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ABSTRACT: Pyrite FeS2 has long been considered a potentially ideal photovoltaic material, but solar cells utilizing pyrite exhibit 

low open-circuit voltages (VOC) and have failed to achieve conversion efficiencies >3 %. The recent discovery of a conductive p-type 
surface layer on n-type pyrite single crystals raises the intriguing possibility that the low VOC results from a leaky internal p-n junction 

between the surface and interior. Here, we reveal this internal junction, for the first time, through horizontal electronic transport 
measurements on sulfur vacancy (VS)- and Co-doped n-type pyrite single crystals. We observe a steep increase in resistance upon 

cooling heavily VS-doped crystals below 200 K, as the dominant charge transport crosses over from interior to surface conduction. 

The frequently employed two-resistor equivalent circuit model for lightly-doped pyrite crystals fails to reproduce this steep rise, but 

it can be accounted for, with high fidelity, by adding an internal Schottky junction resistance between the surface and the interior. 
The average extracted Schottky barrier height is 320 meV (varying from 130-560 meV), significantly below expectations from band 

bending calculations (>750 meV), but similar in magnitude to VOC values reported for pyrite heterojunction solar cells. This internal 

p-n junction is thus directly implicated as the origin of the long-standing low-VOC problem in pyrite.

Pyrite FeS2 is a potentially ideal photovoltaic material for 

large-scale solar-to-electric power conversion because it is 
composed of non-toxic, sustainable, and inexpensive elements, 

has a suitable band gap (0.95 eV), and absorbs sunlight ex-
tremely strongly.1,2 The inability to controllably dope pyrite, 

however, has precluded realization of pyrite p-n homojunction 
solar cells, and attempts at heterojunctions with various materi-

als have consistently yielded disappointingly low efficiencies 
(≤ 3 %), limited by low open-circuit voltages (VOC) < 0.3 V.2–7 

Numerous studies, going back 30 years, have thus focused on 
understanding the origin of this low VOC.2,4,6–9 While many hy-

potheses have emerged, a definitive explanation remains elu-
sive, despite substantial ongoing interest in pyrite.7,9–15 

Recent progress in understanding electronic transport in high 

quality pyrite single crystals, however, has provided perhaps the 
strongest clues to date.9,16 Specifically, transport measurements 

on high-purity unintentionally-doped n-type pyrite single crys-
tals have recently established a 1-3-nm-thick conductive sur-

face layer. In as-grown crystals, this layer exhibits remarkable 
diversity in resistivity, varying by eight orders of magnitude at 

low temperatures (e.g., T < 30 K), with both n- and p-type con-
duction, although p-type is most prevalent.16 This diversity is 

suppressed when crystals are polished, yielding surface layers 
that appear to always be p-type,2,9,16 likely due to surface states 

that pin the Fermi energy near the valence band.2,9,16–18 Im-

portantly, electronic transport in pyrite single crystals can be 

quantitatively described across a wide T range (1.8-700 K) us-

ing a model that includes two resistors in parallel, representing 
surface and interior contributions, respectively.9,16 Notwith-

standing this success, there remains an obvious inconsistency 
and a glaring open question in this context: with a p-type surface 

and an n-type interior, why have there been no indications in 
electronic transport of the internal p-n junction implied by their 

existence? More importantly, what would such a junction imply 
for the long-standing low VOC problem?  

Band bending calculations support the formation of the antic-

ipated p-n junction (see Supporting Information Section A for 
calculation details). Figures 1a and 1b show, respectively, typi-

cal carrier densities and band bending near the surface of pyrite 
single crystals, as predicted by these calculations, and the equiv-

alent circuit implied by their spatial variation. With typical pa-
rameters, a 12-nm-thick depletion region (light blue in Figure 

1b) forms between the 5-nm-thick p-type surface layer (red in 
Figure 1b) and the n-type interior (dark blue in Figure 1b). This 

depletion region has not been detected in electronic transport 
measurements to date, however, nor included in transport mod-

els, as the latter typically only consider two resistors represent-
ing the crystal surface and interior.9,16 The equivalent circuit for 

pyrite crystals (at small applied biases) should, instead, be as in 
Figure 1b, with resistors representing the p-n junctions. Since 

charge flowing through the crystal interior must necessarily 

pass through these internal junctions, the depletion region must 
surely contribute to the measured resistance. As already alluded 
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to, a detailed understanding of transport across this region is 
important because a leaky internal junction, characterized by a 

low built-in potential, could be the origin of the problematic low 
VOC in pyrite-based heterojunctions.7,9 

