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I Uvod a metodologie

Vyvoj lidské spole¢nosti je do vysoké miry uréen vyvojem materiali, které lidstvo ke svym
Cinnostem vyuzivd, o ¢emz svéd¢i i ndzvy, jez jsme dali pravékym obdobim. Rozvoj
experimentalniho poznani je pfitom pfirozené provazen rozvojem poznani teoretického.
V druhé poloving 20. stoleti dosahly dostupné objemové i tenkovrstvé materialy urovné, ktera
technicky umoznila vznik vykonnych pocitact, jejichz schopnost numericky fesit znamé, ale
analyticky nefeSitelné soustavy rovnic fyziky pevnych latek dala pokroku dal§i impuls.
Pomoci pocitacového modelovani je mozno ve virtudlnim prostiedi (in silico) predpovédet
nejruznéjsi vlastnosti mnoha novych materiali. Stejné tak lze pocitaCovym vypoctem nalézt
vysvétleni pro vlastnosti experimentalné pozorované nebo urcit optimalni zplsob piipravy
materialii o zddanych vlastnostech. Ve vSech téchto ptipadech miize vypocet usettit vyznamné
naklady spojené s pfipadnymi Cetnymi experimenty nebo poskytnout poznatky experimen-
taln€ zcela nedostupné. Z existujicich modelt pevnych latek na atomarni trovni tato diser-
taCni prace vyuziva teorii funkcionalu hustoty (density-functional theory, DFT).

Mnohé¢ vlastnosti kazdého télesa jsou do zna¢né miry uréeny vlastnostmi jeho povrchu,
nebot’ prave ten je spojuje s okolnim svétem. Jako jedna z hlavnich slozek nanotechnologie se
tak rozvinula fyzika tenkych vrstev, umoziujici depozici povlaki o tloustkach jednotek nano-
faze je magnetronové napraSovani, kdy je materidl katody rozpraSovan energetickymi kationty
elektrického vyboje a ulpivd na popraSovaném substratu. Vznikaji tak stale pokrocilejsi
vrstvy, které kombinuji ¢etné funkcni vlastnosti jako tvrdost, mechanickou odolnost proti
opotiebeni, chemickou odolnost proti korozi, nizké tfeni, tepelnou stabilitu, oxidacni
odolnost, propustnost pro celé elektromagnetické spektrum ¢i jeho vybranou c¢ast, elektrickou
vodivost, antibakteridlnost, samocistici jev, hydrofobii ¢i hydrofilii, mohou pasivovat ¢i
naopak metalizovat polovodi¢e nebo slouzit jako difuzni bariéry, jsou schopné katalyzovat

uzite¢né chemické reakce a v neposledni fadé také dodavat dekorativni vzhled.



I A Obsah a struktura prace

Disertacni prace se zabyva vybranymi prvky metodiky teorie funkcionalu hustoty (density-
-functional theory, DFT) a tuto metodu déale vyuziva k pfedpovézeni struktur a vlastnosti
vybranych materialQ, ptevdzné téch, jez jsou na pracovisti, kde prace vznikla, pfipravovany
experimentalné. Vysledky jsou piedlozeny v podobé Casopiseckych clankt, popisujicich,
piipadné rozvijejicich metodiku DFT a aplikujicich ji na konkrétni ptipady.

KapitolaI je vénovana obecnému tuvodu. V casti I B jsou struéné predstaveny
vlastnosti a mozné aplikace zkoumanych materialdi, tedy krystalickych binarnich a ternarnich
mononitridi pfechodovych kovii véetné¢ magnetickych nitridit vzécnych zemin, amorfnich
multikomponentnich  nitridt,  krystalickych ~ oxynitridi  tantalu a  krystalickych
multikomponentnich diborida pfechodovych kovii. V ¢asti I C je popsédna teorie funkcionalu
hustoty jakoZto vypocetni metoda pouzitd k zisku vSech vysledkli disertacni prace a jsou
zminéna jeji moznd rozsifeni. V ¢asti I D jsou pak predstaveny ty vlastni pfispévky prace
k metodickym hlediskiim, které nejsou podrobné rozebrany pozdé;i.

Kapitola II stanovuje cile této prace.

Kapitola III je nejrozsdhlejsi a uvadi vysledky vyzkumu provedeného behem
doktorského studia. Sestava ze Ctyt ¢lankt publikovanych v impaktovanych ¢asopisech (Casti
IIT A — III D) a jednoho rukopisu ¢lanku, piedlozeného k publikaci v impaktovaném casopise
(cast III E). V kazdém textu je popsana, popiipad¢ prozkoumana ¢i zoptimalizovana potifebna
metodika a poté jsou vypoéitany pozadované vlastnosti konkrétnich materialt. Clanky
vznikly spolupraci tymu autorti a kromé teoretickych mohou obsahovat také experimentalni
c¢asti. Podil kandidata na autorstvi jednotlivych ¢lankt je proto popsan v tvodu kapitoly.

Kapitola IV shrnuje piredstavené vysledky a piedklada zavéry prace ve struktuie
odpovidajici stanovenym cilm.

Kapitola V je seznamem kandidatovych publikaci.



I B Zkoumané materialy

Krystalické nitridy prechodovych kovu

Nitridy ranych pfechodovych kovi, tedy kovii z 1II.B az VI.B skupiny periodické tabulky
prvkd, stoji diky kombinovanému kovalentné-kovovému charakteru vazeb na rozhrani
kovovosti a nevodivosti, a mohou proto vynikat Sirokou Skalou uzitecnych fyzikalnich
i chemickych vlastnosti [1]. Ty mohou zahrnovat vysokou tvrdost a houzevnatost [2]
a odolnost proti opotiebeni i proti oxidaci, coz vede k aplikacim v roli ochrannych povlaki
na obrabécich nastrojich, vysokou teplotu tani, dekorativni vzhled nebo zajimavé optické [3]
¢i elektronické [4] vlastnosti pfedurcujici je do role difuznich bariér [5], elektrod kondenza-
tortl [6], nebo dokonce supravodict [7].

V tenkovrstvé podobé mohou byt nitridy piipravovany chemickou [8] i1 fyzikalni depo-
zici z plynné faze, a to jak obloukovym napafovanim [9,10], tak magnetronovym napraSova-
nim [11,12]. Dalsi funk¢ni vlastnosti mohou byt dosazeny vytvorenim nitridovych multivrstev
[13,14]. Mononitridy kova z III.B a IV.B skupiny termodynamicky upiednostiiuji kubickou
plo$né centrovanou krystalickou strukturu (prostorova grupa Fm3m, prototyp NaCl), kterd je
pro mononitridy kovli z V.B a VL.B skupiny metastabilni, v nékterych ptipadech dokonce
mechanicky nestabilni (nespliiuje Bornova kritéria [15]); tyto nitridy upiednostiuji jiné struk-
tury, TaN a MoN naptiklad riizné hexagonalni. Popsany odklon od kubické struktury souvisi
s rostouci koncentraci valencnich elektront [16] a muize byt potlaten pfitomnosti vakanci
[17]. Krom¢ binarnich mononitridi je pozornost vénovana také jejich tuhym roztokiim
[18,19], v posledni dobé véetné mnohaprvkovych multinarnich nitrida [20,21], které kromé
uzitecnych vlastnosti nitrida té€zi i z zddoucich jevl souvisejicich s vysokou entropii.

V této praci se ve veétsi mife budeme vénovat tuhym roztokiim kubického mononitridu
hafnia, HfN. Ten v objemové podobé vykazuje tvrdost vySsi nez 16 GPa a chemickou
neteénost a tepelnou stabilitu, jeho mémy elektricky odpor je pouhych 3,3 - 107" Qm
a ze vSech nitridi ranych prechodovych kovii ma nejvyssi teplotu tani (ptes 3300 °C) [22].
Jeho formovaci energie vzhledem ke kovovému Hf a plynnému N, je mezi mononitridy IV.B
skupiny nejnizs§i (-369 kJ na mol strukturnich jednotek = —1,91 eV/at. [5]), a je tedy
termodynamicky nejstabilngj$i. Jeho stabilita a elektrickd vodivost jej predurcuji k pouziti
v roli elektrody kondenzétoru [23] a jeho vysoké odrazivost pro infracervené a viditelné zare-
ni umoznuji jeho vyuZiti v optoelektronickych zatfizenich [24]. Mechanické a tribologické vlast-

nosti tenkych vrstev HfN mohou byt déale zlepSeny vytvofenim tuhého roztoku s TaN [25]



¢i MoN [26], poptipadé AIN, v jehoz ptipad¢ zvySeni tvrdosti vrstvy souvisi se spinodalnim
rozpadem roztoku a naslednym vytvorenim nanokompozitni struktury [11]. Pfimés hoiciku
¢iskandia vede na optické vlastnosti zajimavé pro aplikace v oblasti fotodetektort

a fotokatalyzatora [27].

Amorfni nitridy zalozené na Si-B—C-N

Multikomponentni keramiky zalozené na nitridech, boridech a karbidech spojuji vlastnosti
téchto jednodus$sich materiald,, a vykazuji tak velmi vysokou tvrdost a extrémni tepelnou
stabilitu a oxida¢ni odolnost. Ladénim jejich prvkového slozeni a jeho ptfipadnym rozsifenim
o kovy Ize navic dosdhnout vyjimecnych kombinaci mechanickych, elektrickych a optickych
vlastnosti. Tyto latky tak mohou nalézt uplatnéni naptiklad jako ochranné povlaky v agresiv-
nim prostredi o vysoké teplote, kde si zachovavaji své funkéni vlastnosti.

Tenké vrstvy kvaternarniho Si—-B—C—N [28] dosahuji tvrdosti az 47 GPa, elastického
zotaveni 88 % a stability amorfni struktury a mechanickych ¢i optickych vlastnosti [29]
nejméné do 1350 °C. Teprve zihani do 1700 °C v oxida¢ni atmosféte [30] vede na tvorbu
povrchové ochranné amorfni vrstvicky Si—O, ktera se smérem od povrchu méni na
nanokompozitni, nebot’ obsahuje zprvu velkd, postupné mensi a cetngj$i zrna krystalického
BN, az nez ptejde do neménné amorfni hlavni vrstvy Si—-B—C—-N.

Elektrickou vodivost 1ze dale zvysit piidanim kovu. Mezi diboridy, které jsou jednou
z latek, na nichZ jsou popisované¢ keramiky zalozeny, maji nejvysSi oxidac¢ni odolnost
diboridy kovl IV.B skupiny, z nichz vynikd HfB, [31]. Vytecné jsou i1 vlastnosti jeho
kompozitdh s SiC [32,33] Formovaci energie nékterych krystalickych fazi v systému
Hf-B—C—N jsou nizsi nez v pfipad¢ volby jiného kovu IV.B skupiny, coz podporuje tvorbu
tvrdé nanokrystalické struktury kvaternarni tenké vrstvy Hf~B—C—-N a k pfiznivé kombinaci
mechanickych vlastnosti [34]. V piipadé kvinarnich vrstev Hf-Si-B—C-N je elektricka
rezistivita a opticka prithlednost snaze fiditelna obsahem N a oxida¢ni odolnost materiala
s vysokym obsahem N je vyssi nez v ptipadé Ti ¢i Zr [35]. Keramiky (Si—)B—C—N obohacené
o Hf [36-39] jsou proto rozsiten¢jsi nez ty s obsahem Ti [40], Zr [41], Ta [42], Cr [43] ¢1 Mo
[44]. Vysokoteplotni oxidace vrstvy Hf-Si—-B—C—N [45] vede opét na tvorbu nékolikavrstvé
struktury s povrchovou ochrannou vrstvou tvofenou tentokrat zrny krystalického HfO,
v amorfni matrici Si—O, na jejimz vzniku béhem zahtivani se podili borosilikatové sklo,
utvoiené z B,03 a SiO,. V zévislosti na konkrétnim prvkovém slozeni ziistane hlavni vrstva

amorfni, nebo v ni segreguji nanokrystaly HfN, HfB,, Si3N4 a BN (obr. 1).
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Obr. 1: Priény fez vrstvami (a) Hf;Si5,B,3;C¢Nyy s rozvinutou nanokrystalickou strukturou a (b) HfSi;9B,;C4Ny;
se zachovanou amorfni strukturou, zihanymi na vzduchu do 1500 °C, zobrazeny transmisnim elektronovym

mikroskopem s vysokym rozlisenim. Pievzato z [38].

Rozsiteni kvinarniho nitridu o druhy kov na sendrni Hf-M-Si-B—C—N muze dale
podpofit zvySeni jeho optické pruhlednosti (M = Y, Ho [46]) nebo elektrické vodivosti
(M = Zr, Ta, Mo [47]). Obsah vzicné zeminy muZze navic obohatit ochrannou vrstvu
borosilikatového skla o silikdty vzacnych zemin, které jsou znamé svou schopnosti tvorit

ochranné povlaky pro horké a agresivni prostiedi [48—50].

Nitridy kovii vzacnych zemin

Kovy vzacnych zemin, tedy vnitiné ptrechodové kovy ¢i lanthanoidy, se vzajemné 1isi pouze
obsazenosti pomérné lokalizovaného orbitalu 4f, a tedy také magnetickymi a nékterymi
elektronickymi vlastnostmi, ale diky podobnosti vnéjSich elektronovych past se vyznacuji
velmi podobnymi chemickymi vlastnostmi: vétSina z nich je trojvaznych a vSechny jejich
monopniktidy [51], tedy slouCeniny s prvky V.A skupiny, krystalizuji v kubické plosné

centrované struktufe, stejné¢ jako vySe zminéné nitridy kovi skupin IV.B 1 III.B, kterd se



k vzacnym zeminam nékdy pfifazuje. Meziatomové vazby v téchto pniktidech nejsou Cisté
iontové ani kovalentni a jejich kovova slozka nabird na vyznamu smérem k t&éZ$im
pniktogentim [52]. Také koncentrace nosi¢t naboje v pniktidech vzacnych zemin (10"—
10%! cm™) stoji na rozhrani polovodi&t a kovii — odpovida latkam typu ,,semimetal® & vysoce
dopovanym polovodi¢im typu n. Vyslednd kombinace vlastnosti tyto latky predurcuje
k aplikacim v rolich magnetickych polovodicti, magnetokalorickych chladi¢ti nebo spinovych
filtr. Snaha o jejich pfipravu a charakterizaci ale svou naro¢nosti posouva hranice poznani:
z experimentalniho hlediska je narocné pfipravit monokrystal pniktidu jednoho kovu bez
pfimési jinych, z teoretického hlediska je naro¢ny popis zminénych lokalizovanych a silné
korelovanych elektrond.

V nitridech [53] jsou vzdéalenosti mezi atomy kovl vzacnych zemin dokonce kratsi nez
v Cistych kovech, nebot’ ze vSech pniktogenti mé dusik nejmensi kovalentni polomér. To je
jednou z pficin vySe popsaného prfechodného charakteru jejich vlastnosti, kdy z hlediska elek-
trické vodivosti mohou byt napfi¢ literaturou oznacovany za ,,semimetals [54] 1 za polovo-
dice [55]. S tim souvisi moZnost rizné obsazenosti Fermiho meze pro rizné spiny, kdy mate-
rial maze byt vodivy pro spiny jednoho sméru a nevodivy pro spiny druhého sméru. Takovy
,half-metal [56] pak naléza uplatnéni ve zminéné roli spinového filtru v odvétvi spintroniky,
spojujicim magnetismus s elektronikou, naptiklad tedy pii kryogennich teplotach v magne-
tickych pocitacovych pamétich v supravodivé elektronice ¢i v kvantovych pocitacich [57].

Nitrid holmia sam také miize vykazovat kovovou vodivost a lesk [58], vypocet jeho
elektronové struktury vSak mtize prokazat vlastnosti typu ,,half-metal [56] nebo polovodice
s Uzkymi nepfimymi zakédzanymi pasy pro oba spiny [59,60]; zakazané pasy byly opakované
zjistény 1 experimentalné [61,62]. Z hlediska magnetického usporddani je objemovy HoN
feromagnet s Curieovou teplotou 18 K [63,64], jakkoli vSechny spiny nemuseji byt zcela
rovnobézné [63], zatimco naptiklad jeho nanoc¢éstice mohou vykazovat Curieovu teplotu 14 K
[65]. Diky svému nezanedbatelnému magnetickému momentu (souvisejicimu s magnetickym
momentem holmia, ktery je nejvétsi ze vSech kovll vzacnych zemin [51,66,67]) vykazuje
HoN pfi pfechodu ptes Curieovu teplotu, ktera je blizka teploté varu vodiku, silny magneto-
kaloricky jev [64,65,68], a 1ze o ném proto uvazovat jako o chladi¢i v systémech na zkapaliio-
vani vodiku. Vysokoteplotni paramagneticky moment HoN, jehoz teoretickd hodnota je pfi
predpokladu 10 felektronii rovna g N[J(J+1)] = 10,6 us na atom Ho, dosahuje experimentalng
hodnot mezi 10,3 ug [54] a 10,8 ug [63] na atom Ho. U nizkoteplotniho feromagnetického
momentu vSak dochdzi k nesouladu pfedpovédi (gx/ = 10 ug na atom Ho) s experimentem,

kdyz bylo naméfeno pro objemovy material naptiklad 6,0 ug [63] ¢i 6,5 up [69] na atom Ho,



popiipade 8,9 ug za predpokladu nerovnobéznych spind [63], a pro tenkou vrstvu dokonce
3,2 ug na atom Ho [70]. Protoze dal$i vlastnosti HON mohou zéviset na magnetickém
momentu, stala se jednim z cili této prace reprodukce experimentdlniho nizkoteplotniho

momentu objemového HoN pomoci kvantovémechanickych modelt.

Oxynitridy tantalu

Oxynitridy ptechodovych kovill jsou dosud nedokonale prozkoumanou tfidou materiali, ¢asto
vykazujicich slibné fyzikalni, chemické 1 funk¢ni vlastnosti, a majicich tedy potencidl pro
vyuziti v riznych odvétvich primyslu. Tenké vrstvy oxynitridi tantalu (Ta—O-N) [71] se
mohou vyznacovat dekorativnim vzhledem ¢i vysokou dielektrickou konstantou, navic dokazi
po ozéfeni viditelnym svétlem zastavit rozmnozovani bakterii, poptipad¢ katalyzovat rozpad
organickych necistot ¢i rozklad vody na vodik a kyslik [72]. K tomu vSak museji spliiovat
zakladni pozadavky, zejména (i) spravnou Sitku optického zakdzaného péasu, umoznujici
zachyt viditelnych fotonl, (i/) vhodné umisténi zakédzaného péasu vzhledem k redoxnim
potencialim pro rozklad vody, (iii) dostatecnou dobu Zivota excitovanych para elektron-dira,
tedy jejich potlatenou rekombinaci, coz umozni jejich pienos k povrchu, kde je vrstva
v kontaktu s rozkladanou vodou, a (iv) odolnost svételnému zareni [73].

Vysokovykonové pulzni magnetronové naprasovani s fizenym tokem reaktivnich plyna
N, a O; je jednou z metod, jimiz lze piipravit vrstvy Ta—O-N v Sirokém rozmezi
stechiometrie. Jejich naslednym zihanim [73] lze vytvofit nékteré krystalické faze z bohatého
fazového prostoru Ta—O—N, z nichz nejprostudovanéjsi je monoklinicky B-TaON, krajnimi
piipady jsou naptiklad ortorombické Ta,Os a TazNs ¢i vySe zminovany kubicky TaN. Byl
vSak popsan [74-78] také Ta,N3 v kubické struktuie bixbyitu (prostorova grupa Ia3, prototyp
(Mn,Fe),03), coz je typicka krystalicka struktura naptiklad pro oxidy kovii vzacnych zemin,
odvozena ze struktury fluoritu CaF, odstranénim ctvrtiny aniontd [79]. V literature byl
zminén mozny vyznam piimé&si kysliku pro stabilizaci této faze [80] a byla nanesena tenka
vrstva o stechiometrii Ta;N,O [81], ale bixbyitovy oxynitrid Ta;N,O dosud podle vS§eho nebyl
na rozdil od Zr,N,O [82,83] ¢i podobnych fazi v systémech Ta—Sc—O—N [84] a Ta—Zr—-O-N

[85] vyslovné publikovan.



Multikomponentni diboridy prechodovych kovu

Kovové diboridy, krystalizujici v hexagonalni struktufe (prostorova grupa P6/mmm,
prototyp AlB,) patii do skupiny keramik pro velmi vysoké teploty, nebot se vyznacuji
teplotou tani az kolem 4000 °C ¢i vysokou tvrdosti (>20 GPa), kombinovanou s vytecnymi
elastickymi moduly, odolnosti proti opotfebeni, &i vysokou tepelnou (60-120 W m™ K™), ale
také elektrickou (>10° S/m) vodivosti [33]. Tyto vlastnosti si diky dokonalé chemické
stabilit¢ uchovavaji i v horkém a oxidacnim prostiedi nejméné¢ do 1200 °C. Nadé&jnymi
kandidaty pro pouziti v rolich obrabécich néstroji, naddob na roztavené kovy anebo
v mikroelektronice jsou diboridy kovii I[V.B a V.B skupiny [33,86]. Krom¢ objemové podoby
vSak diboridy nalézaji uplatnéni také ve formé tenkych vrstev [87]. Pfi pfipravé materiali
v tenkovrstvé podobé mohou vzhledem k nerovnovaznosti depozi¢niho procesu vznikat
termodynamicky metastabilni struktury, z nichz jsou pro diboridy typické bodové poruchy
krystalické mtizky jako vakance a substituce.

