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Intentional doping and unintentional impurities in intrinsic semiconductors generate carriers that enable
device operations. Fundamental to the electronic activity of dopants and impurities is the introduction of defect
states inside the forbidden energy gap of semiconductors having shallow and/or deep characteristics, which
fundamentally define the ability to engineer its physical properties and associated device performance. Here
we demonstrate that unintentional electron doping by oxygen (Oy) impurities and intentional magnesium hole
doping (Mgs.) in scandium nitride (ScN) do not introduce any defect states inside its fundamental bandgap
and that the rigid-band electronic structure remains unchanged. Employing a combination of spectroscopic
techniques as well as first-principles density functional theory analysis, we show that the Oy and Mgs. defect
states in ScN are located inside the bands, which leaves behind the virgin ScN bandgap as well as the valence
and conduction band edges that are important for electronic transport. The rigid-band electronic structure of
ScN with respect to the electron and hole doping results in high electron and hole concentrations due to the free
movement of Fermi level and results in tunable electronic and thermoelectric properties necessary for device

applications.

DOLI: 10.1103/PhysRevB.99.161117

Nanoscale control of defects in semiconducting materials
is crucial for engineering its structural, electronic, and opto-
electronic properties [1,2]. Point defects such as vacancies,
interstitials, foreign impurities, etc., and line defects such as
dislocations, grain boundaries, etc., significantly impact the
physical properties of an otherwise perfect semiconductor
[3-5]. Electronically active point defects such as intentional
doping of n-type (electron) and p-type (hole) carriers as well
as native defects such as vacancies and impurities introduce
defect states inside the bandgap of a semiconductor with
shallow and/or deep characteristics [6,7]. For example, in
technologically important III-nitride semiconductors such as
GaN, a combination of experimental and modeling analysis
have demonstrated that p-type doping by Mgg, incorporation
introduces shallow acceptor states at ~200meV from the
valence band edge [8-10], while recent theoretical reports
have suggested deep defect states at ~600 meV [11]. In InN,
experimental analysis has shown that Mg (hole) doping in-
troduces shallow acceptor states ~110 meV from the valence
band edge [12]. Similar to the hole doping, incorporation
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of n-type foreign impurities such as oxygen (On) and N
vacancies (Vy) introduce shallow donor states close to the
conduction band (CB) edge in GaN [13,14]. Apart from III-
nitrides, electronically active defects in practically all classes
of semiconducting materials exhibit states inside the bandgap,
with examples of Ill-arsenides like GaAs [15], InAs [16];
III-phosphides like InP [17], GaP [18]; III- antimonides such
as GaSb [19], AlSb [20]; and other II-IV semiconductors such
as CdTe [21,22], ZnSe [23], etc.

While defect states inside the bandgap provide carriers,
such electronic states may also act as nonradiative recombina-
tion centers that quench luminescence [24,25], reduce carrier
mobility [26], and pin the Fermi level [27] affecting device
performance. For example, Mg dopant states in GaN, located
~0.2 eV above the valence band maxima (VBM) demand high
activation energy [28], which limits the ability to synthesize
heavily p-doped GaN [29]. Therefore, the most desired case
for the electronic activity of the defects would be to dope a
semiconductor with high n-type and p-type carriers, without
the creation of defect states inside its bandgap. This would
lead to desired electron and hole concentrations, without the
necessity to deal with the defect states and its potentially
adverse impacts, thus leading to efficient electronic, thermo-
electric, light emitting, and transistor devices.
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Scandium nitride (ScN) is a group III (B)-nitride indirect
bandgap semiconductor that crystallizes in rocksalt structure
having octahedral bonding coordination, and has attracted sig-
nificant interest in recent years for its thermoelectric applica-
tions [30,31], as a substrate to deposit high quality GaN with
reduced dislocations [32] and as a semiconductor component
for epitaxial metal/semiconductor superlattice metamaterial
development [33,34]. Due to the presence of unwanted oxy-
gen impurities, as-deposited ScN thin films are n-type degen-
erate semiconductors [35,36] with carrier concentrations in
the range of (2—4) x 10*° cm~>. Mg doping has proven to be
effective in reducing the n-type carrier concentrations in ScN
[37] leading to an n-to-p carrier-type transition with high hole
concentrations (2.2 x 10%° cm~3), leading to the presumption
that self-compensation effects are perhaps not significant in
ScN [see Sec. II of the Supplemental Material (SI) [38] for a
detailed discussion].