Here, we present the first observation and detailed electrical 

characterization of this internal junction. Significantly, we 

show that the built-in potential (≤560 meV, on average 320 

meV) is substantially less than expected (>750 meV), and is 
typically on the order of the VOC values observed in pyrite-based 

heterojunction solar and photoelectrochemical cells. The inter-
nal p-n junction is thus directly implicated as the origin of the 
long-standing low-VOC problem in pyrite. 

The observation of this internal p-n junction is made possible 
by our recent progress with understanding and controlling dop-

ing in pyrite single crystals.19–21 Specifically, we have amassed 
substantial evidence that sulfur vacancies, VS, (or their com-
plexes)21 are unintentional n-type dopants in pyrite.19 We in fact  

 

Figure 1. (a) Calculated band bending (left axis), and hole (p) and 
electron densities (n) (right axis), near the surface of a pyrite single 
crystal at 300 K. See Supporting Information Section A for calcu-

lation details. The surface layer (tS  5.5 nm) is defined as the re-

gion where p>n. The depletion layer thickness (tDep  12 nm) is 
defined from the p=n crossover point to the depth where n = nInt /e, 
where nInt is n deep in the interior. EC, EV, and EF are the conduction 
band edge, valence band edge, and Fermi level, respectively. (b) 
Equivalent resistor network for a pyrite single crystal (bottom right) 

with resistors representing the n-type interior (RI, dark blue), de-
generately-doped p-type surface (RSurf, red), and depletion region 
on the n-type side of the junction (RJ, light blue). The depletion 
region on the p-type side of the junction is thin (≤2 nm due to the 
heavy effective doping) and is thus ignored throughout this letter. 

recently achieved control over the VS density by growing pyrite 
single crystals in variable S vapor pressure, regulated via the 

molar ratio of S to Fe loaded into growth ampoules, hereafter 
referred to as the “S:Fe loading”. Changing the S:Fe loading 

yields effective control over electronic properties, including re-
sistivity (ρ), Hall electron density (n), and electronic thermal 

activation energy (ΔE). Lower S:Fe loadings, and thus lower S 
pressures, increase n(300 K) and decrease both ρ(300 K) and 

ΔE, consistent with VS (or their complexes)21 being n-type do-
pants. Critically, these trends are independent of metal impurity 

concentrations.19 We build on these advances here to reveal the 
internal p-n junction in pyrite crystals by changing the VS den-
sity, thus varying the interior resistivity over a wide range. 

Pyrite single crystals were grown via chemical vapor 
transport (CVT). Growth details and extensive characterization 

of CVT crystals have been published.16,19,20,22 In brief, polycrys-
talline phase-pure pyrite precursor powder was synthesized by 

heating a 6:1 molar ratio of S:Fe (99.9995% S, Alfa Aesar; 
99.998 % Fe, Alfa Aesar) in evacuated and flame-sealed quartz 

ampoules to 500 °C for 6 days. With this pyrite powder as the 
source material and FeBr2 as the transport agent, single crystals 

were grown, and VS-doped during growth by varying the S va-
por pressure via the total molar ratio of S:Fe loaded in the 

growth ampoules. S:Fe loadings of ≤2.0 were achieved by de-
composing pyrite precursor in N2 at temperatures of 350-600 °C 

into a mixture of pyrite and pyrrhotite (Fe7S8), and increased 
above 2.0 by adding excess S.19 The S pressure during growth 

is estimated at 0.003 and 3.5 atm at low (≤2.0) and high (~3.0) 
S:Fe loading, respectively. Some crystals were also doped n-

type with Co during growth (using conditions for light back-

ground VS doping) by synthesizing pyrite precursor powder 
(99.99 % Fe, Sigma-Aldrich) with small amounts of Co to form 

~5 at. % CoS2; this was then ground thoroughly and used to 
spike growth ampoules. 