V poslednim dvacetileti se diky rozvoji poznani v oblasti vysokoentropickych slitin
[88-90], obsahujicich mnoho raznych kovl v podobném mnozstvi, vénuje pozornost také
multikomponentnim keramikdm [91,92], tedy napiiklad boridim [93-97], karbidim vcetné
kompozith MAX-fazi [98], nitriddm [20,21] ¢i oxiddm [99]. Pfitomnost mnoha chemickych
prvkil pouze v kationtové podmiizce vede k nejasnostem v opravnénosti pouziti oznaceni
,Vysokoentropicky* pro tyto slouceniny [100] a k nasledné rozkolisanosti nazvoslovi. I pro
keramiky vSak plati disledky, které vysoky pocet prvkl ptindsi [90]: (i) vysoka konfiguracni
entropie, jez za konecnych teplot snizuje Gibbslv potencidl, a mé¢la by tak pfispivat
k termodynamické stabilizaci jednofazového tuhého roztoku, (i7) pokiiveni krystalické mtizky
v disledku nestejnych atomovych polomért jednotlivych kovi, jehoz disledkem muze byt
zvySeni tvrdosti nebo snizeni tepelné 1 elektrické vodivosti a jejich zavislosti na teplotée, (iii)
zpomalena difuze a (iv) koktejlovy jev, obecné spocivajici v moznosti vyskytu vlastnosti,
které nejsou vlastni zadné ze slozek.

Navzdory Cetnym pracim, v nichz byly multikomponentni diboridy experimentalné
pfipraveny, neni literatura dosud pfili§ bohatd na vysledky jejich pocitacového modelovani.
Kromé Cetnych vypoctl vlastnosti binarnich diboridti byly provedeny systematické studie
prostoru ternarnich diborida [101,102], ale modely viceprvkovych diboridii zacaly byt
publikovany az ve velmi neddvné dob¢ [103—-105], ve vétsi mife dokonce az v poslednim roce

[106—-110], kdy vysla i ¢ast III C této prace.



Depozice tenkych vrstev

Studium vSech popsanych materidl bylo motivovano jejich relevanci pro tenké vrstvy —
na naSem pracovisti byly niZze popsanou metodou magnetronového napraSovani ptipraveny
povlaky tvofené bud’ pfimo vySe popsanymi materialy, nebo materialy na nich zaloZenymi.
Existuji dva hlavni sméry tvorby tenkych vrstev. Jednim z nich je chemicka depozice z plynné
faze, pii niz vrstva roste procesem chemickych reakci reaktivnich plynt, jez proudi komorou
podél povrstvovaného povrchu (substratu). Takto vzniklé vrstvy mohou kromé vysoké kvality
dosahovat také velmi nizké tloustky — mohou byt deponovany dokonce atomové monovrstvy.
Proces jejich vzniku s sebou vSak Casto nese nutnost pouziti jedovatych plynii za vysokych
teplot, a tak mtze byt rozsahlejsi primyslové vyuziti chemické depozice omezeno napiiklad
ochranou zdravi, Zivotniho prostiedi ¢i povrstvovanych substratu.

Druhym smérem je fyzikalni depozice z plynné faze. Zde vrstva roste z jednotlivych
atomu nebo kladnych iontl, které dospivaji k substratu ze svého zdroje, zvaného terc. Atomy
se z néj uvolnuji, nasledné cestuji prostorem depozi¢ni komory a mohou ulpivat na substratu.
Podle zptsobu tohoto uvoliiovani rozliSujeme dvé zékladni skupiny metod fyzikalni depozice,
napafovani a naprasovani. Nejpiim¢j$im zpusobem uvolnéni atomi z terCe je jeho tepelné
vypatovani: jednotlivé atomy opoustéji povrch zahtatého terce, pomalu se pohybuji objemem
komory a nakonec ulpivaji na ostatnich povrsich v¢etné substratu. Takto odpafené atomy jsou
elektricky neutrdlni a na substratu se usazuji s nizkou kinetickou energii, proto jsou povlaky
vzniklé timto zplisobem casto porézni.

Napatovani i1 naprasovani vSak mohou vyuzivat také elektrické vyboje, které jsou
pfipadem plazmatického skupenstvi latky. Plazmové technologie se v poslednich desetiletich
staly velmi rozSifenymi a uspéSnymi zpiisoby depozice tenkych vrstev. Plazma je ionizovany
plyn, kde se elektrony diky dostate¢né energii (dosazené vysokou teplotou, elektrickym polem
€1 srazkou castic) uvolnily z obali atomi nebo molekul a pohybuji se volné mezi vzniklymi
kationty. VéEtSina hmotnosti vesmiru je tvofena vysokoteplotnim plazmatem, kde probiha
termonuklearni fuze atomovych jader. Od né¢j se odliSuje nizkoteplotni plazma, tvotici vyboje
v plynech, které¢ lze rozliSit na dva zakladni druhy: obloukovy, charakteristicky nizkym
elektrickym napétim a vysokym proudem, a doutnavy s vysokym napétim a nizkym proudem.

Oba druhy vybojl 1ze vyuzit pii vyrobé tenkych vrstev. Jednak zajisti uvoliiovani atomu
z terCe, a jednak mohou pomahat pfi transportu téchto atomu k substratu. Ter¢ je pfipojen ke

zdroji zaporného napéti, a slouzi tedy jako katoda obloukového nebo doutnavého vyboje.



Anoda je obvykle uzemnénd, a prestoze muze byt tvofena zvlastnim télesem vloZenym
do plazmatu, ¢asto jsou anodou stény depozicni komory.

V ptipadé¢ plazmovych depozic, na rozdil od tepelného napafovani, jsou atomy
pochézejici z terCe Casto ionizovany, a jejich pohyb tak mulze byt fizen elektrickym nebo
magnetickym polem. Pfestoze substrat neni elektrodou vyboje, mize byt piipojen k ptidav-
nému zdroji napéti, obvykle zaporného, za Gcelem zvySeni kinetické energie iontd pfilétaji-
cich z ter¢e. Bombardovani rostouci vrstvy energetickymi ionty totiz muze vést k vyznamné
zméngé jeji struktury [111], naptiklad k lepsi denzifikaci (nizsi poréznosti) vrstev nebo k zatla-
¢eni atoml do pozic s vyS$im poctem nejbliz§ich sousedl, tedy ke krystalické struktuie
s tésnéjSim uspotradanim, kterd sice mize byt termodynamicky preferovédna, ale bez dodani
energie iontovym bombardovanim by nebyly pfekondny energetické bariéry na cesté k ni.
Dusledkem dodéni této energie do rostouci vrstvy tak mize byt naptiklad vyznamné zlepSeni
jejich mechanickych vlastnosti [112] ¢i tepelné stability [113]. PtiliSna energie dopadajicich
atomi vSak muze vést naopak k amorfizaci rostouciho krystalu [114]. Dopadajici ionty navic
kromé kinetické energie dodavaji do vrstvy také ionizacni potencialni energii [114,115].

S patentem Thomase Alvy Edisona z roku 1892 piedstavuji obloukové vyboje nejstarsi
a principidlné jednoduchou techniku fyzikalni depozice z plynné faze [116]. Zaporné napéti
okolo —20 V se pfipoji k terci, jenz v tomto ptipad€ musi byt vodivy. Vznikne tak katoda, jejiz
povrch za¢nou opoustét elektrony, které se tak dostanou do prostoru komory, v némz je
vyvévou snizen tlak. Katodové oblouky jsou tvofeny jednotlivymi explozivnimi emisemi
shluk elektrond, které se odehravaji na malych oblastech (10'* m?) povrchu katody, zvanych
katodové skvrny. Kazda kolektivni emise elektronti trva jen desitky nanosekund a vytvoii
okolo 10'" elektront, coZ vede k obrovskym proudovym hustotam (10'* A/m?). Skvrna poté
vyhasne a dal$i vznikne na jiném misté. Popsana diskrétni a kolektivni povaha elektronové
emise je charakteristickym rysem katodovych obloukl a také diivodem, pro¢ nemilize byt
proud v obloukovém vyboji sniZzen na libovolné nizkou hodnotu.

Z povrchu katody nejsou emitovany pouze elektrony. Exploze jsou tak nicivé, ze
z katodovych skvrn vylétavaji také atomy, které se vzhledem k popsané ztraté elektronit méni
v kladné ionty. Pfitomnosti kationtii a volnych elektronti se tak plyn v depozi¢ni komote méni
na plazma. Se zrychlenim, kterého doséhly pii vybuchu skvrny, se atomy rychle dostanou
z ter¢e do objemu komory. Zatimco pfi tepelném vypatovani terce je kinetickd energie atomi
nejvyse 1 eV, pii popisovaném obloukovém vypafovani dosahuje kineticka energie ionta
20-120 eV. lonty pak s touto energii bombarduji substrat a tvoii kvalitni, denzifikovanou

vrstvu; jak jiz bylo zminéno, kinetickou energii iontl pfilétajicich na substrat 1ze navic dale
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fidit elektrickym piedpétim samotného substratu. Depozi¢ni rychlost je u obloukové depozice
vysokd, rist vrstvy dosahuje rychlosti 20 nm/s. To je spolu s moznosti relativné snadné
ptipravy jak cist¢ kovovych, tak pfesné stechiometrickych slouceninovych vrstev jednou
z hlavnich vyhod obloukové depozice.

Hlavni nevyhodou depozice tenkych vrstev katodovym obloukem je piitomnost
makrocastic, zvanych téz mikrocastice nebo kapicky, droplety (obr. 2). Jde o kapalné nebo
pevné shluky atomi s velikostmi od 10-100 nm do 10 pum, tvofené v posledni fazi existence
jednotlivych katodovych skvrn. Stejné jako samostatné ionty, které utvareji zadouci plazma,
opoustéji 1 makrocastice povrch katody a dostavaji se do objemu komory. Jejich v¢lenéni
do rostouci vrstvy je ale nezadouci, nebot’ snizuji kvalitu povlaku, zejména jeho hladkost.
Pro n¢které ucely, jako napiiklad odolné¢ povlaky TiN na obrabécich nastrojich, jejich
pifitomnost nebrani uspéSnému vyuziti vrstev, ale v oborech optiky ¢i mikroelektromechaniky

nelze tenké vrstvy s droplety zuzitkovat.

Obr. 2: Pivodné kulova titanova makrocastice, pokryta vrstvou TiN. Pfevzato z [116].

K vyteSeni problému dropletd se pii obloukové depozici pouzivaji makrocasticové filtry
[117]. Nejrozsifenéjsi typ je tvofen civkou zahnutou do pravého uhlu (Ctvrtinovy torus),
popfipad¢ zahnutou do tvaru pismene S (obr. 3). Filtr, v némz po piipojeni stejnosmeérného
nap¢ti vznika magnetické pole, se vkladd mezi ter¢ a substrat, mezi kterymi tedy v tomto
piipadé neexistuje piimocara trajektorie. Tvar plazmatu je zménén diky tomu, Ze elektrony
letici z terCe jsou dostatecné lehké, aby bylo mozno jejich pohyb urcit magnetickym polem,
aze ionty kvuli své vyS§i hmotnosti sice maji pfiliS§ velky gyracni polomér, ale svym
pohybem nésleduji elektrony, jejichz naboj je pfitahuje — je udrZovana nabojova
kvazineutralita plazmatu. Naproti tomu stoji makrocastice, které jsou elektricky neutralni

nebo piilis hmotné, a tak jejich pohyb neni dostatecné ovlivnén magnetickym ani elektrickym
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polem, pohybuji se téméi piimocaie, a nemohou tak dospét k substratu. Nevyhodou
podobnych filtrii je snizeni mnozstvi plazmatu, které dospéje z terCe k substratu, protoze

kazdy pravouhly ohyb civkou ve skutecnosti propusti pouze Ctvrtinu iontd.
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Obr. 3: Makrocasticovy filtr ve tvaru S. Pfepazka oddéluje zdroj plazmatu od oblasti substratu. Prevzato z [116].

Depozi¢ni rychlost filtrované obloukové depozice je tedy nizsi nez u nefiltrované. Nedot-
Ceny ale zlstavaji ostatni vyhody tohoto typu fyzikalni depozice, jimiz jsou moznost pfipravit
tvrdé a vysokohustotni vrstvy s dobrou adhezi k substratu, znacna jednoduchost celého pro-
cesu 1 potiebnych zafizeni nebo snadnost tvorby sloucenin s dokonalou stechiometrii, protoze
za pritomnosti reaktivniho plynu v depozi¢ni komote maji atomy z katody dostatek Casu
na tvorbu vazeb s atomy z plynu. Lze tedy shrnout, Ze pouziti filtru je pfevazné piinosné a
vede k ptipravé kvalitnich hladkych obloukové napafovanych tenkych vrstev bez makrocastic.

Historie napraSovani jako druhé skupiny metod fyzikalni depozice z plynné faze zacina
pred polovinou 20. stoleti. Princip spoc¢iva v rozpraSovani povrchu terce narazy energetickych
¢astic, k ¢emuz lze naptiklad vyuzit doutnavy vyboj. Jeho husté plazma Ize v blizkosti katody
udrzovat pomoci pole permanentniho magnetu, coz dalo vzniknout magnetronovému
naprasSovani. Komora zde obsahuje netecny pracovni plyn o nizkém tlaku (typicky argon,
nejvyse jednotky pascal), po jehoz ionizaci jsou jeho kationty pfitahovany ke katodé,
s vysokou energii ji bombarduji (napéti na ter¢i se zde pohybuje mezi —200 a —1000 V),
a rozprasSuji tak jeji povrch. Na rozdil od obloukového vypatovani zde ter¢ nemusi byt vodivy,

nebot’ neni nutné, aby jej ¢astice opoustély pouze silou elektrického pole.
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Atomy z tere se pak pohybuji komorou, srdzeji se s ionty a volnymi elektrony
pracovniho plynu 1 mezi sebou navzdjem a mohou ulpivat na sténach komory, zpét na terci
ina povrstvovaném substratu. V porovnani s obloukovym vybojem je zde mensi stupeii
ionizace atomu rozprasenych z terce, ale atomy se mohou ionizovat béhem své cesty komorou
diky nepruznym srazkam s ionty ¢i elektrony plazmatu. Pak mtize byt energie jejich dopadu
na substrat fizena jeho predpétim.

Kromé¢ primarnich elektrond, uvolnénych z obalti atomt argonu vysokym napétim, jsou
ve vyboji pfitomny také elektrony sekundarni, které maji kli€ovou roli pro udrzeni vyboje.
Sekundarni elektrony se uvoliluji pfi iontovém bombardovani povrchu katody, stejné jako
samotné rozpraSené¢ atomy. Diky sméru elektrického pole jsou pak od katody odpuzeny,
zvySuji hustotu plazmatu v komote a srazeji se s ostatnimi Casticemi. Diky pfitomnosti
magnetu za katodou, vytvarejictho magnetické siloCary rovnobézné s jejim povrchem
(poptipadé¢ vedouci smérem k substratu [118]), je trajektorie sekundarnich elektront
zakiivena, coz prodluzuje dobu jejich pobytu v blizkosti katody. Nepruznymi srazkami zde
pak jesté efektivnéji ionizuji nejen atomy pracovniho plynu, ale i rozpraSené terCové atomy,
které jsou pak jakozto kladné ionty ptitahovany zpét k terc¢i a pridavaji se k jeho bombardo-
vani. Je-li emitovan dostatek sekundarnich elektronii a také rozpraSovaci vytézek je dosta-
tecné vysoky, tedy dopad kazdého iontu uvolni z ter¢e dostate¢ny pocet elektronil a atomt,
stava se dokonce samotna pfitomnost pracovniho plynu nadbyte¢nou, nebot’ se proces dostava

do udrzitelného stavu samorozprasovani terce jeho vlastnimi ionty [119] (obr. 4).
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Obr. 4: Schéma tokt iontl a atomti materialu terce (vlevo, indexy #) a pracovniho plynu (vpravo, indexy g)
pfi vysokovykonovém magnetronovém naprasovani. RozpraSovaci vytézky jsou oznaceny y, koeficienty
sekundarni emise elektronti ygz, pravdépodobnost zachytu d, pravdépodobnosti ionizace a a pravdépodobnosti

navratu na ter¢ 5. Pfevzato z [120].

13



vvvvv

napafovani a nabizi také vice laditelnych procesnich parametrli, coz vede k SirSimu rozpéti
dosazitelnych vlastnosti vytvarenych vrstev; trpi naopak mensSim stupném ionizace a nizsi
kinetickou energii ¢astic opoustejicich katodu. Dalsi nedokonalosti je, Ze pouziti nevodivych
tercli nebo tercl s nevodivymi ¢astmi je sice mozng, ale ty se vlivem piitoku kladnych ionti
a neschopnosti jejich naboj odvést elektricky nabijeji (obr. 5). Prekroci-li jejich ndboj urcitou
velikost, uvolni se obloukovym vybojem. Tim se ter¢ poskozuje vznikem kraterd, tvoii se
makrocastice, jez poskozuji rostouci vrstvu, a cely vybojovy proces se destabilizuje. Stejno-
smérné zaporné napéti na terci je tak potieba nahradit pulznim, které diky kratkym ptestielim

do kladnych hodnot neutralizuje kladny néboj terce ptitazenim elektront z plazmatu [121].
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Obr. 5: Hromadéni kladného naboje na povrchu nevodivé ¢asti terée. Prevzato z [122].

Dalsim nedostatkem je netrividlnost reaktivniho naprasovani [122]. Zatimco pfi oblou-
kové depozici rostou nevodivé slouceninové vrstvy velice snadno, pfi reaktivnim naprasovani,
kdy komora kromé inertniho pracovniho plynu obsahuje i1 reaktivni plyn, je nalezeni
parametri vedoucich na kvalitni stechiometrickou vrstvu ztizeno faktem, ze kyzenéa nevodiva
vrstva roste nejen na substratu, ale také na sténach komory, coz vede k problému mizejici
anody, i na samotném ter¢i, kde hovotime o jeho otravé. Vyboj v otraveném rezimu se znacné
odliSuje od bézného, ter¢ je nachylnéjsi k obloukovym vybojim a pfepindni mezi obéma
rezimy je dalSim zdrojem nestability. V poslednich desetiletich vSak byly vyvinuty metody na
potlaceni jak obloukovych vyboju na terci, tak otravy terce, a zdokonalené formy naprasovani
[123] se staly hlavni metodou laboratorni i primyslové vyroby tenkych vrstev. Z téchto forem

jmenujme zejména vysokovykonové pulzni magnetronové napraSovani [124], které primérny



vykon ve stovkach wattl, nijak odliSny od stejnosmérného vyboje, koncentruje do kratkych
(desitky mikrosekund) a nepftili§ Cetnych (stfida v jednotkach procent nebo mén¢) pulzi,
v nichz miize vybojovy vykon na teréi presahovat 1000 W/em®, coz vede k tvorb& vysoce

ionizovaného plazmatu, a nasledné kvalitnich, denzifikovanych vrstev.

I C Teoretické metody (prehled literatury)

Teoretické modely se kvalitativné 1i81 podle velikosti popisovaného systému. Na dvé skupiny
vSak lze rozliSit 1 modely na samotné atomarni Urovni, které popisovany material nahrazuji
malou skupinou atomtl v simula¢ni buiice, obvykle s periodickymi okrajovymi podminkami.
Jednu skupinu tvofi modely vyuzivajici zékony klasické fyziky, kde jsou atomy reprezento-
vany ned¢litelnymi (a€ n€kdy polarizovatelnymi) hmotnymi body, jejich silové interakce jsou
popsany empirickymi potencidly, a meziatomové sily tak zaviseji na druzich atomd, jejich né-
bojich, vzajemnych vzdalenostech, vazebnych thlech a ptipadné dalSich charakteristikach
atomarni struktury. Tato klasicka molekularni dynamika miize byt diky pomérné jednodu-
chosti pohybovych rovnic pouzita pro systémy tisicii, s dneSnimi superpocitaci i miliona
atoml. Druhou skupinou jsou modely vyuzivajici zdkony kvantové mechaniky — vypocty
ab initio, tedy od pocatku, z prvnich principtl, tzn. v zédkladni podob€ bez nutnosti empiric-
kého fitovani jakychkoli parametri. Zde jsou kvantové popsané elektronové oblaky odliSo-
na nichzZ tyto metody stoji a které jsou cenou za jejich vysokou piesnost, umoziuji jejich vyu-
ziti jen pro desitky nebo nizké stovky atomu. Z téchto modelt tato disertacni prace vyuziva
a v nasledujici sekci popisuje teorii funkciondlu hustoty (density-functional theory, DFT),
znamou od 60. let 20. stoleti diky Pierru Hohenbergovi, Walteru Kohnovi a Lu Jeu Shamovi,
ktera dosud nepiekonanym zplisobem spojuje presnost vysledki s relativni vypocetni nena-
ro¢nosti, a je proto nejrozsitenéjsi metodou pocitacového modelovani pevnych latek na urovni
kvantové mechaniky. Z nékolika programovych balikd, do nichz byla DFT implementovana,
je zde vyuzito QUANTUM ESPRESSO [125, 126], kter¢ je tymem Paola Giannozziho postupné
rozvijeno od samého pocatku 21. stoleti. Standardni DFT umoziiuje optimalizaci vlnové funk-
ce elektronii za predpokladu nehybnych jader, tedy za nulové teploty. Roberto Car a Michele
Parrinello ji vSak v 80. letech dimysIné propojili s klasickou molekularni dynamikou, ¢imz
umoznili efektivni kvantovémechanické vypocty za kone¢nych teplot, které jsou nize popsany

a vyuzity k ptedpovédi atomarnich struktur amorfnich materiala.
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Teorie funkcionalu hustoty

Cilem vSech modelt pevnych latek na urovni kvantové mechaniky je urceni zdkladniho stavu
elektronové struktury materidlu. Vychazeji z Bornovy—Oppenheimerovy aproximace, oddélu-
jici kvantovémechanicky popsané elektrony od atomovych jader a ptipadnych nevalen¢nich
elektrontl, a z beztasové nerelativistické Schrédingerovy rovnice H¥Y = E - ¥ pro mnoho-
elektronovou vinovou funkci ¥ celého popisovaného krystalu. Ta je vlastni funkci ptislus-
ného hamiltonianu #, jehoZ vlastni hodnotou je energie krystalu E a jenz by jakoZto operator
celkové energie mél zahrnovat kinetickou energii elektront, elektrostatické coulombické
interakce elektront s jadry i1 ostatnimi elektrony a vyménnou a korelacni energii elektront,
tedy veli¢inu vyjadfujici odpuzovani elektroni se stejnym spinem a snizujici pravdé-
podobnost vyskytu dvou elektronii na jednom misté. Jednotlivé metody feSeni se odliSuji
zpusobem odvozeni a konkrétnim obsahem soustavy jednoelektronovych rovnic a po jejich
vyteSeni také zpisobem konstrukce mnohoelektronové vinové funkce z jednoelektronovych
vlnovych funkci.

