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Quasiclassical Anderson transition (QAT) represents the crossover from metallic to activated conduction
in heavily doped highly compensated semiconductors (HDHCSs) due to large-scale potential fluctuations.
The spatial inhomogeneity of the charged dopants in HDHCSs localizes carriers, forming metallic droplets
surrounded by potential barriers. Nitride semiconductors are seldom explored for HDHCS studies due to the
difficulty in synthesizing stoichiometric high-quality films and self-compensation effects. Here we show con-
clusive experimental evidence of the QAT in compensated scandium nitride (ScN) single-crystalline films. Mg
(hole) doping in n-type ScN increases the resistivity by nine orders and leads to semi-insulating films exhibiting
a distinct crossover from the hopping conduction at low temperatures to thermally activated percolative transport
at high temperature. The sign reversal of the Seebeck coefficient, anomalously low Hall mobility that increases
with raising temperature, and persistent photoconductivity support the QAT and carrier transport mechanisms.
QAT in single-crystalline nitrides could lead to lattice-matched devices with lasers, modulators, and dynamic

holographic applications.
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I. INTRODUCTION

Localization of elementary quasiparticles (electrons, pho-
tons, and phonons) in disordered and amorphous semicon-
ductors is an intriguing phenomenon in solid-state physics
[1-4]. The strength of localization strongly depends on the
density of the disorder. At low disorder density, quantum
self-interference of the quasiparticles leads to weak Ander-
son localization [5,6]. However, when the disorder density
becomes large, strong localization results in a near absence
of diffusion [7]. Parallel to the Anderson transition, heavily
doped and highly compensated semiconductors (HDHCSs)
can transition from metallic conduction at high doping to an
activated transport at high compensation [8]. Such electronic
transition stems from the potential fluctuations caused by the
uncorrelated random distribution of charged dopants [8]. Un-
like the conventional topological or compositional disorder,
potential fluctuations are disorders in the form of random
electric fields that can be treated quasiclassically [8,9]. Thus,
the metal-insulator transition in HDHCSs represents a qua-
siclassical Anderson transition (QAT) that was originally
formulated by Shklovskii and Efros [8]. Such an electronic
transition in single-crystalline and epitaxial semiconductors
could pave the way for their application in high-quality elec-
tronic and optoelectronic devices [10].
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Fluctuating potentials in HDHCSs deform electronic
bands, leading to spatially inhomogeneous electron dis-
tributions [8]. At a high doping level, the Fermi level
lying above the fluctuation amplitude screens the poten-
tial fluctuations [Fig. 1(a-i)]. As the Fermi level lies in
the conduction band (E.), electrons can easily move about
in this equipotential surface under potential bias. However,
with the increasing carrier compensation, the Fermi level
is lowered into the band gap, and the potential fluctuation
inhibits electronic transport. With the further lowering of
the Fermi level, electrons are constrained only at the val-
leys that are separated in space [Fig. 1(a-ii)], thus forming
carrier droplets [8,11]. The potential fluctuations now con-
fine the carriers, and hence the resistivity increases. The
amplitude of fluctuation increases with increasing compen-
sation, and so does the resistivity. Thus, the metal-like
heavily doped semiconductor becomes an insulator on heavy
compensation.

The carriers in the droplets must hop (tunnel to adjacent
droplets) unless activated to percolation level (g,), where they
can undergo percolative transport. During percolation, the
carriers move from the sides of the highest energy barriers,
called the percolation barriers, without being obliged to climb
those barriers [Fig. 1(a-ii)]. The conduction-band minima and
the valence-band maxima in the reciprocal space [Fig. 1(b-1)]
rumple, as shown in the zoomed Fig. 1(b-ii) of a small portion
about the I' point, where the bands can be considered almost
flat. The fluctuation in the electronic bands with amplitude
y and radius Ry localizes the carriers in the valleys below

©2024 American Physical Society
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FIG. 1. (a) The schematic of (i) a flat conduction band modified into (ii) a surface with hills (barriers) and valleys (droplets) in an HDHCS.
(b) The electronic bands showing (i) the direct and indirect band gaps and (ii) the potential fluctuations in a small region around the I" point
in an HDHCS, resulting in QAT. (c) Schematic diagram to describe the potential fluctuations in an HDHCS by drawing an analogy with water
in a sea: (i) the underwater terrains are insignificant for the water flow when the water level is high; (ii) however, as the water level recedes,
the water is constricted in the puddles, forming droplets. (d) Temperature-dependent resistivity of ScN with varying degree of compensation
exhibiting more than nine orders of change in resistivity. (¢) Changes in the room-temperature conductivity of ScN with decreasing electron
concentration show a metal-insulator QAT beyond a critical n.. (f) The crossover of hopping to activation-driven percolative transport with an

activation energy of 34 meV for sample R,.

