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Materials that combine tailored electronic and ionic tpams properties are fiercely pursued for applications
such as catalysis, hydrogen storage, battery cathodesolidcekectrolytes, among others. Since these prop-
erties are intertwined, optimizing one often results inrdeing the other. Therefore, achieving simultaneous
control of ionic and electronic conductivity in materiatsdurrently one of the great challenges in solid state
ionics. In this letter, we propose a method to limit ionicremt without impacting the electronic properties of
a general class of materials, based on co-doping with ofgbpsiharged ions. We describe a set of analyses,
based on parameter-free quantum mechanical simulatmassess the efficacy of the approach and determine
optimal dopants. For illustration, we discuss the caseafithm bromide, a wide band gap ionic crystal whose
promising use as a room-temperature radiation detectobéas hampered by ionic migration. We find that
acceptors and donors bind strongly with the charged vaeartbiat mediate ionic transport, forming neutral
complexes that render them immobile. Analysis of carrieonebination and scattering by the complexes al-
lows the identification of specific dopants that do not degraléctronic transport in the crystal.

PACS numbers:

Long after solid-state electronics had been mastered, trigts exceptional performance, however, invariably degsafe
gering one of the most important technological revolutionster operation times that vary from hours to several weekk [10
in history, the discovery of fast ion conductors (FICs) ie th This phenomenon, known as polarization, is associated with
1960s made possibile the development of whole new classes undesirable ionic currentin the crystal when electiyidat
of devices. FICs found application in energy storage and conased, leading to the accumulation of charged ions at the elec
version with the creation of lithium ion batteries and fuelle  trical contacts of the device. Several ways to circumveist th
with solid electrolytes, as well as gas sensors based oo-zirc problem have been attempted, including ultrapurificatidj,[
nia, which are present in virtually every automobile progtlic operation at low temperatures [12], using Tl contacts [&8];
worldwide [1]. Since response times for gas sensors or beploying surface treatments [14], engineered device gegmet
ter charge/discharge rates in solid electrolyte batteligend  [15, 16], and making larger crystals [17]. None of these tech
on the ionic current, the ability to enhance it is highly desi niques, however, solve the polarization problem indefiyite
able. This can be achieved by the incorporation of supenvale  Since the mechanism for ionic migration is mediated by
elements into the host material [1-3]. The charge imbalancelectrically charged vacancies [48], we propose a new ap-
introduced by dopants in ionic materials is usually compenproach for reducing ionic current through the introduction
sated by the formation of oppositely charged vacancies;hwhi of supervalent dopants that form neutral pairs with them.
result in an increase of ionic current. This is the case fer Ti Strongly bound, neutral vacancy—dopant pairs are lesslenobi
doped NaAlH used for hydrogen storage [4], Zr-doped GeO than the vacancies alone, as experimentally demonstrated f
used for catalysis or gas sensors [2], transition metaBdop many singly doped (one element) ionic crystals at low temper
LiFePO, used for ion battery cathode [3], to mention some.atures [1, 18, 19]. At room temperature and above, materials
However, manipulating the ionic conductivity of FICs often doped with supervalentions show higher ionic current nedat
affects their electronic properties, which one might want t to the pristine ones, as discussed above, because the ggesen
independently control. For example, in solid electrolyftas  of supervalent ions induces the formation of an equal num-
batteries or fuel cells the electronic conduction must ke su ber of new vacancies, which increase the ionic conductivity
pressed. On the other hand, it must be kept at metallic levelSherefore, to achieve a reduction of the ionic current itgs-n
for electrodes or logic switches [5, 6]. The opposite also ocessary to avoid the formation of new vacancies. This is possi
curs when dopants meant to improve the electronic progertieble by simultaneously co-doping with ions of excess negativ
of a material impair the optimal ionic conductivity [7]. The (A) and positive D) charge relative to the host ions (Band
inability to coordinate ideal ionic and electronic propestis  TI*, respectively), as indicated by the following defect reac-
a great challenge that precludes the effective implemientat tions written in Kroeger-Vink notation:
of several materials in technological applications.