Nejptivodnéjsi Hartreeova metoda v rovnicich neuvazuje vyménnou ani korelacni ener-
gii elektronti a mnohoelektronovou vlnovou funkci konstruuje prostym vynasobenim jedno-
elektronovych funkci, ¢imz ale nezajisti fyzikalné nutnou antisymetrii vysledné vinové funkce
vzhledem k zdméné dvou elektrontll. Byla proto rozsifena na metodu Hartreeovu—Fockovu, jez
vede na presné zapocitani vyménné energie (korelacni energii stale neuvazuje) a jednoelektro-
nové funkce spojuje pomoci tzv. Slaterova determinantu, jenz jiz antisymetrii mnohoelektro-
nové vinové funkce zajistuje. Hartreeova—Fockova metoda byla n€kolika zplsoby rozsifena
za UCelem zapocitani korelacni energie, ale slozitost vzniklych rovnic uz znatelné zvySuje na-
ro¢nost vypoctl, a tak prakticky znemoziiuje jejich pouziti pro redlné mnohoatomové systémy.

Dvé Hohenbergovy—Kohnovy véty [127] vSak umoznily vyuzit zcela novy pfistup.
Elektronova hustota podle téchto vét sama urcuje vSechny ostatni charakteristiky mnoho-
elektronového systému, a pokud vede na minimalni energii, pak jde o zakladni stav systému
(variacni princip). Celkova energie systému tedy nemusi byt funkcionalem vinové funkce, ale
pfimo funkcionalem hustoty pravddpodobnosti vyskytu elektronu p = |#>. To sniZi rozmér
ulohy s N elektrony ze 3N (hledani ¥(ry, r», ..., ry)) na 3 (hledani p(r)). Ze Schrodingerovy
rovnice je tak ve vysledku odvozena soustava N Kohnovych—Shamovych rovnic [128], které
maji za predpokladu jednotkovych velikosti elementarniho elektrického naboje, klidové

hmotnosti elektronu, redukované Planckovy konstanty a konstanty z Coulombova zakona tvar

1 1A
_EVZ + V() + f%dr’ + txc(P(0) [P0 (1) = 31, (1) ,
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kde jednotlivé cleny hamiltonianu zleva postupné odpovidaji kinetické energii n-tého
elektronu (V2 je Laplacetiv operator), jeho elektrostatické energii v poli jader a nevalenénich
elektronti, jeho elektrostatické energii v poli ostatnich elektroni a vyménné a korelacni
energii. Rovnice jsou implicitni (self-konzistentni), nebot’ hledané elektronova hustota, ktera
je skrze vlnovou funkci jejich nezndmou, je zaroven soucasti hamiltonianu, jenZ rovnice
definuje. Lze je proto fesit pouze iterativné, za ivodni odhad vlnové funkce se obvykle bere
superpozice atomovych orbitali s mirnou perturbaci. Z jednoelektronovych vinovych funkci
Y, je mnohoelektronova funkce zkonstruovdna opét pomoci antisymetrického Slaterova
determinantu. Vyménny a korelacni funkcional uy, miize byt urcen nékolika zplisoby a mize
zaviset pouze na hustoté¢ p (local-density approximation, LDA), dale na p a jeji prvni
prostorové derivaci (generalised-gradient approximation, GGA), popiipad¢ navic i na druhé
derivaci (meta-GGA). Spolecnou nevyhodou té€chto aproximaci iy je Castecné zachovani
interakci jednotlivych elektronti se sebou samymi, které vede k nefyzikalnimu zvySeni energie
obsazenych elektronovych stavi, a tedy k zuZeni vypocitaného zakdzaného pasu. Mezi néko-
lika konkrétnimi implementacemi iy vynikd PBE (reference [129] je nejcitovanéj$im
¢lankem z Casopisti rodiny Physical Review), kterd je jednou z variant GGA a proslula uspo-
kojivou ptesnosti vysledki nejriznéjsich vypocti.

Pro vyteSeni Kohnovych—Shamovych rovnic, nejcastéji aplikovanych na krystaly
v simula¢nich bunkach s periodickymi okrajovymi podminkami, je tfeba nalézt zpisob ana-
lytického vyjadieni hledanych vlnovych funkci ¥, , pro n-ty elektron a vlnovy vektor k.
Osvédcila se linearni kombinace atomarnich orbitalti nebo superpozice gaussovskych oblakai,
ale nejvétsiho rozsiteni dosahla linearni kombinace rovinnych vin

Y = ) G (@erOT ,
G

kde G je vektor krystalické mtizky prevedené do reciprokého prostoru a k je vektor uvnitt
reciproké simulaéni buiiky (prvni Brillouinovy z6ny), jemuz odpovida vinové Cislo k= 2n/A,
kde 4 je vlnova délka uvazované rovinné viny v pfimém prostoru. Hledani vinové funkce se
redukuje na hledani koeficientli ¢, pro jednotlivé elektrony a vlnové vektory. Volba poctu
rovinnych vin urcuje presnost a vypocetni naro¢nost vypoctu. Jestlize budou brany v uvahu
i delsi vektory G v reciprokém prostoru, potom budou v pfimém prostoru brany v tvahu
irovinné viny s kratsi 4. To Ize kvantifikovat pomoci nejvyssi povolené kinetické energie
elektronu (energeticky cut-off vlnové funkce), ktera je imérna druhé prostorové derivaci

vlnové funkce, jak ukazuje tvar H v uvedené¢ Kohnové—Shamove rovnici. Naopak ¢im kratsi
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vektory k budou brany v tivahu, tim vétsi bude pocet k-pointt v prvni Brillouinové zo6n¢ a tim
delsi 4 budou uvazovany v pfimém prostoru, coZ ma smysl pii vypoctech vlastnosti struktur
s delokalizovanou vlnovou funkci, tedy krystalii, jez se uspofddanim na dlouhou vzdalenost
vyznacuji. Kromé energetického cut-offu vlnové funkce, rozlozeni k-pointii [130] a jejich
hustoty podél jednotlivych vektorti simula¢ni buiiky je pfed vypoctem déle potieba
zoptimalizovat a v publikované metodice uvést také energeticky cut-off elektronové hustoty
p=|%P do niz se vlnova funkce nakonec transformuje a ukladd. Vyznam miZze mit téZ
zpiisob nakladani s neobsazenymi elektronovymi stavy a se stavy blizko Fermiho meze, tedy
rozhodnuti, zda bude uvazovana pouze celo¢iselnd obsazenost stavii, nebo bude obsazenost
kolem Fermiho meze mirné rozmazana [131], coz mize byt diky usnadnéni konvergence
vypoctu piinosné i pro studium materiali se zakdzanym péasem, a to navzdory formalnimu
vzdaleni od fyzikalnich podminek nulové teploty.

Pristupti ke konstrukci potencidlu V(r) atomovych jader je nékolik. Jeden z nich,
v minulosti Siroce vyuZzivana ,,muffin-tin approximation®, urcuje sféricky symetricky poten-
cial uvnitf neptekryvajicich se kouli okolo jader a konstantu ve zbytku prostoru. Protoze
rozvinuti jednoelektronovych vinovych funkci v bazi rovinnych vin by uvniti kouli nevedlo
na dobré vysledky, uzivd se zde popis elektroni zalozeny na sférickych harmonickych
funkcich (jako pfi popisu izolovanych atomi, kde vede na presné vysledky); tato kombinace
rovinnych vIn s jinou bazi na zaklad¢ pozice v prostoru se oznacuje jako ,,augmented plane
wave®. Jiny pfistup uziva rovinné viny v celém prostoru, ale aby se zjednodusil tvar nalezené
vlnové funkce v koulich v blizkosti jader, nahrazuje se skutecny potencial V(r) atomovych
jader a ptipadnych nevalen¢nich elektronti pseudopotencidlem, ktery hledanou vinovou funkci
nenuti k vysokofrekvencnim oscilacim zachovavajicim ortogonalitu ke staviim jadra, a tedy
nevyzaduje zapoc€itani rovinnych vin s pfili§ kratkymi 4. Spravné vytvorené pseudopotencidly
vedou na stejné energie kvantové popsanych elektronii a mimo koule okolo jader i na jejich
stejné vinové funkce. Reprezentuji kazdy atom v simula¢ni burice a pro dany chemicky prvek
mohou byt totozné v raznych materidlech, coz zjednodusuje jejich uzivatelské pouziti oproti
empirickym potencidlim pro klasickou molekuldrni dynamiku, jez ptenositelné nejsou.
I tvorba pseudopotencidlll je oproti empirickym potencidlim piimocarejsi. Podle vysSe energe-
tického cut-offu vinové funkce, kterou vyzaduji pro konvergenci ke spravnym vysledkim, se
rozliSuji na tvrdé a mékké. Ultramekké pseudopotencidly [132] vyzaduji nejmensi cut-off
za cenu nezachovani celkového elektrického naboje uvnitt koule, kterou popisuji (na rozdil od

jinych [133] nejsou ,,norm-conserving*). Pro pseudopotencialy je typické, Zze zahrnuji 1 neva-

vvvvvv
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alni metody odliSuji od metod vseelektronovych. Vznikla vSak v soucasnosti velmi moderni
metoda ,,projector augmented wave* [134], ktera je technicky i uzivatelsky pseudopotenci-
alni, ale zachovava moznost ze ziskanych vysledka zrekonstruovat skute¢nou vlnovou funkei
1 v blizkosti jader, a ziskat tak vSeelektronové vlastnosti, jako jsou gradienty elektrického pole
[135], poptipadé parametry hyperjemné struktury, které jsou experimentalné dostupné z elek-
tronové paramagnetické rezonance, popisuji interakce jader s elektromagnetickymi poli tvore-
nymi v materidlu a charakterizuji naptiklad vlastni i pfimésové poruchy v polovodicich [136].

Na zéavér dopliime, ze soustavy rovnic lze feSit 1 jinak nez na zdklad¢ variacni
minimalizace energie. Pfikladem jiného zplsobu vypoctu pasové struktury materidli je
metoda Korringa—Kohn—Rostoker [137], kterd vyuZziva teorie nasobného rozptylu, kdy ma
za cil urcit postupné odrazy, prichody ¢i zmény faze jedné z popsanych reprezentaci vinové
funkce elektronu y,(r) na jednotlivych jadrech tvoticich potencidl V(r), opét popsany jednou
z uvedenych metod. Je proto mimofddné¢ vhodnd pro modelovani rentgenovych foto-
elektronovych spekter, nebot’ fotonem vyrazeny elektron musi tuto cestu krystalem pfed svym
zaznamenanim absolvovat. Volba jednoho z obou zminénych zplsobl feSeni rovnic tedy
principialné nesouvisi s volbami reprezentaci y,(r) a V(r) (jakkoli jsou urcité kombinace
pujde naptiklad o rovnice Hartreeovy—Fockovy, zalozené na vlnovych funkcich, nebo

Kohnovy—Shamovy, zalozené na elektronové hustoté.

Metody vhodné pro systémy se silnou korelact

Materialy obsahujici pfechodové nebo vnitiné ptechodové kovy obsahuji d- nebo f-elektrony,
které jsou zdrojem silnych elektron-elektronovych korelaci, jejichz vyznam stoupa u oxid
¢i nitridd téchto kovl a které jsou i1 v jednoprvkovych kovech podstatou feromagnetismu. Jak
bylo zminéno, soucasti teorie funkciondlu hustoty jsou vyménné a korelac¢ni funkcionaly,
které zcela neodstranuji elektrostatickou (coulombickou) a vyménnou interakci elektronii
se sebou samymi, nebot’ pii prostorové diskretizaci molekularniho orbitalu se ztrati informace
o tom, ze kterého elektronu kterd cast tohoto elektronového oblaku pochazi. U systémil
se silnou korelaci je pak tento jev vyznamny a kromé¢ zminéného zuzeni zakédzaného pasu
muze vést 1 k dalSim nezddoucim vysledkim vypocti. Byla proto vyvinuta fada modeli
vhodnych pro systémy se silnou korelaci [138].

Jednou skupinou moznosti je uziti zcela odliSné metody urceni elektronové struktury,

nezavislé na DFT. Mize jit o dynamickou teorii stfedniho pole [139], kterda mnohocasticovy

19



elektronovy problém zobrazuje na ,,model jedné necistoty*, nebo o aproximaci GW [140],
zalozenou na jednocasticovych Greenovych funkcich a odstinéné coulombické interakci, ktera
je ale pomérné naro¢né na pocitacovy Cas a pamét, a také pii své praktické realizaci pfi vy-
poctu odstinéné interakce vyuziva energetické pasy a vinové funkce ziskané z LDA.

Mozné je vSak také pouze rozsifit DFT za ucelem spravnéjSiho popisu elektronové
korelace nebo alesponn zisku ptesnéjSich vysledk. Byly tedy vyvinuty metody ,,self-
-interaction correction® [141] nebo DFT-'% [142], SirSiho vyuzivani se pak dockaly hybridni
funkcionaly [143], linearné¢ kombinujici vyménny a korelacni funkciondl Kohnovych—
—Shamovych rovnic s pfesnou vyménnou energii rovnic Hartreeovych—Fockovych v poméru,
ktery byva empiricky fitovanym parametrem.

Jednim z nejpouzivanéjsich rozvinuti teorie funkcionalu hustoty pro silné korelované
systémy je DFT s hubbardovskou korekei, zndma jako DFT+U [144], jejiz pocitacova
naro¢nost neni vys$i nez u standardni DFT. Spociva v rozsifeni energie o ¢len, ktery je
umérny parametru stinéné coulombické interakce U a znevyhodiluje ¢astecnou obsazenost
orbitall, ¢imz snizuje energii obsazenych stavli a zvySuje energii neobsazenych stavil
piiblizn¢ o U/2. DFT+U tedy neodstrafiuje samotnou interakci elektronti se sebou samymi,
pouze napravuje naslednou nefyzikalni delokalizaci stavl, jez by mohla vést napiiklad k ne-
spravné magnetické strukture. Disledkem vSak byva rozsifeni zakdzaného pasu na spravnou
hodnotu. Varianta s jedinym parametrem U pro kazdy druh orbitalu zanedbava sférickou
nesoumeérnost elektronové interakce [145], kromé ni existuje pivodni, rotacné invariantni
verze se dvéma parametry, obsahujici také nezavisly vyménny parametr Hundovych pravidel
J [146]. Také DFT+U se dockala rozsifeni, metoda DFT+U~+V [147] se pouziva pro systémy
trpici nejen silnou korelaci mezi elektrony pochazejicimi z jednoho atomu, ale také meziato-
marnimi elektronovymi korelacemi.

Ciselna hodnota parametru U se typicky pohybuje v jednotkach elektronvolti a zalezi
nejen na modelovaném materidlu a orbitalu, jehoZ se tyka, ale napiiklad také na konkrétnim
pouzitém vyménném a korelacnim funkciondlu, ktery opravuje. Miize byt brana jako nastavi-
telny parametr, ktery se nafituje na empirické vlastnosti materialu, kterymi nemusi byt pouha
Sitka zak4zaného pasu, ale naptiklad obecné jednotlivé pozice elektronovych past, ziskané
z rentgenové fotoelektronové spektroskopie (obsazené stavy) a spektroskopie brzdného zareni
(neobsazené stavy). Lze ji vSak pro dany systém také vypocitat z prvnich principt s vyuzitim
linedrni odpovédi na perturbaci obsazenosti, a to za pomoci vétsich simulac¢nich bunék s ome-
zenou obsazenosti lokalizovanych orbitalli jednoho z atomii [148] nebo na zékladé pertur-

bacni teorie funkcionalu hustoty [145,149].
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Modelovani nahodného rozlozZeni atomii v tuhych roztocich

Tuhé roztoky jsou pevnolatkové slouceniny, v nichz navzdory zndmému prvkovému i fazo-
vému slozeni existuji atomarni pozice bez jasného urceni druhu atomu, ktery je obsadi.
Ptikladem miize byt tuhy roztok dvou nitridd kovii AN a BN v pom¢éru 1:1, tedy ternarni nitrid
(4,B)N nebo konkrétnéji Ay sBosN. Zatimco aniontové pozice jsou jednoznacné obsazeny
atomy dusiku, kazda kationtova pozice muze byt obsazena atomem kteréhokoli z obou kovt.
Rozlozeni jednotlivych prvki v krystalické miizce vSak miize mit vliv na vlastnosti materialu,
a je mu proto vénovana experimentalni [150,151] 1 teoreticka [ 152—156] pozornost.

Jednou z moZznosti je pravidelné, tedy uspofadané rozlozeni. Takovy material pak ma
vlastni definovanou krystalickou strukturu a o tuhém roztoku lze hovofit diky tomu, Ze toto
uspotradani lze Casto nalézt jen v malé ohraniCené prostorové oblasti, a jde tedy o chemické
kratkodosahové uspotradani. Pro kvantifikaci miry uspofadani lze vyuzit Warreniv—Cowleyliv
parametr uspofadani [157]

—1 Pa-B
ap-p=1— on ,
B

kde p45 je podil atomi B v dané sféte okolo atomu A4 (slupka prvnich, druhych atd.
nejblizSich sousedl) a cp je celkova nominalni koncentrace atomi B. Zaporné hodnoty a4 5
znamenaji preferenci parovani A—B na danou vzdalenost, kladné preferenci parovani 4—A.

Druhou mozZnosti je nahodné rozlozeni atomii. Protoze jeho experimentalni existence
byla opakované prokazéana [89,151], jsou vyvijeny snahy i o jeho teoretické modelovani. To
vzhledem k omezené velikosti simulacnich bunék napiiklad v kvantovémechanickych
modelech neni na rozdil od modelovani pravidelnych krystal pfimocaré, avSak bylo vyvinuto
mnozstvi pfistuptl, jak neuspofadanost do vypoctl ab initio zavést.

Jednim z nich je ,virtual crystal approximation* (VCA) [158], ktera je technicky
nejjednodussi a vypocetni ndro¢nost modeltt ndhodné rozlozenych roztok je s jejim pouzitim
stejnd jako u pravideln¢ rozlozenych roztokd. Spociva v obsazeni kazdého mista piislusné
podmiizky virtudlnim atomem, ktery interpoluje chovani jednotlivych skute¢nych slozek, coz
lze provést vytvorenim pseudopotencialu, ktery primeéruje vlastnosti ptislusnych pseudo-
potencialt. Jsou tedy zanedbany takové jevy, jako je naptiklad lokalni pokitiveni krystalické
miizky kvili pfitomnosti atomil nestejnych polomért, a proto nelze ocekavat, ze by tato apro-
ximace reprodukovala jemnéjsi detaily vlastnosti neuspofddanych atomarnich struktur. Volbu
libovolné koncentrace jednotlivych atomt umoziuje také ,,coherent potential approximation*
(CPA) [159], kde je nahodné rozloZeny roztok aproximovan efektivnim médiem. CPA je tizce

propojena s vSeelektronovymi metodami zaloZzenymi na teorii nasobného rozptylu, jako je
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Korringa—Kohn—Rostoker, a neuziva se ve spojeni s pseudopotencidly, ale spiSe se zminénou
,muffin-tin approximation“. CPA je velmi vhodna pro modelovéani hustoty elektronovych
stavii, ale nehodi se pro geometrickou relaxaci krystalu a vypocty celkové energie.

