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Pyrite FeS2 is an outstanding candidate for a low-cost, nontoxic, sustainable photovoltaic material, but efficient
pyrite-based solar cells are yet to materialize. Recent studies of single crystals have shed much light on this by
uncovering a p-type surface inversion layer on n-type (S-vacancy doped) crystals, and the resulting internal p-n
junction. This leaky internal junction likely plays a key role in limiting efficiency in pyrite-based photovoltaic
devices, also obscuring the true bulk semiconducting transport properties of pyrite crystals. Here, we demonstrate
complete mitigation of the internal p-n junction in FeS2 crystals by fabricating metallic CoS2 contacts via a
process that simultaneously diffuses Co (a shallow donor) into the crystal, the resulting heavy n doping yielding
direct Ohmic contact to the interior. Low-temperature bulk transport studies of controllably Co- and S-vacancy
doped semiconducting crystals then enable a host of previously inaccessible observations and measurements,
including determination of donor activation energies (which are as low as 5 meV for Co), observation of an
unexpected second activated transport regime, realization of electron mobility up to 2100 cm2 V–1 s–1, elucidation
of very different mobilities in Co- and S-vacancy-doped cases, and observation of an abrupt temperature-
dependent crossover to bulk Efros-Shklovskii variable-range hopping, accompanied by an unusual form of
nonlinear Hall effect. Aspects of the results are interpreted with the aid of first-principles electronic structure
calculations on both Co- and S-vacancy-doped FeS2. This work thus demonstrates unequivocal mitigation of the
internal p-n junction in pyrite single crystals, with important implications for both future fundamental studies
and photovoltaic devices.

DOI: 10.1103/PhysRevMaterials.5.025405

I. INTRODUCTION

Due to outstanding visible light absorption, adequate
electron mobility and minority carrier diffusion length, excep-
tionally low cost [1], and earth-abundant nontoxic constituents
[1], pyrite-structure FeS2 has long been considered an at-
tractive sustainable photovoltaic material [2]. Pyrite-based
heterojunction solar cells have disappointing power conver-
sion efficiencies, however (typically <3%), limited by low
open-circuit voltages (VOC), even in single-crystal devices
[2–7]. While historically a matter of debate [2–7], recent work
provides compelling evidence that the low VOC originates in a
leaky p-n junction internal to pyrite [7–10]. Specifically, sev-
eral recent publications on high-quality single crystals report
a nanometer (nm)-thick p-type inversion layer on the surface
of unintentionally n-doped pyrite [8,9,11], leading to the situ-
ation shown schematically in Fig. 1(a). Consistent with earlier
observations of surface-state-driven pinning of the Fermi level
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near the valence band maximum [2,12–14], substantial near-
surface band bending is thought to occur [Fig. 1(a)]. In
horizontal single-crystal transport measurements, conspicu-
ous surface conduction then arises, the electrical resistivity
(ρ) abruptly flattening on cooling as bulk carrier freeze-out
leads to current shunting by the heavily p-doped surface
[9,11]. Such behavior has been quantitatively captured by
two-channel (bulk and surface) modeling [9,11]. Strong evi-
dence has also been accumulated that S-vacancy (VS)-based
native defects are present [2,14,15] and responsible for the
unintentional bulk n doping in such crystals [as in Fig. 1(a)]
[16,17]. Experiments have identified a ∼225 meV deep donor
and linked it to VS [16], while computational work implicates
VS clusters as the likely donors [17].

Most recently, ρ(T ) measurements on single crystals with
systematically-controlled S vacancy concentration ([VS]) di-
rectly revealed the internal junction between the n-type
interior and p-type surface [10] [i.e., the depletion region in
Fig. 1(a)]. At sufficiently high [VS] (i.e., low bulk resistance),
the exponential T dependence of the internal p-n junction
resistance was shown to abruptly cut off current to the crystal
interior on cooling, leading to an abrupt 104-fold increase in
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FIG. 1. (a) Schematic band diagram of an n-FeS2 crystal (with
the surface on the extreme left). Shown are the conduction band (EC),
valence band (EV), and Fermi (EF ) energies, along with the n-bulk,
p-n depletion, and p-surface regions. Note the substantial upward
band bending toward the surface. For scale, the accepted energy gap
in FeS2 is ∼0.95 eV. Temperature (T) dependence of the resistivity
(ρ ) of FeS2 single crystals with (b) light S vacancy (VS) doping
[n(300 K) = 6 × 1014, 5 × 1015, 1 × 1017 cm–3], (c) moderate Co
doping [n(300 K) = 3 × 1017, 7 × 1017 cm–3], and (d) heavy Co dop-
ing [n(300 K) = 1 × 1018, 3 × 1018 cm–3]. [n(300 K) is the 300 K
Hall electron density]. Data are shown for both In contacts (dashed
lines) and CoS2 contacts (solid lines). A typical crystal is shown in
(b) (adapted with permission from Ref. [16]. Copyright 2019 Amer-
ican Chemical Society). The insets to (c), (d) are schematics (not to
scale) showing the n-type bulk (dark blue), p-type surface (red), p-n
depletion region (light blue), and equivalent circuit diagrams. Note
that due to heavy doping in the p-type surface layer, the depletion
width is controlled by the n doping in the crystal interior.

ρ at ∼130–200 K [10]. Three-channel [bulk, surface, junc-
tion (depletion region)] modeling describing the internal p-n
interface as a Schottky junction was shown to quantitatively
reproduce the [VS]-dependent ρ(T ), enabling extraction of
junction barrier heights [10]. The latter exhibit significant
variance even in nominally identical crystals, averaging to

∼320 meV [10]. Given this low average barrier height (no-
tably close to VOC in pyrite crystal based heterojunction solar
cells [2–7]), the distribution in barrier heights (consistent
with the variability in such cells [2–7]), and the substantial
voltage deficit relative to simple band bending expectations
[�750 meV; see Fig. 1(a)] [10], it was concluded that a leaky
internal p-n junction plays a key role in limiting VOC, and thus
efficiency, in pyrite-based heterojunction photovoltaic devices
[10]. In essence, devices such as prior metal/FeS2 Schottky
cells [6] were in reality likely metal/heavily p-doped FeS2

surface/internal junction/bulk n-type FeS2 heterostructures,
the VOC deriving largely from the internal p-n junction.