Crystals were prepared for electronic transport measurements 

by visually identifying a {100} or {111} facet and polishing 
both sides using progressive grinding from 600 to 1500 grit SiC 

paper, followed by polishing with 3 µm- and 1 µm-diamond 
slurries. Contacts for transport measurements (van der Pauw re-

sistivity and Hall effect)23 were made in numerous ways includ-
ing drying a Ag suspension (Ted Pella, product code: 16035), 

soldering (In), sputtering (Mg/Pt, Ni, Fe, Au), and evaporation 
(Co, Al). Soldered In was typically used, unless otherwise 

stated, though similar results were obtained for all contact ma-
terials and methods. Resistance measurements were made using 

DC with a Keithley 2400 or a combination of a Keithley 220 
current source and 2002 voltmeter, or using AC with a Linear 

Research LR-700 resistance bridge (at 16 Hz). AC was specifi-
cally employed for resistances below ~1 Ω. Extensive checks 

for Ohmicity, Joule heating, and contact resistance were made. 
Most measurements were performed in a Quantum Design 

Physical Property Measurement System with a 9 T supercon-
ducting magnet, although occasional measurements were made 
in a closed-cycle He refrigerator with a 1 T electromagnet. 

Evidence for the Internal Junction in Pyrite FeS2 

Figure 2 shows the T-dependence of the sheet resistance (RS) 
for representative pyrite crystals grown at varied S:Fe loading. 

Figure S1 (Supporting Information Section B) shows the same 

data but as ρ(T), with ρ calculated from ρ = 𝑅S𝑡, where t is the 
crystal thickness (typically 100-1000 µm). For the crystal  
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Figure 2. Temperature (T) dependence of the sheet resistance (RS) 
for VS-doped pyrite crystals. The VS density is systematically in-
creased by decreasing the S:Fe loading from 2.52 (light green data, 
low VS doping) to 1.77 (blue data, high VS doping). Equivalent re-
sistor network (Figure 1b) model fits are shown as solid black lines 

for each crystal. Adapted with permission from (Voigt, B.; Moore, 
W.; Manno, M.; Walter, J.; Jeremiason, J.D.; Aydil, E.S.; Leighton, 
C. Transport Evidence for Sulfur Vacancies as the Origin of Unin-
tentional n-Type Doping in Pyrite FeS2. ACS Appl. Mater. Inter-
faces 2019, 11, 15552-15563).19 Copyright (2019) American 
Chemical Society.  

grown at the highest S:Fe loading (2.52, lightest green line), RS 
is ~1 kΩ/□ at 300 K and strongly T-dependent. Upon cooling, 

RS increases until ~225 K, where the rate of increase slows as a 
function of T before accelerating again below ~175 K. This T-

dependence is well understood to reflect a crossover from bulk 
conduction at high T to surface conduction at low T,9,16 as 

charge carrier freeze-out in the interior allows surface conduc-
tion to shunt current flow and dominate RS at low T. Freeze-out 

is strong in this lightly-VS-doped crystal as VS are deep donors, 
located ~0.23 eV below the conduction band minimum.19 In-

creased VS doping in Figure 2, achieved by progressively low-
ering the S:Fe loading (light green → dark blue curves), de-

creases RS(300 K) by nearly three orders of magnitude and 
evolves the higher temperature transport from semiconducting 

(i.e., negative dRS/dT) to metallic-like (i.e., positive dRS/dT). 

This evolution in transport with S:Fe loading has been dis-
cussed previously in terms of approach to the insulator-metal 
transition.19 

The feature in Figure 2 most relevant for this letter, and for 
the internal p-n junction, is the extraordinarily abrupt rise in RS 

below ~200 K in crystals grown at S:Fe loadings <2.2. This 
steep rise is most prominent (spanning more than four orders of 

magnitude in ~60 K) in crystals with metallic-like high T 
transport (S:Fe loadings <2.0), where the interior becomes pro-

gressively more conductive upon cooling. The sharp increase 
eventually subsides on further cooling, when the transport 

crosses over to surface conduction at low T; as shown in Figure 
S2 (Supporting Information Section C), the nature of this low T 

surface conduction is essentially independent of VS doping. 
This dramatic and unexpected rise in RS(T) is an important new 

observation because it cannot be described by the simple two-

channel resistor model discussed above. If the two-parallel-re-
sistor model typically used to describe pyrite9,16 were sufficient, 

the crystal interior would continue to dominate transport at low 
T as it became even more conductive than at room temperature. 