In this letter, we tackle the general problem of how to re- , . o
duce the ionic current in materials without impacting their ATly = Ag + Vg + 2Tl
electronic properties. This is desirable for a wide class of DBry — D3+ V4, + 2Brg, @
mixed conductors to be employed in transistors, diodes and ATly + DBry — Ag, + DY + 2TI5Bry,.
LEDs, among other applications. We illustrate our approach
with thallium bromide (TIBr), a promising material for high To demonstrate the approach and assess the results, we
performance room-temperatuyeand X-ray detection [8, 9]. used quantum mechanical simulations to model the electroni



properties of pristine and doped TIBr (CsCl structure).cGal
lations were based on density functional theory using bwgh t
generalized gradient approximation (GGA-PBE) and a hybrid
exchange-correlation functional (HSEO06) [49]. With GGA-
PBE, we obtained a direct band gap of 1.98 eV (at p&iraf
the Brillouin zone) and a lattice parameter of 486or the
pristine material, compared to experimental values of 801
(direct gap) and 3.9, respectively (at 4.7 K [20]). The
HSEOQ6 functional yielded improved results of 2.67 eV and
4.04A. Inclusion of spin-orbit coupling shifted the conduc- |
tion band minimum to poink in both approaches, resulting in !
an indirect gap of 1.50 eV (PBE) and 2.22 eV (HSE06). Some I
experimental results account for an indirect band gap ofitbo 4 T B !
2.7 eV for this material, but the transition from the valence 0 0.4 08 12 1.6
band maximum aX to the conduction band minimum &tis Electron Chemical Potential (eV)
phonon forbidden [21]. As pointed out in [22], the excellent Tt Tt
electronic properties of TIBr for radiation detectors sfeom
the very shallow nature of Tl and Br vacancies, whose forma-
tion energies cross near the middle of the band gap and pin
the Fermi level there, as shown in Fig. S1 in the Supplemental
Material [23]. The pinning of the Fermi level near mid-gap
keeps the free carrier concentration low in the intrinsi¢cena
rial, contributing to the low noise and high energy resalnti
observed in measured radiation spectra. For a detailedsdisc
sion of these effects in radiation detectors, see [24]. Als®
low formation energy of vacancies at the point of Fermi level .
pinning, 0.4 eV with PBE and 0.46 eV with HSEOQ6, which =
is a common feature of ionic materials, makes it favorable to -6 =
. . : . 04 0.8 1.2 1.6
compensate extrinsic dopants by the mechanism described ir Electron Chemical Potential (eV)
Reactions (1) rather than generating free carriers at thd ba
edges. FIG. 1: (color online) Formation energies of Pb (a) and Seléf¢cts
We modeled Pb, Te, Se and S dopants in TIBr within TIBr. The lowest energy configuration was tested in asimi
3x3x3, 4x4x4, and 5 5x5 cubic supercells (54, 128, with the oppositely charged vacancy. The slopes of the Igies
and 250 atoms, respectively). We found that the chalcolt_he Cha(rjge ftattﬁ of tTe <|:Ietfe(;:ts Vi_&tl_ Eq. (2f)ihTh§ blZdeVM'E;Ted
e H H H ; Ines Inaicate tne caiculate osItions O e pand e 1gne
gens mostly originate either neutral interstitials or rizgdy 5+, and the vertical gray Iiner:)s bound the region of thg?devel

charged defects incarporated on Br sites, whereas Pb is POR which the formation energies of the vacancies are pesitbee

itively charged and incorporgtes on Tl sites. All the dopant Fig. S1 in the Supplemental Material [23]). The chemicakbntitls
were tested on both atomic sites, as well as four nonequivvale of T| and Br were set for stoichiometric conditions.