An important consequence of the above is that the bulk
electronic transport properties of semiconducting pyrite FeS2

single crystals have been inaccessible below ∼200 K, due to
obfuscation by the internal junction. With no cryogenic mea-
surements of the T-dependent bulk ρ, Hall electron density,
and Hall mobility, for example, essential characterization of
the electronic transport mechanisms in pyrite remains lacking.
Just some of the gaps in fundamental understanding include
the interplay between bulk diffusive and hopping transport
and the general level of disorder in state of the art FeS2

crystals; accurate positions of the donor levels for known
n-type pyrite dopants; the behavior of mobility vs T and
doping level for different donors, and thus the overall elec-
tronic quality in comparison to semiconductors such as Si;
the relative importance of scattering from phonons, ionized
impurities, and other defects; the nature of the approach to
the insulator-metal transition (IMT) (which is of particular
interest for deep donors such as VS [16]); and the possibility
of quantum transport (e.g., Shubnikov–de Haas oscillations)
in crystals doped beyond the IMT, which could elucidate
additional important transport parameters. Such information
is important not only fundamentally but also for applications,
such as in photovoltaics. Sufficiently advanced understanding
of doping, for example, could enable mitigation of VS deep
donor concentrations to improve VOC [7,9]; identification of
ideal n dopants for future pyrite PV devices; and identifica-
tion and characterization of workable p dopants, and thus the
development of future homojunction FeS2 solar cells, which
could sidestep issues with surface states. A means to mitigate
the internal p-n junction in pyrite single crystals, thereby en-
abling bulk transport characterization, is thus highly desirable.

We address this challenge here by demonstrating that ap-
propriately fabricated CoS2 thin film overlayers on FeS2 bulk
single crystals enable direct Ohmic contact to the crystal
interior. CoS2 has the same pyrite structure as FeS2 but
t2g6e1

g electronic configuration (cf. t2g6e0
g in FeS2), resulting

in metallicity and ferromagnetism with a Curie temperature
TC ≈ 120 K [18,19]. We form CoS2 by ex situ sulfidation
of Co films at elevated temperature in a S atmosphere [20],
simultaneously inducing reaction of the Co film to CoS2

and significant interdiffusion of Co into the FeS2 crystal, as
verified by time of flight secondary ion mass spectrometry
(TOF SIMS) depth profiling. As CoS2 is metallic [19,20] and
Co is a shallow donor in FeS2 [10,21–24], this results in
a metallic contact on an FeS2 surface where heavy doping
under the CoS2 yields direct Ohmic contact to the crys-
tal interior (through mechanisms we elucidate). Transport
measurements on semiconducting VS- and Co-doped crystals
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then demonstrate complete mitigation of the internal junc-
tion, providing direct access to bulk electronic properties. We
thereby report a host of quantities and phenomena, includ-
ing donor activation energies (down to 5 meV for Co), an
unexpected second activated transport regime, electron mo-
bility to 2100 cm2 V–1 s–1, elucidation of very different mobil-
ities in Co- and VS-doped cases, and an abrupt T-dependent
crossover to bulk Efros-Shklovskii variable-range hopping
(ES VRH) [25] accompanied by an unusual nonlinear Hall
effect. Aspects of the results are interpreted via first-principles
electronic structure calculations. Unequivocal mitigation of
the internal p-n junction in pyrite single crystals is thus
demonstrated, with implications for future fundamental stud-
ies and pyrite photovoltaic devices.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

As discussed previously [10,11,16,26–28] and summarized
in the Supplemental Material, Sec. A [29], high-quality pyrite
single crystals [Fig. 1(b), inset] were grown by chemical vapor
transport. Controlled doping with VS or Co was achieved by
S vapor pressure tuning during growth [10,16] and direct Co
incorporation [10], respectively. The resulting crystals have
been extensively characterized via powder x-ray diffraction,
high-resolution single-crystal x-ray diffraction, x-ray rocking
curves, energy dispersive x-ray spectroscopy, particle-induced
x-ray emission, mass spectrometry, Raman spectroscopy,
and atomic force microscopy [10,11,16,26–28]. Phase-pure,
uniform, low defect density, low impurity concentration
(�40 ppm metals basis; see Ref. [16]) crystals have been thus
established [10,11,16,26–28].

Electronic transport measurement details are provided in
the Supplemental Material (Sec. B) [29]. Briefly, polished
crystals [11] were used for all measurements, employing sol-
dered In as a standard contact [10,16]. Alternatively, for CoS2

contacts, ∼30 nm thick Co films were sputtered or evapo-
rated on crystal surfaces (forming contact pads), then ex situ
sulfidized for 8 h at 350 ◦C in an ∼8 cm3 quartz ampoule
with 5 mg of S. As expected [20], this yields phase-pure
metallic ferromagnetic CoS2, with a volume expansion factor
of ∼3.85 (i.e., CoS2 thickness ∼120 nm). X-ray diffraction
(XRD) characterization of CoS2 contact films was done on
a Bruker D8 Discover diffractometer with a two-dimensional
(2D) detector, magnetic characterization was performed in a
Quantum Design MPMS, and TOF SIMS characterization of
the CoS2/FeS2 interface was done in a PHI nanoTOF II. Silver
paint was used to contact the CoS2 thin film pads; then four-
wire van der Pauw measurements were made in DC and AC
(16 Hz) modes, from 1.8 to 400 K in magnetic flux densities
(B) up to 9 T.