Dalsi pfistup spociva v pouziti jistého poctu rtizné¢ uspotradanych simulacnich buné¢k
a nasledném zprameérovani jejich vlastnosti [156]. Takovy postup je samoziejm¢ znacné
vypocetné narocny a jeho pouziti je ponckud omezené, kdyz vzhledem ke kone¢nému poctu
atomu kupiikladu nelze modelovat libovolné koncentrace jednotlivych slozek, naptiklad nelze
postihnout disledky zavedeni pfimési o malé koncentraci. Krom¢ riznych chemickych prvki
se muze neuspoiadanost tykat také jednoho prvku asociovaného s rliznymi orientacemi spinl
valencnich elektront, coz bylo uspé$né vyuzito pro modelovani paramagnetu CrN jako
neuspotadaného antiferomagnetu CrT0,5Crlo,5N [160].

Primérovani dostateéné vysokého poctu riznych uspotradanych struktur vede na stejné
vysledky, jakych lze dosdhnout [160] uzitim jediné specidlni kvazinahodné struktury (special
quasirandom structure, SQS [161]). Z matematického pohledu tato struktura vede na podobné
korelacni funkce jako skutecné nahodna struktura, z fyzikdlniho pohledu pak reprezentuje
kineticky nejpravdépodobnéjsi experimentalni rozlozeni. Buiiky SQS nemuseji obsahovat
enormn¢ vysoky pocet atoml a jejich tvorbu lze realizovat nékolika zplisoby vcetné

stochastického ptistupu Monte Carlo [162].

Molekularni dynamika ab initio

Teorie funkcionalu hustoty i dal$i metody vypoctu elektronové struktury materidlli jsou
ureny k vypoctim s nehybnymi atomovymi jadry (obohacenymi o piipadné elektrony
nepopsané kvantove); absence tepelného kmitani krystalické miizky znamena podminky nulo-
vé teploty. Je ale mozné pomoci DFT provadét relaxaci atomarni struktury, tedy optimalizaci
jeji geometrie posouvanim atomovych jader na zékladé¢ Hellmannovych—Feynmanovych sil
[163], jimiz elektronovy oblak na jadra ptsobi: po optimalizaci vinové funkce se vypoctou
pfislusné sily, jadra se v jejich smérech posunou a vlnovéa funkce se optimalizuje znovu,
postup se opakuje az do zmenSeni sil pod uréenou mez. Podobnym zplisobem je mozno
relaxaci tlaku na stény optimalizovat rozméry simula¢ni buniky, tedy nalézt miizkové
konstanty materialu. Casovy rozmér v§ak ve standardni DFT neexistuje.

To je rozdil oproti klasické molekularni dynamice [164], kde se pfi znalosti hmotnosti
atomu a sil, jez mezi nimi pusobi, integruji pohybové rovnice a vysledkem je ¢asova zavislost
pozic jednotlivych atom, jez miZe simulovat tepelné kmity krystalické miize nebo dalsi d¢je

jako nanoindentaci povrchu materidlu pii méfeni tvrdosti ¢i rist tenké vrstvy z dopadajicich
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atomu. Byly v8ak nalezeny postupy propojujici molekularni dynamiku s kvantovou mechani-
kou, jsou-li zndmy parametry jako hmotnost jader ¢i naptiklad charakteristiky termostati.

Bornova—Oppenheimerova molekularni dynamika pohlizi na jadra jako na klasické
objekty, pohybujici se v potencidlu daném optimalizovanou vlnovou funkci. Neni tedy
potieba piejit k casové Schrodingeroveé rovnici, ale podobné jako pfi optimalizaci geometrie
je nutno po kazdém (zde jiz ¢asovém) kroku znovu nalézt vinovou funkci elektronového
oblaku. Jinym pfistupem je Ehrenfestova molekularni dynamika, ktera sice také pohlizi
na jadra jako na klasické Castice, ale tentokrat se pohybuji v potencialu ¢asové proménné
vlnové funkce, vzeslé z Casové Schrodingerovy rovnice, jejiz hamiltonidan zpétné zavisi
na poloze jader. Neni zde tedy nutno provadét celou proceduru self-konzistentni optimalizace
vlnové funkce v kazdém kroku, ale kviili explicitnimu feSeni dynamiky lehkych elektront je
vyzadovan velmi kratky ¢asovy krok.

Vyhody obou pfistupii spojuje Carova—Parrinellova molekuldrni dynamika [165].
Ob¢étuje explicitni popis dynamiky elektrond, jejichz hmotnost a teplotu nahrazuje fiktivnimi
hodnotami (elektrony jsou udrzovany chladné, aby se nevzdalovaly od zakladniho stavu), ale
tim umozni soucasné pouziti dlouhého ¢asového kroku i hladky vyvoj vinové funkce bez
opakovanych kompletnich optimalizaci. Jejim principem je totiz optimalizace vinové funkce
jen v uvodnim kroku, zatimco nasledné se v kazdém casovém kroku spolu s polohami jader
pouze aktualizuji koeficienty rovinnych vin ¢, definujici mnohoelektronovou vinovou
funkci. Carovu—Parrinellovu molekularni dynamiku Ize diky jeji niz§i vypocetni naroc¢nosti
dobie vyuzit pro studium systémt s mnoha desitkami atomi. Byla proto implementovéana
v nékolika pocitacovych programech vcetné specializovaného stejnojmenného CPMD [166].

Jednou z jejich aplikaci je algoritmus ,liquid quench®, simulujici prudké ochlazeni
materidlu po dopadu energetického atomu pfi ristu tenké vrstvy [167]. Timto natavenim
povrchu a naslednym rychlym utuhnutim vznikaji amorfni pevné latky, k predpovédi jejichz
atomarnich struktur se algoritmus ,,liquid quench* pouziva. Ten sestava ze ¢ty fazi: (i) uvod-
niho promiseni atomil za teploty nékolika tisic kelvinli, kdy vysoko nad teplotou tani
materidlu dojde ke spolehlivé ztraté informace o puvodnich pozicich jednotlivych atomd,
(if) exponencidlniho zchlazeni, kdy teplota postupné, ale prudce klesne na teplotu, jiz ma
béhem depozice substrat, (iii) nastoleni rovnovahy pfi této vysledné teploté a (iv) obdobi,
v némz se jiz materidlové charakteristiky zdsadn¢ neméni a jez je vyuzito ke sbéru vysledkd,
napiiklad pro potlaceni pfipadného Sumu statistickym zprimérovanim vlastnosti z vice
okamzikll. Kazdd z fazi trvd nejvyse nckolik pikosekund. Jednou skupinou hledanych

vlastnosti amorfnich latek jsou vazebné statistiky (jez by u latek krystalickych byly pevné
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déany pouhou informaci o jejich krystalické mfizce), jejichz vySetfeni na zakladé poloh
atomovych jader a center maximalné lokalizovanych Wannierovych funkci (mist s nejvyssi
elektronovou hustotou, reprezentujicich elektronové pary) je nepfimocaré zejména u materi-
alt s podilem kovovych vazeb [168]. Po piedpovédi atomarni sit¢ daného amorfniho materi-

alu je ddle mozno vypocitat jeho elektronovou strukturu pomoci standardni DFT.

Uziti ziskanych energii pro vypocet mechanickych viastnosti krystalu

Po pouziti teorie funkcionalu hustoty nebo alternativni metody vypoctu energii krystalického
materidlu s riznymi objemy (izotropni deformace pfi pevnych vazebnych uhlech) lze tyto
energie vyuzit k zisku rovnovazného objemu V;, energie krystalu v tomto objemu E,
objemového modulu tuhosti By = Vo - d*E(V,)/dV? a jeho tlakové derivace B'. Piestoze existuji
alternativy [169], standardnim postupem je pouziti metody nejmensich Ctvercii k proloZeni

zavislosti energie na objemu E(}) Birchovou—Murnaghanovou stavovou rovnici [170,171]:

E(V) = Eo+2BoVo ((Vlo)g - 1)2 +2By(B' — D)V, ((Vlo)g - 1>

Jeji Ctyfi parametry jsou pfimo zminénymi hledanymi krystalovymi charakteristikami.

3

Na rozdil od ptipadné (tfiparametrové) paraboly postihuje Birchova—Murnaghanova rovnice
dobie nenulovost hodnoty B', kterd je u béznych materiali kladna (pfi rozpindni materialu
roste energie pomaleji nez pii stlaCovani, B' obvykle nabyva hodnoty kolem 4). Zatimco
rovnovazny objem a modul tuhosti maji ptimy fyzikdlni vyznam, energie E, jej postrada
(zélezi naptiklad na volbé poctu kvantové popsanych elektronli, konkrétniho pseudopotenci-
alu apod.), ale mize poslouzit k vypoctu formovaci energie ¢i nize popsanych mechanickych
vlastnosti nebo k tvorb¢ dalSich zavért, zalozenych na energetickych rozdilech.

Veskeré elastické vlastnosti krystalu jsou popsany jeho elastickym tenzorem C (téz
tenzor tuhosti ¢i pruznosti). V plném znaceni jde o tenzor ¢tvrtého fadu s mnoha symetriemi,
ale Voigtova notace, prodluzujici vektory ze tii slozek na Sest, umoziiuje zGzeni indexl
ze Ctyf na dva (pro jejich dvojice plati 11—1, 22—2, 33—3, 23—4, 13—5, 12—6). Einstei-
nova sumacni konvence zase povoluje vynechani suma¢niho znaménka, vyskytuje-li se v soucinu
stejny index dvakrat. Elasticky tenzor je tedy definovan jako C; = (62E/88i88j)/ Vo, kde € je ten-
zor pietvoreni. Deformacni energie je AE/Vy = Cye;e;/2 za piedpokladu linearni deformace, tj.
platnosti Hookova zadkona pro napéti o; = Cje;. Bornova kritéria stability udavaji, Ze kazdy
existujici material musi mit kladnou deformacni energii (pozitivné definitni elasticky tenzor),

coz umoziuje ovétit mechanickou stabilitu materidll, existujicich jako poc¢itacovy model.
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Jakozto matice je elasticky tenzor symetricky, z 36 mé& pouze 21 nezéavislych prvki
a tento pocet mize dale klesat diky symetriim krystalu. Nejobecnéjsi triklinicka soustava ma
plnych 21 nezavislych slozek Cj;. Hexagonalni soustava mé 5 nezavislych slozek a plati

C11 G2 Gz O 0
Ciz Ci1 Gz O 0
Co . — Ciz Ciz3 Gz O 0
hex 0 0 0 C4u O
0 0 0 0  Cyq
[ 0 0 0 0 0 Cgel

, kde Ce6 = (C11 — C12)/2.

oS O o oo

Kubicka soustava mé 3 nezavislé slozky a plati

C;y Ci Ci 0 0 07
C, C4 Cp, 0 0 O
c |Gz C2 € 0 0 0
kb= po 0 0 C4 O O
0 0 0 0 Cu O
L0 0 0 0 0 Cyl

Izotropni materidly (polykrystaly s nahodnou orientaci zrn nebo amorfni latky) maji jen
2 nezavislé elastické konstanty.

Slozky elastického tenzoru Cj; 1ze pomoci DFT ziskat provedenim simulaci deformaci
krystalu s pfedem optimalizovanymi mfizkovymi parametry. Deformace jsou provadény
v tolika médech, kolik je nezavislych slozek Cj pro danou krystalickou strukturu. Kazdy mod
je definovan tenzorem pietvoreni € [172,173], jehoZ jedinou proménnou v rdmci médu je mira
dané deformace. Diky znalosti tvaru tenzoru pfetvoreni je zndma i teoreticka zavislost defor-
macni energie AE/V, na kvadratu miry deformace — jde o pfimku, jejiz smérnici je zndma
line4rni kombinace nékterych slozek Cj; a kterou lze prolozit vypocitanou zavislosti energie
na kvadratu miry deformace. Po zisku smérnic pro vSechny pottebné deformacni mody se
vyfeSenim soustavy linearnich rovnic ziskaji jednotlivé slozky elastického tenzoru Cj.

Ze slozek elastického tenzoru monokrystalu pak lze na zakladé Voigtovy—Reussovy—
—Hillovy aproximace [174—176] odhadnout elastické moduly pftislusného polykrystalu, kromé
jiz znamého objemového modulu B naptiklad také stfihovy modul G, Youngtv modul £ nebo
Poissonovo ¢islo v. Z nich pak 1ze dokonce odhadnout indentacni tvrdost materidlu na zakladé

jedné ze tii pouzivanych aproximaci [177-179].
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I D Teoretické metody (vlastni prispévek)

Tato ¢ast nezahrnuje metodické poznatky uvedené v publikacich ptfilozenych v kapitole 111
(naptiklad prohloubeni znalosti o vlivu rozlozeni atomli v tuhém roztoku), ale pouze dva dalsi

poznatky, které v té€chto publikacich rozvedeny nejsou.

Vypocty viastnosti izolovanych molekul

Kromé pevnych latek lze teorii funkciondlu hustoty vyuzit také pro vypocCty tykajici se
malych molekul. Nevyhnutelné je to napiiklad pro zisk formovaci energie nitridit kovli, nebot’
nejstabilngj§imi fazemi chemickych prvki, které je tvofi, jsou objemovy kov a plynny mole-
kuldrni N». Energie zdkladniho stavu této molekuly se miize pocitat naptiklad v krychlové
simula¢ni bunice s meziatomovou vazbou rovnobéznou s jednou z jejich hran; konkrétni
umisténi molekuly ke sténé nebo do stiedu buiiky nema na vysledky vliv. Pfi vypoctu plati
periodické okrajové podminky, a je proto nutné zajistit, aby nebyl ovlivnén nezadouci
interakci molekuly s jejimi periodickymi obrazy. Toho se docili pouzitim dostate¢né velké
simula¢ni bunky, coz ale zvySuje ndroky na pocitaCovou pamét’ rychlosti V' InV, kde V je
objem simula¢ni buiiky [180].

Pro rychlejsi konvergenci vysledkt (u molekuly mtiZe jit kromé energie napiiklad o dél-
ku vazby) vzhledem k velikosti simula¢ni buniky L bylo v minulosti vytvoieno nékolik druha
korekci zakladniho vypocetniho postupu. Jednou z variant je metoda efektivniho stiniciho
média [181], ktera je specidlné urcena pro polarizované nebo nabité vrstvy (periodické
ve dvou ze tii kartézskych smérti a modelujici povrchy nebo rozhrani) a spociva v obaleni
vrstvy vakuem nebo kovovymi elektrodami, které navic umoznuji aplikaci elektrického pole.
Jinou metodou je vSeobecné vyuzitelna Makovova—Paynova korekce (MP [180]), ktera k cel-
kové energii pfi¢ita ¢len, jenZ ma vyznam zejména pro nabité nebo polarni molekuly, u nichz
zrychluje konvergenci z L~ na L, ptipadné pro nabité neperiodické poruchy v pevnych
latkach, pro n&z mize byt rychlost konvergence vypodti bez korekce jen L. Korekce MP je
obzvlasté ucinna pii pouziti krychlové simulaéni buniky diky zvlaStni symetrii pouzitych
Legendrovych funkci. Dal$i metodou je Martynova—Tuckermanova korekce (MT [182]), ktera
se uplatinuje uz v pribéhu vypoctu a spociva ve zméné zpusobu vypoctu dalekodosahové
coulombické interakce v reciprokém prostoru.

Pti prizkumu dusledkt pouziti korekci MP a MT jsme provedli vypoclty energie
a délky vazby molekuly dusiku, jehoz atomy jsou reprezentovany ultramékkym pseudopoten-

cidlem. Kvantové je popsano pét elektronit kazdého atomu (orbitaly 2s a 2p). Jsou pouzity
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energetické cut-offy o velikostech 30 Ry pro vinovou funkci a 240 Ry pro elektronovou hus-
totu (1 Ry = 13,605 eV). Vzhledem k absenci uspotadani na dlouhou vzdalenost postacuje vy-
uziti jediného k-pointu. Nejmensi zkoumana velikost hrany simulaéni buiiky 4,15 ag = 2,20 A
(pro Bohriiv polomér piiblizné plati 1 ag = 0,529 A) je rovna dvojnasobku experimentalni
délky vazby (jde o trojnou kovalentni vazbu s délkou uvadénou obvykle jako 1,098 A), atomy
jsou od sebe v tomto ptipad¢ vzdaleny piesné polovinu hrany buiiky. Disledkem toho jsou
symetrické sily ptisobici na kazdy atom, coz znemoziuje optimalizaci geometrie. Pti pouziti
vétsich bun€k je vzdalenost atomi na zacatku vypoctu zachovéna, zaujima vsak jiz méné nez
polovinu délky hrany simulaéni buiiky, vyslednice sil je nenulova a délka vazby je ziskana

relaxaci sil pomoci optimalizace pozic jader atomd.

-38,54(@) —s— bez korekce -
—e— Makov—Payne

A —
-39,04 Martyna—Tuckerman |

-39,5+ 4
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N
1
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Délka vazby NN (A)
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Obr. 6: Celkova energie (a) a délka vazby (b) molekuly dusiku v zavislosti na velikosti simula¢ni bunky L
a zpusobu korekce periodickych okrajovych podminek.

Na obrazku 6(a) je vykreslena vysledna energie dvouatomové simulacni buiiky (mole-
kula plynu N;) v zavislosti na velikosti této buiiky. Zaprvé lze z piekryvu zavislosti vypozoro-
vat, ze vypocet s periodickymi okrajovymi podminkami bez jakékoli korekce a vypocet s ko-
rekci celkové energie podle Makova a Payna vedou na téméf stejné vysledky, jak bylo mozno
pro neutrdlni nepolarni molekulu N, ocekavat. MP korekce ¢ini 0,029 Ry pro L = 4,15 ap,

0,007 Ry pro L = 5 ag, je blizka nule pro L = 10 ag a nulovéa pro vétsi buiiky. Zadruhé je
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patrno, ze vypocet vyuzivajici opravu podle Martyny a Tuckermana vede na odli§né vysledky.
Na rozdil od ptfedchozich dvou metod zde nedochazi ke konvergenci energie z jednoho sméru,
ale k oscilaci kolem zkonvergované hodnoty. Rozdily mezi energii MT a ptedchozimi dvéma
metodami jsou pro nékteré datové body vice nez o fad vétsi nez vzajemné rozdily mezi MP
a neizolovanou buiikou. Zatfeti 1ze nahlédnout, Ze konvergence je dosazeno pro vSechny
druhy vypoétu pii podobné velikosti buiiky, kterd obn4si asi 15 ag (7,9 A).

Na obrazku 6(b) je vykreslena délka vazby v molekule N, ziskana strukturni relaxaci
(geometrickou optimalizaci), opét v zavislosti na velikosti simulac¢ni buiiky. VSechny vypoci-
tané délky jsou vEtsi nez experimentdlni délka vazby, zkonvergovana hodnota asi o 1 %, coz
muze byt zplisobeno vyuzitim vyménného a korelacniho funkcionalu typu GGA, ktery na
mensi vazebné energie, a tedy delSi vazby Casto vede. Z obrazku lze vycist, Ze pro nejmensi
simula¢ni bunku (s velikosti rovnou dvojnasobku délky meziatomové vazby) vedou vSechny
vypoCty na stejnou délku vazby. To je zplsobeno symetrii ulohy, kterd vede ke zminénym
soumérnym silam, optimalizace geometrie neprobihd a zachovava se délka vazby z pocatku
vypoctu. Z prekryvu zévislosti pro ptipad bez korekce a s korekci MP je dale patrné, ze tento
druh korekce vysledné pozice atomil neovlivnil. Lze téz nahlédnout, ze konvergence pro dél-
ku vazby je dosazeno pfti stejné velikosti buniky jako v ptipadé celkové energie, tedy 15 ag,
a to nezdvisle na druhu korekce. Odchylka od experimentalni hodnoty vSak pod 1 % klesla uz
pii pouziti bunky o velikosti 10 ag. Obrazek také ukazuje, Ze uz pti velikosti buniky 5 ag, tedy
piiblizné 2,4nasobku délky vazby (dvojnasobek je nezbytnym minimem), jsou vysledky zis-
kané bez korekce ¢i s korekci MP pomérné blizké zkonvergované hodnoté. Izolace typu MT
naopak pfi této velikosti vede na naprosto nerealistickou délku vazby, kdyz béhem vypoctu
v tomto piipadé vzdalenost atoml vzrostla az na hodnotu Cinici pfesné polovinu rozmeéru
buniky. S ohledem na tyto skutecnosti tedy korekce podle Martyny a Tuckermana neni déle
v praci vyuzita a pro vypocty energii izolovanych molekul je volena krychlova simulaéni

bunka s hranou délky 15 ap a korekei celkové energie podle Makova a Payna.

