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THERMOELECTRICS

Heavily doped, highly compensated 
epitaxial ScN thin films exceed 
Boltzmann thermopower limits
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The Seebeck effect converts a temperature gradient into an 
electric voltage. However, conventional transport theories 
constrain this thermopower to a few millivolts per Kelvin in 
crystalline materials. We present experimental evidence of a 
Seebeck coefficient exceeding –124 millivolts per Kelvin near 
room temperature in heavily doped, highly compensated 
(HDHC) epitaxial scandium nitride (ScN) thin films. Random 
distribution of charged dopants in HDHC ScN are known to 
generate potential fluctuations that distort the electronic bands 
and give rise to percolative transport, and our results further 
reveal a power-law scaling between thermopower and electrical 
conductivity. In ultrathin films, the Rytova-Keldysh 
modifications of the Coulomb potential further amplify the 
potential fluctuations and enhance the Seebeck response. Our 
findings reveal a solid-state analog of electrolyte-like 
thermopower in a crystalline semiconductor.

The Seebeck effect, in which a temperature difference (ΔT) across the 
junction of two dissimilar materials generates a voltage difference 
(ΔV), enables the direct conversion of heat into electricity (Fig. 1A) 
(1, 2). This voltage arises from the movement of charge carriers be-
tween regions of differing temperatures. The resulting thermoelectric 
response is quantified by the Seebeck coefficient (S = −ΔV/ΔT in the 
linear-response regime), which is commonly described within the 
Boltzmann transport framework in which each charge carrier encoun-
ters an essentially uniform environment (3).

Most high-conductivity metals exhibit a small S of less than a few 
tens of microvolts per Kelvin near room temperature. For semiconduc-
tors, S depends on the energy difference between the conduction or 
valence band edge (Eedge) and the Fermi level (EF) and increases as the 
EF moves closer to the middle of the bandgap (4, 5). Further, Boltzmann 
transport theory predicts an upper bound for S of a few millivolts per 
Kelvin near room temperature, which restricts S in most semiconduc-
tors (5). Overcoming such limitations on S will lead to new generations 
of temperature sensors (6), cryogenic thermoelectric single-photon 
detectors (7), and high-efficiency thermoelectric materials with applica-
tions ranging from quantum sensing to energy harvesting (8).

Large S values beyond conventional band transport limits have been 
reported for high-purity, low–carrier-density C60 and small organic mol-
ecules such as pentacene, rubrene, and sumanene near room tempera-
ture (5, 9). Although the underlying microscopic mechanisms for such 
large S values in these molecules remain unclear, the formation of small 
polarons and potential fluctuations at the band edges has been proposed 
(5). Exceptionally high S values exceeding several millivolts per Kelvin 

have been reported in intermetallic compounds and nanostructures, such 
as the quasi–one-dimensional conductor tetramethyltetraselenafulvalene 
hexafluorophosphate [(TMTSF)2PF6], FeSb2, copper sulfides and sele-
nides, and silicene-based systems, albeit at low temperatures (10 to 100 K) 
(10–13). Diverse mechanisms, including phonon drag (11, 14), resonant 
scattering (15), Kondo effects (16), phase transitions (17), sharp features 
in the electronic density of states (18), and spin fluctuations (10), have 
been proposed as the origin of the large S values in these materials.

Although electron or hole transport in most inorganic solid-state ma-
terials typically results in S values between 100 and 500 μV K−1 near 
room temperature, ionic conductors in electrolytes, such as poly(styrene 
sulfonic acid) (PSSH) hydrogels, poly(ethylene oxide)-sodium hydroxide 
(PEO-NaOH), and ionic gelatin, exhibit S in the millivolts per Kelvin range 
due to the Soret effect (thermally driven ion diffusion), thermogalvanic 
effects, or mixed ionic-electronic conduction (19, 20). Identifying inor-
ganic single-crystalline semiconductors with exceptionally large S could 
enable practical applications such as ultrasensitive temperature sensing, 
low-noise thermal imaging, high-resolution heat flux detection, sus-
pended bolometric device, and Internet-of-Things sensors (19, 21).