As detailed in the Supplemental Material [29], density
functional theory (DFT) calculations were also performed
to aid in the interpretation of some of the experimental re-
sults. These used the Vienna ab initio simulation package
(VASP) [30–33], employing projected augmented wave pseu-
dopotentials [34,35] and Perdew-Burke-Ernzerhof exchange-
correlation functionals [36,37] with a Hubbard U correction
[38]. All details, including the choice of U (for Fe and Co),
are described in the Supplemental Material [29]. Co- and VS-
doped FeS2 were modeled in a 3 × 3 × 3 supercell containing

one CoFe or a tetra-S-vacancy defect. The latter was found in
recent work [17] to correspond most closely to experimental
observations, highlighting the likely role of VS clusters.

III. RESULTS AND DISCUSSION

Shown first in Figs. 1(b)–1(d) are ρ(T ) data from crys-
tals doped lightly with VS [Fig. 1(b)], moderately with Co
[Fig. 1(c)], and heavily with Co [Fig. 1(d)], i.e., with in-
creasing doping from top to bottom. Respective (300 K)
Hall electron densities [n(300 K)] are shown in each case,
along with data taken with both In (dashed lines) and CoS2

(solid lines) contacts. Starting at n(300 K) = 6 × 1014 cm–3

[yellow, Fig. 1(b)], typical lightly doped single-crystal FeS2

behavior is observed [9–11,16], ρ(T ) first increasing upon
cooling, then flattening at ∼250 K, before rising again be-
low ∼50 K. As discussed above, this reflects freeze-out of
the n-type interior as T is reduced from room temperature,
followed by shunting by the more conductive heavily p-doped
surface layer [see Fig. 1(a)] at low T [9–11,16]. (Thickness
scaling, among other observations, confirmed low T surface
conduction in prior work [9–11,16].) Increasing VS doping to
n(300 K) = 5 × 1016 cm–3 yields similar behavior, but with a
bulk to surface conduction crossover at lower T (∼100 K) due
to lower bulk resistance. Significantly, in both of these cases
the dashed and solid lines (In and CoS2 contacts) are indis-
tinguishable; low T current shunting by the exposed crystal
surface between the contacts occurs regardless of the con-
tact material. In the heaviest VS-doped crystal in Fig. 1(b),
however [n(300 K) = 1 × 1017 cm–3], In and CoS2 contacts
generate strikingly different ρ(T ) at low T. [VS] is now high
enough to induce metalliclike, phonon-limited bulk ρ(T ) at
high T (i.e., dρ/dT > 0), but, consistent with our recent re-
port [10] and the above Introduction, ρ(T ) with In contacts
shows an abrupt 104-fold increase below ∼200 K. This re-
flects the equivalent circuit in the inset to Fig. 1(c), where
the exponential rise of the p-n depletion region resistance on
cooling (dictated by the ∼300 meV junction barrier height)
abruptly cuts off current to the crystal interior, restricting
conduction to the surface layer only [10].

The n(300 K) = 1 × 1017 cm–3ρ(T ) measured instead with
CoS2 contacts [Fig. 1(b), lowest solid line] provides a central
result of this work. In stark contrast to the In contact case,
no abrupt sub-200 K rise in ρ(T ) occurs, ρ being up to 104

times lower than with In. The resistivity instead gradually
decreases down to ∼100 K before rising to ∼103 � cm at
1.8 K. All characteristic ρ(T ) signatures of the internal p-n
junction depletion region are thus entirely eliminated with ex
situ sulfidized CoS2 contacts, suggesting direct contact to the
crystal interior. This is indicated not only by the absence of
the abrupt rise in ρ(T ) below ∼200 K, but also by the very
low magnitude of the low T resistivity and resistance, far
beneath anything associated with 2D surface conduction in
FeS2 crystals. These conclusions are further reinforced below
by essentially all of the performed transport measurements.
Figure 1(c) shows that such behavior also occurs in mod-
erately Co-doped crystals, the abrupt 125–175 K increase
in ρ(T ) with In contacts being entirely extinguished with
CoS2 contacts. The increased doping here [up to n(300 K) =
7 × 1017 cm–3] leads to quite weak ρ(T ) in CoS2-contacted
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crystals, ρ(T → 0) in fact becoming finite. (A detailed
study of the IMT with Co doping will be presented else-
where [39]). The situation then changes at heavy Co doping
[up to n(300 K) = 3 × 1018 cm–3, Fig. 1(d)], where near T-
independent resistivity occurs, approaching 1 m� cm. In this
clearly metallic regime, ρ(T ) measured with In and CoS2

contacts becomes essentially indistinguishable, again consis-
tent with the equivalent circuit in the inset to Fig. 1(d). The
n doping is sufficiently high that the p-n depletion region
becomes thin enough to permit Ohmic contact to the crys-
tal interior (likely via tunneling) [10,40], the low-resistance
metallic n-type bulk then dominating the p-type surface layer.

Figures 1(b) and 1(c) thus demonstrate that at moder-
ate doping, on the insulating side of the IMT, i.e., in the
range of interest for photovoltaics, the internal p-n junction
in pyrite single crystals can be effectively mitigated with ex
situ sulfidized CoS2 contacts, providing direct access to bulk
transport properties. In terms of establishing the mechanism of
this mitigation, we first note, as described in the Supplemental
Material, Sec. B (Fig. S1) [29], that subjecting FeS2 crystals
to the same S atmosphere thermal treatment before contact
deposition does not lead to junction mitigation, highlighting
the importance of thermal treatment of the Co/FeS2 interface.
Experiments were thus performed to verify CoS2 formation
and probe the depth profile of Co in the FeS2 crystals after
sulfidation [as depicted in Fig. 2(a)]. As shown in the inset
to Fig. 2(b), the conditions employed for ex situ sulfidation
of Co overlayers [20] indeed result in single-phase CoS2 by
XRD: the expected 200, 210, 211, and 220 reflections are
observed, yielding a lattice parameter (5.54 Å) consistent with
the literature [19,20,41]. As further confirmation, the inset
to Fig. 2(c) shows T-dependent magnetization data on such
films, indicating TC ≈ 120 K, consistent with CoS2 [18–20].

