Antidoping in Insulators and Semiconductors Having Intermediate Bands
with Trapped Carriers
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Ordinary doping by electrons (holes) generally means that the Fermi level shifts towards the conduction
band (valence band) and that the conductivity of free carriers increases. Recently, however, some peculiar
doping characteristics were sporadically recorded in different materials without noting the mechanism:
electron doping was observed to cause a portion of the lowest unoccupied band to merge into the valance
band, leading to a decgease in conductivity. This behavior, that we dub as “antidoping,” was seen in rare-
earth nickel oxides SmNiO ,, cobalt oxides SrCo0,; , Li-ion battery materials, and even MgO with metal
vacancies. We describe the physical origin of antidoping as well as its inverse problem—the “design
principles” that would enable an intelligent search of materials. We find that electron antidoping is expected
in materials having pgg%existing trapped holes and is caused by the annihilation of such “hole polarons” via

ost solid (and hence its e|ectﬁiﬁ?&ra?uéﬂmé}qe%'aiﬁ§nay offer an unconventional way of controlling conductivity.
nperturbed by the doping process itself).

ntly, however, peculiar doping characteristics were

1 a number of disconnected cases, where electron

was observed to significantly increase the band gap,

d to a colossal decgease (several orders of magni-

conductivity. We will refer to such phenomenology

/ % Such observations were recorded in materi-

s stich as rare-earth nickel oxides SmNiO

[4-6]
and in ordered-vacancy cobalt oxides SrCoO,/ f?]. In
contrast to normal doping that is governed by classic defect
physics [1,8], antidoping represents perhaps the most
unprecedented extreme form of a nonrigid response of
D(e) to doping, reversing entirely the expected trend—
reducing, rather than increasing, conductivity by doping.
In sharp contrast to the well-established “unsuccessful
doping”
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(especially after annealing), the case of MgO is served as an
introductory example of polaron annihilation. We will show
below that a traditional polyanionic cathode LiFeSiO, also
belongs to this antidoping category in a wide doping range.

Antidoping ligand-hole bands in extended bulk solids
requires that the material have a ’~ga%dar Yex % ce  ~ed
ba*d (also referred to as “negative” charge-transfer ‘insu-
lator” [15,30]), i.e., where the lowest unoccupied band has
a significant O-p component, i.e., reduced oxygen G —. We
will discuss in Figs. 4 and 5 examples of ligand-hole states
later. In this case, doped electrons that occupy such
intermediate bands can exert a significant electrostatic
effect without being delocalized onto the rest of the crystal
[see Fig.
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FIG. 4. (a),(b) Density of states (DOS) of (a) LilrO, and
(b) Li,IrO ;. The arrow indicates a portion of the intermediate
band being swallowed by the valance band upon electron doping.
(c),(d) Module squared wave function (green isosurface) of the
unoccupied intermediate bands [circled in panels (a) and (b),
respectively] for (c) LilrO ;and (d) Li,IrO ;. O atoms are marked
by red. (e) Total charge density integrated in a sphere centered in
an Ir atom for LilrO , (gray) and Li,IrO ; (blue) as a function of
radius, showing almost constant charge density on the nominal
I + and Ir*+ cations.

polaronic states and the doping electrons naturally occupy
these states, rejoining the O reservoir in the valence band.

Case (b): LiIrO, is a ternary cathode material that
exhibits anionic redox activity upon lithiation and delithia-
tion [21]. The density of states in Fig. 4(a) shows that the
lowest unoccupied bands form an intermediate band,
composed by Ir-d and O-p states. The partial charge
density of the intermediate band shown in Fig. 4(c) also
confirms that LilrO, has a ligand-hole band (negative
charge-transfer insulator) with plenty of O ligand holes.
Upon electron doping via lithiation, the number of elec-
trons that can occupy this subband decreases; the band gap
increases [see Fig. 4(b)], and the valence bands engulf
the O-p portion of these unoccupied subbands (while the
contribution of Ir-d remains nearly the same), a process
being the hallmark of the electron antidoping. This trend is
further confirmed by the integrated charge density within a
sphere centered at each Ir atom [see Fig. 4(e)], indicating
that the actual charges residing around each Ir atom in
LilrO ; and Li, IO ; are very similar despite the formal
valence states ( + and 4+, respectively) being very

FIG. 5.
doped (b) doped by (f e=Ni and (c) doped byl e=Ni atom. The
arrows indicate a pgtion of the intermediate band being swal-
lowed by the valancgband upon electron doping. (d),(e) Module
squared wave functjon (green isosurface) of the unoccupied
intermediate bands [dircled in panels (a) and (c), respectively] for
(d) undoped and (e) doped byl  e=Ni. O atoms are marked by red.
(f),(9) Total charge dpnsity integrated in a sphere centered in the
Ni atom inside (f) the small octahedra (Nj ) and (g) the large
octahedra (Ni,) as alfunction of radius.

(a),(c) Density of states (DOS) of SmNiO , for (a) un-

different, a hallmprk of the negative feedback “self-
regulating responsd” [36], whereby the ligands rehybridize
to donate electron$ to the metal ion, protecting it from
becoming overly ppsitive.

Heqy vat-d e+, e§ "sauedwe Sendq es—Both
SmNIO, and Sréco{} Rvere experimentally reported to
show unconventionally increased band gap [4,7] and thus
reduced conductivity upon electron doping, the phenom-
enology we attribute here to antidoping behavior via
electron compensation of their ligand-hole bands. We next
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take SmNIO, as an example. Figures 5(a)-5(c) show
clear antidoping behavior in SmNiO , with the bond-
disproportionated low-T structure (the electron configura-
tion of the two octahedra is d* and d*L?, where L?
represents two ligand holes and both Ni sites see an
effective Ni** charge). In the undoped compound there
are two unoccupied intermediate bands close to the Fermi
level: The one with lower energy is composed of Ni- 7
and the surrounding O-2p, while the one with higher energy
is almost purely composed by Ni- 31 states. When the doping
concentration reaches1 e=Ni [Fig. 5(c)], the remaining
portion of the lower intermediate band merges with higher-
energy unoccupied bands, while the band gap increases from
0.5 to 2.1 eV. Figures 5(d) and 5(e) show that there are
significant O ligand states hybridizing with Nj (small
octahedra) for the undoped case, while the system turns
to a positive charge-transfer insulator (no ligand holes) for
1 e=Ni doping, the experimentally doping limit. Figures 5(f)
and 5(g) show that, upon doping, the charge around Ni
remains nearly constant, indicating that doping electron
occupies selectively the O ligand-hole states in the lowest
unoccupied band, dragging these states back to the valence
band. Our explanation of the band gap increase in

disproportionated system with constant Ni** charges (no
charge ordering) differs substantially from a previous explan-
ation [6] that attributes the doping to the charge state transition
of the cation Ni3" — Ni** based on an assumed insulating
structure without bond disproportionation.

In SmNiO , electron-doping-induced resistance modu-
lation is experimentally observed. For example, the
electron doping approaches were achieved by H insertion,
Li insertion [4], as well as the O vacancy [37]. Since the
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