Heavily doped, highly compensated (HDHC) semiconductors are ma-
terials in which a spatially inhomogeneous distribution of charged dop-
ants leads to large-scale potential fluctuations, an effect that could 
achieve large S values (5, 22). Random potential fluctuations break 
translational symmetry and rupture the valence and conduction band 
edges in HDHC semiconductors, which leads to the breakdown of the 
Fermi sea and causes carrier localization in isolated metallic puddles 
surrounded by potential barriers (Fig. 1, B to D, and section II-A in the 
supplementary materials) (22, 23). Because carriers must hop at lower 
temperatures or percolate at sufficiently higher activation energies from 
droplet to droplet, HDHC semiconductors exhibit a metallic-to-activated 
quasiclassical Anderson transition (QAT) (22, 24, 25). Such disorder and 
random potential fluctuations cause electron transport in HDHC semi-
conductors to deviate from the conventional one-electron band struc-
ture and the limits set by the Boltzmann transport theory (3, 22).

Scandium nitride (ScN), a refractory group-III(B) transition metal 
pnictide, can be used to study charged dopant-induced potential fluctua-
tions and their impact on transport properties (24). Unintentional in-
corporation of oxygen impurities cause as-deposited ScN epitaxial thin 
films to become HD n-type semiconductors (26–28). However, Mg-hole 
doping can reduce its high carrier concentration and lead to a distinct 
metallic-to-activated transport transition accompanied by a nine orders 
of magnitude increase in resistivity at room temperature, exhibiting the 
QAT in HDHC ScN films (24). Consistent with the theoretical predictions, 
HDHC ScN exhibits a transition from the low-temperature hopping con-
duction to a thermally activated percolative transport with increasing 
temperature, anomalously low electronic mobility that increases with 
rising temperature, persistent photoconductivity lasting for several days 
(29), and a sign reversal of the thermopower in a moderately compen-
sated ScN film with an S of –5.7 mV K−1 near room temperature (24).

We now show that an S value exceeding –124 mV K−1 can be achieved 
in ∼200-nm-thick HDHC ScN thin films at ambient temperature. 
Further, our results show that in ultrathin HDHC films, dimensionality 
reduction induces Rytova-Keldysh modification of Coulomb interac-
tions, amplifying the potential fluctuations and driving a nondegener-
ate semiconducting to QAT electronic transition with substantially 
enhanced thermopower at comparable compensation levels.

Colossal thermopower in HDHC ScN films
Mg-hole–doped, ∼200-nm-thick ScN films were deposited on (001) 
MgO substrates with ultrahigh vacuum magnetron sputtering at a base 
pressure of 1 × 10−9 Torr and 850°C substrate temperature [see (24) and 
section I-A in the supplementary materials for the deposition method). 
Spectroscopic and microscopic characterizations revealed that Mg-hole 
dopants were uniformly distributed inside ScN without any precipitation 
or secondary phase formation, as discussed below. Because of the low 
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substitutional Mg dopant on an Sc site (MgSc) and substitutional O dopant 
on an N site (ON’s) defect activation energies, most dopants were ionized 
at room temperature (27). Details of the samples, designated as R0 for HD 
ScN, R1 to R5 for progressively decreasing S, and R6 to R11 for ultrathin 
HDHC films, as well as the corresponding measurement methods, are 
provided in table S1 and sections I-B to I-E in the supplementary materials.