Er, forming carrier droplets [8]. These potential fluctuations
can be visualized like the terrains under the sea of electrons
[Fig. 1(c)]. When the water level is much higher than the ter-
rain height, water flows smoothly over the terrain [Fig. 1(c-1)].
The compensation of electrons is equivalent to lowering the
water level that forms isolated water puddles in the deepest
regions of the terrain [Fig. 1(c-ii)]. Note that, for low dopant
concentrations, the impurities are uncorrelated. However, with
increasing dopant concentration, Coulomb interactions among
dopants could become substantial. In either of the cases, po-
tential fluctuations and the metal-insulator transition (QAT)
persist (see Sec. V in the Supplemental Material (SM) for
more details [12]).

Though the theory of QAT metal-insulator transition in
HDHCSs was proposed long ago, experimental verifications
have been rare [8,13]. Signature of the QAT manifesting
its influence on the electrical, optical, and photoemission
properties in n-type Ge, Si, GaAs, GaN, and chalcopyrites
[13—17] has been observed experimentally sporadically. How-
ever, a comprehensive demonstration of QAT metal-insulator
transition and its impact on the physical properties of semi-
conductors is still missing.

Nitride materials show a wide spectrum of electronic
properties with electrical conductivity ranging from 10°—10°
S/cm in metals like TiN, ZrN, and HfN to ~10~12 S/cm
in insulators such as AIN and h-BN [18,19]. Nitrides also
have several widely acclaimed and industrially utilized semi-
conductors, such as GaN, InN, and InGaN, that show
semiconducting transport properties [20,21]. Nitride mate-
rials, in general, exhibit several commendatory properties

such as high melting temperatures, high mechanical hard-
ness, corrosion resistance, bright and shiny appearance for
metallic nitrides, and possibilities of achieving high acoustic
impedance [22,23]. However, for nitrides, along with the chal-
lenges in growing high-quality stoichiometric and epitaxial
films, self-compensation effects further hinder achieving low
carrier concentration and QAT [24]. Demonstration of QAT in
nitride semiconductors would not only make them attractive
for various electronic and optoelectronic devices with tunable
resistivity, permittivity, and other physical properties, but it
would also lead to potential device applications in lasers,
optical modulators, photoconductors, and photorefractive dy-
namic holographic media [10].

Scandium nitride (ScN) is a unique material as it is the
only stable III-nitride semiconductor exhibiting rocksalt crys-
tal structure with an indirect band gap of 0.9 eV [23,25-28].
Its direct band gap is wider and is reported in the range 2.2-2.4
eV [29,30]. ScN exhibits a high thermoelectric power factor
in the (2—4) x 107> Wm~! K~! range [31-35]. In addition to
its use in thermoelectrics, ScN is also used as a buffer layer for
development of low-dislocation-density GaN for LEDs and as
a host for infrared polaritonics [36—38]. ScN thin films usually
exhibit a high electron concentration in the 10°°—10?! cm—3
range, which makes them highly degenerate semiconductors
[39-44]. Persistent photoconductivity of ScN is also used to
develop optoelectronic artificial synaptic devices exhibiting
memory and learning [45]. Mg hole doping has been used
successfully to develop p-type ScN films exhibiting a high
hole concentration of ~2 x 10?°cm~2 at room temperature
[46,47]. Unlike other nitride semiconductors such as GaN,
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the substitutional oxygen and magnesium dopants in ScN do
not introduce any defect states inside ScN’s band gap, and
the band edges remain unchanged [48]. Such a rigid-band
electronic structure of ScN is extremely important as it al-
lows for dopant inclusion and carrier compensation without
self-compensation effects, which is a major challenge in other
materials. In this work, we show QAT in emerging group-
[II(B) semiconducting scandium nitride single-crystalline thin
films.