Vliv parametru U na charakteristiky feromagnetickych krystalit Ho a HoN

V této sekci je prozkouman vliv velikosti energetického parametru U v metodé¢ DFT+U
na energii zakladniho stavu, objemovy modul tuhosti, miizkovou konstantu a hustotu
elektronovych stavii jednak feromagnetického kovového holmia, a jednak nitridu holmia
s feromagnetickym uspofadanim kovovych atomt. Vypocty jsou provedeny s nesparovanymi

elektronovymi spiny a vyménnym a korelacnim funkciondlem GGA. Atomova jadra a vnitini
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elektronové slupky jsou popsany ,,norm-conserving* pseudopotencidlem v piipadé¢ holmia
a ultramékkym pseudopotencidlem v piipad¢ dusiku. Kohnovy—Shamovy rovnice jsou rozvi-
nuty v bazi rovinnych vin s nékolika riznymi cut-offy vinové funkce (E., = 60, 70 a 80 Ry)
1 elektronové hustoty (pce = 360 a 560 Ry). Hubbardovské U je pouzito na orbitaly 4/ atomt
Ho (pouzity program QUANTUM ESPRESSO 5.4.0 umoziuje volbu orbitalu pro kazdy prvek
zménit editaci zdrojového kédu a prekompilovanim, od verze 7.1 je tato volba mozna piimo
ve vstupnim souboru vypoctu). Hodnota U se méni od 0 do 10 eV pro Ho a od 0 do 22 eV
pro HoN (zde je interval rozsifen za ucelem potvrzeni pozorovanych trendi). Obsazenost
stavil blizkych Fermiho mezi je rozmazéna podle Marzariho a Vanderbilta s Sitkovym para-
metrem 0,1 eV. Celkovy pocet elektronovych stavii je roven vychozi hodnoté 1,20nasobku
poctu obsazenych stavli. Pro kovové holmium je simula¢ni buiika tvofena dvouatomovou
primitivni buiikou hexagonalni tésn¢ uspotfddané struktury s pevnym pomérem miizkovych
parametri c/a = 1,570 [67]. Pro nitrid holmia je simula¢ni builka tvofena osmiatomovou
konvencni buiikou kubické plosné centrované struktury. Obé buniky jsou vzorkovany mfizkou
12 x 12 x 12 k-pointii podle Monkhorsta a Packa. Mtizkovy parametr a se méni od 90
do 110 % pftiblizné rovnovazné hodnoty, ¢imz vznika az 21bodové kiivka zachytavajici
zavislost energie na objemu, nasledné vyuzitd k fitovadni Birchovy—Murnaghanovy stavové
rovnice a zisku rovnovazného objemu V) (a miizkového parametru aj), objemového modulu
tuhosti By a energie zdkladniho stavu Ej.

Magnetizace je charakterizovana primérem absolutnich magnetizaci simulac¢ni buiiky
pfes vSechny pouZzité objemy. Absolutni magnetizaci zde rozumime prostorovy integral
z absolutnich hodnot lokélnich magnetizaci. Sama absolutni magnetizace se obvykle mono-
tonné meéni s objemem, ale pramér lezi blizko absolutni magnetizace buiiky s rovnovaznym
objemem, proto je prumér uzit jako odhad rovnovdzné hodnoty magnetizace. Primérovani
také 0€inn€ odstrani piipadny statisticky Sum.

Obréazek 7 zobrazuje zavislosti energie a neprimérované magnetizace na objemu
pro feromagnetické holmium tak, jak byly ziskany vypocty s Ecie = 70 Ry, peur = 560 Ry
a hubbardovskym U mé&n&nym od 0 do 10 eV. Hodnota U = 10°° eV je pouZita pro ptipadné
podchyceni technickych rozdili mezi vypocty bez korekce a s ni, ale toto podezieni je vyvra-
ceno piekryvem kiivek pro 0 a 10® eV. V grafech nejsou zobrazeny body odpovidajici
nezkonvergovanym self-konzistentnim optimalizacim vinové funkce, stejné jako body, jejichz
vypocty zkonvergovaly k nekvalitnim lokélnim energetickym minimim, a tedy nezapadaji
do hladkych zavislosti, tj. naptfiklad do zévislosti birchovsko-murnaghanovské v piipadé

energie. Je mozno si vSimnout, Ze pocet téchto vyfazenych bodu je zde vyssi pro vypocty
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s U> 4 eV. Energie zékladniho stavu E, znatelné€ roste s rostoucim U. Monoténni trend riistu
magnetizace s objemem nastava pouze v piipadech U=0 a U> 2 eV, pro stfedni hodnoty U
je objemova zavislost magnetizace konkavni; pokles magnetizace pti vysSich objemech miize
mit vliv na energetické kiivky v tom smyslu, Ze jejich velkoobjemové ¢asti jsou spise linearni
nez birchovsko-murnaghanovské, coz ale kvalitu fitu znatelné¢ nezhorSuje, naopak kiivky

ziskané s U= 2 eV jsou fitovatelné nejsnaze.
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Obr. 7: Zavislosti (a) energie a (b) magnetizace na objemu pro feromagnetické holmium,
ziskané s E.; = 70 Ry, p.y = 560 Ry a riznymi hodnotami U (viz legendu).

Obrazek 8 ukazuje krystalové charakteristiky feromagnetického holmia zprimérované
pies Sestici vypocti s rtiznymi E¢y a peye jako funkce pouzitého parametru U. VSechny
hodnoty energetickych cut-offii jsou dostate¢né vysoké a mohou vést na smysluplné a vza-
jemné podobné vysledky, jejichz primérovani tedy pouze potlaci statisticky Sum; hustotni
cut-off poy > 4Eq je pro vypocet vyuzivajici pouze ,,norm-conserving™ pseudopotencial
dokonce nadbytecné vysoky. Navzdory témto skuteCnostem vede pouziti poys = 560 Ry syste-
maticky na zavislosti energie na objemu, jez se snaze fituji (maji vyssi pocet pouzitelnych

datovych bodii), jakoz i na mirn& vys§i By (asi o 2 GPa) a nizsi aq (asi 0 0,01 A) nez pouziti
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B, (GPa)

E(U)- E|0) (eV/at.)

Abs. mag. (x4, /2 at.)

peut = 360 Ry (jehoz vysledky nejsou v obrazcich 7 a 8 ptfimo uvedeny). Obrazky 8(a) a 8(b)
odhaluji rostoucti trend By s ristem U a konvexni zavislost ay (jehoZ hodnota je trvale blizko
experimentalnim 3,578 A [67]). Obrazky 8(c) a 8(f) potvrzuji trendy energie a poétu
pouzitelnych datovych bodl zminéné v minulém odstavci. Obrazek 8(e) v souladu s obrazkem

7(b) ukazuje rostouci trend magnetizace vzhledem k U a jeji nasyceni pro U > 2 eV.
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Obr. 8: Krystalové charakteristiky feromagnetického holmia: (a) objemovy modul tuhosti, (b) miizkova
konstanta, (c) energie zakladniho stavu pfi rovnovazném objemu porovnand s pripadem U = 0, (d) tlakova
derivace objemového modulu tuhosti, (e) absolutni magnetizace zpriimérovand ptes pouzité objemy a (f) pocet
datovych bodi zavislosti energie na objemu pouzitych pro fitovani Birchovy—Murnaghanovy rovnice. Jsou
zobrazeny primérné hodnoty z vypoctl s proménnymi E.; a p., @ chybové GseCky znazoriuji standardni
smérodatnou chybu tohoto priméru.

Obrazek 9 zobrazuje hustotu elektronovych stavii (density of states, DOS) feromagne-
tického holmia, ziskanou se tfemi vybranymi velikostmi U. VSechny tfi vedou na magnetizaci
blizkou 4 ug na atom Ho, coz odpovida elektronové konfiguraci Ho v objemovém materialu
4f:0 4fsy”. Zatimco obsazenost Fermiho meze (Ep) je pro viechny velikosti U nenulova
pro oba spiny (charakteristika kovu), vrcholy v hustotach stavii odpovidajici obsazenym
(E < Ef) aneobsazenym (£ > Ef) pasim se podle ocekavani s rostouci hodnotou parametru U

vzajemné vzdaluji.
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Obr. 9: Hustota elektronovych stavii (DOS) feromagnetického holmia}, vypocitana se tfemi hodnotami parametru
U. Kladné hustoty popisuji majoritni spin, zdporné minoritni spin. Carkovana usecka oznacuje Fermiho mez.

Obrazek 10 ukazuje zavislosti energie a neprimécrované magnetizace na objemu

pro nitrid holmia s feromagneticky uspofadanymi atomy Ho tak, jak byly ziskany vypocty

S Ecit = 70 Ry, per = 560 Ry a hubbardovskym U ménénym od 0 do 22 eV. Neutspésne

zkonvergované datové body nejsou zobrazeny. Pocet téchto vyfazenych boda dale klesa pii

ristu U nad 10 eV (nezobrazeno graficky).
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Obr. 10: Zavislosti (a) energie a (b) magnetizace na objemu pro feromagneticky nitrid holmia,
ziskané s E.,; = 70 Ry, p.y = 560 Ry a riznymi hodnotami U (viz legendu).
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Na obrazku 11 je vidét, ze charakteristiky By, ao, Ey 1 magnetizace HoN rostou mono-
tonné€ s rostoucim U. Tyto veliiny také mirn€ zaviseji na volbé p.y, podobné jako v pripadé
kovového holmia: zvyseni pey z 360 na 560 Ry snizuje ag 0 0,005 A a zvysuje By asi o 3 GPa.
Zvoleny pseudopotencidl, popiipadé¢ zejména vyménny a korelacni funkcional, mirné
s vypoctem [60], ac jiz bylo dosazeno i niz$ich teoretickych hodnot [56]), zatimco experimen-
talni miizkova konstanta je 4,87 A [62,63,70]. Objemovy modul tuhosti HoN je v literatuie

znaéné rozkolisany, a tak nelze B, vyuzit jako indikator spolehlivosti vypocetni metodiky.
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Obr. 11: Krystalové charakteristiky feromagnetického nitridu holmia: (a) objemovy modul tuhosti, (b) mfizkova
konstanta, (c) energie zakladniho stavu pfi rovnovazném objemu porovnand s pripadem U = 0, (d) tlakova
derivace objemového modulu tuhosti, (e) absolutni magnetizace zpriimérovana ptes pouzité objemy a (f) pocet
datovych bodi zavislosti energie na objemu pouzitych pro fitovani Birchovy—Murnaghanovy rovnice. Jsou
zobrazeny primérné hodnoty z vypocétl s proménnymi E. a p. @ chybové GseCky znazoriuji standardni
smérodatnou chybu tohoto priméru.
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Obrazek 12 zobrazuje hustotu elektronovych stavii nitridu holmia s feromagneticky
uspofadanymi atomy Ho pro tfi vybrané hodnoty parametru U. Tak jako v ptipadé kovového
holmia je 1 zde magnetizace blizka 4 ug na atom Ho. Zatimco pii U=0 je Fermiho mez
castecné obsazena elektrony s minoritnimi spiny, procez lze HoN oznacit za ,,half-metal* (coz
uz bylo v minulosti zji§téno [56]), rostouci U vede na vzajemné vzdaleni obsazenych a neob-
sazenych elektronovych pési a otevieni zakdzaného pasu pro oba spiny. Vrcholy hustoty
stavli pochazejici z dusikovych orbitali 2s a 2p svou pozici pii zméné parametru U neméni;

obrazek potvrzuje, ze korekce se tyka pouze holmiovych orbitalt 4f.
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Obr. 12: Hustota elektronovych stavi (DOS) feromagnetického nitridu holmia, vypoéitané se ttemi hodnotami
parametru U. Kladné hustoty popisuji majoritni spin, zd&porné minoritni spin. Carkovand usecka oznacuje
Fermiho mez. Vnoteny panel zobrazuje detail okoli Fermiho meze pro U = 0.

V této sekci byl vySetien vliv velikosti parametru U na vybrané vlastnosti feromagnetic-
kych Ho a HoN. Moznost vyuziti ziskanych poznatki pro urCeni realistického U je ale
omezend vzhledem k systematické chybé ve vypoctu miizkové konstanty a nedostupnosti
spolehlivé hodnoty objemového modulu tuhosti. Formovaci energie HoN vzhledem ke kovo-
vému Ho a plynnému N, urcend zde jako —1,16 eV/at. pro U = 0, rovnéz nemlze byt vyuzita
k urceni spravné hodnoty U, protoze energie zakladnich stavii Ho 1 HoN rostou s U navzéjem
podobné (obr. 8(c) a 11(c)), ¢ili formovaci energie HoN roste polovicni rychlosti, nebot’ pfi
vypoctu formovaci energie se od Eo(HoN) odecita 2Ey(Ho). Je naopak nutno najit spravné
hodnoty U pro kazdy material nezévisle na sob€ a vysledné energie pak pro vypocet vyuzit.
K nalezeni parametru U tedy mtize poslouzit napiiklad vySe zminény vypocet pomoci

perturbacni teorie funkcionalu hustoty.
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II Cile prace

Ptredkladana prace pomoci pocitaCovych simulaci na urovni kvantové mechaniky modeluje
pevné latky a simuluje nékteré procesy pfi jejich vzniku. Kromé optimalizace metodiky téchto
vypoctt je jednim z jejich tkold podpora experimentalni pfipravy tenkovrstvych materidld,
ktera paraleln¢ probihala na pracovisti, kde prace vznikla. Tim je do zna¢né miry déana

mnozina materiall, jejichz vlastnosti jsou v praci predpovidany ¢i vysvétlovany.
Byly stanoveny nésledujici konkrétni cile disertacni prace:

1. Prozkoumat fazovou stabilitu a mechanické vlastnosti krystalickych binarnich
a ternarnich nitrida prvka z riznych skupin ranych pfechodovych kova (Hf.AM N, kde
M =Y, Ho, Ta, Mo; x = 0,00, 0,25, 0,50, 0,75, 1,00). Vysetfit ptipadnou zavislost
formovaci energie terndrnich nitrid na geometrické optimalizaci atomové struktury

a na rozlozeni atomt jednotlivych kovovych prvkd.

2. Pomoci modelt krystalickych nitridd MN a amortnich nitridit Hf-M-Si—B—C—N vysetfit
vliv volby ptechodového kovu M z raznych skupin periodické tabulky na mechanické
vlastnosti, vazebné statistiky a elektronové struktury Hf-M-Si-B-C—N o slozenich
zalozenych na existujicich experimentalné pfipravenych tenkych vrstvach. Pro piipad

M =Y prozkoumat vliv mnozstvi dusiku na vlastnosti Hf~M-Si—B—C—N.

3. Nalézt vhodnou metodu urceni vybranych charakteristik pro magnetické materialy jako
HoN a urcit upfednostiiovanou spinovou strukturu HoN, reprodukujici experimentalné
zmétenou velikost jeho magnetického momentu. VysSetiit vliv magnetického momentu

na studované charakteristiky.

4. Vypocitat elektronovou strukturu nitridu Ta,N3 a oxynitridu Ta,N,O s bixbyitovou
kubickou krystalickou strukturou. Vysvétlit naméfené elektrické a optické vlastnosti
Ta;N,O jako teplotni zavislost elektrické vodivosti ¢i spektralni zavislost optického

extinkéniho koeficientu, zejména pak existenci, poptipadé Sitku zakazanych pasi.

5. Pomoci modelu krystalického multikomponentniho diboridu Tig25Zrp25Hfo 25Tag25B2
s vhodnym prostorovym rozlozenim atoma jednotlivych kovl prozkoumat vliv
koncentrace (0-50 %) a rozlozeni vakanci a uhlikovych substituci na boérovych pozicich
na materidlové vlastnosti, jako jsou termodynamicka stabilita, objem na atom,

elektronova struktura a mechanické vlastnosti.
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III Vysledky a diskuse

Vysledky jsou ptredlozeny ve formé& CcCtyf c¢lanka publikovanych v impaktovanych
mezinarodnich casopisech (Casti Il A — III D) a jednoho rukopisu ¢lanku, predlozeného
k posouzeni k publikaci v impaktovaném mezinarodnim casopise (Cast IIIE). Tyto
chronologicky uvedené texty shrnuji nejzasadnéjsi vysledky ziskané od zati 2018 béhem
mého doktorského studia na katedfe fyziky Fakulty aplikovanych véd Zapadoceské univerzity
v Plzni a pokryvaji vSechny zminéné cile prace (v castech III A, B, C, D, E jsou postupné
feseny cile 4, 1+2+3, 5, 2, 3).

Provedl jsem naprostou vétSinu publikovanych vypocth ab initio. V casti III A jsem
vypocital hustotu elektronovych stavi Ta;N3 a Ta;N,O pomoci programu PWscf. V ¢asti
III B jsem piipravil, provedl a zpracoval veskeré pocitacové vypocty tykajici se krystalickych
MN a Hf .M, N i amorfnich Hf(-M)-Si—B—C-N, zmé¢fil rezistivitu nékolika tenkovrstvych
vzorkli a analyzoval teoretické 1 dostupné experimentalni vysledky. V casti III C jsem se
podilel na névrhu tématu, pfipravé vSech simulacnich bunck Tig2s5Zro25Hfp25Tag25B2(Cy)
a vypoctu formovacich energii a vypocital jsem mechanické a elektronické vlastnosti. V ¢asti
HID jsem vypocital vazebné statistiky a hustotu elektronovych stavii pro oba teoreticky
zkoumané materidly Hf-Y-Si-B-C-N. V ¢asti III E jsem navrhl téma magnetickych
vlastnosti HoN a provedl veskeré vypocty.

V ¢&astech III B, III E a z¢asti 111 C jsem napsal prvni verze textii a nakreslil obrazky,
v castech III A a zc¢asti III D jsem napsal sekce pfislusné teoretickym vypoctim. Ve vSech

textech jsem se podilel na naslednych korekcich a tvorbé konecnych verzi.

45



III A Vrstvy Ta,N,0 s bixbyitovou strukturou, pripravené pomoci

HiPIMS a nasledného zihani: struktura a vlastnosti
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ABSTRACT

High-power impulse magnetron sputtering of a Ta target in precisely controlled Ar+O,+N, gas mixtures was used to prepare amorphous
N-rich tantalum oxynitride (Ta-O-N) films with a finely varied elemental composition. Postdeposition annealing of the films at 900 °C for
5min in vacuum led to their crystallization without any significant change in the elemental composition. The authors show that this
approach allows preparation of a Ta-O-N film with a dominant Ta,N,O phase of the bixbyite structure. As far as the authors know, this
phase has been neither experimentally nor theoretically reported yet. The film exhibits semiconducting properties characterized by two
electrical (indirect or selection-rule forbidden) bandgaps of about 0.2 and 1.0eV and one optical (direct and selection-rule allowed)
bandgap of 2.0 eV (suitable for visible-light absorption up to 620 nm). This observation is in good agreement with the carried out ab initio
calculations and the experimental data obtained by soft and hard X-ray photoelectron spectroscopy. Furthermore, the optical bandgap is
appropriately positioned with respect to the redox potentials for water splitting, which makes this material an interesting candidate for this
application.

Published under license by AVS. https://doi.org/10.1116/6.0000066

I. INTRODUCTION

Binary films from the Ta-N system have interesting properties

conduction band. The calculations further predicted an optical
bandgap of about 2 eV. Upon annealing above 850 °C in vacuum,

including high hardness,"”” wear’ and corrosion” resistance, or pho-
tocatalytic activity.”® The Ta-N system is quite complex mainly
due to the occurrence of various metastable phases.”” Among
them, there is also a rare one that was first prepared using a CVD
technique by Ganin et al.'’ The authors characterized this phase as
a Ta;N; compound with a bixbyite structure of the Ia3 space
group (let us denote this phase as b-Ta,N; from now on). This
phase was also later prepared by Salamon et al.'' using magnetron
sputtering followed by postdeposition annealing at 450°C in
vacuum. The authors found that the b-Ta,N; films were electrically
conductive. This observation was also supported by their ab initio
calculations showing that the Fermi level is positioned in the

the films transformed into the NaCl-type 8-TaN phase.

Adding oxygen into the Ta-N system provides a possibility to
prepare Ta-O-N films that have been intensively studied in the last
few years due to their promising mechanical,'”"” electrical,"*"'
optical,’” ™" antibacterial,”> and especially photocatalytic
properties. By far, the most studied phase in the Ta-O-N system
is the monoclinic B-TaON.** Some of the less known phases include
the monoclinic 7/-TaON,23 the tetragonal 5-TaON,’® and the hexago-
nal @-TaON.”” The hexagonal one has, however, been refuted on the
basis of quantum-chemical calculations.”

High-power impulse magnetron sputtering (HiPIMS) is a
modern physical vapor deposition technique utilizing a very high

21-23
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discharge power density that is delivered to the target in short
pulses (50-200us) at a relatively low pulse repetition frequency
(50-1000 Hz) in order to avoid target overheating.”’j " The main
benefit of this technique is an enhanced dissociation and/or ioniza-
tion of gas and target species. Recently, it has been demonstrated
in our laboratories that controlled HiPIMS is a suitable technique
for preparation of various oxynitride films with a continuously
varying concentration ratio of N and O atoms and thus their
properties.”

The present work follows up on our previous study”” focusing
on Ta-O-N films (prepared by HiPIMS) with continuously
varying composition from tantalum oxide (Ta,Os) to tantalum
nitride (TaN) and particularly on the annealed film with the mono-
clinic f-TaON phase. In the present work, our main focus is on
preparation of N-rich Ta—O-N films, i.e., with a prevalent nitrogen
content, by the same deposition technique. After postdeposition
annealing, we identify a crystalline Ta,N,O phase with the bixbyite
structure in a particular film (let us denote this phase as b-Ta,N,O
from now on). As far as we know, this phase has been neither
experimentally nor theoretically reported yet. Therefore, we pay
great attention to optical and electrical properties of the film with
the dominant b-Ta,N,O phase and its electronic structure in view
of potential applications for water splitting.

