361-6463/acb3da
/article/10.1088/0953-8984/24/3/035401
/article/10.1088/0953-8984/24/3/035401
/article/10.1088/0953-8984/24/3/035401
/article/10.1088/2053-1591/ab0a8b
/article/10.1088/2053-1591/ab0a8b
/article/10.1088/2053-1591/ab0a8b
/article/10.1088/1361-6463/aaeb1b
/article/10.1088/1361-6463/aaeb1b
/article/10.1088/1361-6463/aaeb1b


Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 56 (2023) 074004 (9pp) https://doi.org/10.1088/1361-6463/acb3da

Demonstration of compensated n-type
scandium nitride Schottky diodes

Dheemahi Rao1,2, Shashidhara Acharya2 and Bivas Saha1,2,3,∗

1 Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research,
Bangalore 560064, India
2 International Centre for Materials Science, Jawaharlal Nehru Centre for Advanced Scientific Research,
Bangalore 560064, India
3 School of Advanced Materials (SAMat), Jawaharlal Nehru Centre for Advanced Scientific Research,
Bangalore 560064, India

E-mail: bsaha@jncasr.ac.in and bivas.mat@gmail.com

Received 9 November 2022, revised 3 January 2023
Accepted for publication 17 January 2023
Published 31 January 2023

Abstract
Scandium nitride (ScN) is an emerging group III-B transition metal pnictide and has been
studied extensively for its thermoelectric properties, as interlayers for defect-free GaN growth,
in epitaxial metal/semiconductor superlattices, and recently for its polaritonic and
optoelectronic synaptic functionalities. However, to realize the full potential of its
semiconducting properties in electronic, thermionic, and optoelectronic device applications, it is
necessary to develop Schottky diodes of ScN that are missing thus far. Here we show Schottky
diodes of ScN with elemental metals such as silver (Ag) and gold (Au). As-deposited ScN thin
films exhibit a high electron concentration in the (1–4) × 1020 cm−3 range due to unintentional
oxygen doping. These excess electrons are compensated by Mg hole doping, leading to a wider
depletion region at the metal/ScN interface for activated electronic transport. Current–voltage
(I–V) characteristics show the rectification nature in ScN/Ag and ScN/Au diodes, and the
barrier heights of 0.55 ± 0.05 eV and 0.53 ± 0.06 eV, respectively, are obtained. Interface
annealing with time and temperature results in a slight increase in the forward junction
potential. The capacitance–voltage (C–V) measurements also revealed the presence of interface
trap states. The demonstration of Schottky diodes marks an important step in realizing the full
potential of ScN in electronic, thermionic, and optoelectronic devices.

Supplementary material for this article is available online

Keywords: Scandium nitride, Schottky diodes, transition metal nitrides, fermi level pinning,
interface trap states

(Some figures may appear in colour only in the online journal)

1. Introduction

Transition metal nitrides (TMNs) are an emerging family of
materials and have been researched extensively in recent years
for various applications. Traditionally, TMNs are utilized in

∗
Author to whom any correspondence should be addressed.

hard coating and tribology industries due to their corrosion
resistant high hardness, highmelting temperature, and for their
excellent structural/chemical stability [1–4]. However, over
the last ten years, TMNs have demonstrated novel applica-
tions in many present-day research fields, such as plasmon-
ics, catalysis, hot carrier solar cells, etc. For example, metal-
lic TMNs such as TiN and HfN (ZrN) have emerged as
alternative plasmonic materials to Au and Ag for visible and
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near-ultraviolet spectral range applications, respectively [5–7].
Similarly, ZrN exhibited comparable or even better catalytic
properties compared to Pt for oxygen reduction reaction [8].
Scandium nitride (ScN) is one of the most famous semicon-
ducting TMN and exhibits a high hardness (∼24 GPa), high
melting temperature (∼2600 ◦C), and is stable at ambient tem-
perature and pressure [9–12]. Unlike its wurtzite group III-A
nitride counterparts, ScN exhibits rocksalt crystal structure,
indirect electronic Γ−X bandgap of ∼0.9 eV and a direct
Γ−Γ gap of 2.2 eV [10, 13–16]. Due to this fundamental dif-
ference in the crystal and electronic structure, ScN is attractive
for applications where most traditional group III-A semicon-
ductors do not work satisfactorily.