II. THIN-FILM SAMPLE PREPARATION

The ScN thin films are deposited on 10 mm x 10 mm
single-side polished MgO substrates inside a reactive DC
magnetron sputtering in an ultrahigh-vacuum chamber with
a base pressure of 2 x 1077 Torr. The substrates are ultrasoni-
cated in acetone and methanol for 10 min each and dried with
nitrogen prior to loading into the ultrahigh-vacuum chamber.
The substrates are heated to 800° and held there for 30 min for
thermal desorption of the impurities and to achieve uniform
heating before starting the deposition. Nitrogen and argon
flow rates are set to 9:2 SCCM (where SCCM denotes cubic
centimeter per minute at STP), and the chamber pressure is
maintained at 5 mTorr. The DC power of Sc and Mg targets is
varied from 100 to 125 W and from 6 to 15 W, respectively,
to obtain different extents of compensation. Table 1 in the
SM lists the electrical properties of the samples reported in
this paper. Without any Mg doping, ScN exhibits an electron
concentration, mobility, and resistivity of 1.2x 10?! cm~3,
71 cm? /Vs, and 1.8x 107* Qcm, respectively, at room tem-
perature. Such a large n-type carrier concentration in ScN
arises primarily due to the presence of oxygen as impu-
rities and possible nitrogen vacancies [42,49]. Mg doping
compensates n-type carriers and reduces the electron concen-
tration. Since the activation energy of On and Mgg, are rather
low, most dopants are electronically active and charged [50].
The structural, optical, and compositional characterizations of
the thin films are presented in Sec. II of the SM (see also
Refs. [51,52] therein).

III. RESULTS AND DISCUSSION

A. Electrical transport during QAT

The room-temperature resistivity of ScN films [Fig. 1(d)]
increases by nine orders of magnitude with an increase in
the Mg concentration from 0% (Ry) to 2.6% (R7). At room
temperature, the ScN film (Ry) without any compensation
exhibits a resistivity of 1.8x 10~* Q cm, which is close to
the resistivity of good metals [53]. The increasing resistiv-
ity with the increasing temperature suggests its degenerate
semiconducting nature having a Fermi level in the conduction
band. On adding Mg, the electrons are compensated, and the
Fermi level moves down into the band gap to form a standard
semiconductor in which resistivity decreases with increasing
temperature. The amount of decrease in resistivity with in-
creasing temperature becomes steeper for films with higher
compensation (R, to R;) that suggests an increase in their
activation energy. The carriers need activation to overcome the
potential barriers caused by the fluctuation. The ScN film with
maximum compensation studied here (R;) has a resistivity

of 1.5 x 10° € c¢m at room temperature, which is nine orders
higher than that of Rj. The colossal increase in resistivity and
the metallic-to-activated transport transition originate not only
from the free movement of the Fermi level inside the band
gap but also due to the localization of carriers by the potential
fluctuations.

A plot of the resistivity (p) vs electron concentration (n)
[Fig. 1(e)] shows the metal-insulator QAT vividly. The steep
decrease in the conductivity occurs beyond the critical elec-
tron concentration (n.) of 1 x 10?°cm™3. This experimental
critical concentration matches well with the theoretically cal-
culated n, of 1.25 x 10*°cm™> (where n. = BN?/3/a with
constant 8 = 0.67 and effective Bohr radius of impurity atom
a = 1.6 nm for ScN) [8]. The concept of minimum conduc-
tivity (omin) is proposed by Mott and is defined as opi, =
c3(e/hNy. With ¢3 =0.05 and Ny = 2.5 x 10® cm™,
Omin for ScN is 76.7 S/cm, which is in good agreement with
the experimentally obtained value of ~78 S/cm [Fig. 1(e)]
(see details in Appendix A). During QAT, the conductivity
falls sharply below o, for n < n. due to electron localiza-
tion. A similar drop in conductivity was previously seen in Si
[54]. For the samples R4 to R7 having electron concentration
lower than n., it is difficult to even determine the carrier
type. The sign of the Hall coefficient fluctuates, suggesting
its ambipolar nature.