Il. EXPERIMENTAL AND METHODOLOGY
A. Film preparation

The Ta-O-N films were deposited using the same deposition
system as described in Ref. 33. The base pressure before each depo-
sition was lower than 5 X 107> Pa. Ar was introduced into the
chamber at a flow rate of 50 sccm. The pumping speed of the tur-
bomolecular pump was adjusted using a throttle valve to attain an
Ar partial pressure of 1.000 Pa. Subsequently, a mixture of N, and
O, was admitted [via individual mass-flow controllers (MFCs)] at
corresponding flow rates, ¢y, and ¢,, into the chamber. Values
of ¢y, and ¢g, were regulated using MFCs controlled by a PID
unit (647C, MKS Instruments) in order to keep the total pressure
during the reactive deposition constant at 1.095 Pa for all deposi-
tions, while the preset nitrogen fraction in the total reactive gas
flow, fxo = dna/ (Do, + Pna)» Was set to a constant value from a
narrow range 95%-100% for a given deposition.

The magnetron (HVM Plasma Ltd.) was driven by a high-
power pulsed direct-current power supply (HMP 2/1, Hiittinger
Elektronik). The negative-voltage pulse duration, ton, and the pulse
repetition frequency, f;, were kept constant at 50us and 170 Hz,
respectively. The corresponding duty cycle, ton/T, was 0.85%,
where the pulse period T = 1/f,.

The waveforms of the target voltage, Ur(t), and discharge
target current, I4(f), were recorded by a digital oscilloscope
(PicoScope 6403C, Pico Technology) using voltage (TT-HV 150,
Testec) and current (CT-E0.5-B, Bergoz) probes. The average dis-
charge target power density in a pulse was evaluated as

1 ton
Py, = Up () I,(t) dt, 1
= | U010 m

where Ap stands for the total target area (/20 cm? in our case).

avs.scitation.org/journalljva

The average discharge target power density in a period, Py, was
evaluated accordingly as

- JY
47 TAr ),

In this work, Pg, and P4 values were kept constant at 1000 W /cm?
and 10 W/cm?, respectively.

The films were deposited onto polished and ultrasonically pre-
cleaned Si(100) or fused-silica (for measurements of electrical
properties) substrates. The deposition time was 50 min. The film
thickness was measured by profilometry (DEKTAK 8 Stylus
Profiler, Veeco) at the film edge created by using a removable thin
silicon mask on the substrate during the deposition. The deposition
rate was 7.5nm/min at fy, = 95% and gradually decreased down
to 4.6 nm/min at fy, = 100%.

Ur(t) 1a(6) dt. ()

B. Film annealing

The as-deposited films were annealed at temperatures of 800,
900, 1000, or 1100°C for 5 or 10 min in a stainless-steel vacuum
furnace of a rapid thermal processor (AS-One 100 RTP,
Annealsys); heating and cooling were carried out at the same rate
of 30°C/min. The base pressure in the furnace prior to each
annealing process was 1 x 1073 Pa.

C. Film characterization and ab initio calculations

1. Elemental composition, microstructure, and
crystal structure

The elemental composition was determined by wavelength
dispersive spectroscopy (MagnaRay, Thermo Scientific) performed
in a scanning electron microscope (SU-70, Hitachi) using a primary
electron energy of 10 kV. The same instrument was used to obtain
cross-sectional and top-view images of the films.

X-ray diffraction (XRD) measurements were carried out at
room temperature using a diffractometer (Xpert PRO, PANalytical)
in the Bragg-Brentano configuration with CuKea (40 kV, 40 mA)
radiation. To avoid a strong reflection from the Si(100) substrate, a
slightly asymmetrical diffraction geometry with an w-offset of 1.5°
was used.

2. Optical properties

The refractive index, n, and extinction coefficient, k, were deter-
mined by a variable angle spectroscopic ellipsometry instrument
(J.A. Woollam Co., Inc.). The measurements were performed using
angles of incidence of 65°, 70°, and 75° in reflection. The optical
data were fitted for wavelength, 4, in the range of 300-2000 nm using
the WVASE software. The optical model consisted of a Si substrate, a
Ta-O-N layer, and a surface roughness layer. The Ta-O-N layer was
represented by a sum of the Cody-Lorentz oscillator (described, e.g.,
in our previous work ™) and the Drude oscillator.

3. Electrical properties

The electrical resistivity and the Hall coefficient of the films
prepared on 8 x 8 mm? fused-silica substrates were measured in

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/6.0000066 38, 033409-2

Published under license by AVS.

48



ARTICLE
Journal of Vacuum Science & Technology A

the Van der Pauw configuration using a Hall measurement system
(MMR Technologies). The measurements were carried out at a
controlled temperature of the sample in the range of 90-725K
under vacuum (to prevent oxidation of the films). Gold contacts
were sputter-deposited onto the corners of the square sample prior
to the measurement to avoid nonohmic contacts between the film
and the spring-loaded probe tips.

4. Electronic structure

The electronic structure of the investigated materials was cal-
culated using a density-functional theory as implemented in the
plane-wave self-consistent field (PWscf) code’”” of the Quantum
ESPRESSO software package and also using the density-functional
theory taking into account fully relativistic Green functions
as implemented in the spin polarized relativistic Korringa—
Kohn-Rostoker (SPR-KKR) code’®™”” of the Munich SPR-KKR
band structure software package.

In the case of the PWscf calculations, atom cores and inner
electron shells were represented by Vanderbilt-type pseudopoten-
tials,”® and the Kohn-Sham equations for the valence electrons were
expanded in a basis of plane waves with wavefunctions and density
energy cutoffs of 30 Ry and 240 Ry, respectively. The exchange and
correlation term was treated using the Perdew-Burke-Ernzerhof
functional.” The cubic periodic simulation cell of the b-Ta,N3 had a
lattice constant, a = 9.8205 A (selected based on Ref. 10) and con-
sisted of 32 Ta and 48 N atoms in the bixbyite structure.’’ The cubic
periodic simulation cell of the b-Ta,N,O had an experimentally
(by XRD) determined a = 9.7744 A and consisted of 32 Ta, 32N,
and 16 O atoms with O atoms regularly occupying one third of the
anion positions, chosen as the lowest-energy set of three tested
ones. For both materials, also, slightly higher and lower lattice
constants were tested to confirm that the chosen ones correspond
to energetic minima. The Brillouin zone was sampled with a
4 x 4 x 4 Monkhorst-Pack k-point grid. After a full geometrical
relaxation, the electronic density of states (EDOS), both total and
projected onto individual orbitals, was calculated.

In the case of the SPR-KKR calculations, the oxygen atoms
were considered as randomly distributed at the nitrogen positions
in the lattice of the b-Ta,N,O by utilizing coherent potential,
atomic sphere, and local density approximations. The cubic simu-
lated cell of the b-Ta;N,O had the same value of a as in the case of
PWscf calculations and consisted of 16 Ta atoms, 24 atomic posi-
tions of which 67% are occupied by nitrogen atoms and 33% by
oxygen atoms, and 24 vacuum atoms.

X-ray photoelectron spectroscopy (XPS) was carried out at the
109 Diamond light source beamline equipped with a high-energy
electron analyzer. The measurements were done using soft and
hard X rays with a photon energy of 800 eV (an experimental reso-
lution of 200 meV) and 3000eV (an experimental resolution of
300 meV), respectively. The obtained spectra were normalized on
the same number of counts, and the Fermi level was aligned to 0 of
the energy scale at the Fermi edge at room temperature.

5. Bandgap position

The bandgap position of the selected film was determined by
ultraviolet photoemission spectroscopy (UPS) performed in a UHV

avs.scitation.org/journalljva

apparatus (ESCA 2SR, Scienta-Omicron) following the methodol-
ogy described in detail in Ref. 41. UPS spectra were taken with He
I (21.2eV) UV light and recorded with a constant pass energy of
2.0 eV. The film was biased to —10 V during each measurement in
order to measure the secondary electron cutoff. The film was
cleaned for 15 min prior to the measurement using an ion beam of
Ar clusters consisting of 1000 atoms. The energy of clusters and the
sputtering current were set to 10 keV and 9 nA, respectively.

The obtained UPS spectrum of the film was first referenced to
the Fermi edge, Er, of a circular gold area with a diameter of 2 mm,
which was ex situ sputter-deposited onto the film. Upon the determi-
nation of the cutoff of the UPS spectrum of the film, the correspond-
ing energy position of the vacuum level, E,,., was obtained by taking
into account the energy of the used UV photons (21.2 V).

I1l. RESULTS AND DISCUSSION

In this section, we first present the elemental composition of
the prepared Ta-O-N films (Fig. 1) and the structure of the films
after their annealing at 900 °C in vacuum (Fig. 2). Based on these
results, we further focus our investigation on the properties of the
film with the dominant b-Ta,N,O phase. We study the morphol-
ogy of the film (Fig. 3), the temperature stability of the crystal
structure (Fig. 4), optical (Fig. 5) and electrical (Fig. 6) properties
of the film, and the electronic structure of the film determined by
ab initio calculations (Fig. 7) and XPS (Fig. 8). Finally, we elaborate
on a possible application of the film for photocatalytic water split-
ting, which also includes discussion of the bandgap position of the
film with respect to the corresponding redox potentials (Fig. 9).

A. Elemental composition of Ta-O-N films

The used deposition technique allowed us to very finely
control the elemental composition of the as-deposited Ta-O-N
films [see Fig. 1(a)]. The nitrogen fraction in the total reactive gas
flow, fx,, was precisely varied (with a minimum step of only 0.5 %)
in the range of 95.0%-100.0%. Its increasing value leads to a
gradual (nearly linear) substitution of O atoms by N atoms at a
concurrent slight increase in the content of Ta atoms in the films.
This corresponds to a gradual change in the elemental composition
of the films from Tas;0,3Ny4 to TassO; N5y with a typical variation
step for the individual elements in the range of 1-3at. %. Let us
mention that the content of oxygen of 7at. % at fy, = 100% is a
consequence of a release of oxygen from the chamber walls during
the deposition due to preceding depositions in an oxygen contain-
ing atmosphere.

The annealing of the prepared films at 900 °C for 5min in a
vacuum furnace (a base pressure of 1 x 107 Pa) practically did not
affect their elemental composition as can be seen by comparing
Figs. 1(a) and 1(b). The small variation in the values is within the
error of the analysis used.

B. Crystal structure of Ta-O-N films

All the as-deposited Ta-O-N films were X-ray amorphous
except for the film prepared at fy, = 100.0%, which possessed a
single nanocrystalline cubic TaN structure. The amorphous struc-
ture of the films was retained up to a temperature of 800°C upon
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FIG. 1. Elemental composition of the Ta-O-N films after deposition (a) and
after their annealing at 900°C for 5min in a vacuum furnace (b). The
as-deposited films were prepared at various nitrogen fractions in the total reac-
tive gas flow, fy, .

their annealing in vacuum. Note that the corresponding XRD data
showing the temperature evolution of the structures are not pre-
sented here except for the film prepared at fy, = 97.0% (Fig. 4).
This film will be discussed in more detail below.

XRD patterns presented in Fig. 2 show that all the Ta-O-N
films are crystalline after their annealing at 900 °C in vacuum. The
films prepared at fy, in the range of 95.0%-96.5% exhibit a mixture
of two phases, monoclinic -TaON (PDF Card No. 01-083-4964)
and bixbyite-Ta-O-N (b-Ta-O-N). The b-Ta-O-N phase was
identified based on the work of Ganin et al.'’ Here, we intention-
ally do not specify the elemental composition in the notation of
the b-Ta-O-N phase since the elemental composition discussed in
Sec. IIT A corresponds to a mixture of two phases. This is, however,
not the case for the film prepared at fy, = 97.0% because the
annealing of this film leads to crystallization of a dominant bixbyite
phase (with a lattice constant, a = 9.7744 A). Therefore, in this
case, we denote the phase as b-Ta;N,O based on the elemental
composition of the film (i.e., 40% Ta, 40% N, and 20% O, as seen in

avs.scitation.org/journal/jva

V B-TaON; 0 b-Ta-0O-N; @ b-Ta,N,0; ¢ c-TaN
T I T I T I T
N, fraction:
o
95.0% V. o w Y AV W% ov o
o
9%6.0% v 9O v VYV Jvow? o o o
—_ o
7]
=4
c1965% v 9
S
o
©
—197.0% °
>
=
0
c
3 97.5% o
k=
98.0% o
100.0%
1 | 1 1 1 1 1
10 20 30 40 50

20[°]

FIG. 2. XRD patterns taken from the Ta—O-N films deposited at various nitro-
gen fractions in the total reactive gas flow, fy,, and subsequently annealed at
900°C in a vacuum furnace. The patterns were recorded at room temperature.
The identified phases of monoclinic 8-TaON, cubic bixbyite-Ta-O-N (b-Ta—O-N),
cubic bixbyite-Ta;N,O (b-TazN20), and cubic TaN (c-TaN) are indicated by trian-
gles, empty circles, full circles, and diamonds, respectively.

Fig. 1). Annealing of the film prepared at fy, = 98.0% leads to
crystallization of the cubic TaN phase (c-TaN, PDF Card No.
04-007-1969) along with the b-Ta-O-N phase. For fy, = 100%,
the film retains its single nanocrystalline cubic TaN structure
without any pronounced changes after the annealing.

C. Bixbyite-Ta;N,O film
1. Microstructure

Despite the very high annealing temperature, the images pre-
sented in Fig. 3 indicate a crack-free surface with barely observable
grains and a densified volume of the b-Ta,N,O film.

2. Temperature stability of the crystal structure

Figure 4(a) shows XRD patterns of four samples (from one
batch) of the film prepared at fy, = 97.0% and each annealed at a
different temperature in the range of 800-1100°C for 5min in
vacuum. It is obvious that the film is amorphous up to 800 °C and
crystallizes into the dominant b-Ta,N,O phase between 800 and
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FIG. 3. Top-view and cross-sectional

images of the bixbyite-Ta;N,O
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900 °C. A further rise in the temperature up to 1000 °C destabilizes
the bixbyite structure and leads to its gradual decomposition into
c-TaN and B-TaON phases with increasing temperature. The domi-
nant phase in the film after annealing to 1100 °C is c-TaN.

Figure 4(b) shows XRD patterns of one sample of the film
prepared at fy, = 97.0% annealed during two successive annealing
cycles at 900 °C for 5 and 10 min in vacuum. Since both patterns
are practically identical, we suppose that the b-Ta,N,O film is fully
crystalline (i.e., without any residual amorphous phase in the film)
already upon 5 min of the annealing.

3. Optical properties

The b-Ta,N,O film was semitransparent with an optical
bandgap width, Eg, of 2.0 eV, as measured by spectroscopic ellips-
ometry. The corresponding dispersion curves of n and k (Fig. 5)
are consistent with the aforementioned optical gap: there is a
strong interband absorption (as seen from the dispersion of k) and
nonmonotonically changing »n at 4 < 620 nm and monotonically
decreasing n at A > 620 nm. Furthermore, increasing k in the long-
wavelength range is a fingerprint of an absorption by free charge
carriers as further discussed below.

4. Electrical properties

From the Arrhenius plot of the electrical conductivity, o, mea-
sured using the Hall measurement system, for the b-Ta,N,O film
(Fig. 6), one can see that the film exhibits semiconducting behavior
because o increases with increasing temperature (controlled in the
range of 90-725 K).

In general, o = neu, where n is the density of charge carriers,
e is the elementary charge, and u is the mobility of charge carriers.
The temperature dependence of n for an intrinsic semiconductor
with a bandgap of E, is given by
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FIG. 4. XRD patterns taken from the Ta—O-N films prepared at a nitrogen frac-
tion in the total reactive gas flow, fy, = 97%, and subsequently annealed in a
vacuum furnace: four samples from one batch annealed at various temperatures
(800, 900, 1000, and 1100°C) for 5min in vacuum (a) and one sample
annealed during two successive annealing cycles at 900 °C for 5 and 10 min in
vacuum (b). The patterns were recorded at room temperature. The identified
phases of monoclinic 3-TaON, cubic bixbyite-Ta-O-N (b-Ta-O-N), cubic
bixbyite-TayN,O (b-TazN,0), and cubic TaN (c-TaN) are indicated by triangles,
empty circles, full circles, and diamonds, respectively.
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FIG. 5. Dispersion curves of refractive index, n, and extinction coefficient, k, for
the bixbyite-TazN2O (b-TazN,O) film.
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FIG. 6. Arrhenius plot for the measured conductivity of the bixbyite-Ta;N,O
(b-TazN,O) film.

where k is the Boltzmann constant. At high temperatures, p oc
T—3/? due to dominant carrier scattering by acoustic phonons. One
can then write

o(T) o< T3/2e~Ee/2kT T-3/2 _ e—Eg/ZkT, (4)

which implies that the E; value can be determined directly from
the linear region of the Arrhenius plot. At lower temperatures, the
determination of E; may be more difficult since the charge scatter-
ing by ionized impurities [described by a different u(T) function]
may become an important or an even dominant scattering mecha-
nism. In such a case, n(T) and u(T) need to be measured together
with o(T) as discussed in more detail in Ref. 42.

Unfortunately, the measured Hall coefficient for the
b-Ta,N,O film exhibited large fluctuations over consecutive mea-
surements. Hence, n(T) and u(T) could not be reliably evaluated
separately. In this work, we thus assume that the relation  oc T~3/2
is valid for T in the range of 180-725 K, where the Arrhenius plot
is characterized by two linear regions allowing us to determine Eg
values from linear fits of the plot. Based on this, we can say that
the b-Ta,N,O film is characterized by at least two electrical bandg-
aps of about 0.2 and 1.0 eV. Note that the temperature during the
Hall probe measurements was not sufficiently high to observe the
aforementioned optical bandgap of 2.0 eV.

The large difference of the electrical and optical bandgaps
indicates that the former may be indirect ones or may have optical
transitions forbidden by selection rules as discussed in Sec. III C 5,
while the latter may be a direct one and allowed by the selection
rules. The indirect or optically forbidden gap is narrow enough for
thermal excitations across it, giving rise to a considerable concen-
tration of free carriers (see the dispersion of k).

avs.scitation.org/journalljva

5. Bixbyite-Ta>N,O vs bixbyite-Ta>Ns films

Magnetron sputtered nitride films typically exhibit some low
level of contamination by O atoms (a few at. %) owing to the fact
that O, molecules are contained in the residual gas in the chamber
and also desorb from the chamber walls during the deposition.
As discussed in Sec. IIT A, the latter effect led to a certain oxygen
concentration also in our films prepared in a pure nitrogen atmo-
sphere. A similar effect was also responsible for a low contamina-
tion level (=2 at.%) of oxygen in the amorphous as-deposited
tantalum nitride films prepared by Salamon et al.'' Annealing of
these films in vacuum resulted not only in crystallization of the
b-Ta,N3 phase (at 425°C) but also in an increase of oxygen con-
centration in the films up to 6 at. % (at 750 °C).

Comparing the above-presented properties of the b-Ta,N,O
film with those presented in Ref. 11 for the b-Ta,N; film, we can
identify two important roles of the enhanced concentration of
oxygen (20 at. %) in our film. First, the crystallization temperature
is increased from 425°C for the b-Ta,N; film to a much higher
value of above 800 °C for the b-Ta,N,O film. This effect indicates a
slower diffusion of atoms in the b-Ta,N,O film at a given tempera-
ture, which can be most probably attributed to an increased atomic
density. This explanation is supported by a lower value of
a =9.7744 A of the b-Ta,N,O film (see Sec. IIT B) as compared to
a =9.8205 A of the b-Ta,;N; film.'” Second, the electrical proper-
ties change from conducting for the b-Ta,Nj; film to semiconduct-
ing for the b-Ta,N,O film. To further understand this effect, the
electronic structure of both materials was calculated (Fig. 7), and
the electronic structure of the b-Ta,N,O film was also experimen-
tally measured (Fig. 8).

The electronic structure of the b-Ta,N3 and b-Ta,N,O mate-
rials was first calculated using a PWscf code. In agreement with
Ref. 11, the calculated EDOS for the b-Ta,N; material [Fig. 7(a)]
indicates that the material exhibits a metallic character due to a
nonzero population at the Fermi level, Ep. For energies below Ep,
there is a region from about —2.1 to —0.3 eV where only a small
number of electronic states or even no states at all (from —1.9 to
—1.4eV) are present. Due to the high nitrogen electronegativity,
the occupied states below this range have most of their weight on
N(p) orbitals [hybridized with Ta(d) orbitals], while the lowest
unoccupied states above Ep have their weight mostly on Ta(d)
orbitals. Let us highlight that optical transitions between the Ta(d)
states below and above Ep (having the same parity) are forbidden
by electric-dipole selection rules. Therefore, the most probable
optical excitations are expected between the N(p) states at around
—2.2¢eV and the Ta(d) states just above Ep. Despite the metallic
character of the material, a certain optical bandgap of about 2.2 eV
can thus also be identified from the electronic structure.