Plots of S as a function of electrical conductivity (σ) near room 
temperature (∼350 K) revealed three distinct transport regimes in ScN 
films (Fig. 1E). In highly conductive HD n-type ScN (σ = ∼102 to 104 S 
cm−1), typically achieved in physical vapor depositions such as mag-
netron sputtering or molecular beam epitaxy, as well as chemical vapor 
deposition such as hybrid vapor phase epitaxy techniques, S remained 
moderate: in the –10 to –100 μV K−1 range near room temperature 
(30–32). Within this transport regime, S is mainly determined by the 
free electron concentration of ScN, typically in the 1020 to 1021 cm−3 
range, and is well explained with the Boltzmann transport theory 
calculations (33). The S measured for the ScN films deposited in this 
work, data of S from our previous research (24, 27, 34), as well as S of 
ScN films deposited with molecular beam epitaxy, hybrid vapor phase 
epitaxy, and magnetron sputtering from other groups (35–37), are also 
presented in Fig. 1E.

As Mg-hole dopants were introduced to reduce σ (∼1 to 102 S cm−1 
range), S rose to several hundreds of microvolts per Kelvin near room 
temperature but remained within the limits set by the Boltzmann 
transport theory in the nondegenerate regime (Eq. 1), as shown by the 
shaded region with upper and lower bounds in Fig. 1E determined 
with experimental mobility for ScN (9, 38). Within the relaxation time 
approximation of the linearized Boltzmann transport formalism, S is 
given by the following expression:

where m*, e, r, n, h, and kB are the effective 
mass, elementary charge of an electron, expo-
nent in the energy dependence of the relax-
ation time (τ ∝ Er), carrier concentration, 
Planck’s constant, and the Boltzmann con-
stant, respectively. For acoustic deformation 
potential scattering, r is taken to be –0.5, con-
sistent with the standard energy dependence 
of the relaxation time in three-dimensional 
systems with parabolic bands. Hole doping 
reduces carrier concentration in ScN and 
pushes the EF inside the bandgap, leading to a 
conventional response similar to that of a 
nondegenerate semiconductor (27).

For increasing hole-dopant concentrations, 
as potential fluctuations dominated and ScN 
underwent the QAT, σ was reduced by several 
orders of magnitude (σ < 1 S cm−1), and S in-
creased by more than two orders, exceeding 
the traditional Boltzmann transport theory 
predictions (30). For the lowest-conductivity 
HDHC film with σ = 2.35 × 10−3 S cm−1, S 
reached a value of –124.6 mV K−1 near room 
temperature. Across the three-transport re-
gime, σ for ScN decreased by more than seven 
orders of magnitude and S increased by more 
than four orders. Unlike the S ∝ –ln(σ) rela-
tions expected from the Boltzmann transport 
theory in the nondegenerate semiconducting 
regime (3, 9), S exhibited an empirical S ∝ 
σ–0.66 power law distribution with a much 
stronger dependence on σ (see section II-B 

and fig. S2 in the supplementary materials for further discussion).
Temperature-dependent measurements further revealed that above 

room temperature, σ underwent a percolation activation, with 
σ = σ0e

−
Ea

kBT fitting yielding an activation energy Ea of ∼316 meV for 
the HDHC film with the lowest σ and maximum potential fluctua-
tions (Fig. 1F). Concomitantly, S decreased steeply as the temperature 
rose (Fig. 1G). Starting from –124.6 mV K−1 at 350 K, S decreased to 
–11.83 mV K−1 at 450 K and showed relatively less change at higher 
temperatures. In general, S increases linearly with increasing tempera-
ture for high-conductivity metals or degenerate semiconductors, 
whereas S decreases as temperature increases for semiconductors in 
the nondegenerate regime. In materials in which strong electron cor-
relation effects are prominent and Mott-variable range hopping or 
Efros-Shklovskii hopping conduction explains the transport, S is ex-
pected to decrease with temperature as Tα, with an α < 1 determined 
by the dimensionality of the system (22). However, the observed 
power law dependence of S on σ and percolation activation of σ yielded 
S = S0e

T0

T  in HDHC ScN, which fits very well with the experiment. The 
sharp change in S with T suggests that temperature-controlled Seebeck 
switches could be developed for device applications. Temperature-
dependent measurements of S and σ provide compelling evidence that 
potential fluctuations and associated percolative transport are the 
underlying mechanisms behind the colossal S observed in the HDHC ScN. 
Notably, despite its much lower electrical conductivity, HDHC ScN 
exhibits near room-temperature power factors comparable to those of HD 
ScN and other well-established thermoelectric materials (see section 
II-C and fig. S3 in the supplementary materials for details) (8, 34, 39).