Another profound effect of potential fluctuation-driven
QAT is the percolative charge transport [8]. The carrier trans-
port undergoes a transition from the hopping to the thermally
activated percolative kind at sufficiently high temperature
marked as T; in Fig. 1(f). The variation of resistivity p(T) =
p1exp(Ea /kT) + ,ozexp(Eaz/kT)l/2 has two regimes across
T.. The Arrhenius fit to the linear regime at temperatures
higher than T; yields the activation energy required to excite
the carrier from the droplet in the valley to the percolation
level (E,1 = |Ep — &,|). A representative Inp vs 1/T plot for
sample R; that is at the onset of localization exhibits a perco-
lation activation energy of 34 meV [Fig. 1(f)]. The activation
energy can be as high as Ey/2, which is 450 meV for ScN.
Below T, electrons exhibit Efros-Shklovskii (ES) variable
range hopping (VRH), having a function from p(p) = po exp
(E,»/kT)'?. The fitting also reveals an activation energy of
16 meV for the hopping conduction at low temperatures (see
Appendix B).

The activation energy (E,;) and the critical temperature
(T¢) corresponding to the percolative transport increase with
an increase in the compensation [Fig. 2(a)]. This observation
complies with the fact that the amplitude of the potential
fluctuation that contains the electron droplets increases at
higher compensation levels. The radius of the droplet and
the amplitude of the potential fluctuation are calculated, and
they increase from 1 nm and 13 meV for R, to 550 nm and
790 meV for R;, respectively (see details in Appendix B).
Anomalously low Hall mobility is yet another signature of
HDHCSs. The compensated ScN have more than ten times
lower mobility at room temperature than the uncompensated
heavily n-type ScN. Since the carriers in HDHCSs are local-
ized in the droplets, the definition of mobility in itself does not
have the same meaning as in the case of uniform potential.
The variation of mobility with temperature for sample Ry is
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FIG. 2. (a) Variation of activation energy (E,;) and critical tem-
perature (7;) corresponding to the percolative transport increases
with increasing compensation for samples R, Ry, R4, Rs, and Re.
(b) The mobility of R, increases at higher temperatures due to
increased screening of the potential barriers. (c) The Seebeck-
coefficient () for a compensated ScN R, changes sign from negative
to positive at ~600 K, indicating the bipolar nature. (d) The
temperature-dependent resistivity of R, shows an activation of 0.47
eV at ~600 K, at which the sign of the Seebeck coefficient flips.

presented in Fig. 2(b). Generally, the mobility decreases at
higher temperatures due to enhanced phonon scattering [46].
On the contrary, in HDHCSs, the carrier mobility increases
at higher temperatures due to the screening of the potential

fluctuation barriers [8,55,56]. The variation of Seebeck coef-
ficient (S) in the 300-850 K range for sample R4 is shown in
Fig. 2(c), which changes from negative to positive at ~600 K,
suggesting the switching of the majority carrier type. Such
a behavior arises as the activation energies of electrons and
holes become nearly equal in the HDHCS. At about the same
temperature, the electrical resistivity also has an activation
[Fig. 2(d)] of 0.47 eV that can be attributed to the activation
of the holes to its percolation level that will result in a positive
Seebeck coefficient.

B. Persistent photoconductivity in HDHCSs

Persistent photoconductivity (PPC) is one of the pro-
nounced signatures of the existence of potential fluctuations
[57,58]. The room-temperature photoresponse of a compen-
sated ScN sample R4 is shown in Fig. 3(a). The sample is
illuminated with white light for 1 h, and the variation in
current is measured at a constant bias of 1 V in a vacuum
chamber. On illumination, compensated ScN exhibits posi-
tive photoconductivity, where the current increases. When the
light is turned off, the current initially drops rapidly by ~35%
in 10 min. Thereafter, the decay slows down significantly
such that it takes several hours to return to its initial dark
state. The persistence in the photocurrent lasts for several
minutes to several days, depending on the extent of com-
pensation. Such long-lasting persistence in photoconductivity
(frozen photocurrent) occurs as the photogenerated electrons
and holes rapidly move in opposite directions and are local-
ized (trapped) by the potential barriers at different regions
in space, inhibiting their recombination. The PPC decay in
compensated ScN is fitted with three exponential functions.
The first two time constants, t; (~tens of seconds) and 1,
(~hundreds of seconds) increase with increasing temperatures
because of the electron redistribution at the percolation sites.
The third time constant (t3) is in the range of 10° s and is
the pivotal component of PPC [Fig. 3(b)]. Such large time
constants result from the carrier localization by the fluctuating
potential barriers. As the temperature increases, the hopping
probability increases, effective barrier height decreases, and
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FIG. 3. (a) Photoresponse of ScN R, showing the positive photoconductivity (PC) and the long persistence of PC even after the light is
switched off. (b) The PC decay is fitted with three exponential functions that yield three time constants. The significantly large 73 (on the order
of 10° s) is due to the spatial separation of the photogenerated carriers by the potential fluctuation. (c) Wavelength-dependent photoconductivity
measurement reveals that the maximum change in photocurrent occurs for 575 nm (2.2 eV), corresponding to the direct band gap of ScN.
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FIG. 4. (a) HRXRD for ScN R, and R; shows single crystallinity of both uncompensated and highly compensated ScN. The inset shows
that the FWHM of the rocking curve of R; is slightly higher than Ry. (b) Atomic-resolution STEM image presents the cubic epitaxial nature of
the highly compensated R; film. The inset shows the SAED pattern showing cubic Mg-compensated ScN grown on MgO. An edge dislocation
is visible at the interface caused by the lattice mismatch. (c) Normalized Sc K-edge XANES spectra for Ry and R; are similar. (d) Fourier