Previous theoretical calculation [35] based on a Heyd-
Scuseria-Ernzerhof (HSE) functional on ScN and Sc;_,Mg,N
have shown no thermodynamically stable charged transition
levels in the bandgap with an energetically favorable defect(s).
Optical absorption measurements also showed no sign of any
subbandgap absorption [37], hinting an absence of defect
states in the bandgap. In this paper, we demonstrate that
although the incorporation of unwanted Oy impurities leads
to a high electron concentration of ~(2—4) x 10?° cm~3, and
intentional Mgs. (hole) doping results in a high hole concen-
tration of ~2 x 10?° cm~2 in sputter deposited ScN thin films,
the rigid-band electronic structure remains unchanged with re-
spect to the introduction of defects. In other words, Mgs. and
Oy do not introduce any acceptor or donor defect states inside
ScN’s bandgap respectively, and the band edge properties that
determine electronic transport remain unchanged.

First-principles density functional theory (DFT) calcula-
tions were carried out using plane wave basis code QUAN-
TUM ESPRESSO [39-43] within DFT+U formalism [details in
Sec. I(C) of the SI [38]). For pure ScN, the valence band
is primarily composed of N-2p orbitals with contributions
from Sc 3d-e, states, while the conduction band exhibits
Sc 3d-tr characteristics with a small contribution from N-
2p orbitals [see Fig. 1(a)]. Unlike other wurtzite III-nitride
semiconductors, the p-d hybridization in ScN is responsible
for the bandgap opening, as it splits the Sc-3d orbitals similar
to the case of FeGaz and RuGajz [44]. With the incorporation
of oxygen (On) of ~3.1% (ScNp.096900.031), the Fermi level
moves inside the conduction band, ~0.37 eV from the band
edge. As oxygen atom contains one extra electron compared
to nitrogen, it acts as a donor in ScN. Densities of states
(DOS) calculations [see Figs. 1(b) and 1(d)] show that the
O 2p states are in resonance with N 2p orbitals and are
located deep inside the valence band with a peak at ~ — 5eV
and small densities at ~ —2.5eV from the valence band
edge. The densities of O 2p states in the conduction band
were minimal, though in resonance with Sc-d states. Since
electronic transport is primarily determined by states that are
close to the Fermi level, i.e., states inside the bandgap and a
narrow region of the band edges for a semiconductor; for all
practical purposes, the oxygen impurity (Oy) states would not
affect transport properties except for donating carriers, which
manifests itself in the heavy n-type carrier concentrations in
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FIG. 1. Total and partial density of electronic states of ScN
with various defects configurations. Fermi level is set as 0 eV. The
charge densities of VBM-100 meV and conduction band maxima
(CBM)+100 meV are shown at the right side of the each DOS plot.

as-deposited ScN films. Similarly, though the incorporation
of Mg inside ScN (Mgs.) shifts the Fermi level inside the
valence band at ~0.32 eV from the band edges for 3.1% Mg
doped in ScN (Scg.960Mgo.031N) due to carrier compensation
effects [see Figs. 1(c) and 1(d)], the Mg 2p and 3s states are
located deep inside the bands around ~ — 2.5 to —3.5eV and
—2.7 to —4.0eV from the valence band edges, respectively.
The Mg states are also in resonance with the N 2p states
and thus should not affect transport properties, except for hole
generation.