interstitial sites. The most favorable configuration wasnth
tested in association with the oppositely charged vacaatcy,

distances from the®ito 3rd_neaf95t neighbor. Figure 1 shows terms involving the chemical potentials of extrinsic elernse
the PBE formation energies and charge states of the Pb- anbcause it suffices to know the relative formation energies
Se-associated defects as a function of the Fermi level I&imi of different defects associated with each dopant for our pur

figures for S and Te are available online [23] (Fig. S2). Theposes. The formation enthalpy of TIBr was evaluated from
formation energies were calculated in the standard way [25] AH; = pmgr — pif — pg, where the superscrig@ denotes
o bulk phase. We obtained 1.69 eV with PBE and 1.86 eV with

ABy = Ea = (Ep = npta) + q(pte + Evem), ) HSEO6, both in good agreement with experiment at 1.79 eV
whereE; and E,, are the total energies of the defective and[27]. The chemical potential for Tl and Br ions in the stoihi
the pristine supercells, respectivelyis the number of atoms metric regime is given byt ;) = :LL'IBI(Br) +AHy/2[24,28].
of element: removed from the supercell and added to a reserResults using PBE and HSEO6 8rx 3 x 3 supercells were
voir whose chemical potential ig,., andq is the amount of in very close agreement for the positions of the charge state
charge exchanged from a reservoir with electron chemical paransitions relative to the VBM, as shown in Table | in supple
tential i, which we reference to the energy of the valencemental information [23]. For a discussion on the root of the
band maximumFygm . Spurious periodic electrostatic inter- agreement between PBE and HSEOG6 results as observed for
actions for supercells with charged defects were corragded TIBr, we refer the reader to Ref [29]. Therefore, we can con-
ing Makov-Payne scheme [26] [50]. We neglect in Eq. (2)fidently use the PBE results from the larger supercells, vhic
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TABLE I: Binding energies of acceptor-donor complexespiring
or not the intrinsic vacancies. We used both the 4 x 4 and the
5 x 5 x 5 supercells. Configurations andb for the dopant-pair—
vacancy-pair complex are shown in Fig. 2. All values wereatad
with Eq. (3) including Makov-Payne corrections.

Ebind (€V)

Complex Sites Axdxd 5x5x5

Vi, + V& (Schottky pair) 2NN —0.44 —0.36
Sé;, + Vi 2NN —0.54 —0.39

Pby + V4 I'NN  —0.41 —0.37

Pbh + Séb; 1NN —0.83 —0.73

FIG. 2: (color online) Supercells of the TIBr crystal (grespheres =

TI; white spheres = Br) with defect complexes consisting dbaor
dopant, Pl (ocher sphere), an acceptor dopapt & Se; (yellow
sphere). Vacancidg, are indicated by translucent purple sphere and
V71 by translucent red sphere. In configurationthe vacancies are o ] )
nearest neighbors to both dopants, whereas in configuratibay ~ More binding than the sum of an isolated Schottky pair plus
are nearest neighbors only to the oppositely charged dopant an isolated pair of dopants. If the latter was the most faslera

case, the dopants wouldn’t reduce vacancy mobility regativ
the intrinsic material. The ionic conductivity of the masér
are better converged with respect to finite-size effectsluin  varies exponentially with the inverse of the activationrtear
sion of spin-orbit coupling for the transition levels of hd®b  or enthalpy, plus the binding energy given in Table | (se [1]
and Se doped material did not change the results either.  Therefore, the formation of complexesndb shown in Fig. 2
In Fig. 1 we show that Pl and Sg, form neutral com-  will reduce the mobility of ions much more dramatically than
plexes withVy, and Vg, respectively, indicated by the flat the mere association of Schottky pairs would in pure TIBr.
lines. Although neutral Seare low formation energy defects,  The remaining question is whether this suppression of ionic
our calculations show that in the vicinity 6f; they sponta-  ¢,rrent and consequent stabilization of TIBr comes at the ex
neously collapse into substitutional defects. The binding pense of its favorable electronic properties. We can géipera