transform moduli x (R) in R space and k3-weighted |x (R)| for R;.

hence the recombination becomes feasible. As a result, 73
decreases at higher temperatures (details in Appendix C).
The wavelength-dependent photoconductivity measurement
showed that the maximum change in current occurs for 575
nm illumination, which corresponds to the 2.2 eV direct band
gap of the ScN [Fig. 3(c)]. The photocurrent and its persis-
tence are lesser for photon energies lower than and above
2.2 eV, suggesting the maximum absorption of photons with
energy corresponding to the direct band gap of ScN.

C. Structural characterization across QAT

The striking feature of QAT in HDHCSs is that it arises
in a single-crystalline semiconductor. There is absolutely no
need for the structural disorder or phase segregation or com-
positional inhomogeneity that creates potential barriers like
in conventional Anderson transition [8]. The high-resolution
x-ray diffractogram (HRXRD) of an uncompensated ScN thin
film on MgO (R,) [Fig. 4(a)] has two distinct peaks at 39.9°
and 42.9° corresponding to (002) ScN and (002) MgO, re-
spectively. The diffractogram of the highly compensated R;
plotted for comparison shows similar crystallinity with slight
expansion in the lattice despite nine orders higher resistivity.
The full width at half maximum (FWHM) of the w-rocking
curve (shown in the inset) also does not significantly change,

indicating the retention of crystallinity during QAT. The
high-resolution scanning transmission electron microscopic
(HRSTEM) image shows the cubic epitaxial growth of highly
compensated ScN (R;) on MgO [Fig. 4(b)]. The specific area
electron diffraction (SAED) pattern in the inset of Fig. 4(b)
also indicates the cubic epitaxial crystal growth.

The local geometric and electronic structure is further
scrutinized with hard x-ray absorption spectroscopy (HXAS)
studies carried out at the PETRA-64 synchrotron beamline
[Fig. 4(c)]. The Sc K-edge x-ray absorption near-edge struc-
ture (XANES) spectra of Ry and R; appear almost the same
[Fig. 4(c)]. There are four peaks, labeled A, B, C, and D at
4492.9, 4498.3, 4507.7, and 4517.7 eV, respectively, and the
peaks match well with the earlier reported XANES spectra
of ScN [59]. The Fourier transform of |x(R)| in real space
and k space for both Ry and R; are fitted in ARTEMIS
as in Fig. 4(d) (details in Appendix D). The position and
intensity of every peak are almost the same for both Ry
and Ry, suggesting no significant changes in the bonding
or lattice distortion around the Sc absorber. The scattering
paths are fitted with Sc as the scattering center. | x(R)| in
real space is fitted up to 4 A, covering two major shells
[Fig. 4(d), bottom panel]. The Sc atom, being the central
scatterer, is surrounded by a nitrogen shell at 1.76 A and later
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by Sc atoms at 2.7 A. These two shells are clearly visible
and well fitted for both Ry and R;. Temperature-dependent
HXAS measurement (Appendix D) also shows no structural
changes.