TOF SIMS (see the Supplemental Material, Sec. C [29],
for details, including Fig. S2) was then used to quantify
Co depth profiles. Figures 2(b) and 2(c) show depth pro-
files (log10 scale) of the TOF SIMS intensity for Co– and
CoS−

2 secondary ions, respectively, for ex situ sulfidized
CoS2(120 nm)/FeS2 contacts (maroon), and, for comparison,
as-deposited Co(30 nm)/FeS2 contacts (black). Examining the
as-deposited Co/FeS2 contacts first, as expected, we find a
∼30 nm region above the interface (i.e., negative depth in
Fig. 2) with high Co– and low CoS−

2 intensity. As sputtering
proceeds into the FeS2, the Co– intensity drops ∼103-fold
within 100 nm [Fig. 2(b)], while the CoS−

2 signal [Fig. 2(c)]
first rises abruptly (illustrating the sharpness of the Co/FeS2

interface), before falling two orders of magnitude in 100 nm,
i.e., on the same approximate length scale as the Co– de-
cay. Importantly, this establishes baseline behavior for the
apparent Co depth profile in FeS2 crystals due to TOF SIMS
artifacts such as cascade mixing [42]. Moving to CoS2 con-
tacts, Figs. 2(b) and 2(c) first show the expected high Co–

and CoS−
2 intensities throughout the 120 nm thick CoS2 film

(i.e., at negative depth). More significantly, these intensities
remain at or above this level to ∼50 nm into the FeS2. Both
intensities then drop rapidly, with similar form to the as-
deposited Co/FeS2, but with a distinct 30–50 nm shift to higher
depths. Ex situ sulfidation thus induces not only reaction of
Co contacts to CoS2 [Figs. 2(b) and 2(c), insets], but also
clear CoS2/FeS2 interdiffusion [Figs. 2(a)–2(c)], generating

FIG. 2. (a) Schematic composition profile of a CoS2-contacted
FeS2 crystal. Time of flight secondary ion mass spectrometry (TOF
SIMS) depth profiles (log10 scale) of (b) Co– and (c) CoS2

− through
the interface of an FeS2 crystal contacted with ∼120 nm of sulfidized
CoS2 (maroon); for reference, data for ∼30 nm as-deposited Co con-
tacts are also shown (black). Orange lines represent a 1D diffusion
model with diffusivity D ≈ 2 × 10–16 cm2 s–1 (see the Supplemental
Material, Sec. D [29], for details). The insets to (b), (c) show an XRD
pattern [intensity (I) vs 2θ ] and magnetization (M) vs temperature
(T) for representative 120–240 nm thick CoS2 films. Expected CoS2

reflections [19,20,41] are marked; the peak near 30.5◦ likely arises
from the sample holder. M(T ) was measured in 500 Oe after field
cooling in 500 Oe.

significant Co doping 30–50 nm into the FeS2. In simple
terms, a tens of nm deep Co-doped n+ region is thus generated
under the CoS2, yielding direct Ohmic contact with the bulk,
via the mechanisms elucidated below.

Further quantification is provided by the solid orange lines
through the CoS2-contacted data in Figs. 2(b) and 2(c), which
are fits to a one-dimensional (1D) diffusion model, yielding
a diffusion coefficient D ≈ 2 × 10–16 cm2 s–1 (see the Supple-
mental Material, Sec. D [29], for details). D(T) data for Co
in FeS2 are not available to our knowledge, but the similar
ionic radii of Co2+ and Fe2+, and full solubility in Fe1–xCoxS2

[19,41], suggest similarity to Fe self-diffusion in FeS2. D ≈
8 × 10–16 cm2 s–1 at 350 ◦C for the latter [43], reassuringly
close to our extracted value, verifying that the profiles in
Fig. 2 are quantitatively consistent with expected diffusivi-
ties. As detailed in the Supplemental Material, Sec. D [29],
an n-doping profile can then be constructed under simple
assumptions, such as full dopant activation, accounting for
detector saturation, and background effects. This is shown in
Fig. S3 [29], indicating that doping as heavy as n = 1020 cm–3

is maintained at up to 100 nm depth under CoS2 contacts.
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FIG. 3. Schematic illustrations and band diagrams directly under contacts formed with (a) conventional In and (b), (c) interdiffused CoS2.
The n-bulk, p-n depletion regions, p-surface regions, and contact layers are shown, along with the conduction band (EC), valence band (EV),
and Fermi (EF ) energies. The different scenarios in (b), (c) correspond to shrinking of the depletion region to the point of tunneling and direct
(re)inversion of the p-surface layer, respectively, as discussed in the text.

Based on such information, Fig. 3 shows schematic illustra-
tions of the situations realized directly under the contacts used
here, thus elucidating the possible mechanisms for mitigation
of the internal junction. Illustrated first in Fig. 3(a) is the
situation with In contacts, showing the contact metal, heavily
doped p-type surface layer, depletion region, n-type bulk,
and resulting band bending [as in Fig. 1(a)]. One possibility
for the situation under CoS2 contacts is then illustrated in
Fig. 3(b), which shows heavier doped (n+) FeS2 near the
surface (due to in-diffusion of Co), thus shrinking the de-
pletion region, narrowing the surface band bending region,
and enabling tunneling from the CoS2 metallic contact (and
heavily doped p-surface layer) to the n-FeS2 bulk. This is
a known mechanism for Ohmic contacts to semiconductors
[40]. Alternatively, and as illustrated in Fig. 3(c), the near-
surface Co doping could be sufficiently heavy to (re)invert the
p-surface, thereby realizing a direct n-CoS2/n-FeS2 interface
and eliminating the internal p-n junction under the contact.

