Origins of the p-type nature and cation deficiency in Cu,O and related materials
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While mes of rysa lllne wide @ p ex!desa re po h s o hleme r! a nd Insud Ing,a la ndful ef hem In lud-
Ing Zn®@a nd In,@¢a re @ ug llya nlen-defl len a nd ele ren endu ’grs. Even fewer of he exldesa re @ u-

8 lly a len-defi lena nd hele endu ers, hear h- ype of wh! hls

1L,®. Bused en firs prin lples al uh len

of equlllprium nens e! hleme rya nd defe sa plll'y, we expht In why he “ul(4'%) exlde- sed na erd Isa re
peh ,-ypeand @ uglly a len-defi len,and why a len v an les le d e delea lized, endu lve sa es,
wher@ s In e her exldes (¢.2., Zn®a nd Mg@®), hey la d e lea lized, nen endu lve sa es.
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I. INTRODUCTION

Mes rysa lllne wlde @ p ex!desa re peo h s e! hleme r!
andele rlallyInsuh Ing.!? Ye a sna 1l Zreup of ex!desa re
@ ug lly a nlen-defi len and ele ren endu ers>- (e.g.,
Zn® wlh E,~S$. 5and In,@s wl'h E,~8.5¢V). Evena
sn@ ller Eroeupa re @ uf lly a len-defl len a nd hele, endu -
ors. The ar h-ype of he & er Is uprl o (&,
—2.1eV),and he greup In ludes red ed u(I)(dli oxlde
n Issuhas "uM,® (deh fessle gl h M— A @  In)]>
r71,®,°and exy il egen'de L "u@X (L —# nla nide,
- 1l egen).” uh »- ype endu lve exldesa re In eres -
Inga s seme ofg hemare # ns@ ren ,a nd emplned wlh
knewn x~ YPC B8 ns@ ren endu lve exldes # !1a e he de-
slign of 8 ns@ ren ele ren! s._and rd sru udl lner@ nl
hemls ry? expdt Ins In prét d ¢tms I an exlde will m u-
g lly pe a len-defi len f 1s a len Is ex!dla ple, le., an
Ia vea mere peos! lve ex!d len numper. Indeed, he exls en e
efa n ex!de empeund wlh higher ex!d len numper of he
mea ] a len Indla es he prepens! y of he oxldc,% exls In
a erc a len-defi len  empes! len (e.g., uzl). and
uV@). In his werk, wea!m e expdt In qa nla lvely (1)
hew suh endllensarea emmed ed m! res epla lly,
glven la he a lendefilen y eulde urvdh mealw an-
les,a nd/er exygen In ers 1 & Is,a nd/er exygena n sl esb (11)
wlht 1s he seluyyll! y !m! ef su h defe sln he hes rysal,
Le., n@ xImum en enf len pefere hey pre Ipla eba nd fi-
@ lly (1) hew he a len defi len y 1@ ds e ,- ype endu -
Ivly vd free heles. B sed en firs prin Iples al uh len ef
equlllyrlum nens e! hleme ry a )@ defe sapllly, wegd-
dress hese ques lens here fer "u,®. We find I In o,
(1) he a len defi len y Isa  emmed ed mesly py uw -
anles (VY 8 her lin exygen Inerslals (@;), (1) he
sa ple en enf len ef V£ anre h ~102° m Sand (1)
he V£ indu esa hes -derlveda eporlevel @ up lly na k-
Ing "1,® ,-ype, pu he en eng len eof free helesa reem
empeg Ure enly ré@ hes ~10' m a sneall V4a re len-
1zed e predu e heles. 1@ lly, we prevlide genef 1 deslgn
ryges for‘,l,- ype exldes. ,{,

ellewing he dis every of ,- ype @ ure In “u"(d'") ox-
lde empeunds, ! vas spe ul ed® ¥ la  hls ,-ype @ ure
emerSes frem he Inredu len ef ew len y Ine he e her-
wlse len! mea l-exlde ne werk, husa velding lea 112 len ef
he helesa reund he ne@ lvely Ia r€ed exygen lens. Hew-