IV. CONCLUSION

In conclusion, we report the quasiclassical Anderson tran-
sition (QAT) in single-crystalline compensated n-ScN thin
films. The intentionally undoped ScN films are heavily n
type with carrier concentration of 1.2 x 10> cm™> and re-
sistivity of 1.8 x 107 Qcm, at room temperature. With
Mg hole compensation, the resistivity increases by nine or-
ders to 1.5 x 10> Qcm at room temperature. Such a large
change in resistivity is governed by the large-scale poten-
tial fluctuations arising from the inhomogeneous distribution
of charged dopants, which localizes carriers into metallic
droplets surrounded by potential barriers. The carrier transport
in high-resistance ScN changes from hopping to percolation
type on sufficient activation. The QAT in ScN is further evi-
denced by the anomalously low mobility that increases with
increasing temperature, sign reversal of the Seebeck coef-
ficient, and the persistence in photoconductivity. This work
presents ScN as the first nitride material platform to explore
exciting transport phenomena like QAT and opens up a gate-
way for interesting applications.

Data are available on request from the authors.
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APPENDIX A: CALCULATION OF VARIOUS PROPERTIES
RELATED TO QAT AND PERCOLATIVE
CHARGE TRANSPORT

1. Critical electron concentration (r.)

The critical electron concentration (n.) corresponding to
the quasiclassical Anderson transition is given as [8]

ne = BN*3/a (13.1.1 in Ref. [8]),

where S is the numerical coefficient ~ 0.5 [8], a is the equiv-
alent Bohr’s radius of impurity, and N = 1/a>.
For ScN,

m 1 o
a= 8% a, = (11.7) @(0.53 A) = 1.59nm

and N = 2.5 x 102 cm™3. So, n, = 1.25 x 102 cm™3.

2. Minimum conductivity (o)
According to Mott, there exists a minimum metallic con-
ductivity:

€ 3
Omin = C3E/Nl/ )

where ¢; = 0.05 and Ny is the minimum impurity concentra-
tion for a lightly doped semiconductor to become a heavily
doped semiconductor. For ScN, with Ny = 2.5x% 102 ¢m—3,
Omin 18 calculated to be 76.67 S/cm.

However, it was later observed that the compensated
semiconductors could have conductivity less than on,. The
metallic-to-insulator transition is not discontinuous but is
sharp, with conductivity dropping steeply after oy, as 0 (0) =
130 min [(N/Ny) — 11%% at 0 K. Though this observation is
reported in Ref. [8] for Mott transition, we see it here for the
quasiclassical Anderson transition.

3. Radius of the carrier droplets (r;)

The HDHCS obeys nonlinear screening. The radius of the
droplets (rs) formed when carrier concentration is reduced to
n is calculated as

ry = ——N; = Np + Np.

Wi

35

The droplet radius increases from 2 to 350 nm as the elec-
tron concentration reduces from 2 x 10%° to 1 x 10'7 cm™ as
in Fig. 5.

4. Amplitude of potential fluctuations (y)

The amplitude of the fluctuation y = %, with k being

the dielectric permittivity of the semiconductor. This ampli-
tude equals the activation energy E, for the carriers to reach
the percolation level in two-dimensional potential relief. The
percolation threshold ¢, depends on the dimensionality of
space. In three-dimensional potential fluctuation (film thick-
ness > ry), the ¢, is reduced to &, = —0.68y. Thus, the
activation energy E, = 0.32y. From this relation, the ampli-
tude of the fluctuation for ScN is calculated, and its variation
with carrier concentration is shown in Fig. 6.
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FIG. 5. The carrier droplet size increases as the carrier concen-
tration decreases upon compensation.

APPENDIX B: CARRIER TRANSPORT MECHANISM
AT TEMPERATURES BELOW T,

The carrier transport in HDHCSs has two regimes in-
tersecting at critical temperature 7; as shown in Fig. 1(f).
For temperatures above T, the carriers are activated to
the percolation level and will percolate under the ap-
plied field. The carrier transport below 7. is also seen
to have a temperature-dependent activation. The electrical
transport can be described with a functional form p(7) =
p1exp(Ea1 /kT) + prexp(Eqx/ kT)l/ 2 in the entire temperature
range with two distinct regimes intersecting at 7;.. Physically,
it means that in an HDHCS, where potential fluctuation leads
to formation of metallic droplets surrounded by potential bar-
riers, at high temperature (7 > T;), conduction is dominated
by the percolative charge transport with an activation energy
(E,1), while at low temperatures (T < T¢), as electrons do not
have sufficient energy to overcome the potential barrier, they
can only hop (tunnel at higher degree of compensation) from
one droplet to another. This hopping of electrons also has an
activation energy E,>, which is smaller than the percolation
activation energy.