This is clearly not the case, however. The precipitous rise in 
RS(T) instead indicates that current flow into the crystal is 

blocked by some additional resistance between the surface and 
the interior, not included in the two-parallel-resistor model. We 

thus interpret this strong increase in RS below 200 K in heavily-
VS-doped crystals as the characteristic signature of an internal 

p-n junction, whose strongly T-dependent resistance cuts off 
transport through the conductive interior upon cooling, allow-

ing surface conduction to dominate at low T (Figure 1). Im-
portantly, this characteristic behavior in RS(T) is not affected by 

the contact material (Ag, Al, Au, Co, Fe, In, Ni, Mg/Pt) or how 
the contact was made (sputtering, evaporation, etc.). Figure S3 

(Supporting Information Section D) shows RS(T) for heavily-
VS-doped crystals contacted by multiple materials, in multiple 

ways. Transport through the crystal interior is always lost upon 
cooling from 300 K, as the internal p-n junction cuts off the 

current, causing RS to rise steeply before crossing over to sur-
face conduction at low T. The insensitivity to contact mate-

rial/method indicates that our findings are not compromised by 
some contact metal/pyrite (i.e., external) junction effect. We 

contend that the presence of the “missing” internal junction in 
single crystal pyrite is the only simple interpretation of these 
data. 

It is important to note that the indications of the internal junc-
tion in electronic transport are apparent only when pyrite crys-

tals are heavily-VS-doped and charge carrier freeze-out is elim-

inated, thus revealing the junction contribution to RS(T). Previ-
ous electronic transport measurements7,9,16,24,25 were insensitive 

to this junction because of carrier freeze-out in the crystal inte-
rior, rendering the interior (as opposed to the junction) the larg-

est contribution to RS(T) until sufficiently low T, where the sur-
face shunts the current. 

Junction Properties 

We now demonstrate that quantitative modeling of RS(T) us-

ing the resistor network in Figure 1b allows for extraction of 
internal junction properties. This network comprises resistors 

representing the surface layer (RSurf), the junction (RJ), and the 
crystal interior (RI), each dominating RS in heavily-VS-doped 

crystals at low (<100 K), intermediate (100-200 K) and high 
(<300 K) temperatures, respectively. To extract junction prop-

erties from RJ(T) in the intermediate T-range we exploit the fact 

that RS  RSurf and RS  RI in the low and high T limits, respec-

tively, and that electronic transport in these limits is understood 
quantitatively. 

The resistance of the n-type interior, RI, can be described us-

ing a diffusive approach, i.e., 𝑅I = (𝑞𝑛μ𝑡)−1, where q is the 

electronic charge, and n(T) and µ(T) are the T-dependent elec-

tron density and mobility, respectively. The latter quantities, 
n(T) and µ(T), can be obtained from Hall effect and resistivity 

measurements at high (>200 K) temperatures where the interior 
dominates transport. Figures 3a,e,i and 3b,f,j show n(T) and 

µ(T), respectively, in representative crystals grown at high (a,b), 
moderate (e,f), and low (i,j) S:Fe loading, as well as fits to the 

data using 𝑛(𝑇) =  𝑛∞𝑒−∆𝐸/𝑘B𝑇 and μ(𝑇) = 𝐶𝑇−α. Here, 𝑘Bis 

Boltzmann’s constant, C is a scaling factor, and n∞, ΔE, and α 
are fitting parameters whose specific values are listed in Table 
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Figure 3. The temperature (T) dependence of transport properties (n and µ) and equivalent network resistor values (RSurf, RJ, RI, and RS) that 
best fit the data for lightly- (S:Fe loading of 2.52, panels a-d), moderately- (S:Fe loading of 2.05, panels e-h), and heavily-VS-doped crystals 
(S:Fe loading of 1.77, panels i-l). Experimental data are indicated with symbols; fits and modeled data are shown as lines. The shown 
activation energies (ΔEi) are extracted from n(T).