In terms of the electronic properties, ScN thin films depos-
ited with ultrahigh vacuum (UHV) magnetron sputtering or
withmolecular beam epitaxy are highly degenerate and exhibit
an n-type carrier concentration in the (1–4)× 1020 cm−3 range
at room temperature [17–20]. Such large carrier concentration
in ScN arises from the presence of oxygen as impurity and
nitrogen vacancies during the growth process [21–23]. Due
to such high carrier concentration and high electron mobil-
ity of ∼80–120 cm2 V−1s−1, ScN thin films exhibit a high
thermoelectric power factor of (2–3.5) × 10−3 W mK−2

in the 500 ◦C–600 ◦C range [18, 24, 25]. However, the
thermal conductivity of ScN (∼15 W mK−1 at 300 ◦C) is
rather high that results in an overall moderate thermoelectric
figure-of-merit (zT) of ∼0.15–0.30 at 500 ◦C [18, 25]. Sev-
eral strategies, such as alloying ScN with other heavy metal
nitrides (such as NbN, CrN, etc) and ion-beam irradiation have
been employed to reduce the thermal conductivity and increase
ZT [26–30]. Solid solution alloys of ScN with wurtzite III-
nitride semiconductors such as AlxSc1−xN, GaxSc1−xN have
also demonstrated high c-axis piezoelectric coefficient and are
actively researched for resonators and bulk/surface acoustic
wave devices in recent times [31–34].

Since most metals belonging to the TMN family such
as ZrN, TiN, and HfN exhibit the same crystal structure
and a closely matched lattice constant with ScN, epitaxial
metal/semiconductor superlattices are deposited with ScN as
the semiconducting component [35, 36]. Such metal/semi-
conductor metamaterials have demonstrated optical metama-
terial properties and currently researched for thermionic
energy conversion [37, 38]. Similarly, because of their lattice-
matched interface, (111) ScN interlayers have been used suc-
cessfully to grow dislocation and defect-free (0001) GaN [39,
40]. The high carrier concentration of ScN is further lever-
aged to excite low-loss and high-quality plasmon and phonon
polaritons in the near and far infrared (IR) spectral ranges,
respectively. With changes in the n-type carrier concentra-
tion, epsilon near zero resonance starting from 1.8 µm to
2.4 µm spectral range is achieved [41]. The polar semicon-
ducting nature of ScN also leads to a highly reflecting Rest-
strahelen band spanning from 14.6 µm to 27.8 µm and far IR
light-matter coupling through the excitation of surface phonon
polariton modes [41]. Photoconductivity and carrier relaxa-
tion in ScN also show intriguing properties in as-deposited and
hole-doped films. The positive and negative photoconductiv-
ity in ScN is utilized to demonstrate optoelectronic artificial

synapses with inhibitory and excitatory synaptic junctions.
Such ScN-based optoelectronic synapses have demonstrated
short-term memory and long-term memory, paired pulse facil-
itation and depression, Hebbian learning and logic gate oper-
ation, etc [42].