In the case of the b-Ta,N,O material, the electronic structure
for three different atomic configurations (with periodically substi-
tuted O for N atoms in the b-Ta,Nj lattice with a = 9.7744 A) was
investigated. The one leading to the lowest energy is considered in
this work [Fig. 7(b)]. Total EDOS for the valence band exhibits a
pronounced local minimum at Ep, indicating a semiconducting
character of the material. The density of unoccupied Ta(d) states
above Ep is significantly lower compared to the b-Ta,N3 material,
which is compensated by new occupied states whose weight is
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FIG. 7. EDOS for the bixbyite-Ta,N3 (b-Ta,N3) (a) and the bixbyite-Ta;N,O
(b-TazN,O) (b) materials both calculated using the PWscf code and for the
bixbyite-TayN,O (b-Ta;N,0) material calculated using the SPR-KKR code (c).
The total EDOS (solid black line) is projected onto individual valence orbitals
(dashed and dotted lines). The Fermi level is at zero energy.

mostly on Ta(d) orbitals inside the former bandgap. These states
are probably responsible for the two bandgaps of about 0.2 and
1.0 eV determined from the Arrhenius plot in Sec. III C 4. In this
case, the temperature-driven transitions between these emerged
Ta(d) states and unoccupied Ta(d) states are allowed. However,

avs.scitation.org/journal/jva
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FIG. 8. XPS spectra for the bixbyite-TayN,O (b-TazN,O) film. Soft and hard
X rays with photon energies of 800 and 3000 eV, respectively, were used.

optical transitions between these states are also forbidden similarly
as in the case of b-Ta;Nj;. In the case of b-Ta,N,O, one can thus
expect an optical bandgap of about 2.5 eV. This prediction is con-
sistent with an optical bandgap width of 2.0 eV measured by spec-
troscopic ellipsometry (discussed in Sec. III C 3).

In order to also consider a random substitution of O for N
atoms in the b-Ta,Nj lattice (which is not possible with the PWscf
code), calculations of the electronic structure taking into account
fully relativistic Green functions as implemented in the SPR-KKR
code were also carried out. The calculated EDOS [Fig. 7(c)] shows
that the SPR-KKR calculation leads to a similar electronic structure
as in the case of the PWscf, but with only a shoulder instead of a
minimum at Eg. Let us mention that a similar electronic structure
would also be obtained with the PWscf code in a case where the
electronic structures obtained for the three investigated atomic con-
figurations were averaged instead of choosing the one with the
minimum energy.

The measured semiconducting electrical properties of the
b-Ta,N,O film (discussed in Sec. III C 4) indicate that there should
be a pronounced local minimum in the total EDOS at an Ef level
typical for semiconductors. In addition, the annealing, as a slow
equilibrium process, probably helps O atoms to be periodically dis-
tributed in the material at energetically favorable positions rather
than to be at random positions. For these two reasons, we believe
that the electronic structure calculated using the PWscf code better
describes the real electronic properties of the b-Ta,N,O material.

In Fig. 8, we present patterns showing an experimentally mea-
sured electronic structure of the b-Ta;N,O film below Ey obtained
using soft and hard XPS with photon energies of 800 and 3000 eV,
respectively. The higher photon energy substantially increases
(about five times) the bulk sensitivity of the measurement due to a
higher inelastic mean free path of the photoemitted electrons in the
material. Both patterns are very similar and are characterized by a
distinct peak corresponding to the valence band for energies from
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—2 to —10eV. In addition, the energy levels below E (i.e., from 0
to —2eV) predicted by the ab initio calculations are here observed
as well.

6. Potential applications for water splitting

Materials for a successful one-step overall photocatalytic
decomposition of H,O into H, and O, under visible light must
satisfy several principal requirements.”” Among these are (i) a suit-
able bandgap width for visible-light absorption, (ii) an appropriate
bandgap position with respect to redox potentials for water split-
ting, (iii) a sufficient lifetime of the photogenerated electron-hole
pairs (governed by their recombination) in the material allowing
charge transfer to the surface of the material where the water-
splitting reactions occur, and (iv) a suppressed photocorrosion of
the material.

As discussed in Sec. III C 3, the b-Ta,N,O film is character-
ized by an optical bandgap width of 2.0 eV. This facilitates visible-
light absorption for wavelengths up to 620 nm and thus efficient
utilization of a large fraction of the overall sunlight intensity for
production of electron-hole pairs in the material.

In order to determine the position of the optical bandgap, the
distance between Ep of the b-Ta;N,O film and the vacuum level
was first determined using UPS as —4.34eV; see Fig. 9(a).
An experimental determination of the position of the bottom level
of the conduction band, E,, is difficult. In this work, we, therefore,
assume (based on the works of Matsumoto® and Chun ef al.*")
that E. of the film is not more positive than 0.3 eV with respect to
Eg, which is also in a good agreement with our ab initio calcula-
tions discussed in Sec. III C 5. In Fig. 9(b), we, therefore, take into
account the maximum possible difference, E. — Ep = 0.3 eV.
Furthermore, due to a large error in the determination of the top
level of the valence band, E,, from the UPS spectra, we present E,
calculated as E, = E. — E;, where E; was determined by the spec-
troscopic ellipsometry measurements (discussed in Sec. III C 3).

As one can see from Fig. 9(b), the bottom level of the conduc-
tion band and the top level of the valence band (both correspond-
ing to the optical bandgap) are above and below the redox
potentials for H" and O, production, respectively. This indicates
that the b-Ta,N,O film exhibits a very promising position of the
optical bandgap with respect to the water-splitting application.

Let us here highlight that such a combination of the narrow
bandgap and its position is quite unique among the candidates for
the water-splitting application."**”

The number, An, and the lifetime, 7,, of the photoexcited
charge carriers are important characteristics for all photocatalytic
materials. In the case of the b-Ta,N,O film, 7, requires special
attention because it may be influenced by thermally excited charge
carriers. As discussed in more detail in the Appendix, low- and
high-injection regimes can be distinguished when considering the
effect of thermally excited pairs. The regimes are separated by the
condition

o~ (5)

where E is the photoexcitation rate, B, is the recombination rate
constant, and #y is the equilibrium density of the thermally excited
electrons. In the low-injection regime, i.e., for \/E/B, < n/2, An
increases linearly with E and hence with the power of the exciting
light, whereas 7, is independent of this power. Both An and 7, are
inversely proportional to no. In the high-injection regime, i.e., for
v/ E/B, > ny/2, the growth of An slows down from linear to the
square root of the exciting-light power, and 7, starts decaying as
the inverse square root of this power. The values of An and 7, are,
however, independent of 7y, which makes this regime more favor-
able with respect to the water-splitting application.

An investigation of the photocorrosion of the b-Ta,N,O film
is beyond the scope of this paper, but it is definitely an important
topic for a further work since generally oxynitride materials may be
thermodynamically unstable in an aqueous solution and thus oxi-
dized by the holes under illumination.*®

IV. CONCLUSIONS

In this work, we investigated properties of crystalline N-rich
Ta-O-N films with a finely varied elemental composition. The
films were prepared by utilizing high-power impulse magnetron
sputtering of a Ta target in precisely controlled Ar+O,+N, gas
mixtures followed by postdeposition annealing at 900 °C for 5 min
in vacuum.

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/6.0000066
Published under license by AVS.

38, 033409-8

54



Journal of Vacuum Science & Technology A

We showed that the deposition at an optimum gas mixture
composition led to preparation of the Ta,N,O film exhibiting the
dominant bixbyite structure. As far as we know, this phase has
been neither experimentally nor theoretically reported yet. The film
was semitransparent with an optical bandgap width of 2.0eV as
measured by spectroscopic ellipsometry. Measurements of the elec-
trical conductivity as a function of temperature further showed a
semiconducting dependence characterized by two electrical bandg-
aps of about 0.2 and 1.0 eV. The carried out ab initio calculations
indicated that these two bandgaps are associated with a negligible
probability of excitations due to a photon absorption.

We also discussed the potential of this material for water split-
ting. Its optical bandgap of 2.0V is suitable for utilization of a
large fraction of the visible light (up to 620 nm) for generation of
electron-hole pairs required for the process. Furthermore, the
bandgap position is quite unique with respect to the redox poten-
tials for H* and O, production. In addition, the possible effect of
thermally excited charge carriers (due to the narrow electrical
bandgaps) on the recombination of the photogenerated charge car-
riers was thoroughly discussed. However, further experiments such
as photocatalytic activities and photocorrosion tests need to be
carried out to make the discussion conclusive.
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APPENDIX: EFFECT OF THERMALLY EXCITED
ELECTRON-HOLE PAIRS ON THE LIFETIME OF THE
PHOTOGENERATED ONES

Denoting the equilibrium density of the thermally excited
electrons and holes as ny and py, respectively, and the excess
density of electrons and holes due to photoexcitations as An and
Ap, respectively, the net recombination rate is

B.Ap(ng + An), (A1)

where B, is the recombination rate constant with the dimension of
inverse time times inverse density, and we have neglected the recom-
bination of electrons with the thermally excited holes because the
thermally excited holes have predominantly the same d-symmetry as
the thermally excited electrons, and thus, their radiative recombina-
tion is dipole-forbidden. Using the neutrality condition An = Ap, the
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equation for the time evolution of An is

dAn

7 = —BrAl’l(}’lo + Al’l) + E, (A2)

where E is the photoexcitation rate with the dimension of inverse
time times density. In the steady state,

dAn
= = A
i 0 (A3)

therefore, the equation for the time evolution becomes a quadratic
equation for the steady-state value of An whose positive root is

E no 2 no
An= ]2 (—) M A4
"=\5 13 2 (A4)

This formula shows that An has two regimes’” separated by

E no
—~— A5
VB ™2 (A5)

consistently with the dimensional analysis, showing that E/B, has
the dimension of density squared. In the low-injection regime,

E no
—< =, A6
VB <2 (A6)

we expand the square root to the first order in E/ (n3B,),

no 4E E
An = — I+—5——-1]|= R (A7)
2 ng B, noB;

whereas in the high-injection regime,

E no
—>—, A8
’/Br>> 5 (A8)

we neglect 13 compared to E/B, and get

E
An = (/—. A9
ney/ B, (A9)

The radiative lifetime 7, is given by"”

An 1
T, = =
B:(ng + An)

—dhn (A10)

dt ’E:O N

and is

T, R (A11)
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in the low-injection regime and

(A12)

1 1
TN =
T Br\/BE v EB;

in the high-injection regime consistently with the dimensional analy-
sis, showing that EB, has a dimension of inverse time squared.
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ABSTRACT

Amorphous HfMSIiBCN materials (M = Y, Ho, Ta, Mo or an enhanced Hf content instead of any other M)
are investigated by ab-initio calculations and magnetron sputtering. We focus on combining the high-
temperature stability and oxidation resistance of these materials with optimised mechanical, optical and
electrical properties. First, we predict the corresponding trends by calculating the effect of the M choice
and fraction on formation energy (Eg,,) and mechanical properties of MN and HfyM;_N crystals. We dis-
cuss the dependence of Eg,m(HfxM;_xN) on the crystal structure and the distribution of Hf and M in the
metal sublattice. The mechanical properties calculated for MN correlate with those measured for HfMSi-
BCN. The driving force towards N incorporation, decreasing with the periodic-table group number of M
according to the calculated Eg,,,(MN), correlates with the measured increasing electrical conductivity and
extinction coefficient of HfMSiBCN. Second, we model the amorphous HfMSiBCN materials themselves
by ab-initio molecular dynamics. The calculated band gap, localisation of electronic states and bonding
preferences of M also correspond to the increasing metallicity with respect to the periodic-table group
number of M and confirm the possibility of predicting the trends in characteristics of HfMSiBCN using
those of MN. Third, we study the measured HfMSiBCN properties as functions of each other and iden-
tify sputter target compositions leading to hard films with high electrical conductivity at a relatively low
extinction coefficient. The results are important for the design of hard, conductive and/or transparent
high-temperature coatings.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Transition-metal nitrides attract a great attention due to their
useful physical and chemical properties. The combination of metal-
lic and non-metallic character leads to e.g. high hardness, high
melting point, electrical (super)conductivity or high wear and oxi-
dation resistance [1]. Thus, these compounds find applications e.g.
as diffusion barriers in electronics, decorative coatings or protec-
tive coatings on cutting tools. The methods of their preparation in
the form of thin films include chemical vapour deposition [2] and
various techniques of physical vapour deposition [3] like cathodic
arc deposition [4,5] or reactive magnetron sputtering [6-15]. Ni-
trides of the earliest transition metals (periodic-table group num-
bers IIIB-IVB) prefer the rock-salt cubic crystal structure, which,
however, becomes thermodynamically metastable and even me-
chanically unstable [16,17] for nitrides of some of the metals with
higher periodic-table group numbers. The cubic structure is, how-

* Corresponding author.
E-mail addresses: matasma@kfy.zcu.cz (M. Matas), miprocha@kfy.zcu.cz (M.
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ever, stabilised by vacancies [15,18,19] which are usually present
in the sputtered films. As one of the transition-metal nitrides, HfN
exhibits hardness higher than 16 GPa, bulk electrical resistivity
as low as 33 uScm, high thermal stability, chemical inertness,
the highest melting point (exceeding 3300°C) [20] and the high-
est thermodynamic stability in terms of experimental formation
enthalpy (-369 kJ/mol [21]) among the transition-metal nitrides.
In addition, it provides stable sites for adsorption and easy surface
diffusion of O atoms [22]. Thanks to its high electrical conductivity,
and chemical and thermal stability, HfN is a candidate for super-
capacitor electrodes [12] and with its high IR and VIS reflectivity
[23] it is suitable for optoelectronic devices and high-temperature
plasmonic applications [1]. Single-phase solid solutions of HfN and
another nitride can exhibit enhanced tribological properties com-
pared to pure HfN [13]. On the other hand, spinodal decomposition
of such solution forms a nanocomposite structure and leads to film
hardening [6].

Amorphous or (nano)composite multicomponent ceramic mate-
rials based on nitrides, borides and carbides like quaternary SiBCN
[24-26], quaternary MBCN (M = early transition metal) [27-
29] or quinary MSiBCN [30-38] can combine even a much wider
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range of useful mechanical, electrical or optical properties with an
extremely high thermal stability and oxidation resistance. Conse-
quently, they are candidates not only for high-temperature hard
protective coatings but for applications in a high-temperature en-
vironment in general. For example, the best combination of melt-
ing temperature, thermal expansion coefficient, thermal conductiv-
ity and Young’s modulus is achieved with M = Ti, Zr, Hf [39] from
which Hf was chosen owing to the highest oxidation resistance
of its diboride as well as of the MB,-SiC composite [40,41]. Fur-
thermore, compared to M = Ti and Zr, choosing M = Hf pro-
motes the formation of crystalline MBxCyN;_x_y solid solutions in
MBCN films [29], leading to hard nanocomposite structures. In N-
rich MSiBCN films, M transition from Ti through Zr to Hf increases
the oxidation resistance and decreases the metallicity, i.e. decreases
the extinction coefficient and electrical conductivity, increases the
localisation of electronic states near the Fermi level and opens a
band gap [30].

In order to enhance the optical transparency or electrical con-
ductivity while preserving the oxidation resistance, magnetron
sputtering experiments with a second metal element (M) were car-
ried out recently to produce thin films of senary HfMSiBCN (M =Y,
Ho, Ta, Mo) [42,43]. The addition of rare-earth elements (M = Y
and Ho) was further motivated by the possibility of enriching the
borosilicate glass protective layer, formed on the film surface upon
oxidation, with rare-earth silicates which are as well renowned for
their refractory properties [44-46]. The M incorporation makes the
relationships between the growth conditions and the film compo-
sition and properties even more complex than before. First, the
composition of the cathode (target) during the deposition is not
exactly reflected in the resulting film composition because differ-
ent metals differ in sputtering yields and in affinities to N. Second,
the individual metals have different roles in the film structure even
at a given film composition. Especially at a subsaturation N content
in the films, one can expect that while the metal with a higher
affinity to N prefers binding to N in the amorphous network, the
metal with a lower affinity to N prefers binding with other ele-
ments including other metal atoms.

Ab-initio calculations using the apparatus of the density-
functional theory [47,48] are well-established means of calculating
numerous material properties. There are various studies on binary
[16-19,49], ternary [8,14,50-52] and even more complex 9,10,[53-
55] crystalline transition-metal nitrides as well as investigations
of amorphous (M)SiBCN materials [30,56]. However, little atten-
tion has been devoted to ternary nitrides with hafnium (HfyM;_xN,
solid solutions of HfN and MN).

In the present work, we combine theoretical and experimental
techniques in order to study N-rich Hf(M)SiBCN thin film mate-
rials at almost the same total metal content ([Hf]+[M]). The ele-
mental choice (M = Hf and M =Y, Ho, Ta, Mo) utilises the afore-
mentioned advantages of simpler Hf-based systems and covers all
groups of early transition metals (IIIB-VIB and lanthanoids). In the
theoretical part, we (i) predict the affinities of the metals of inter-
est to nitrogen, then (ii) calculate the mechanical properties and
phase stability of ternary nitrides, which can be used for predict-
ing the properties of HfMSiBCN, and finally (iii) calculate the bond-
ing statistics and electronic structures of the amorphous HfMSiBCN
materials themselves. From the methodology point of view, we pay
attention to the influence of the distribution of the metal atoms
in HfxM;_xN (considering not only the most uniform one and the
quasirandom one) on the results (especially the predicted stabil-
ity) obtained. In the experimental part, we use reactive magnetron
sputtering at 20 different sputter target compositions in order to
(i) report characteristics of the films obtained, including a compari-
son with the theoretical predictions, and (ii) identify material com-
positions which exhibit exceptional combinations of optical trans-
parency and electrical conductivity.
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2. Methods
2.1. Modelling of crystalline nitrides

Density-functional theory [47,48] with generalised-gradient-
approximated exchange and correlation functional [57] and pseu-
dopotential + plane-wave approximation, as implemented in the
Quantum Espresso software package [58], was used for calculating
the ground-state energies and electronic structures of the investi-
gated materials. Atom cores and inner electron shells were repre-
sented by a norm-conserving pseudopotential [59] (Ho, 4f states
in valence) and by ultrasoft pseudopotentials [60] (all other el-
ements). Convergence tests led to plane-wave wavefunction and
density cut-offs of 60 and 360 Ry, respectively (Ho-containing ma-
terials), and 30 and 240 Ry, respectively (Ho-free materials). The
Ho-containing materials were modelled as spin-polarised.

The binary nitrides considered were cubic NaCl-like (fcc, space
group Fm3m) (YN, HfN, HoN, TaN, MoN) and hexagonal WC-like
(P6m2) (HfN and TaN) and NiAs-like (P65/mmc) (HfN and MoN).
Pure metals were considered hexagonal (hcp, P65/mmc) (Y, Hf, Ho)
or cubic (bcc, Im3m) (Ta and Mo). The considered crystal structures
of ternary nitrides covered preferred structures of both constituent
binary nitrides.

Following the reported [50,52] dependence of characteristics of
solid solutions on a distribution of atoms of individual elements in
the corresponding sublattice, the cubic HfxM;_xN (x = 0.25, 0.50,
0.75) ternary nitrides (solid solutions of HfN and MN) were de-
scribed using four different simulation cells representing different
distributions of Hf and M atoms: 8-atom cubic (used also for bi-
nary HfN and MN), 8-atom rhombohedral (consisting of 1 x 2 x 2
primitive 2-atom rhombohedral cells), 48-atom ordered rhombo-
hedral and 48-atom quasirandom rhombohedral (special quasiran-
dom structure, SQS [51,61]). In the Cartesian system, atoms of the
same metal at x = 0.50 (Fig. 1) occupy (001) planes + two orthog-
onal sets of (110) and (110) planes in the case of using the 8-atom
cubic cell (Fig. 1(a)), (111) planes in the case of using the 8-atom
rhombohedral cell (Fig. 1(b)) and [110] directions in the case of
using the 48-atom ordered rhombohedral cell (Fig. 1(c)). The 48-
atom ordered rhombohedral cell at x = 0.50 includes low-index
planes (specifically (001)) occupied by atoms of the same metal
only within one rhombohedron, but not globally. In addition to in-
vestigating the cubic HfyM;_xN nitrides, the hexagonal HfyM;_xN
nitrides (WC-like TaN, NiAs-like MoN and their solid solutions with
HfN) were described using the corresponding 8-atom orthorhom-
bic simulation cell.

The transition from x = 0.50 to x = 0.25 leads to the following.
In the case of using the 8-atom cubic cell, the (001) planes occu-
pied by Hf at x = 0.50 split to [100] and [010] directions alternately
occupied by Hf and M at x = 0.25; in addition, [001] and (111) di-
rections are alternately occupied by Hf and M at x = 0.25, too. In
the case of using the 8-atom rhombohedral cell, the (111) planes
occupied by Hf at x = 0.50 split to [110] directions alternately oc-
cupied by Hf and M at x = 0.25. In the case of using the 48-atom
ordered rhombohedral cell, the decomposition of the [110] direc-
tions occupied by Hf at x = 0.50 does not lead to creation of any
low-index planes or directions alternately occupied exclusively by
Hf and exclusively by M at x = 0.25.

The cells were sampled by Monkhorst-Pack k-point grids with
a density of 12 x 12 x 12 (8-atom cubic cell), 16 x 8 x 8 (8-
atom rhombohedral cell), 4 x 4 x 4 (48-atom rhombohedral cells)
and 12 x 12 x 12 (8-atom cells representing WC-like and NiAs-
like hexagonal structures). The states around the Fermi level were
cold-smeared [62] with the width of 0.1 eV. A geometrical optimi-
sation of atomic positions was performed within each calculation
until all force components acting on each atom were reduced be-
low ~4 x 1011 N ~ 26 meV/A.
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Fig. 1. Crystalline structures of cubic HfysoMgsoN based on cubic or rhombohedral periodical simulation cell with the same metal atoms in (001), (110) and (110) planes
(8-atom cube, panel (a)), (111) planes (8-atom rhombohedron, panel (b)) and [110] directions (48-atom rhombohedron, panel (c)) and on a disordered (SQS) simulation cell
(48-atom rhombohedron, panel (d)). The composition of the visualised rectangular elements based on 48-atom rhombohedra is slightly different from Hfys0MgsoN. The red,
green and yellow balls are Hf, M and N, respectively. Crystallographic directions [100], [010] and [001] are oriented to the right, behind the projection plane and upwards,

respectively.