We emphasize two further points about these mechanisms.
First, the schematics in Figs. 3(b) and 3(c) represent the
situation in the immediate vicinity of the CoS2 contacts
only; the remainder of the macroscopic crystal is unaffected,
enabling characterization of bulk transport properties of
unperturbed bulk FeS2 crystals. Second, the internal p-n
junction mitigation demonstrated here is possible only due to
(i) the metallic nature of CoS2 [19,20]; (ii) the fact that Co is
a shallow donor in FeS2 [10,21–24]; and (iii) the significant
diffusivity of Co in FeS2 at moderate temperatures [43].
Simpler thermal treatments such as vacuum annealing of Co
contacts could not achieve this, due to the decomposition of
the FeS2 surface to pyrrhotite Fe1–xS, which commences at as
low as ∼160 ◦C [26].

With CoS2 contact based mitigation of the internal p-n
junction in FeS2 crystals demonstrated, low T measurements
of bulk transport properties of moderately doped semicon-
ducting crystals become possible. We illustrate this in Fig. 4
by focusing on two representative crystals, one Co doped (red,
left panels) and one VS doped (green, right panels), both with
n(300 K) ≈ 1 × 1017 cm–3, i.e., in the doping range where
low T bulk transport is normally obfuscated by the internal
junction [Figs. 1(b) and 1(c)]. Shown are the T dependence

(log10 scale) of ρ [panels (a), (e)], n [panels (b), (f)], the appar-
ent Hall mobility μ [panels (c), (g)], and the 9 T perpendicular
to plane magnetoresistance (MR(9 T) = [ρ(B)–ρ(0)]/ρ(0))
[panels (d), (h)].

Focusing first on Co doping (left panels), Fig. 4(a) shows
that ρ(T ) is metalliclike on cooling from 400 K but then
increases significantly between ∼100 and 1.8 K, indicating
transport on the insulating side of the IMT. This is consistent
with the doping progression in CoS2-contacted crystals in
Figs. 1(b)–1(d), and a thorough study of the IMT in FeS2:Co
[39], which places the critical electron density (nc) at ∼2 ×
1017 cm–3. Most noteworthy in Fig. 4(a) is the sharp slope dis-
continuity at ∼20 K, marked with the dashed line. The origin
of this is clarified by the Zabrodskii plot [44] in the inset. Such
plots display lnW vs lnT, where W = –d (ln ρ )/d (ln T ), in or-
der to linearize ρ = ρ0 exp (T0/T )m, where ρ0 = ρ(T → ∞),
T0 is a doping-dependent constant, and the exponent m reveals
the semiconducting transport mechanism [44]. As illustrated
by the solid line in the inset, the ∼20 K feature marks an
abrupt crossover from a regime where lnW decreases on cool-
ing to a regime with m ≈ 1

2 , corresponding to ES VRH [25].
As also shown in the lnρ vs T –1/2 plot in the Supplemental
Material, Sec. E, Fig. S4(a) [29], the m ≈ 1

2 regime spans ∼20
to 1.8 K (i.e., an order of magnitude in T), and two orders of
magnitude in ρ, thus establishing ES VRH with confidence.
The extracted T0 = 65 K is quite low [25], indicating relative
proximity to the IMT, consistent with n/nc ≈ 0.5. The data of
Fig. 4(a) thus indicate an abrupt T-dependent bulk crossover
from diffusive to hopping transport at cryogenic temperatures.
This demonstrates that state of the art pyrite single crystals
exhibit bulk behavior strikingly reminiscent of prototypical
doped semiconductors such as Ge [25,45].

As seen in Fig. 4(b), the diffusive to hopping crossover
is yet more conspicuous in n(T). As illustrated by the solid
line fit and Arrhenius plot in the Supplemental Material,
Sec. F [Fig. S5(a)] [29], activated behavior occurs above
∼20 K, with an activation energy �E = 4.9 meV. Impor-
tantly, due to the prior inability to probe bulk transport below
∼100–200 K, and the low �E for Co, it is difficult to
find literature values for comparison. Comparison to donor
ionization energies from the hydrogenic model is possible,
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FIG. 4. Electronic transport data on CoS2-contacted FeS2 crys-
tals doped to room temperature Hall electron densities [n(300 K)] ≈
1 × 1017 cm–3 with Co [(a)–(d), red] and VS [(e)–(h), green]. [The
VS-doped crystal is from Fig. 1(b)]. Shown are the temperature (T)
dependence (log10 scale) of (a), (e) the resistivity (ρ), (b), (f) the low
magnetic field Hall electron density (n), (c), (g) the resulting Hall
mobility (μ), and (d), (h) the 9 T perpendicular to plane magnetore-
sistance, MR(9 T) = [ρ(B)–ρ(0)]/ρ(0). The Arrhenius fits to n(T )
in (b),(f) yield the shown activation energies (�E ). The power law
fits to μ(T ) in (c), (g) yield the shown exponents. The insets in (a), (e)
are Zabrodskii plots [lnW vs ln T , where W = –d (lnR)/d (ln T )],
linearizing ρ = ρ0 exp (T0/T )m and yielding the exponent m from
the slope; the black lines correspond to m = 1

2 , i.e., Efros-Shklovskii
variable-range hopping (ES VRH). The insets to (d), (h) show the
magnetic field (B) dependence of ln[ρ(B)/ρ(0)] for Co- and VS-
doped crystals at 8 and 5 K, respectively; the black lines are fits to an
ES VRH model yielding localization lengths (Lc ) of 13 and 16 nm,
respectively. Colored dashed lines connect the points, and vertical
black dashed lines mark the diffusive-hopping crossovers.