While these exciting developments in ScN research have
attracted significant attention, the possibility of ScN-based
electronic devices has not been explored much. One of the
fundamental steps in this direction would be the demonstra-
tion of ScN-based Schottky junction diodes that will rectify
current across the ScN/metal interface. Demonstrating Schot-
tky diodes and associated rectifying electronic transport is also
essential for ScN’s potential applications in thermionic, elec-
tronic, and optoelectronic devices and its integration in mod-
ern integrated circuits. However, one of the major challenges
for achieving Schottky or pn-junction diodes in ScN has been
its high electron concentration ((1–4) × 1020 cm−3). Such
semimetal or degenerate semiconducting nature helped ScN
to achieve high thermoelectric and plasmon-polaritonic per-
formances, but prevented the development of diodes and ther-
mionic devices. Such high electron concentration generally
led to the formation of Ohmic contacts with metal due to the
narrow depletion width. Previously, a few metal (Ti, Ni, Cu,
Al, Pd) contacts were deposited on ScN thin film, and their
junction characteristics were found to be non-rectifying [43].
Since the ScN films were deposited at low temperatures, large
dislocation density and millimeter-sized contacts could have
also contributed to the non-rectifying electronic nature. How-
ever, rectification was achieved in ScN/GaN and n-ScN/p-Si
barriers, where a significant depletion layer is formed at the
semiconductor/semiconductor interface [44, 45]. Fortunately,
Mg-hole doping has been used successfully to compensate for
the high carrier concentration in ScN [30, 46, 47]. Through
Mg-hole doping, n-type films with carrier concentrations as
low as 2 × 1018 cm−3 have been achieved [46]. Such films
with lowered electron concentration can be used for devising
a Schottky barrier.

Therefore, with the motivation to develop ScN-based elec-
tronic devices, we show the fabrication of ScNSchottky diodes
with elemental metals such as silver (Ag) and gold (Au) in
this work. Mg is doped to reduce the electron concentration
and achieve a sufficiently wide depletion layer. To reduce the
leakage through the dislocations, ScN films are deposited at
high growth temperatures (∼800 ◦C) and metal contacts with
sizes as small as 70 µm are used. The Ag/ScN and Au/ScN
diodes show current rectification behavior and barrier heights
of 0.55 ± 0.05 eV and 0.53 ± 0.06 eV, respectively. Though
the performance of the diodes can be improved further with the
optimization of material and fabrication techniques, this work
marks the first demonstration of a significant rectification in
the ScN/metal Schottky interface.

2. Methods

Mg-doped ScN thin films are deposited with amagnetron sput-
tering in an UHV (base pressure of 1 × 10−9 Torr.) cham-
ber on (001) MgO substrates. The substrates are sonicated in
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acetone and methanol and dried with nitrogen prior to loading
into the load lock chamber. The substrates are heated to 800 ◦C
and held for 30 min to ensure uniform heating and complete
desorption of surface impurities before the growth. Sc and Mg
are co-sputtered at 125 W and 6 W, respectively, with Ar:N2

flow rate of 9:2 standard cubic centimeters per minute (sccm.)
for three hours to achieve a film thickness of 230 nm. Due to
theMg-hole doping, films exhibit a room temperature electron
concentration of 4 × 1018 cm−3, mobility of 15 cm2 V−1s−1,
and resistivity of 108 mΩ cm.

The films are then dipped in dilute HCl for 60 s and coated
with photoresist immediately for patterning circular contacts
of different diameters using optical lithography. As dilute HCl
etches ScN at the rate of about 3 nm min−1, the possible sur-
face oxide should be removed with this process. Approxim-
ately 40 nm thick Ag and Au are deposited on the film with
a high-vacuum thermal evaporator, and the sample is sub-
sequently dipped in acetone for lift-off. Circular contacts with
diameters 70, 100, 200, 300, 500, and 700 µm are fabricated.
Indium is pressed onto the ScN film to form about 1 mm cir-
cular Ohmic contact. All the electrical measurements are per-
formed across the lateral contacts (as shown in the insets in
figure 2) in the probe station attached with Keithley 4200.