However, first-principles analysis showed that the presence
of Vy would add defect states close to the valence band edge
and significantly alter the rigid band electronic structure [45].
A distinct peak having Sc 3d-e, characteristics (details in
Sec. V of the SI [38]) emerged for ScN having 3.1% of V.
The presence of the vacancy pushed the Fermi level inside
the conduction band that represents its donor characteristics.
Without the ionic relaxation that minimizes forces on atoms
around the vacancy, the defect state was found to occupy the
top of the valence band edge. When full ionic relaxation steps
were performed, the defect state was found to be localized
inside the bandgap at ~0.06 eV from the valence band edges
and has a dispersion width of 0.43 eV. Calculated defect
formation energies (FE) suggest that both the Vy and Oy
are energetically favorable for Sc-rich ScN growth conditions
[35]. Theoretical analysis has also suggested that Oy exhibits
lower FE compared to Vy under Sc-rich conditions, while
under N-rich growth conditions, the FE of Vy is very high
[35]. Nevertheless, it must be emphasized that for electronic
and optoelectronic device applications, ScN thin films should
be deposited in N-rich conditions to minimize the Vy concen-
trations.
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FIG. 2. (a) SXAS data of ScN and Sc;_,Mg,N thin films and
(b) their first derivatives represents the absorption edges. Dotted lines
in (a) are theoretically calculated ones for pure ScN configuration.

First-principles analysis was also utilized to determine the
possible clustering of atoms inside ScN, as such clusters are
known to significantly impact the performance of materials.
Previous [31] and current theoretical analysis on oxygen
doped ScN have shown no O-O or Mg-Mg clustering tendency
in ScN, which is consistent with experimental results (see
Fig. S3 of the SI [38]). Results also showed that for Mgg.-On
(near) (separation between Mgs. and On(d) ~ 2.30 10\) is
energetically preferable by 50 meV/8 atom unit cells in
comparison to Mgs.-Oy (far) (d & 6.90 A).

For the experimental validation of electronic structure
calculations, ScN and Sc;_,Mg,N thin films were deposited
on (001) MgO substrates in N-rich growth conditions with
high vacuum dc-sputtering method. As-deposited ScN thin
film was degenerately n-doped due to the presence of oxygen
impurities (details in Secs. II and IV(B) and IV(C) of the
SI [38]) [37]. For the spectroscopic analysis, an undoped
n-type ScN thin film having n, = 2.9 x 10*cm~3 and two
p-type samples ScoogsMgo.018N and ScooesMgo.o3sN with
hole densities of n, = 5.7 x 10! and nj, = 1.1 x 102 cm 3,
respectively, were chosen.

Unoccupied densities of electronic states were measured
with soft x-ray absorption spectroscopy (SXAS) measure-
ments [46,47] that reveal four distinct peaks in all three films
with very similar spectral shapes. The four peak positions
from different films are close to one another and are located at
400.83 eV (1), 403.17 eV (II), 405.43 eV (11I), and 407.70 eV
(IV), respectively, which lead to similar absorption thresholds
[see Fig. 2(a)]. Moreover, a shoulder peak was also found at

403.57 eV [the marked feature in Figs. 2(a) and 2(b)]. Such
identical spectral shape and peak positions indicate that Mg
doping of n-type ScN does not perturb the band dispersion and
the charge introduction remains within the muffin tin radius of
Mg ions.

As the Sc L edge and N K edge appear very close to one
another, the experimental absorption spectra were compared
with spectra obtained from full multiscattering (FMS) theory
[44,48], and the peak I and II in Fig. 2(a) are assigned to
the L3 edge of Sc, while peak III and IV are assigned to
the L, edge. The L3 edge is the transition from Sc 2p3,; to
unoccupied d orbitals, whereas, L, represents transitions from
Sc 2pj, to unoccupied d orbitals. In addition, due to the
octahedral symmetry in the crystal structure, both the L3 and
L, subbands split into #,, and e, orbitals, where e, are located
at higher energies than the #,,. The separation between L3 and
L, edge [Lo(ty,) — L3(t2g)] is ~4.5eV, which is consistent
with other 3d material systems [49]. It is important to note
that the splitting due to spin-orbit coupling of the 2p orbital
(&2p) of the Sc atom obtained from an XPS 2p core level scan
is also ~4.5 eV (details in Fig. S6 of the SI [38]), the same as
the separation between the L3 and L, edges. The crystal field
splitting energy (~10Dq) estimated from the SXAS [energy
difference between the peak of e, and #,, from Fig. 2(a)]
is 2.2 eV, which is close to the estimated value of 2.1 eV
obtained with FMS theory [see Fig. 2(a)]. Both 10 Dq and
{»p of Sc are consistent with previously reported values for
SmScO; and other rare-earth element doped ScOs3 [50,51].
Such similar values of the crystal field splitting parameters of
undoped ScN and p-type Sc;_.Mg,N films demonstrate that
there is no effective change in the conduction band structure
with Oy and Mgg. doping, and the defect states related to
the dopants appear primarily inside the bands. The SXAS
also agreed well with the experimental electron-energy-loss-
spectroscopy (EELS) spectra (details in Sec. IV(A) of the SI
[38]).