I
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ever, he spe & 1f@ ure ofﬂ,— ype exldes dls Ingulshing hem
frem enven lew 1 exldes Is he exlsen e efa saplea nd
& rSe en en f len of helesb while In redu len of ew len y
pr@ dens he gndandmyled e ”gh;.e: effe lve ma sses
and hen e pe er a rrler mepllt Y. hls preper y d U
abf he ré@ len ef heles In he firs ph e. Indeed, equilly-
rlum ré& lenefd suysand ] en enf len ef heles na pure
rysa lllne selld requires (1) lew ferna len enery ef peln
defe s la areh; ed,:‘gl cer ,e.g.,@ lvea eperssuhas
a lenw an lesh ()a sna ll feniz len energy fer hese de-
fe s seas o ra dlly rel@ se heles (le.,a sk llewa ep eor
level wih respe o he hes v len e g nd)ea nd mes ru-
ally ()a high ferna len energy of @ lve defe s la are
h"e vi%:_ (e.g., @ lve deners suhas a len Inerslals
a nda nlen % an les). ] unseu la hed er end!lenls
g her diffi ul e mee In wlde @ p sys ems where he delly-
e ¢ Inredu len ef heles ends e spena neeusly Ins 1@ e
he r@ lenefsru uslheleklllers. Ad!lem lly, fera g, .d
W ihe Cigd ¢z, hewlen e @ nd sheuld pe highly disperse
and delea lized, § 1a Inga lew effe lve e nd ssa nd
hus high mep!l! y Here, we shew k In “uD(d'") exide
sysems, (1) he "uv an vy hele preduer V/ lasa lew
fernglen energy pe hIn he uprle sru ure wlhlsIln@r
0, u1-® dumppells a nd In he (hype he 1a 1) an fluer! e
L@ sru ure wlh e f heda lly eerdl@ ed "u Thls @ se
of fermIng a len W an les Is In enfis e nd In Sreup
exldes wlh yptally high a len-w an y fern2 len ener-
gles. The na In r@ sen fer hls lew ferna len enerfy !s he
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ef ] end e pe Inrinslally ,- ype due o he @ se of fernd -
lon of 2 len W an lesa s sk llew hele predu ersa nd he
d keflnrins! peen hele klllers.

Il. METHODS

We a]l uh e ferna len energles AH fer v rleus In rins!
defe sand helr lenla len energles,a s wella s defe a nd
arrler en en f lens. The ferna leg en la lpy AH fer defe
Dln largesa e asa fun len of erm! energy Ep Is

AHp (Ep,p) = (Ep,  Ep)+ 2 ._a(,uff"‘ +Au,)

+ (E,+AEg), (1)



la. he heles Inredued py V{,L reslde In delea llzed,
v len e nd-lke yes rbed-h, ; ;a,e -8 her Rne upy-
Inga dgfec;- ‘caﬁ ed ae~ th ‘hc/é nd @ p. Indeed,a s
shewn In" 1g. 26 ), we find I 1,®, he @ ngling pend
sa es of helda | (unred xed) 'uUv any r@ ea resed n e
Y belfiw he VBM, Implylng I he hele predu ed py
VLS le up”and @ upya del,.call ed per urped-hes sa e
jus apeve he VBM. In enfis, he @(,) d ngling pend
sa es of V,, lxZn® o ura lmes 1 eV ab, e VBM deep
Inside he @ p [ 18. 2(p)], @ ding e2a prally e upled,
P.caf ed defe level (whl hls suye o A hn-Teller dls er-
lgn I fur her deepens he level'’). Nel e I we enslder
@ ngling pend reserd n es of unred xed a len v an les In
erder @ ensru he s hend ! medel for 3 nd ferna len
dls ussed pelew.