3. Results and discussions

Carrier transport in a metal/semiconductor Schottky junction,
in general, can take place through three mechanisms, thermi-
onic emission (TE), thermionic field emission (TFE) or field
emission (FE), depending on the nature of the barrier and the
energy of the carriers (figure 1(a)). For a given carrier concen-
tration (N), carrier effective mass (m∗) and dielectric constant
(ϵs) of the semiconductor, the underlying transport mechanism
can be determined by an estimation of E00, calculated with the
following expression,

E00 =
qℏ
2

√
N

m∗ϵs

where, q and ℏ are the charge of an electron and reduced
Plank’s constant, respectively [48]. For ScN,m∗ = 0.39m0 and
ϵs = 12.3ϵ0 is used to calculate E00 as a function of the elec-
tron concentration (see figure 1(b)). To achieve current recti-
fication at the Schottky barrier, the transport should be pre-
dominantly TE. It is clear from figure 1(b) that TE can be
achieved in ScN when its carrier concentration is reduced to
less than 2 × 1018 cm−3. For carrier concentration of more
than 2 × 1018 cm−3, TFE will occur, and subsequently, at
higher electron concentration (>∼1 × 1020 cm−3), FE would
dominate. Since as-deposited ScN thin films exhibit an elec-
tron concentration in the (1–4) × 1020 cm−3 range, for the
demonstration of Schottky diodes, it is necessary to reduce the
carrier concentration. Therefore, Mg-hole doping is used to
reduce the electron concentration in ScN (figure 1(c)). For an
Mg-doping concentration of 1.6 atomic %, a low electron con-
centration of 4 × 1018 cm−3 is achieved. The metal/ScN bar-
riers are studied with this low electron concentration n-type

ScN. Technically, since Mg concentration is relatively high,
Sc0.984Mg0.016N is an alloy. However, Mg does not introduce
any energy states within the bandgap or alter the band edges
but only compensates the excess electrons [46, 49]. Since Mg
acts just like a p-type dopant in ScN, we use the term Mg-
doping or hole-doping in the manuscript. Further increase in
the Mg-dopant concentration leads to p-type ScN, as shown in
figure 1(c).

High-resolution thin film x-ray diffraction (HRXRD) of
the Sc0.984Mg0.016N film with 4 × 1018 cm−3 electron con-
centration (see figure 1(d)) reveals epitaxial nominally single-
crystalline growth on (001) MgO substrates. Two XRD
peaks at 39.96◦ and 42.91◦ correspond to the (002) orient-
ation of ScN and MgO, respectively. The lattice constant of
Sc0.984Mg0.016N is 4.51 Å, which is practically the same as
that of the intentionally undoped-ScN [50]. The HRXRD of
undoped ScN is also shown in figure 1(d) for comparison.
The (001) planes can be slightly tilted relative to <001>
due to dislocations. This spread in crystal plane orientation,
mosaicity, is seen as the widening in ω-scan (rocking curve)
peak. The ω-scan corresponding to the (002) diffraction peak
in ScN (see inset in figure 1(d)) exhibits a full-width-at-the-
half-maxima of ∼0.73◦ for both ScN and Sc0.984Mg0.016N,
suggesting the retention of crystalline quality. The surface
comprises square-shaped compact grains, as evidenced in
the plan-view field-emission scanning electron microscopy
images (figure 1(e)). The atomic-force microscopy image fur-
ther verifies the Ehrlich–Schwoebel barrier-controlled epi-
taxial growth mechanism of ScN, as reported previously [51].
The surface rms roughness exhibits a relatively low value of
0.6 nm. The structural characterizations suggest that Mg-hole
doping does not degrade the crystalline quality of ScN films,
which is extremely important for device performance.