Unlike HDHC ScN thin films, which exhibit a negative thermopower 
across the entire measured temperature range, heavily doped, moderately 
compensated (HDMC) ScN thin films undergo a negative-to-positive 
sign reversal near 600 K and exhibit a large thermopower [see fig. S4A 
in the supplementary materials and (24)]. The observed thermopower 
behavior, including the sign reversal, the weak temperature dependence 

S = −
kB

e

[

5

2
+r− ln

nh3

2
(

2πm∗kBT
)3∕2

]

  (1)

Fig. 1. Colossal Seebeck effect in HDHC ScN thin films. (A) Schematic of the Seebeck effect, in which a tempera-
ture difference (ΔT) across the junction between two conductors leads to a voltage difference (ΔV). In HDHC 
semiconductors, real-space potential fluctuations lead to metallic droplets (bubbles) surrounded by potential barriers. 
(B) In intrinsic semiconductors, the energy bands are flat in real space, with EF lying midway between the conduction 
band (EC) and valence band (EV). (C) In HD n-type semiconductors, such as as-deposited ScN films, charged dopants 
(ON) lead to potential fluctuations rupturing the band structure. However, such potential fluctuations are fully screened 
as the EF lies inside the conduction band (CB). (D) As EF is lowered inside the bandgap through carrier compensation 
(Mg doping in HD ScN), the carriers are trapped inside the potential wells, leading to a degenerate semiconducting to 
QAT electronic transition and resulting in a colossal S near room temperature. The schematic illustrates the band diagram 
for the fully compensated case. (E) Absolute S near room temperature as a function of σ of various ScN films with 
thicknesses of ∼200 nm across the degenerate semiconducting, nondegenerate Boltzmann transport regime to the 
QAT regime. The yellow-shaded region indicates the limits on S predicted from Boltzmann transport theory. For the 
least-conductive film (sample R1), S reached a colossal –124.6 mV K−1. The data shown as open circles were collected 
from Rao et al. (34), Saha et al. (27), Burmistrova et al. (35, 37), and Tureson et al. (36) for comparison. (F) Temperature-
dependent σ of the least-conductive HDHC ScN film showing thermally activated percolative transport of carriers. The 
inset shows the percolation activation energy of 316 meV. (G) Temperature-dependent S of the same film showing a 
steep decrease with increasing temperature.
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at elevated temperatures, and its evolution from large to colossal mag-
nitudes, can all be qualitatively explained with the framework of the 
narrow-band Hubbard model originally formulated by Beni and 
Chaikin (40, 41) (see sections II-D and II-E in the supplementary materials 
for details). Within this framework, the electronic system in these com-
pensated films can be described by a single-band Hubbard Hamiltonian 
in which the on-site Coulomb repulsion (U) exceeds the intersite hopping 
between charge puddles. Using the Kubo formalism, Beni and Chaikin 
(40, 41) derived an expression for S and predicted a universal sign change 
as the carrier filling increased and temperature approached the energy 
scale set by U. Although the magnitude of the experimentally observed 
S exceeded this prediction, the temperature and carrier filling–dependent 
crossover where S changed sign was qualitatively consistent with this 
model. Taken together, these observations suggest that the narrow-band 
Hubbard model captures the essential qualitative features of the thermo-
electric response in both HDMC and HDHC films.