however. While uncertainties exist with respect to the effective
mass and dielectric constant in FeS2, the best available values
of m∗

e ≈ 0.5me [17,46,47] and εr ≈ 20 [48] yield a ∼16 meV
donor ionization energy. This is not inconsistent with our
observation, the measured �E = 4.9 meV potentially being
decreased from the ∼16 meV noninteracting donor ionization
energy due to approach to the IMT (n/nc ≈ 0.5 here) [25,45].
We note as an aside that such values are distinctly lower
than the 90 meV inferred from optical absorption [24], high-

lighting the importance of bulk transport characterization.
Returning to Fig. 4(b), as T is lowered from the diffusive to
hopping regime, below ∼20 K, a dramatic apparent increase
in n occurs. This reflects the well-known suppression of the
Hall coefficient in hopping transport [27,49–52], however,
Fig. 4(b) thus being qualitatively consistent with Fig. 4(a). As
expected, based on the above, there is no evidence of an n-type
bulk to p-type surface crossover (as with conventional con-
tacts) but rather a bulk n-type diffusive to hopping crossover.

Figure 4(c) shows the resulting Hall mobility, μ. Classic
moderately doped semiconducting behavior occurs, μ first
increasing on cooling in a phonon scattering limited regime,
before decreasing in an ionized impurity limited regime [40].
A peak mobility of 200 cm2 V–1 s–1 is attained at 150 K. The
solid line in Fig. 4(c) is a fit to a simplified model describing
both regimes with power laws and using Matthiessen’s rule
(additive scattering rates) to write [μ(T )]−1 = (aT−α )−1 +
(bT β )−1, where α and β describe phonon and ionized im-
purity scattering, respectively (a and b are constants) [40].
A good fit is obtained over the entire diffusive transport
regime (20 < T < 400 K), yielding reasonable values of α =
1.2 and β = 2.2. More significantly, at ∼20 K, the appar-
ent mobility begins to abruptly drop (due to the apparent
rise in n from Hall coefficient suppression), right at μ ≈
1 cm2 V–1 s–1. The bulk hopping to diffusive crossover thus
occurs very close to the generic ∼1 cm2 V–1 s–1 often touted
as an approximate threshold for diffusive band transport
[27,53,54].

Figure 4(d) then shows the T-dependent MR ratio in a 9
T perpendicular field. At T > 20 K, classic ordinary MR is
observed, with positive sign, parabolic B dependence, and
MR(T) [Fig. 4(d)] that tracks μ(T) [Fig. 4(c)] (see the Sup-
plemental Material, Sec. G, Figs. S6 and S7 [29], for details).
Below 20 K, the positive MR then abruptly increases. As
shown in the inset to Fig. 4(d), ln[ρ(B)/ρ(0)] at these lowest T
exhibits parabolic B dependence (solid line fit), characteristic
of the field-induced wave-function overlap decrease in ES
VRH [25]. The localization length Lc can then be extracted
using ln[ ρ(B)

ρ(0) ] = s
h̄2 Lc

4B2( T0
T )3/2 [25], where s is a dimen-

sionless constant (0.0015), h̄ is the reduced Planck constant,
and T0 = 65 K is known from ρ(T ) (Figs. 4(a) and S4(a)
[29]). This yields Lc = 13 nm, expanded significantly over the
hydrogenic Bohr radius (∼2.5 nm, subject to the same uncer-
tainties as the donor ionization energy), again consistent with
approaching the IMT (n/nc ≈ 0.5) [25,45]. Figure 4(d) thus
establishes MR quantitatively consistent with a bulk diffusive
to hopping crossover at ∼20 K, in accord with ρ(T ), n(T), and
μ(T) [Figs. 4(a)–4(c)].

Moving to VS doping (green, right panels), Fig. 4(e) reveals
a similar situation to Fig. 4(a) but with slightly lower ρ at
low T and a slightly lower crossover temperature of ∼12 K
(vertical dashed line). Consequently, ES VRH is more difficult
to establish definitively, but m = 0.5 does describe the low
T data in the inset to Fig. 4(e), consistent with lnρ vs T –1/2

(Supplemental Material Sec. E, Fig. S4(b) [29]). A low T0

of ∼35 K is thus determined, indicating closer proximity to
the IMT than the Co-doped sample, likely due to slightly
higher doping. Significantly, CoS2 contacts now enable us to
fully explore the bulk n(T) [Fig. 4(f)], for which prior work
(which was limited to higher T by the internal p-n junction)
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FIG. 5. Calculated band structure (left panels) and spin-polarized density of states (DOS, right panels) for (a) Co- and (b) VS-doped pyrite.
The green horizontal line marks the Fermi energy, the zero of energy is at the valence band maximum, and the DOS is shown for the two spin
states. As described in the main text and in the Supplemental Material, Sec. H [29], these calculations involve 3 × 3 × 3 supercells containing
one CoFe defect [in (a)] and a tetra-S-vacancy [in (b)]. In all cases, a Hubbard U = 1.8 eV was used on Fe, as optimized in prior work [17].
For the Co in (a), as discussed in the Supplemental Material [29], the U = 3 eV result is shown.

hinted at the possibility of two distinct activation energies
in FeS2:VS [10,16]. As illustrated by the solid line fits in
Fig. 4(f) and the Arrhenius plots in Fig. S5(b) [29], two
activated regimes indeed occur. At the highest T (>325 K),
�E1 = 56 meV, while �E2 = 6.4 meV describes the 12 K <