Ultraviolet photoemission (UPS) spectra were obtained
(see Fig. 3, SI [38], and Refs. [52-55]) to understand the
valence band densities of electronic states (DOS) along with
the defect levels, and are compared to the electronic structure
calculations. The photoemission spectral shape of all three
samples are compared to each other, and a distinct edge in the
valence band around —1.0 eV is visible. The valence band on-
set values of —1.04, —0.47, and —0.47 eV were obtained for
ScN, Scp.982Mgo.018N, and Scy 965sMgo 035N, respectively (see
Fig. 3). For undoped ScN, previous [30,37,56] experimental
and theoretical analyses have suggested that the Fermi level
is situated inside the conduction band at ~0.06—0.2 eV above
the band edge that is consistent with our observation. More-
over, the spectra show that with Mg doping, the Fermi level
shifts from the conduction band towards the valence band due
to carrier compensation effects, which is again consistent with
first-principles analysis [see Fig. 1(c)] and transport measure-
ments (later discussed in Fig. 4). It is, however, important to
note that though the carrier concentration of Scg.965Mgo.035N
is twice that of Scg.95oMgo.01sN, the valence band edges for
both of the p-type samples were close to one another due to
surface Fermi level pinning of the p-type Sc;_,Mg,N. Though
DFT calculations and previous experimental analysis suggest
that the Fermi level is expected to be close to or inside the
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FIG. 3. Valence band spectra of ScN and Sc,_,Mg,N obtained
with UPS measurements are presented. Comparison between theo-
retically calculated DOS of ScN:O and UPS valence band spectra of
ScN is shown. The Fermi level of theoretically calculated DOS was
adjusted with the experimental value.

valence band [30] for such p-type films, surface Fermi level
pinning is not surprising as other III-nitrides [57] such as InN
[58] also exhibit similar behavior. In a recent report [36],
Mg ion-implantation has been utilized to introduce defects
for reducing thermal conductivity in ScN and to explore the
potential for achieving p-type ScN films. However, since the
as-deposited ScN exhibited a large oxygen concentration (~ 9
at. %), no p-type conduction was observed even at a maximum
2.2 at. % incorporation of Mg inside ScN.
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FIG. 4. Temperature dependent Seebeck coefficient of n-type
ScN and p-type Sc;_,Mg,N thin film alloys are presented. Solid lines
represent theoretical data calculated using electronic dispersion of
pure ScN (shown on insets with respective Fermi levels).