Shklovskii and Efros analyzed the conduction at low tem-
peratures carefully and suggested that a Coulomb gap could
exist at low temperatures and the conductivity in this regime
could be explained by replacing the localization radius in the
original ES model with a length 7//|u|m with u being the
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FIG. 6. The amplitude of potential fluctuation (y) increases as
the carrier concentration decreases upon compensation.
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FIG. 7. The In p vs (1/T)"/? plot indicating an ES-VRH at low
temperatures for sample R, with an activation energy of 16 meV.

1L
0.05

barrier height [8]. The Coulomb-gap-driven ES variable range
hopping has a function from p(T") = poexp(E, /kT)l/ 2,

The low-temperature transport of R, film presented in
Fig. 1(f) is fitted with an ES-VRH function and revealed a
hopping barrier energy of 16 meV (Fig. 7). Similar to the
R, film, the low-temperature resistivity vs temperature below
the 7. region of all other films is also fitted, showing good
fitting. Thus, the low-temperature electron transport could be
ES variable range hopping with a certain activation energy
based on the degree of compensation.

APPENDIX C: PHOTOCURRENT MEASUREMENT

The persistence in the photocurrent is an indication of
the existence of potential fluctuation. Indium (In) contacts
are pressed onto the ScN films to achieve Ohmic contact.
Kiethley 2450 is used to apply a constant voltage bias and
measure current as a function of time. The I-V of ScN with
In contact is linear even for highly compensated ScN R and
R7, as in Fig. 8. Since In makes an Ohmic contact with low
carrier highly resistive ScN films, it obviously forms Ohmic
contact with all other lower resistive films as evidenced by the
experiment. The sample is kept in the dark to equilibrate the
dark current. A constant minimum bias is applied to measure

5x107
<
g 0
5
O
-5x107
-20 -10 0 10 20
Voltage (V)

FIG. 8. The I-V sweep of Rg and R; with indium contact yields a
straight line, suggesting the Ohmic contact formation at the In/ScN
interface.

155307-7



DHEEMAHI RAO et al.

PHYSICAL REVIEW B 109, 155307 (2024)

(@) 6.2x10° (b)
0
< &
+ 6.0x10°F
o
5
O —~
O
5.8x10°} c
W , , 20t &, , ,
0 1 2 3 100 200 300
Time (h) T (K)

FIG. 9. (a) Three exponential fittings of the experimentally obtained photocurrent decay for Mg-compensated ScN film at 100 K. (b) Time

constants 7, and 1, increase with increasing temperature.

the current and collect the photogenerated carriers at the elec-
trodes. The bias voltages were varied from 0.1 to 30 V based
on the resistivity of the sample to get at least a few hundred
nanoamperes of current that can be measured precisely by the
instrument. White light from the Xe arc lamp (250-2500 nm)
is incident on the sample. The current in the compensated
ScN increases on illumination, exhibiting positive
photoconductivity.

Generally, the PPC decay is fitted with the stretched ex-
ponential function. However, in this case, the sharp initial
decay prohibits using stretched exponential decay. Hence, the
photocurrent decay is fitted with three exponential functions
with the following equation:

—(t=19)
+Ce B

—(t=19 =(t=19)

)
I=I1,+Ae ©= +Be =

The above equation fits well to the obtained experimental
data in the 100—400 K temperature range [the representa-
tive fit for 100 K is shown in Fig. 9(a)]. The first two time
constants, t; and 1, are in the range of tens and hundreds of
seconds and increase at higher temperatures [Fig. 9(b)]. This
effect is attributed to the electron redistribution at the percola-
tion sites, as in Ref. [60]. The third time constant 73 is in the
range of 10° s and is responsible for the long persistence of
photocurrent [Fig. 3(b)]. 73 decreases at higher temperatures
as the photogenerated carriers gain energy to overcome the
fluctuation barriers and recombine. In the range 100—400 K,
the nature of photoconductivity remains positive. However,
the amplitude of percentage change in photocurrent is higher
at lower temperatures and so is the persistence. This can be
attributed to the higher dark current at a higher temperature
compared to the lower temperatures below 7.