Device current varies linearly with the applied voltage for
ScN/indium (In) contact (see figure 2(a)). The linear I–V rela-
tion signifies the Ohmic nature of In/ScN interface, even when
the electron concentration in ScN is low (4 × 1018 cm−3).
On the other hand, a non-linear diode-like I–V character-
istic is obtained across Ag/ScN/In and Au/ScN/In junctions.
Since, In forms Ohmic contact with ScN, the diode-like I–V is
obtained due to the Schottky barrier formation at the Ag/ScN
and Au/ScN interfaces. An apparent current rectification is
observed when the current passes through the smallest 70 µm
Ag and Au contacts, as shown in figures 2(b) and (c), respect-
ively. The reverse current in Ag/ScN Schottky diodes is at
least one order of magnitude less than the forward current in
the entire voltage range measured here. The current rectifica-
tion ratio (RR) (ratio of forward current to reverse current at
a particular voltage) at 2 V for the Ag/ScN diode is ∼60. The
reverse leakage current increases at higher voltages lowering
the RR to∼25 at 3 V. The reverse leakage current is higher for
Au/ScN diode with RR of 3 at 2 V. The forward voltage drop
(VF) for Ag/ScN andAu/ScN is about 1.3 V and 0.9 V, respect-
ively. Though the RR is lower and VF is higher in comparison
to the well-established Schottky diodes of Si and GaN, it is the
first time that Schottky diodes are demonstrated in ScN, and a
significant rectification is observed [52, 53].
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Figure 1. (a) Schematic of metal/semiconductor Schottky barrier across which electron can be transported by field emission (FE),
thermionic field emission (TFE) or thermionic emission (TE). (b) The plot of E00 for ScN shows which carrier transport mechanism
dominates in the Schottky barrier as a function of carrier concentration. The schematic of the change in barrier shape facilitating each carrier
transport is also shown. (c) Increasing Mg target power initially reduces the electron concentration to a minimum (4 × 1018 cm−3) and then
leads to p-type ScN. (d) The HRXRD shows single crystalline Mg-doped n-ScN (002) oriented growth on (002) MgO. The 0.72◦ FWHM of
the rocking curve in the inset reveals slight mosaicity. (e) Plan-view FESEM image presents the smooth, compact surface with square
features arising from its cubic crystal structure. (f) Atomic force microscopy (AFM) image suggests a smooth surface with rms roughness of
0.6 nm.

Careful analysis of the logarithmic plot of forward
current characteristics for the Ag/ScN diode shows three
regions suggesting different carrier transport mechanisms (see
figure 3(a)). In a small range of low voltages (region I), the cur-
rent varies linearly, and the magnitude of current is also very
small. Here, the carrier injection from the metal into the semi-
conductor is less due to the insufficient voltage to overcome
the barrier. In region II, the current rises exponentially due to
the TE across the barrier. The barrier height (Φb) and the ideal-
ity factor (n) can be calculated by fitting the J–V characteristic
in this region with the Schottky diode equation (as in the inset
in figure 3(a))

J= J0 e
qV
nkT

Where, J0 = A∗T2exp(−qΦb/kT) .

Here, J0 is saturation current density, k is Boltzmann’s con-
stant, T is absolute temperature, and A∗ is effective Richard-
son coefficient (3.38 × 105 A m−2K−2). The fitting of 70 µm
Ag/ScN diode current yields a barrier height of 0.55± 0.05 eV
and an ideality factor of ∼8. The higher ideality factor points
to the fact that TE does not solely dominate transport. Addi-
tionally, interface inhomogeneity, series resistance, and form-
ation of a layer due to diffusion at the interface also contrib-
ute to higher n. Finally, in region III, the current varies as∼Vn
(n= 2–3), suggesting the space-charge limited current (SCLC)
transport mechanism. The carrier injection overpowers the

equilibrium charge distribution at the barrier giving rise to the
SCLC regime [54].

The forward I–V characteristic is also analyzed with
Cheung method, and the series resistance (Rseries) of∼5000 Ω
is measured (details in SI) [55]. Such a high resistance value is
presumably due to the lateral geometry of the contacts that are
separated by a fewmillimeters.With this method, Ag/ScN bar-
rier height and ideality factor are calculated to be 0.53 eV and
7.7, respectively, endorsing the earlier calculations. The effect
of Rseries is evident from the semi-logarithmic plot of the diode
current, and Rseries value of 3930 Ω is extracted (details in SI).