T < 325 K data. �E1 is consistent with earlier high T
measurements of VS-doped FeS2 crystals, which revealed a
�E that gradually drops from the ∼225 meV limiting value at
light doping (the deep donor ionization energy) to ∼17 meV
at the heaviest VS doping achieved [10,16]. As already noted
[16], this approach to the IMT due to doping with such a deep
donor is very different from the better-understood approach to
the IMT with shallow donors and can now be studied to low
T in VS-doped pyrite. Although multiple activation energies
and levels in the gap are known in certain semiconductors
[40], the specific origin of the two distinct �E values here
is unclear. In this regard, note that (i) we do not believe that
�E2 is simply related to background Co impurities in VS-
doped crystals [16] as �E2 is not observed at all VS doping
levels; (ii) just like �E1, �E2 collapses on approaching the
IMT, from ∼25 meV at n(300 K) = 8 × 1016 cm–3 [10] to
6.4 meV at n(300 K) ≈ 1 × 1017 cm–3; (iii) in light of recent
theoretical work [17], it is plausible that distinct types of VS

clusters and/or VS interactions could produce multiple �E .
Further work will be required to resolve this, enabled by the
internal junction mitigation demonstrated here. Regardless,
cooling below ∼12 K in Fig. 4(f) induces the same type of
rapid increase in apparent n as in Fig. 4(b), again reflecting
the suppression of the Hall coefficient in the hopping regime
[27,49–52].

Turning to mobility in the VS-doped case, Fig. 4(g)
again reveals a peak at intermediate T, this time reaching
2100 cm2 V–1 s–1 at 75 K. Significantly, this can be compared
to peak mobilities of 2000 cm2 V–1 s–1 in Schieck et al. [55],
1930 cm2 V–1 s–1 in Limpinsel et al. [9], and ∼800 cm2 V–1 s–1

in Tomm et al. [56], demonstrating outstanding mobility.
μ(T) is again described by [μ(T )]−1 = (aT−α )−1 + (bT β )−1

across the entire diffusive regime (12–400 K), yielding α =

2.6 and β = 0.89. The broad range of phonon-limited trans-
port here (75–400 K, enabled by the mitigation of the internal
p-n junction) in fact allows for more accurate determination of
α than the Co-doped case, α = 2.6 being in good agreement
with several higher-T FeS2 studies [9,11,56]. Analogous to Co
doping, and in accord with Figs. 4(e) and 4(f), the apparent
μ(T ) then abruptly drops at the ∼12 K crossover to hopping
transport.

The higher mobility in VS-doped crystals, which we ob-
serve over the entire doping range, is particularly noteworthy.
This amounts to as much as a factor of 10 in peak mo-
bility between VS and Co doping in Figs. 4(c) and 4(g)
(2100 cm2 V–1 s–1; cf. 200 cm2 V–1 s–1), surely related to the
rather different nature of the dopants. This is illustrated in
Figs. 5(a) and 5(b), where DFT band structures and spin-
resolved densities of states (DOS) are compared for Co- and
VS-doped pyrite. These figures show the expected ∼0.95 eV
band gap, the conduction band minimum being dominated by
dispersive S 3 p states [17]. As shown in Fig. 5(a), Co doping
introduces a narrow band of defect states close to the conduc-
tion band minimum [57,58] (at ∼0.95 eV in the left panel),
corresponding to the small (spin-split) DOS peak in the right
panel. As would be expected, the Fermi energy (green line)
is then very close to the conduction band minimum. It should
be noted, as discussed in the Supplemental Material, Sec. H
(including Figs. S8 and S9) [29], that such results depend on
the value of U for Co. Low U on Co (e.g., 2 eV) results in delo-
calized electrons populating the S 3 p conduction band, high U
on Co (e.g., 4 eV) results in a localized donor state ∼100 meV
below the conduction band minimum, and U = 3 eV [as in
Fig. 5(a)] results in a shallow donor state. The latter is clearly
most consistent with experiment, and we thus focus on this
case. Notably different is the VS-doped case [Fig. 5(b)],
which, based on prior work [17], was modeled with a tetra-S-
vacancy generating a deep donor state. As shown in Fig. 5(b),
the Fermi energy thus lies in the gap in these 3 × 3 × 3 su-
percell calculations, the S 3 p dominated conduction band
being essentially unaffected. Comparison of Figs. 5(a) and
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FIG. 6. Ratio of the Hall electron densities (nH/nL ) extracted at
high (|B| � 7 T) and low (|B| � 1 T) magnetic fields in the (a) Co-
doped and (b) VS-doped FeS2 crystals in Fig. 4. The insets show
transverse (Hall) resistance (Rxy ) vs B at 40 and 12 K for the Co- and
VS-doped crystals, respectively [i.e., the temperatures at which the
nonlinearity in Rxy(B) is maximum].

5(b) then provides a simple potential qualitative explanation
for the higher electron mobilities in semiconducting VS-doped
FeS2 compared to Co-doped FeS2. The former has essentially
unperturbed dispersive S 3 p states in the conduction band,
while Co doping generates a narrow band of states very close
to the conduction band minimum, likely negatively impacting
both m∗

e and the electron-phonon scattering rate (through
the increased DOS). Local magnetic moments on the Co
dopants could yield yet more scattering, further decreasing the
mobility.

Returning to Fig. 4 to complete the discussion of FeS2:VS

transport, Fig. 4(h) shows that the MR in VS-doped crys-
tals is similar to FeS2:Co, again exhibiting the prototypical
crossover from positive, parabolic, mobility-tracking ordinary
MR in the diffusive regime (>12 K) to ES VRH MR at <12 K.
The fit in the inset to Fig. 4(h) yields Lc = 16 nm, slightly
larger than the 13 nm from Fig. 4(d), consistent with the lower
T0. Interestingly, as shown in the Supplemental Material, Sec.
G [29], some evidence of subparabolic B dependence emerges
at intermediate T (e.g., 75 K, Fig. S6(d) [29]). As will be
discussed elsewhere [39], a significant regime of near B linear
positive MR can also be found in certain T and doping regimes
in Co-doped FeS2 crystals, another unexpected finding en-
abled by access to low T bulk transport.