Colossal thermopower with sign reversal in ultrathin 
HDHC ScN films
The effect of film thickness and dimensionality reduction on the colos-
sal S in HDHC ScN films was determined by depositing ultrathin films 
of decreasing thickness while retaining the same Mg-dopant concen-
trations in ScN. The Mg-hole dopant concentration was chosen such 
that in the thick film limit, it led to a relatively high conductivity value close 
to ∼4.6 × 10−1 S cm−1 near room temperature, which falls at the boundary 
between the nondegenerate Mott and QAT regime (see Fig. 1E and 
section I-A in the supplementary materials for details). The amplitude 
of potential fluctuations (γ) in the presence of a low dielectric environ-
ment scales as γ ∝ 1/t, where t is the film thickness. Therefore, small 
concentrations of impurities can cause large-scale potential fluctuation 
and affect S and σ in ultrathin films through the Rytova-Keldysh modi-
fication of the Coulomb potential (42, 43). Thickness-dependent σ at room 
temperature revealed that compared with a thicker ScN, σ in ultrathin 
films decreased by more than four orders of magnitude (Fig. 2A). This 
decrease in σ was likely caused by a nondegenerate semiconducting 
to QAT electronic transition triggered by the dimensionality reduction–
induced enhancement of potential fluctuations.

Although surface scattering of electrons also contributes to decreasing 
σ in ultrathin films, previous research has shown that on degenerate ScN 

without any Mg doping, thickness reduction from 240 to 5 nm decreases 
σ by ∼10 times, which is much less than the decrease that we observed 
(44). The temperature dependence of σ further showed that σ in thick 
films (∼50 nm) remained nearly invariant across the measured tempera-
ture range (50 to 400 K), whereas ultrathin films (12, 10, 7.5, 6, and 5 nm) 
exhibited a positive temperature coefficient of σ, underlining the onset 
of their insulating nature (Fig. 2B). Moreover, the thinnest 6- and 5-nm 
HDHC ScN films exhibited a three orders of magnitude decrease in σ as 
the temperature decreased from 400 to ∼220 K (Fig. 2B). At lower tempera-
tures, the measurement became limited by instrument resolution.

S in ultrathin HDHC films near room temperature far exceeded the 
S measured for thick ScN with similar hole doping due to their enhanced 
potential fluctuations. Figure 2C shows that a 7.5-nm film exhibited a 
colossal S of –83.41 mV K−1 near room temperature, which was about 
two orders of magnitude higher than the S obtained in thick films 
(Fig. 1E) but with similar compensation levels. However, temperature-
dependent measurements showed that, like thick films, S of ultrathin 

Fig. 2. Thermopower in HDHC ultrathin ScN. (A) σ of Mg-hole–doped ScN films 
decreased by four orders of magnitude as a function of the film thickness in the 
ultrathin regime. (B) Temperature-dependent σ in ultrathin ScN films showed a degen-
erate semiconducting type to QAT. (C) Temperature-dependent S of a 7.5-nm (sample 
R9) HDHC ScN film exhibiting colossal S near room temperature, like the HDHC 
200-nm-thick film. (D) Temperature-dependent σ of a 7.5-nm (sample R9) HDHC ScN 
film exhibiting activated transport.

Fig. 3. Structural characterization of HDHC ScN films. (A) Symmetric 2θ – ω HRXRD diffractogram of a 200-nm-thick (sample R1) and a 7.5-nm ultrathin (sample R9) HDHC 
ScN thin film showing (002)-oriented film growth on (001) MgO substrates. (B) Pole-figure measurements revealed four equally spaced φ peaks that highlight the epitaxial 
nature of the films. (C and D) Reciprocal space x-ray mapping of 200-nm-thick (C) and 7.5-nm ultrathin (D) ScN showing that the (113) MgO and (113) ScN diffraction spots are 
separated along the Qx line, which highlights their strain-relaxed nature. (E) HAADF-STEM micrograph of an HDHC ScN thin film showing homogeneous and uniform epitaxial 
growth of the film. (F) Atomic-resolution STEM image of the ScN/MgO interface showing cubic epitaxial growth. (G to J) STEM-EDS mapping showing a uniform distribution of 
Sc (G), N (H), Mg (I), and O (J) atoms inside the film.
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HDHC film decreased sharply with an increase in temperature (Fig. 2C). 
S in the 7.5-nm ultrathin ScN exhibited a negative-to-positive sign rever-
sal at ∼600 K, followed by the conductivity activation evident from the 
temperature-dependent σ measurement (Fig. 2D).