Variations of the I–V characteristics with Ag contact dia-
meter (see figure 3(b)) show that though the diode current var-
ies non-linearly for all metal contact sizes studied here, the
rectification decreases for larger contact diameters. Such beha-
vior could be attributed to the increased shunt paths beneath
the contacts that allow electron transport without the influence
of an effective barrier. The linear fit of reverse leakage current
(IR) at −1 V as a function of contact diameter (see SI) has a
slope of nearly two, suggesting that the leakage current is pro-
portional to the area of the contact [56]. Further discussion on
the variation of shunt and series resistance with the size of the
contacts is included in SI. For such reasons, a smaller contact
size is traditionally preferred to demonstrate Schottky diodes
in GaN and other materials [57].

The impact of ageing on the diode characteristics is fur-
ther determined by the I–V measurements at different time
intervals after the initial measurement. With time (day 5
and day 14), the Ag/ScN diodes show lower reverse leakage
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Figure 2. I–V characteristic curves of (a) In/ScN, (b) Ag/ScN, and
(c) Au/ScN. The linear variation of I with V suggests that In forms
Ohmic contact with ScN. Ag and Au form Schottky diodes with
rectifying ability. The inset shows the device structure.

current and the rectification increases (see figure 3(c)). Bey-
ond 14 days of timeframe, diode characteristics remain prac-
tically the same. This observed phenomenon indicates the pos-
sibility of some interfacial reaction that enhances the rec-
tification. Diffusion of Ag or bonding with dangling bonds

eventually forms a layer that increases the barrier height and
series resistance [58, 59]. Similarly, temperature-dependent I–
V measurements reveal a slight increase in forward voltage
drop and thus the barrier height when heated up to 75 ◦C
(figure 3(d)). The slight increase in barrier height and decrease
in ideality factor (see SI) are due to the potential fluctu-
ation and spatial inhomogeneities at the interface, as reported
earlier in other Ag/semiconductor barriers [60]. The inset in
figure 3(d) shows the decrease in current at 2 V as the temper-
ature increases, implying the barrier modification.

To gain further insight into the diode functionalities,
capacitance–voltage (C–V) measurements are performed by
sweepingDC voltage across the Ag/ScN junctionwith a super-
posed 30 mV AC (figure 4(a)). At 100 kHz AC, the capacit-
ance in the reverse bias slightly reduces from 0 to −3 V due
to the reverse current leakage. Whereas, in the forward bias,
the capacitance steeply drops after ∼1.5 V, where the current
begins to flow across the barrier. The peak around 0 V in the
C–V curve is due to the increased capacitance of the inter-
face traps as the depletion layer becomes thin. At higher fre-
quencies, the magnitude of the capacitance is reduced as the
contribution from the interface traps reduces; but the nature of
the C–V remains the same. Variation of capacitance with AC
frequency at 0 V and −3 V is presented in figure 4(b). Capa-
citance under reverse bias is lower than the zero-bias capa-
citance at lower frequencies due to the voltage response of the
interface traps [61]. At higher frequencies (>0.5 MHz), where
trap states are not responsive, the capacitance is independent
of the bias. Beyond 5 MHz, the capacitance turns negative due
to some inductive effect at the interface. A similar observation
is reported in the Ni/n-GaAs Schottky diode, where the origin
of negative capacitance is attributed to the dominance of deep
trap states with longer relaxation times that create a non-ideal
phase lag of current leading to an inductive effect [62, 63]. The
conductance is bias independent and shoots up after 5 MHz,
where capacitance turns negative (see figure 4(c)).

Consistent with the Ag/ScN, Au/ScN diode is also analyzed
similarly. From the TE theory, the Schottky barrier height and
the ideality factor is calculated to be 0.53 ± 0.06 eV and
∼10, respectively. As mentioned earlier, the leakage current
in Au/ScN diode is higher than in Ag/ScN. The variation in
the I–V characteristics with changes in the metal contact size
and ageing in Au/ScN diodes are similar to the ones obtained
in theAg/ScN diode. All the I–V andC–V analysis for Au/ScN
is described in the SI section.