1 for the crystals in Figure 2. The rationale behind these func-
tional forms, and other fitting details, are discussed in Support-

ing Information Section E. Briefly, the form of n(T) (Figures 
3a,e,i) accommodates two apparent activation energies (ΔE1 

and ΔE2), each describing n(T) in a different T range, as evident 
in Arrhenius plots of the same data (Supporting Information 

Section E, Figure S4). µ(T), on the other hand (Figures 3b,f,j), 
is limited by phonon scattering at high T and increases upon 

cooling, behavior that is typically modeled with a power law 

(μ(𝑇) = 𝐶𝑇−α) where C is a constant and α is sensitive to the 

dominant phonon type.9,16,26 Fitting parameters are again re-
ported in Table 1 where α takes similar values to prior 
work.9,16,27 

In contrast, the surface conduction at low T can be described 
by Efros-Shklovskii variable-range hopping (ES VRH), i.e., 

𝑅Surf = 𝑅0𝑒(𝑇o/𝑇)1/2
 where 𝑅0 is the 𝑇 → ∞ extrapolation and 

𝑇0 is a characteristic temperature.28 Previous work established 

this ES VRH as the dominant low T transport mechanism on-

polished
9 and as-grown

16 pyrite crystal surfaces. We thus de-

scribe RSurf using ES VRH with 𝑅0 = 1200 Ω and 𝑇0 = 2200 K 

(see Supporting Information Section F), unless specified other-
wise. The resulting RSurf is plotted in red in Figures 3c,g,k. For 

more details, and a discussion of how these quantities are ob-
tained, see Supporting Information Sections C and F. 

We next treat the interface region between the p-type surface 

layer and the n-type interior as a Schottky junction with barrier 

height φB, modeling the temperature-dependent junction re-

sistance as 𝑅J(𝑇) = 𝑅0,J𝑒
𝑞φB/𝑘B𝑇, where 𝑅0,J is the T→∞ ex-

trapolation of RJ.
26 (See Supporting Information Section G for 

more detailed discussion). In combination with RSurf(T) (de-
scribed by ES VRH) and RI(T) (described by diffusive 

transport), RS(T) can now be modeled using the resistor network 

in Figure 1b, with only two adjustable parameters (𝑅0,J and φB). 

The resulting junction resistances, RJ(T), of crystals grown at 
high, moderate, and low S:Fe loading are shown as light blue 

lines (solid or dotted) in Figures 3c,g,k, respectively, along with 
RI(T) and RSurf(T). Generally, RI(T) evolves from insulating-like  
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Table 1. Summary of parameters in the equivalent resistor network model (Figure 1b) for the pyrite crystals in Figure 2.a  

S:Fe loading R
0,J

 (Ω) φ
B
 (meV) ΔE

1
 (meV) n

∞,1
 (cm

-3
) ΔE

2
 (meV) n

∞,2
 (cm

-3
) α 

1.77 5×10
-9

 270 24 5.9×10
17

 4 (242 K) 2.3×10
17

 2.7 

1.91 5×10
-15

 500 45 4.1×10
17

 23 (275 K) 1.7×10
17

 2.9 

2.05 1×10
-4

 170 78 1.7×10
18

 19 (235 K) 9×10
16

 1.9 

2.16 3×10
-4

 170 155 1.0×10
19

 23 (249 K) 2.1×10
16

 1.4b 

2.52 - - 252 3.2×10
19

 - - 0 

 
aR0,J is the extrapolated junction resistance in the infinite temperature (T→∞) limit, and φB is the barrier height. ΔEi and n∞,i are the activation 
energies and T→∞ electron densities, respectively, in the crystal interior, in the two distinct T regimes (i = 1 or 2 denotes the higher- and 

lower-T regimes, respectively), and the T listed beneath ΔE2 is where the two regimes intersect and crossover. α is the exponent in µ  T-α. 

bHere only, the mobility is modeled (using Matthiesen’s rule) as μ(𝑇)−1 = (𝐶𝑇−α)−1 + (𝐷𝑇β)−1, where the latter term, including D, a 
prefactor, and β, an exponent, represents ionized impurity scattering; β = 2.1 is used. See Supporting Information Section E for more details. 

to metallic-like with decreasing S:Fe loading (higher VS dop-
ing), while RSurf(T) remains constant. The difference between 