It may be also noted that there are some differences
in the features of the valence band spectra obtained from
the UPS measurements and the calculated valence band
density of states. To understand these differences, we an-
alyze the XPS Sc 3d photoemission data obtained from
Al K, source (1.486 keV) and 4.357-keV x-ray source (de-
tails in Sec. IV(C) of the SI [38] and Ref. [59]). Com-
parison between the two shows that the intensity ratio
of the Sc 3d peak from the Sc-O and from Sc-N bond
is less from the 4.357-keV excitation for Mg-doped sam-
p]CS (ISch . ISC,O (1486 kCV)/IsC,N . IScfo (4357 keV) =
0.2317 for SCQ.982Mg0.Q|8N and 0.5334 for SCO‘965MgQ'035N
and the value is almost unity in undoped ScN. The escape
depth of the core electrons with an excitation of ~4keV is
about 5 nm and is less than 2 nm for Al K, excitation. Hence,
it was concluded that there is a larger concentration of oxygen
at the surface as compared to the bulk of the ScN films.
Since the presence of such oxygen on the sample surface
appears primarily from postgrowth exposure to the ambient
conditions, they could be present in both scandium oxide
(Sc203) and scandium oxy-nitride (ScOxNy) forms. However,
a close comparison of XPS core level spectra determined
here and its comparison with Ref. [38] suggest that oxygen is
present most likely in oxy-nitride from, though the presence
of scandium oxide can never be ruled out (see Sec. VII in the
SI [38] and Ref. [60] for a detailed discussion).

The peak of the valence band is found at a binding energy
of 6.2 eV, which corresponds to the calculated oxygen partial
density of states in the valence band (see Fig. 3). The presence
of increased oxygen at the surface of the ScN films, coupled
with the large photoemission cross section of O 2p states
at 21.2-eV excitation, contributes to the dominance of the
O-related feature and broadening of the valence band states,
as observed in the experiments. It may be noted that the
observation of the broadening of the valence band due to the
presence of oxygen is in spite of the fact that the sample
surfaces were cleaned by ion etching (details in Sec. IV(B)
of the SI [38] and Ref. [61]). The system base vacuum
was ~9 x 10~! mbar and instrument resolution was better
than 20 meV. Thus, the observations are intrinsic to ScN
surface density of states and not extrinsic surface impurity
effects. However, the determination of the valence band onset
is unambiguous in spite of this smearing out of the states,
because the bandgap of Sc, O3 [62] is > 5.6 eV. For scandium
oxy-nitride (ScN: Sc,03) the bandgap is expected to be more
than 3.25 eV, (whose presence cannot be completely ruled out
with an increase in oxygen at the surface), and hence will not
affect the ScN valence band onset values [63].

While the spectroscopic characterization and first-
principles analysis clearly confirmed the rigid band electronic
structure of ScN with respect to the On and Mgs,, its
manifestation on the thermoelectric and electronic transport
properties are more clear and impacting. The validation of
the rigid band electronic structure was further supported
by the temperature-dependent Seebeck measurements and
theoretical calculations of the Seebeck coefficient with
Boltzmann transport theory [64] and Landauer models [31],
which use an electronic dispersion spectrum of pure ScN.
Both the models have been able to capture increasing Seebeck
coefficients as a function of temperature (see Fig. 4) with the
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electronic dispersion of pure ScN, and having the Fermi level
placed at the appropriate positions in the band structure, and
suitable scattering models (shown in Fig. 4). The increase
in resistivity of Sc,Mg;_,N films at room temperature with
increasing Mg concentrations for the n-type carrier regime
and decrease in the p-type region [37] also clearly indicate
the absence of any defect states inside the bandgap and the
Fermi level moving from the conduction band to the valence
band (details in Sec. II of the SI [38]).

In conclusion, spectroscopic and first-principles analysis
has demonstrated that the rigid band electronic structure of
ScN remain unchanged with respect to the incorporation of
oxygen (Oy) that acts as an electron dopant and magnesium
(Mgs.) that acts as a hole dopant, leading to high n-type and
p-type carrier concentrations, respectively. Contrary to other
wurtzite III-nitride semiconductors, the defects states in ScN
are located deep inside the bands and do not introduce any
changes to the ScN bandgap and its band edges. Due to the
rigid band electronic structure, the Fermi level moves freely

from the conduction to valence band and leads to an n-to-p-
type carrier transition, with high electron and hole concen-
trations, and tunable electronic and thermoelectric properties.
The rigid-band electronic structure of ScN with respect to
the electron and hole doping is quite unique and interesting,
not only among the III-V semiconducting materials, but for
most well-known semiconductors in general, and is expected
to stimulate interest from researchers to harness its potential
for device applications.
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