The experimental results of the Schottky barrier height
are further compared with the Mott–Schottky description of
the barrier formation. The barrier height, according to the
Mott–Schottky theory, is the difference between the work
function of the metal (Φm) and electron affinity of the semi-
conductor (qΦb = q(Φm − χ)) as in figure 1(a). Consider-
ing a pure TE, the theoretical and experimental Schottky bar-
rier height for In, Ag and Au on ScN calculated from logar-
ithmic I–V plot and Cheung method is presented in table 1.
In spite of the 0.5 eV difference in the work function of Ag
(χ = 4.6 eV) and Au (χ = 5.1 eV), the almost equal bar-
rier height of Ag/ScN and Au/ScN indicates the possibility of
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Figure 3. (a) Logarithmic plot of the forward current in the Ag/ScN diode suggests the presence of three regimes of conduction across the
barrier. The barrier height of 0.55 × 0.05 eV is calculated by fitting thermionic equation in regime II as shown in the inset. (b) The reverse
current leakage decreases and the rectification is improved for smaller diameters of Ag contacts. (c) I–V measured on different days indicate
interface reaction leading to better rectification. (d) With increasing temperature, the barrier height slightly increases. The forward voltage
drop also increases, and the current at a particular VF decrease, as in the inset.

Figure 4. (a) Capacitance–voltage measurement of Ag/ScN indicates the presence of interface trap states whose contribution to the
capacitance diminishes at higher frequencies. The presence of interface trap states is also evident in the (b) capacitance–frequency and
(c) conductance–frequency curves of Ag/ScN diode.

Fermi-level pinning. The presence of interface states will pin
the Fermi level of the semiconductor at the surface before any
metal is deposited. Hence, the metal/semiconductor Schot-
tky barrier formation does not follow the Schottky–Mott rule.

In such a situation, the band bending in the semiconductor
(figure 1(a)) will remain the same for any metal regardless
of its work function. Though Mg hole-dopant and oxygen
as unintentional donors do not introduce defect states within
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Table 1. Comparison of the theoretical and experimental value of
the Schottky barrier for In, Ag, and Au. The electron affinity of ScN
is 4.1 eV (measured with ultraviolet photoemission spectroscopy
(UPS) and will be reported subsequently).

Metal Φm (eV)
Φb (eV)
(Theory)

Φb (eV)
(Experimental: logI–logV)

Φb (eV)
(Experimental: Cheung)

In 4.1 0 0 0
Ag 4.6 0.5 0.55 ± 0.05 0.54
Au 5.1 1 0.53 ± 0.06 0.47

ScN’s bandgap, other types of defects, like dangling bonds at
the surface and extended defects, could lead to surface states
where Fermi level could pin. Such Fermi-level pinning is quite
common among III–V semiconductors, resulting in a specific
Schottky barrier height irrespective of the metal [48, 64, 65].

4. Conclusion

In conclusion, Schottky barrier diodes with current rectifying
characteristics are demonstrated for the first time in carrier-
compensated n-type ScN thin films with Ag and Au metallic
contacts. With indium as Ohmic contact, non-linear diode-like
I–V curves are obtained for the Ag/ScN andAu/ScN junctions.
The average barrier height and ideality factor for Ag/ScN
and Au/ScN diodes calculated by fitting the TE equation are
0.55 eV ± 0.05 eV and 0.53 eV ± 0.06 eV and 8 and 10,
respectively. The rectification improves for smaller contact
diameters, presumably due to fewer shunt paths. The Ag/ScN
exhibit a much lower leakage current compared to the Au/ScN
diode. The barrier height slightly increases with time and tem-
perature, probably due to interfacial modifications. The C–V
measurement indicates the presence of interfacial states whose
contribution to capacitance reduces at higher frequencies. Fur-
ther reduction in electron concentration of ScN, contact size
and optimized surface treatment might improve the quality of
the diode. This work demonstrates the possibility of achieving
a Schottky diode of ScN that paves the way for ScN’s applic-
ation in electronic, thermionic, and optoelectronic devices.
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