RI(T) and RSurf(T) thus becomes increasingly apparent in Figures 

3c,g,k, leading to progressively more dramatic rises in RS(T) 
(Figure 3d,h,l) when RJ(T) dominates at intermediate T. Note 

that at the highest S:Fe loading (Figure 3c), RJ(T) is shown as a 
dotted light blue line to indicate that inclusion of this resistance 

is no longer necessary for quantitative description of RS(T), be-
cause conduction in the crystal interior switches smoothly to 

surface conduction as the carriers freeze-out upon cooling, with 
no clear indication of the junction. In essence, at high T, the 

junction resistance in this case is too low to influence current 
flow into the crystal interior, while at low T carrier freeze-out 

has already prevented current flow through the bulk; high junc-
tion resistance is thus irrelevant in this regime. An upper bound 

on φB of 500 meV can be established at this VS doping by in-

creasing φB until RJ(T) begins to affect the model-prediction for 
RS(T) (Supporting Information Section G). 

With these three contributions in hand, the RS(T) of lightly, 
moderately, and heavily doped crystals can be calculated and 

are shown as black lines in Figures 3d,h,l, respectively. The new 
model that includes the junction resistance is found to describe 

RS(T) with high fidelity across a wide range of VS doping, 
providing strong quantitative evidence for the validity of the 

equivalent circuit model in Figure 1b, and the first direct quan-
titative transport evidence for the presence of an internal p-n 

junction in pyrite. The 𝑅0,J and φB extracted from the experi-

mental measurements are shown in Table 1. As shown in Figure 
4, which expands such data to 19 studied crystals, the majority 

of the extracted φB values range from 170-400 meV (average 

~320 meV), significantly less than anticipated from band bend-
ing. For example, in heavily-VS-doped crystals (e.g., S:Fe load-

ings <2.0), φB should be ≥750 meV based on band bending 

(Supporting Information Section A). Of the 19 crystals meas-

ured and analyzed in this work, φB exceeds 400 meV in five 

samples (e.g., the φB = 500 meV shown in Table 1), the largest 

being 560 meV. Notably, a distribution (Figure 4) of φB values 

is obtained, even when the crystals have nominally identical in-

terior VS doping and surface preparation. While there is no read-
ily apparent detailed explanation for these differences, these 

junction barrier heights would be expected to be sensitive to 

variations in parameters such as defect densities (and their spa-
tial dependence) in the internal junction region. Regardless, the 

φB values extracted indicate a loss in internal junction potential 

of at least 200 meV, in most cases substantially more. These 

smaller-than-expected φB are direct evidence of a significant 

deficit in barrier height. Moreover, the striking similarity be-

tween the magnitudes of φB and the VOC values observed in py-

rite heterojunction single crystal solar cells2–7 (Figure 4) impli-

cates this internal junction as the likely culprit for the low VOC 
in pyrite solar cells. In simple terms, prior single crystal pyrite 

Schottky solar cells, for example,6 likely generated effectively 
metal-metal contacts between the overlying metal and the heav-

ily p-doped pyrite surface, the observed (low) VOC arising at the 
(leaky) internal p-n junction. Clearly, studies investigating 

which factors influence φB could advance our understanding 

and provide strategies for mitigating the observed voltage defi-

cit. The work outlined here unveiling this internal junction lays 
the foundation for such an effort. 

 

Figure 4. Histogram of Schottky barrier heights (φB) extracted 
from RS(T) of 19 different VS-doped crystals. For comparison, ver-

tical lines denote the largest VOC obtained in past reports on pyrite 
single crystal heterojunction solar cells (reference numbers la-
beled). 
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Barrier Control: Co-doped FeS2 

Yet heavier doping than achieved with the lowest S:Fe load-
ing here (i.e., the highest VS doping) would be expected to elim-

inate the internal junction by steepening the band bending, nar-
rowing the depletion region, suppressing the thermionic emis-

sion component of the junction, promoting tunneling transport, 
and eventually creating an Ohmic contact to the interior of the 

crystal.26 The highest electron density achieved to date with VS 
doping of high purity pyrite crystals is n(300 K) ≈ 2×1017 cm-3, 

however, as VS are deep donors.19 An alternative approach to 
increasing electron densities beyond this is doping with Co, a 

known shallow donor in pyrite.29–32 We thus tested this expec-
tation by Co-doping during crystal growth, under conditions 

that otherwise result in light VS doping (n(300 K) < 1016 cm-3). 
As shown in Figure 5, Co-doping increases n(300 K) by three 

orders of magnitude and decreases RS(300 K) by four orders of 
magnitude, confirming that Co is an effective n-dopant. As the 