. config.a —1.46 —1.29
Vi + Pl + Seir + Var config. b —1.18 —0.93

ergy of a defect complex s given by [30]: characterize the electronic properties in terms of theiearr
A mobilities, i, and lifetimes of excitations;. For the purpose
Ebina = Ecomplex — Z Eai, () of TIBr as a radiation detector, we require maximizjn@nd
3

7. For TIBr, 7 for electrons is very large, on the order of

where Ecompiex is the formation energy of the defect complex 10~ s [9]. The main source of degradation ofwould be
and E,; are the formation energies of each individual de-Shockley-Reed-Hall recombination centers. Because the re
fect comprising the complex. Negative values indicate bind Combination rate increases exponentially with the diffieee
ing complexes. Table | shows the binding energies of sevin energy between an electron or hole trap state and theaespe
eral complexes of interest for intrinsic, Pb and Se doped TIBtive band edge, defects that introduce states near the edid|
[51]. Results for complexes involving Pb in associationhwit the band gap are most detrimental. We see in Fig. 1 that only
S or Te are available in Table Il in the Supplemental Mate-very low concentration (high formation energy) Pb-relate
rial [23]. To estimate residual finite size errors, we conepar fectsintroduce deep levels, indicated by kinks in the fdioma
the results for the three supercells. Schottky pairs in HSEOQ€Nergy curves. On Tl sites, Pb impurities are very shallow
calculations bind with an energy ef0.56 eV, again showing donors. Sgr shows a1/0 acceptor transition as the material
the reliability of our PBE results, at0.54 eV. For additional ~becomes more hole-rich (decreasng at Evgm + 0.44 eV.
validation, we calculated the binding energy ofQaith V7 However, this transition occurs outside the allowed regibn
as—0.4 and—0.34 eV with PBE for the4 x 4 x 4 and the /e between the vertical gray lines in Fig. 1. We confirmed
5 x 5 x 5 supercells, respectively, in striking agreement withthis result using the HSEO6 functional, extrapolating te th
the experimental estimation ef0.36 eV [18]. larger supercell sizes, as shown in Table | in supplememtal i
In Fig. 2, we show two main possibilities for the vacanciesformation [23]. Thus, the trap level would always be filledlan
to bind to the dopant pairs: each vacancy “bonded” to both ofot affect carrier lifetimes. & shows a—1/0 acceptor tran-
the dopants (Conﬁguratim) or each vacancy “bonded” 0n|y sition even farther in the region of inaccessible Fermi lleve
to the dopant that has opposite charge to it (configurdfion by more the 0.1 eV by both PBE and HSEO6 calculations.
The former is more strongly bound by0.3 eV than the latter,  Tesr, however, exhibits an acceptor transition deep in the gap
as indicated in Table I. Moreover, these dopants—vacancid-16 eV inside the allowed Fermi level range by PBE, 0.4 eV
complexes bind much more strongly than the Schottky pair®y HSE06). Therefore, Te dopants are detrimental to carrier
alone (see Table I). Further, complesis 0.6 eV more bind- lifetimes, but S, Se, and Pb are not.
ing than the sum of pairs involving only a single vacancy and The main carrier scattering mechanism in TIBr at room
the oppositely charged dopant and more importantly, 0.5 e\femperature is expected to be caused by lattice vibrations,



3 Sey 1Pby +V, +V Eq. (5) must be integrated over a significant number of pairs

Tl

of states and:-points in the Brillouin zone to get the total
scattering rate. However, a qualitative measure of theageer
scattering rate can be obtained frdig,; alone via [36]

M? = </ dr|VVpen|)2. (6)

In Fig. 3 we show the calculated “relative scattering rates,
M?, for the different individual defects as well as the com-
plexes of interest for TIBr. We find that the complexes involv
ing dopants and the two types of vacancies are less than three
times stronger scattering centers than Schottky pairsfadie
that scattering by dopant complexes is within an order of-mag
) ] ) ) ) nitude of the intrinsic defect scattering, which is overinned
FIG. 3: (color online) Relative carrier scattering strdwgof different 1, yhon0n scattering in undoped TIBr, we conclude that co-
intrinsic and extrinsic defects and .defect complexes |rr'E\l§g!ven dopi tl | fficient to bind a | fracti fvagd
by Eq. (6). The values are normalized to that for the Schqitky. oping atlevels su |C|e_n 0 |n. . a argg ractiono yapaac

would not degrade carrier mobility relative to the pristma-

terial.