In erder o llus 8 e he orlSln of hese na rkedly differen

peld vieys of a len v an les In hese we exldes, we en-
sru In  1gs, 2}()8 nd 2(d) s hema ! gnd sru ure da -
ga m fer pulk "w,®a nd Zn@, respe lvely, py ensldering
helnep len ef he symme rya & p ed d ngling pend sa es
of he !del a len wany wlh he }@nmcryadlpcd
a em! levels of he free meal len. In "u,®, he VBM Is
fermeda s he a;ib di g s2 ¢ ef he isymmer! ” (Le.,
nedeless sa e here, a?) d ngllng pend level wl'h he (cg -
piedd em! u(d) sa e



ersa ehichn he @ pF? 1g, S),szhl h erlgla es frem he
a em! "u(_ )erplal Bea use he erm! level genes lly lles

lese o he'VBM (see pelew), hls level 1s ne e upled
under equlllrlum  end! lens.

V. EQUILIBRIUM CARRIER CONCENTRATION

In erder e demens# e he - yme @ ure, we need o
shew 1a hele predu ers Indeeda re he dem!w Ing defe
and effi lenly predu ¢ heles. Therefere, we ev la ¢ equl-
I'prlum defe and arrler en enf lens lq; area lse q@ n-

lles dire ly emp 8 ple wll;b experlmen . 1gure _ shews
he defe en enf lensand erm! level Eza s fun len ef
grew h empef ureas al v ed frem hc;@odynl m!
simul lens. The dem!i@ n defe !n elher "url h er "u-
poer Srew h end! lens Is he V4 hele predu er @ ferms In
en enf lens evenapove 10 m °. In @-peer (@-r! h)
grew h endllens, he Vg en enf len lsa peu 1 eyder
(2 8 erders) of na gn! ude less lan la of V4. Thus, "u,®
Is nens e! hleme r! ,a nd Indeed he V{f en en A lensa re
lesc o experimena lly epserved'® epper defl len y # nging
be ween 2X 108a nd 2X 102 m 5. The en enf len of @,
(sum of @2 ems @ upylng sles and d) Is 1 2 erders
(1 erder) of na gn! ude Piwe: lan V’uL en enf len In
@-poor (®-r)ch) end!lens. The en enf len ef he enly
hele klller “u, rena Ins pelew 10!~ m 3 hreugheu empes -
ure A nge ensldered. Hen e, Ina ]l grew h end! lens, he
dem!@ n defe 1Is he hele predu er V/u’” la alsea euns
fer he experlmena lly epserved eff-s o! hleme ry.

The reem empef urega rrler en en # lensare de er-
mined py real vk Ing he erm! levela reem empef ure,
while n@ Ina Inlng he equlllyrlum defe en enf lensa a
glven, higher, Sregy h empef ure. The reem empef ure
hele en enf 10{?? 1g. )Isenlya fa len ef he V£ en-

en f len, while he hele en enf lena grew h empef -
ure 7, fellews lescly he en enf len ef V45 The a rrler
en en fi lena reem empef ure dreps pya few erders ef

na gn! ude frem he arrler en enf lena T, pea use even
heugh he V4 a eper level 1s hes derlved, &(0/ )
—0.28eV Is se drge la enlya fa len ef he V/u’”wlll
rel@ se he hele e VBM. The hes -derlveda ep or level
€(0/ )1sa her high pea use of he red lvely lew dlele r!
ensa n e—7.1¢,.

VI. DESIGN RULES FOR p-TYPE OXIDE

The presen s udy demens 8 es Ia oo yme deplng ef ex-
Ides Is # 11a ed py he repulsive Inef len pe ween he
a em! exygen , erplals wlh filled d-shell sa es of mea l
a lens I lvea high enery empred e he @(2,)
a em! level. The ,- ype endu 1vly supper Ing effe sare

he fellewlng. (1) ShaW.w '@ ef Due o he ensulng high
ener€y of he VBM wlh respe * o he ®(;,) d ngling pend
levels, he 2 len v any re@ esa dcloa‘llzcd, endu lve
sa ¢ lese @ he VBM. In he ase of exrins! a epeor
deplng, he high VBM enery na kes 1 mere unllkely I

he Impurl les 1@ ¢ deep levels Inslde he @ p. (1) [ ccea ed
. g bifl.y ‘



M.i a len shell kn llea,g high In energya s pessiple.
aple a lensa g r frem “u(d'%) weuld hus pe, e.g., d}[
and A(d'"),as wellas, e.g., elemen s frem greup VIII ("o
Rh, Ir) In d° lew spln sa e.
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