Variations in thermopower and electrical conductivity among simi-
lar HDHC, HDMC, and HD ScN films, together with heating-cooling 
and temperature ramp-rate measurements, confirm the robustness of 
the colossal S in HDHC ScN and the sign reversal of thermopower in 
HDMC ScN (see sections II-F and II-G in the supplementary materials). 
Further, the technological potential of this colossal Seebeck response 
is illustrated through a prototype photon sensor, described in sections 
I-F and II-H of the supplementary materials.

Structure and microstructural characterization
We characterized the crystal structure of thick and ultrathin HDHC 
ScN using high-resolution x-ray diffraction (XRD) and high-resolution 
transmission electron microscopy (HRTEM). The symmetric 2θ – ω 
XRD pattern of a representative 200-nm-thick and 7.5-nm ultrathin 
HDHC ScN showed that the films grew perfectly with (002) orienta-
tions on (001) MgO substrates with a lattice parameter of 4.52 Å, 
consistent with previous reports (Fig. 3A) (45). Pole figure measure-
ment revealed four equally spaced φ peaks corresponding to the 
(111) planes in ScN that verified their cubic symmetry and epitaxial 
nature (Fig. 3B).

Reciprocal space mapping (Fig. 3, C and D) further highlighted that 
the films were strain relaxed on the (001) MgO substrate. Notably, XRD 
analysis of the films, even after performing temperature-dependent S 
and σ measurements, did not show any appreciable changes, highlight-
ing the structural robustness of the HDHC films (see section II-I in the 
supplementary materials). Previous synchrotron-radiation extended 
x-ray near-edge fine structure (EXAFS) analysis of HDHC films also 
revealed no appreciable changes in the bonding environment or struc-
tural distortions in ScN due to Mg-hole doping (24).

High-angle annular dark field-scanning transmission electron mi-
croscopy (HAADF-STEM) imaging further revealed homogeneous and 
uniform HDHC ScN film growth on a (001) MgO substrate (Fig. 3, E 
and F). The cubic electron diffraction pattern in the inset confirmed 
[001] (001) ScN || [001] (001) MgO epitaxy. Energy-dispersive x-ray 
spectroscopy (STEM-EDS) elemental mapping showed that all atoms 
were homogeneously distributed inside the film (Fig. 3, G to J). Therefore, 
HDHC ScN exhibits excellent structural qualities and is epitaxial and 
nominally single crystalline in nature. The HAADF-STEM imaging of 
ultrathin HDHC ScN also exhibited high crystalline quality and was 
epitaxial in nature, as presented in fig. S21. Further details on dopant 
concentration, distribution, interface quality, etc., are presented in 
sections II-I, II-J, II-K, and II-L of the supplementary materials.

Summary
We report S values exceeding –124 mV K−1 near room temperature in 
HDHC epitaxial ScN ultrathin films. This thermopower exceeds by 
nearly two orders of magnitude the values long considered attainable 
in solids and rivals those found in electrolytes and ionic conductors. 
In ultrathin films, the enhancement of potential fluctuations due to 
the Rytova-Keldysh potential further amplifies the Seebeck response. 
Our findings establish one of the highest S values recorded in inorganic 
crystalline material and unveil charged-dopant–induced potential 
fluctuations as a strategy for boosting thermoelectric performance.
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Editor’s summary
Although Seebeck coefficients in the millivolts per Kelvin range are observed for ionic conductors, electronic
conductors are usually limited by Boltzmann transport theory to the microvolts per Kelvin range. Karanje et al. grew
200-nanometer-thick scandium nitride films that had a spatially inhomogeneous distribution of charged dopants.
These films could undergo large-scale potential fluctuations that overcome the Boltzmann limit. A Seebeck coefficient
exceeding #124 millivolts per Kelvin was seen near room temperature. —Phil Szuromi
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