Co-doping is increased, RS(T) evolves from exhibiting bulk 
freeze-out in crystals with no intentional Co-doping (red curve) 

to nearly-T-independent RS in moderately-Co-doped crystals 
(RS(300 K) = 1-100 Ω). The latter crystals clearly display the 

influence of the junction upon cooling below ~200 K, before 
giving way to surface conduction at low T, consistent with our 

heaviest VS-doped crystals. Importantly, however, with further 
Co-doping (black curve), to n(300 K) >1018 cm-3, the signature 

of the internal junction, i.e., the steep rise below 200 K, disap-
pears in RS(T) and transport through the interior is accessed at 

all T. This confirms expectations and provides further evidence 
that a mitigable internal p-n junction exists in pyrite single crys-

tals. In these highest doped crystals, finite RS at low T in fact 

indicates metallic behavior; the surface-interior junction is thus 
now a metal-metal junction, forming an Ohmic contact. At such 

heavy Co-doping, calculations show that >90 % of the band 
bending occurs within ~12 nm of the crystal surface (Support-
ing Information Section H, Figure S5a). For comparison, in  

Figure 5. The temperature (T) dependence of sheet resistance (RS) 
for Co-doped pyrite single crystals. RS(T) is shown for crystals 
grown with increasing Co doping using a color gradient from red 

(n(300 K) = 3×1015 cm-3 (due to background VS)) to black (heavy 
Co doping to n(300 K) = 3×1018 cm-3). 

Au/Si Schottky diodes (with φB ≈ 0.8 eV33 and assuming a hy-

drogenic donor with density ND ≈ 3×1018 cm-3), tunneling dom-
inates transport across the junction when ND >1018 cm-3,26 and 

>90 % of band bending is within ~14 nm of the Si surface (Sup-
porting Information Section H, Figure S5b). With similarly 

sharp band bending in pyrite crystals we thus expect tunneling 

to be facile, and to dominate the transport across the junction, 
allowing unimpeded charge flow from the surface to the interior 

at all temperatures. We note that the similar band bending (ef-
fectively, tDep) between Si and FeS2 is a result of coincidentally 

similar quotients of each material’s dielectric constant to donor 
density. 

Finally, we note that we also considered and conducted ver-

tical transport measurements to attempt to further characterize 
the observed junction. Several challenges were encountered, 

however. As an example, the current in such measurements 
must flow through two face-to-face junctions. Such measure-

ments have been made in other systems,34–36 but this neverthe-
less greatly complicates experiments and interpretation unless 

one (and only one) junction can be mitigated. Furthermore, the 

relatively small φB (~300 meV) precludes extraction of useful 

information from vertical transport measurements at 300 K. 
While cooling would increase the influence of this junction, 

forming Ohmic contacts then becomes a challenge. The hori-
zontal transport measurements presented here, on the other 

hand, are ideal for probing the internal junction as van der Pauw 
sheet resistance measurements eliminate contact contribu-
tions.23 

In summary, horizontal charge transport measurements in 
heavily VS- and Co-doped pyrite single crystals evidence an in-

ternal p-n junction, specifically via a dramatic rise in resistance 
on cooling that cannot be modeled by a simple two-resistor 

model where the resistors represent surface and interior conduc-
tion. This steep rise can be accounted for, however, by adding 

a Schottky junction resistance between the surface and interior. 
This new equivalent circuit network describes the pyrite single 

crystal sheet resistance across the entire temperature range stud-
ied, from 10-400 K. Junction barrier heights extracted from 

such data amount to 320 meV on average, significantly less than 
the band bending expected at the pyrite surface (>750 meV) but 

remarkably similar to the typical low VOC values reported for 
past pyrite single crystal solar cells. This lends strong credence 

to the hypothesis that an internal p-n junction, detected unequiv-

ocally for the first time here, is responsible for the historically 
low efficiencies in pyrite-based heterojunction solar cells. 
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