As a final point, we emphasize that the results in Figs. 4(b),
4(c), 4(f), and 4(g) are based on low |B| (<1 T) Hall mea-
surements. At higher |B|, an interesting nonlinear Hall effect
emerges, as shown in Fig. 6. The insets to Figs. 6(a) and 6(b)
illustrate this effect in Co- and VS-doped crystals, showing
that the transverse (Hall) resistance (Rxy) is nonlinear in B.
dRxy/dB evolves from a maximum at low |B| to a smaller
value at high |B|, which we simply quantify by extracting
two apparent Hall densities, nL (at |B| � 1 T) and nH (at
|B| � 7 T), as illustrated in the insets (dashed black lines).
The ratio nH/nL is then plotted vs T in Figs. 6(a) and 6(b),
revealing gradual rises in nonlinearity (i.e., nH/nL > 1) on
cooling below ∼200 K, maxima close to the crossovers to
hopping (∼20 and ∼12 K for Co and VS doping), then rapid
decreases as the Hall coefficient is suppressed in the hopping
regime. Notably, the peak nH/nL is around twice as large

for the higher-mobility VS-doped case than the Co-doped
case. Generally, such Hall nonlinearity reflects multiple car-
rier populations, such as electrons and holes [59–61], multiple
bands [62–64], bulk and surface channels [9,11,60,61,65]
(as in lightly doped FeS2 [9,11]), etc. We have definitively
established bulk transport here, however, and the nonlinear
Hall effect accompanying the n-type bulk to p-type surface
crossover in conventionally contacted FeS2 crystals is very
different from Fig. 6. The only obvious possibilities for
distinct transport contributions are thus from diffusive and
hopping channels (due to inhomogeneity on the approach to
the IMT, for example) or distinct donor states or donor bands
in the gap, as discussed above in light of two activation ener-
gies and different mobilities in the VS- and Co-doped cases.
Further analysis along these lines is hindered by the absence
of a theory of the Hall effect for coexisting diffusive and
hopping channels, and uncertainties regarding the origin of
the multiple activation energies. Further work will be required
to clarify this, enabled by the access to low T bulk transport
properties provided by the internal junction mitigation demon-
strated here. The observations in Fig. 6 are in fact a clear
illustration of the many transport phenomena in doped FeS2

previously obfuscated by the internal junction.

IV. SUMMARY AND DISCUSSION

In summary, careful T-dependent transport measurements
and analyses have been coupled with XRD and magne-
tometry characterization, and TOF SIMS depth profiling, to
establish complete mitigation of the internal p-n junction in
CoS2-contacted FeS2 single crystals. The metallicity of CoS2

[18,19], shallow donor nature of Co [10,21–24,66], and sig-
nificant diffusivity of Co in FeS2 [43] are simultaneously
exploited to produce metallic CoS2 contacts that also in-
duce heavy diffusion doping of FeS2 to tens of nm depths,
generating direct Ohmic contact to the crystal interior [via
mechanisms we have discussed (Fig. 3)]. This enables bulk
transport studies of moderately doped semiconducting FeS2,
elucidating activation energies, multiple regimes of activated
transport, electron mobilities up to 2100 cm2 V–1 s–1, very
different mobilities in Co- and VS-doped cases, an abrupt
T-dependent crossover from diffusive to hopping transport
(strikingly reminiscent of prototypical doped semiconduc-
tors), and an unusual nonlinear Hall effect near the diffusive
to hopping crossover. Such diffused CoS2 contacts can now be
tactically employed in future work, both for fundamental stud-
ies and for further development of pyrite-based photovoltaics.

In terms of implications of our findings from fundamental
and applied (e.g., photovoltaic) perspectives, we wish to em-
phasize some key points. In terms of fundamental knowledge,
the access to low T bulk transport measurements provided here
already elucidates very different donor level positions in Co-
and VS-doped cases, highlighting that further work is required
to understand the two activation energies in VS-doped FeS2

and that Co indeed appears to be an ideal shallow donor. The
order of magnitude lower peak mobility for Co doping (which
we explain via the calculations presented in Fig. 5) was not
anticipated, however, highlighting the desirability of doping
beyond the IMT with VS. In particular, the high mobilities
in that case could enable quantum transport measurements
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(e.g., of Shubnikov–de Haas oscillations), providing valuable
fundamental information, including more accurate m∗

e values;
uncertainties due to the latter were noted several times above.
Our findings also illustrate that further magnetotransport stud-
ies should be performed on FeS2 crystals, exploring both the
near B linear MR (which is of high general interest [67]) and
the nonlinear Hall effect shown in Fig. 6. More generally, the
results of Fig. 4 establish that state of the art doped-FeS2

single crystals are of sufficient electronic quality to enable
detailed studies of both diffusive to hopping and insulator to
metal transitions.

In terms of implications of our work for applications of
pyrite, particularly in photovoltaic devices, we first note that
Ohmic CoS2-based contacts of the type established here are
of clear utility for back contacts in solar cells. Back CoS2

contacts paired with conventional top contacts could also en-
able vertical transport based characterization of the internal
p-n junction in pyrite crystals (a significant step beyond prior
work [10]), including voltage-dependent characterization. The
latter would constitute a first step to potentially understanding
and harnessing the naturally formed internal FeS2 p-n junction
for photovoltaic purposes. Wide T range measurements of
Hall electron and hole densities could also now enable further
understanding of donor and acceptor levels. The results here
already demonstrate how different these are for Co and VS

donors and open up the determination of equivalent energies
for potential acceptors. The latter are poorly established in

pyrite, even though p-n homojunction devices offer a novel
route to pyrite solar cells, potentially sidestepping issues with
surface states. It has also been noted [7,9] that the deep donor
nature of VS in pyrite could limit VOC in heterojunction de-
vices, related to the band bending shown in Figs. 1(a) and
3. The current work establishes a means to assess n(T) over
a broad T range in FeS2 single crystals, thus reliably deter-
mining VS-related donor levels, a prerequisite for controlling
either the concentration or donor level position of VS in
FeS2.
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