Wavelength-dependent photoconductivity was measured
using the NKT supercontinuum laser with a SuperK VARIA
visible-band monochromator. The laser power at every
wavelength is set so that the incident intensity of all
the wavelengths is 1.5 mW. For the wavelength-dependent
measurements, since we are interested in the amount of pho-
tocurrent (Al) increase with respect to the wavelength of the
incident light, we illuminate the sample for a few seconds
and wait until the photocurrent decays significantly to a lower
level for the subsequent measurements. Since the films Rg and
R; have very long persistence as in Fig. S6(b) [12], we use

samples R, (and R, presented in SM Sec. III) with relatively
lower persistence to study the wavelength-dependent photore-
sponse and the photocurrent persistence.

APPENDIX D: LOCAL STRUCTURE ANALYSIS
USING X-RAY ABSORPTION SPECTROSCOPY

The structure is analyzed with x-ray absorption spec-
troscopy (XAS) in the PETRA-64 beamline in reflection
mode. The XANES and extended x-ray-absorption fine struc-
ture (EXAFS) data for the Sc K edge are collected from 4292
to 5150 eV. The background is subtracted, and pre-and post-
edge corrections followed by normalization are performed
using ATHENA software. The spectrum looks the same for
uncompensated and highly compensated ScN Ry and R;
[Fig. 4(c)]. There are four peaks, labeled A, B, C, and D at
4492.9, 4498.3, 4507.7, and 4517.7 eV, respectively. The K
edge has shifted to the higher energy of 4503.7 eV compared
to that of metallic Sc (4492 eV), indicating the nitridation.
There are two pre-edges, one at 4492.9 eV and the other
at 4498.3 eV, designated as A and B. Peak A intensity is
very small and could arise due to noncentrosymmetric atomic
environments. Peak B occurs due to the electric quadrupole
transition of an electron from Sc 1s to 3d mixed with N 2p to
give some overlap of states. The intense peak C is attributed
to the allowed 1s-to-4p dipole transition. Further transition to
higher hybridized states results in peak D. The peaks were
reported earlier by Choudary et al. [59].

The Fourier transform of |x(R)| in real space and k
space is calculated from the normalized spectra in ARTEMIS
[Figs. 10(a) and 10(b)]. The transformation and further fitting
of the NaCl structured ScN with a = 4.509 A is done using
ARTEMIS. The scattering paths are fitted with Sc as the scat-
tering center. |x (R)| in real space is fitted up to 4 A, covering
two major shells [Fig. 4(d)]. The Sc atom, being the central
scatterer, is surrounded by a nitrogen shell at 1.76 A and later
by Sc atoms at 2.7 A. These two shells are clearly visible and
well fitted for both Ry and R;. The intensity of the features
is higher for R; until the first N shell, and then the Ry is
higher. Also, the peak corresponding to the N shell is slightly
shifted to the right, indicating the expansion of the lattice
due to the Mg substitution. The effect of Mg substitution is
seen only in the first shell. At larger distances from the Sc
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FIG. 10. Comparison of Fourier transform moduli x (R) in (a) R space and (b) k*-weighted |x (R)| for Ry and R; indicates no significant
changes in the local environment of Sc upon high compensation. (c) Temperature-dependent XANES of R; indicates no structural change in
the 100-300 K range. (d) Temperature-dependent Fourier transform moduli x(R) in R space of R; indicates no significant change in bond

lengths around the Sc scatterer in the 100-300 K range.

scatter, the lattice is not significantly disturbed. The x (k)x k3
is also fitted well in the range of 2 to 12 Al [Fig. 4(d)]. Thus,
apart from the slight expansions, the crystallinity is preserved
during QAT in ScN.

Temperature-dependent XANES of highly compensated
ScN R; is shown in Fig. 10(c). The spectra remain the same
from 100 to 300 K across the QAT. The Fourier transform

of |x(R)| in real space in the studied temperature range is
also similar [Fig. 10(d)]. The activation in the conductivity
of HDHCS above 7. is not accompanied by any structural
changes. The transition from insulating to metal-like conduc-
tion occurs due to the onset of percolative transport on thermal
activation.
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