since the Debye temperature is orl60 K [31]. The acous- In summary, we have described a new approach to limit
tic phonon limit to the mobility can be approximated by [32]: or control ionic conductivity in a general class of matevial
without impacting their electronic properties. The apjgioa
consists of doping the material with ions supervalent to the
host material so that the dopants form neutral complexéds wit
charged vacancies that mediate ionic transport. To prelient
wheree andh, are, respectively, the electron charge and theyeneration of new vacancies that balance the excess charge i
reduced Plank’s Constamg is the |0ngitudina| elastic con- troduced by the dopantS, simultaneous Co_doping with donor
stant .76 x 10'° N/m* at room temperature for TIBr [33]), and acceptors is required. The binding energy of the com-
m iS the effeCtive mass Of the Carrier Of intel’eSt (We Obtainer|exeS formed between the dopants and the vacancies must be
me = 0.51mg andmy, = 0.98mo, in good agreement with  |arge compared to that of intrinsic Schottky or Frenkel pair
experimental datang™®™ = 0.55mg andm; ™ = 0.82mo  To assess the impact of doping on electronic transport in the
[34]); ks is Boltzmann's constant]” is the lattice temper- material, the strength of the carrier scattering of the dopa
ature andD, is the deformation potential. We computed complexes must be compared with that of intrinsic defeatis an
D4 as described in [35], obtaining25.67 eV for electrons  phonons. Also, the dopants should not introduce deep levels
and—28.14 eV for holes. Using Eq. (4), we calculated the that enhance recombination of carriers, if maximum lifetim
phonon-limited mobility at 300 K as-19 cnt/V for elec- s desired. The method can be adapted in a straightforward
trons and~3 cn/V for holes, in excellent agreement with manner to prospect ideal dopants to enhance ionic mobility
that measured for high quality material [31]. This agreemenang reduce electronic one in solid electrolytes, for exampl
indicates that phonon scattering dominates the carrielmob or to increase both conductivities for ion battery electmdr
ity in TIBr and therefore doping the material should not af-|ggic switches, as discussed in the introduction. Usintpsif
fectelectronic transport unless the defect complexesids®t  the art quantum mechanical calculations, we analyzed ®Br a
above are orders of magnitude stronger scattering ceh@nst 3 case study since it is an ionic material with excellent-elec
the intrinsic defects, since these dOpaI’ltS should be m'.ﬂ'sen tronic properties that degrade overtime due to Charge.hup"d
concentrations commensurate to concentration of vacsnciefrom jonic migration. Our results indicate that co-dopinB
which is around 18 cm* for a highly pure crystal [11, 19].  with Pb and Se or S satisfy all the required criteria. Telloj

The carrier scattering strength of a defect can be estimategowever, is ruled out as a favorable co-dopant to Pb because i
using Fermi’s golden rule, which gives the scattering rae b jntroduces a deep trap state. We showed that the dopant com-
tween two electronic statek, (k') and¥;(k), with energies  plexes that form do not significantly affect carrier scatigr
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¢ ande;, to first order as and mobility. Results using the PBE and HSE06 functionals
o compared favorably.
2
Wij = == [0 () [Voer Wi (R)) | (s — i), (5) This work performed under the auspices of the U.S. Dept.
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where the perturbation potenti@hen(r) = Vyi(r) — Vo(r)  Contract DE-AC52-07NA27344, with support from the Na-
is the difference between the total self-consistent pa@kim  tional Nuclear Security Administration Office of Nonprelif
the defect cellV;(r), and the ideal cellVs(r). In principle,  ation and Verification Research and Development (NA-22).
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