Crystal characteristics (bulk modulus, B, its pressure derivative,
ground-state energy, and equilibrium volume or lattice constant)
were calculated by applying several isotropic deformations (vol-
ume changes up to 4+ 10%) to the simulation cell and fitting the
Birch-Murnaghan equation of state [63] to the energy-volume de-
pendence obtained. In hexagonal crystals, both equilibrium lattice
constants a and c (leading to the lowest ground-state energy) were
identified.

For Ho-containing (and therefore magnetic) crystals, the plain
density-functional theory can lead to different quality of conver-
gence of self-consistent calculations for different simulation-cell
volumes. Therefore, the fitting of the Birch-Murnaghan equation
involved only those energy-volume datapoints whose ground-state
energy did not obviously deviate from the awaited shape of the
dependence and whose magnetisation fitted to the monotonic de-
pendence on volume. This procedure led to similarly high quality
of the Birch-Murnaghan fit as in the case of non-magnetic crys-
tals. This approach enables conducting such calculations even on
spin-polarised materials with strongly correlated electrons with-
out employing more sophisticated levels of theory like DFT+U
or projector-augmented wave method that are, however, neces-
sary e.g. for accurate determination of the width of the band gap
[64,65].

Binary-nitride formation energies, Eg,.,, were calculated with
respect to pure metal and molecular nitrogen. Ternary-nitride
formation (mixing) energies were calculated with respect to (i)
isostructural binary nitrides or (ii) lowest-energy (preferred) binary

60

nitrides, both as Egy.,(HfExMy_xN) = Eg(HfxM;_xN) - x-Eq(HfN) -
(1 - x)-Eg(MN), where Eg,.,,(HfxM;_xN) and Eo(HfxM;_xN) are the
mixing and ground-state energy of the ternary nitride, respectively,
and Eg(HfN) and Eq(MN) are the ground-state energies of the con-
stituent binary nitrides.

Elastic-tensor components (second-order elastic constants, Cj)
were calculated by applying three deformation modes including
the aforementioned isotropic one in the case of cubic crystals rep-
resented by the 8-atom cubic cell (similarly to [66]: three inde-
pendent elastic constants Cy;, Ci; and Cy4), and six deformation
modes in the case of hexagonal crystals represented by the 8-atom
orthorhombic cell (see e.g. [54]: five independent elastic constants
Cq1, C12, Cq3, C33 and Cy4, and Cgg calculated for cross-check pur-
poses). The elastic moduli resulting from Cgg calculated (i) inde-
pendently and (ii) as (C;; - Cy)/2 differ by <5%, in most cases by
<1.5%. Energies resulting from positive and negative deformations
were averaged to reduce the errors in the deformation energy and
improve the precision of the elastic constants. Estimations of shear
modulus, G, Young’s modulus, E, Poisson’s ratio, v, and effective
Young’s modulus, E* = E/(1-v2), of polycrystalline materials were
obtained from elastic constants in Voigt-Reuss-Hill approximation
[67].

2.2. Modelling of amorphous materials

The effect of the five M choices (including an enhanced Hf
content instead of any other M) was studied using five repre-
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sentative experiment-based compositions (Section 2.3; with slight
adjustments to get an even number of valence electrons in
a cell) HfgY3SipByoCsNy3, Hfy1SizB21CaNys, HfgH03SinnB23C4Nygo,
Hnga3Si22823C4N40 and Hf8M03Si22B25C5N37, at experimentally
relevant densities (packing factor of 0.47). Note the varying N con-
tent, resulting from different affinities to N which are discussed in
detail below. The amorphous atomic structures were predicted us-
ing ab-initio Car-Parrinello molecular dynamics [68] implemented
in the CPMD code [69]. The liquid-quench algorithm [70], as de-
tailed and justified for ZrBCN in [71], was applied to 100-atom cu-
bic periodic simulation cells. The analysis of the bonding structure
in the amorphous materials was performed similarly as in [71], us-
ing representation of pairs of valence electrons by centres of max-
imally localised Wannier functions [72].

Calculations of the electronic structures of amorphous materials
were performed within the same level of theory as the aforemen-
tioned calculations for crystals. The 100-atom cells were sampled
by a 2 x 2 x 2 Monkhorst-Pack k-point grid (contrary to a sin-
gle k-point which was sufficient for predictions of the amorphous
atomic structures). The quantities of interest derived from the elec-
tronic density of states were (i) the energy interval containing 5
highest occupied and 5 lowest unoccupied states (10-state inter-
val around the Fermi level, i.e. a measure of the band gap which
itself is underestimated by density-functional theory but exhibits
correct trends) and (ii) the inverse participation ratios (IPR) of the
states (for each state calculated as a sum over all atoms of squared
weights of the given electronic state on an atom). Localisation of
electronic states around the Fermi level was then expressed as me-
dian IPR of the 15 valence states nearest to the Fermi level. Note
that the strongly localised Ho 4f non-valence states lying in the
vicinity of the Fermi level, included to the calculations in order to
provide a correct description of magnetism, were not considered in
these statistics.

2.3. Thin film preparation and characterisation

The HfMSIiBCN films were synthesised in a Balzers BAS 450PM
system with a planar unbalanced magnetron and a stationary sub-
strate holder. The 1.33-1.75 um thick films were deposited onto
insulating glass (electrical conductivity measurements) and Si (all
other measurements) substrates using reactive magnetron sputter-
ing from a single Hf-M-Si-B4C target (127 mm x 254 mm), where
M = Y, Hf (enhancement of the total Hf fraction), Ho, Ta and
Mo. The target was prepared by positioning Hf, M and Si stripes
on a B4C plate. The four compositions of the target erosion area
were Hfj5MsSizs(B4C)ss, HfoMsSize(B4C)as, Hf1sMsSizg(B4C)go and
Hf15M5Si15(B4C)gs. Thus, 20 samples are considered in this work.
The sputtering was performed in an 85% Ar + 15% N, gas mix-
ture with the total pressure of 0.5 Pa at a constant gas flow of ~25
sccm. Note that the chosen 15% N, fraction leads to a subsatura-
tion N content in the films [34], ie. it allowed us to investigate
the consequences of different affinities of individual metals to N. A
pulsed dc power supply (Riibig MP120) drove the magnetron oper-
ating at a 10 kHz repetition frequency with a 500 W average target
power and a fixed 50 us negative-voltage pulse length (duty cy-
cle of 50%) with a short-lived positive voltage overshoot [34]. The
pulse duration was sufficiently short to prevent micro-arcing at the
dielectric layer formed on the target. The target-to-substrate dis-
tance was 100 mm and the substrates were maintained at 450°C
and a floating potential.

The optical properties of the films (including that which we
particularly focus on below: extinction coefficient at a wavelength
of 550 nm, kssq) were determined by variable angle spectroscopic
ellipsometry using a J.A. Woollam Co. Inc. instrument; the mea-
surements were performed in the wavelength range from 300 to
2000 nm using angles of incidence of 65°, 70° and 75° in re-
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flection; the optical data were fitted using the WVASE software
and an optical model consisting of a glass substrate, film bulk
(Cody-Lorentz oscillator) and surface roughness layer. The elemen-
tal composition and the density of the films, used for estimating
these quantities for the simulated amorphous HfMSiBCN materials,
were measured by Rutherford backscattering spectrometry. Electri-
cal conductivity, o, of the films was measured at room temper-
ature by a standard four-point technique. Film hardness, H, and
effective Young’s modulus, E*, were determined using an ultra-
microindenter (Fischerscope H-100B) according to the ISO 14577-
1:2002 E standard with a maximum load of 20 mN. The charac-
terisation was performed at 25 points in the case of mechanical
properties (15-23 were chosen to calculate the average and the er-
ror bars) and along 4 lines in the case of electrical conductivity
(negligible error bars).

3. Results and discussion

Fig. 2 shows energies of formation (mixing energies, Eg,,) of
both cubic and hexagonal ternary nitrides HfxM;_xN as functions of
their elemental composition, x. The cubic ternary nitrides (repre-
sented by four types of simulation cells: see Section 2.1 and Fig. 1)
are studied in Fig. 2(a)-(h). Egyy is calculated by comparing the
HfyM;_xN ground-state energy with those of isostructural (cubic)
binary HfN and MN. Crystalline structures before geometrical opti-
misation (closer to results of ab-initio molecular dynamics and ex-
periments for the solid solution considered in [73]; upper panels
and solid symbols) and after geometrical optimisation (structural
relaxation caused mainly by different atomic sizes of Hf and M,;
lower panels and open symbols) exhibit different E¢,,. Note that
the distribution corresponding to the 8-atom cubic simulation cell
prevents any relaxation since its symmetry results in zero forces
acting on all atoms.

Positive Eg,, in Fig. 2(a) shows that the HfyY;{_xN solid solu-
tion with the ideal NaCl-like geometry is metastable at any x and
for any distribution of the Hf and Y atoms. However, enabling geo-
metrical optimisation (Fig. 2(b)) unveils the fact that HfyY;_xN be-
comes thermodynamically stable at any x if Hf and Y atoms are
distributed in energetically preferred ways corresponding to the
48-atom disordered rhombohedral simulation cell (SQS; most pre-
ferred from the kinetic point of view) and especially the 8-atom
rhombohedral simulation cell (even more preferred from the ther-
modynamic point of view). Fig. 2(c) and (d) show the same quanti-
ties for HfyTa;_xN. It can be seen that this solution is already stable
before the relaxation and while the distribution corresponding to
the 8-atom rhombohedral simulation cell was preferred for most
unrelaxed compositions, the relaxation makes the 48-atom disor-
dered rhombohedron more preferred at any x. A similar situation
is exhibited by HfyMo;_xN in Fig. 2(e) and (f). Magnetic HfyHo;_xN
(Fig. 2(g) and (h)) was modelled using only the 8-atom cubic sim-
ulation cell and the 8-atom rhombohedral simulation cell (being
preferred over the cubic one at any x both before and after relax-
ation). In the case of the 8-atom rhombohedral simulation cell the
relaxation changes Eg,,,, of Hfy75Hog-5N from positive to negative
similarly as that of HfyY;_xN.

The preferred structures of TaN and MoN are not cubic but
hexagonal WC-like and hexagonal NiAs-like, respectively. Thus,
Fig. 2(i)-(1) provide Egy,, of both cubic HfyM;_xN and the cor-
responding type of hexagonal HfyM;_xN with respect to a de-
composition into isostructural phases (two cubic or two hexag-
onal; Fig. 2(i) and (k)) as well as to preferred phases (one cu-
bic and one hexagonal; Fig. 2(j) and (1)). Data for the isostruc-
tural decomposition of the cubic HfyM;_xN represented by the 8-
atom cubic simulation cell are repeated from Fig. 2(c) and (e). Be-
cause of the small size of the HfyM;_xN simulation cells used, the
structural relaxation during the calculations of the data shown in
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Fig. 2. Mixing energy, Egm, of HfxM;_xN. Panels (a)-(h) show Eg,,, of cubic HfyM;_xN (M =Y, Ta, Mo, Ho) with respect to their isostructural binary nitrides obtained for
8-atom cubic simulation cell (squares), 8-atom rhombohedral cell (triangles down), 48-atom ordered rhombohedral cell (balls) and 48-atom disordered (SQS) rhombohedral
cell (triangles up); see Fig. 1 for the structures and the differences between them at x = 0.50; results are shown for structures before geometrical relaxation (closer to results
of ab-initio molecular dynamics and experiments for a solid solution considered in [73]; solid symbols) and after geometrical relaxation (thermodynamically preferred; open
symbols). Panels (i)-(1) show Eg,,, of cubic (squares) and hexagonal (diamonds) HfyM;_xN (M = Ta, Mo) both with respect to their isostructural binary nitrides (solid symbols
in panels (i) and (k)) and to preferred structures of their binary nitrides (crossed symbols in panels (j) and (1)).

Fig. 2(i)-(1) did not affect the results. First, it can be seen that
cubic HfyTa;_xN and HfyMo;_xN solid solutions are stable against
isostructural decomposition. However, enabling the decomposition
into the preferred structures of the constituent binary nitrides
makes both these ternary nitrides metastable. Second, hexagonal
Hfp25Mog 75N and Hfy50MogsoN are also stable against isostruc-
tural decomposition, but this is contrary to hexagonal HfyTa;_xN
which is metastable at any x even with respect to isostructural
HfN and TaN. Enabling the decomposition into the preferred struc-
tures of the constituent binary nitrides makes both these hexag-
onal ternary nitrides metastable similarly as the cubic ones. As
an important consequence of Fig. 2(j) and (), it can be seen that
HfxTa;_xN prefers the hexagonal structure at x < ~0.375 and cu-
bic structure at higher x and that for HfyMo;_xN this limit is very
close to x = 0.5.
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Fig. 3 deals with the electronic structure and related proper-
ties of HfMSIiBCN with respect to the M choice. Fig. 3(a) and (b)
show measured extinction coefficient and electrical conductivity,
respectively, of the 20 thin films (5 choices of M and 4 compo-
sitions of the sputter target erosion area). The general trend from
the figure clearly shows that, regardless of the target composition,
the transition from the periodic-table groups IIIB-IVB through the
group VB to the group VIB leads to films which are less transparent
and more conductive, i.e. more metallic. In particular, k559 changes
from 0.09-0.17 (M = Y, Hf, Ho) through 0.31-0.46 (M = Ta) to
0.60-0.67 (M = Mo), and o changes from 1.6 x 1074 - 7 x 1073
S/m (M =Y and Hf) through 1.5 x 1073 - 2 x 102 S/m (M = Ho)
and 2 x 10! - 8 x 10! S/m (M = Ta) to 4 x 102 - 8 x 102 S/m
(M = Mo). This is due to the decreasing N content in the films
prepared at the same N, percentage in the sputtering atmosphere:
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Fig. 3. Measured extinction coefficient (a) and electrical conductivity (b) of HfMSiBCN films prepared using the four different sputter targets (legend in panel (a)), energy
of formation of crystalline MN with respect to a solid metal M and N, molecules (c), reciprocal fraction of MN bonds in all M-containing bonds in amorphous HfMSiBCN
(d), localisation of electronic states in terms of median inverse participation ratio IPR of 15 most localised states ((e), squares, left axis) and energy range which includes 5
highest occupied and 5 lowest unoccupied states ((e), balls, right axis) in amorphous HfMSiBCN with insets of typical electronic density of states ((e), bottom left) and IPR
of those states ((e), top right), and an example of the HfMSiBCN (specifically HfgY3Siy2B20C4N43) amorphous network (f).

[N] of ~43% for M = Y and Hf, ~40% for M = Ho and Ta, and
~37% for M = Mo (see Section 2.2 for the complete compositions).
The decreasing N content is explained by increasing formation en-
ergy of the binary nitrides (i.e. decreasing driving force towards ni-
tride formation) shown in Fig. 3(c): Efyry = -1.77 to -1.73 eV/atom
for M = Y and Hf, -1.16 eV/atom for M = Ho and Ta and -0.42
eV/atom for M = Mo. These results also constitute a further vali-
dation of the simulation technique, e.g. the calculated Eg,, of HfN
-1.77 eV/atom = -342 kJ/mol is close to the aforementioned mea-
sured value -369 kJ/mol (much closer than e.g. that resulting from
the simulation technique used in [49]). The correlation between
the experimentally and computationally determined quantities can
be further expressed in terms of high Spearman’s rank correla-
tion coefficient (a measure of monotonicity) of 0.901 and 0.914 for
kss0—Eform and o —Egy, pairs, respectively.

Fig. 3(d) shows the bonding statistics of the simulated amor-
phous HfMSIBCN (see Fig. 3(f) for a typical snapshot of the amor-
phous network obtained by the liquid-quench algorithm) by means
of the reciprocal ratio of the MN bonds among all M-containing
bonds, i.e. a reciprocal measure of the bonding preference of M to
N. The trend with respect to the group of M in the periodic ta-
ble is again monotonic and the same as in the panels mentioned
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above. Note that the higher quantity of e.g. YN bonds (99% of all Y-
containing bonds) as compared e.g. to MoN bonds (41% of all Mo-
containing bonds) cannot be explained solely by the higher N con-
tent in HFMSIBCN in the case of Y (43 at.%) than in the case of Mo
(37 at.%). Thus, the bonding statistics constitute an independent
confirmation of the aforementioned decreasing affinity to N with
increasing periodic-table group number (consistently with the in-
creasing M electronegativity, i.e. decreasing difference between N
and M electronegativity from the left to the right in the periodic
table).

Fig. 3(e) shows the consequences of the presented trend for the
electronic structure of HfMSiBCN. The bottom left inset shows a
typical electronic density of states exhibiting a narrow band gap
at the Fermi level (Er), underestimated by density-functional the-
ory but still observable for any M (except Ho where the electronic
structure contains many 4f states near Ep; however, these states
are strongly localised - sometimes not considered at all [74] or
shown not to be necessary [75] in ab-initio calculations - and do
not contribute to macroscopic electronic properties). The top right
inset shows a typical localisation (inverse participation ratio) of
the states (again, without the much more localised Ho 4f). The
states near Ep are clearly more localised than the more distant
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panel (a); the half-length of the errors bars in panels (a) and (b) is given as the standard error of the mean obtained from 15-23 measurements) together with calculated
shear modulus ((a), right axis) and effective Young’s modulus ((b), right axis) of crystalline MN and calculated shear modulus (c), Young’s modulus (d), bulk modulus (e)
and Poisson’s ratio (f) of crystalline HfyM;_xN, normalised to HfN values. The HfN properties (corresponding to ratios in panels (c)-(f) equal to 1.0) are provided as well.
Mechanical properties are shown for preferred crystalline structures of HfyM;_xN: cubic Hf,Y,;_yN at any x, cubic HfN, WC-like hexagonal Hf;Ta;_xN at x = 0.00 and 0.25,
cubic HfyTa;_xN at x = 0.50 and 0.75, NiAs-like hexagonal HfyMo;_xN at x = 0.00 and 0.25, averaged values of cubic and NiAs-like hexagonal HfyMo;_xN at x = 0.50 and

cubic HfyMo;_«N at x = 0.75; see labels in panel (d).

ones, which points to the semiconductive nature of all HfMSiBCN,
together with the values of the measured electrical conductivity
(Fig. 3(b)) and the non-zero band gap. In terms of localisation of
states near Ep (squares) as well as in terms of number of states
near Er (measure of the band gap; balls), Fig. 3(e) confirms the in-
creasing metallicity of HfMSiBCN along the transition from M = Y
to M = Mo. Considering the above paragraphs, it can be concluded
that the simply calculable formation energy of crystalline MN de-
fines the trends in characteristics of amorphous HfMSiBCN and is
a useful tool for predicting these trends.

Fig. 4 deals with mechanical properties of HfMSiBCN with re-
spect to the M choice. The left axis and columns in Fig. 4(a) show
measured hardness, Hypysipens Of the deposited films: 21 + 1, 20
+ 2,20 + 0.5, 225 &£ 15 and 22 £+ 2 GPa for M = Y, Hf, Ho,
Ta and Mo, respectively. The left axis and columns in Fig. 4(b)
show measured effective Young’s modulus, E*yaysipcn, Of the same
films: 164 + 3, 164 + 6, 161 &+ 3, 171 + 4 and 168 & 7 GPa for
M =Y, Hf, Ho, Ta and Mo, respectively. The right axis and squares
in Fig. 4(a) show the calculated shear modulus, Gy (one of the
proposed measures of hardness [76]), of the binary nitrides in their
preferred crystal structures: 127, 170, 122, 241 and 223 GPa for
M = Y, Hf, Ho, Ta and Mo, respectively, and the right axis and
squares in Fig. 4(b) show their calculated effective Young’s modu-
lus, E*\n: 311, 445, 300, 612 and 588 GPa for M =Y, Hf, Ho, Ta and
Mo, respectively. Although binary MN is only one of the possible
constituents of senary HfMSiBCN, a correlation between the exper-
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imental and calculated results can be found to some extent also
in this case. Measured Hypysipen and E*pavsipen €xhibit the high-
est average values for M = Ta followed by M = Mo and the lowest
maximum values for M = Ho, and calculated Gy and E*\yy exhibit
the highest values for M = Ta followed by M = Mo and the low-
est values for M = Ho. The Spearman’s correlation coefficient for
all 20 Hypvsieen—Gmn and E*yavisisen—E*vn pairs is 0.611 and 0.674,
respectively. The measured compressive stress in all 20 films (not
shown graphically) is lower than 1.2 GPa, at only a weak corre-
lation with the measured hardness (Spearman’s correlation coeffi-
cient as low as 0.562, well below those characterising the corre-
lation of measured and calculated mechanical and especially elec-
tronic properties).

Fig. 4(c)-(f) show the calculated mechanical properties (shear
modulus, effective Young's modulus, bulk modulus and Poisson’s
ratio, normalised to the HfN values indicated by the dashed lines)
of the preferred crystal structures of HfxyM;_xN (M =Y, Hf, Ta, Mo),
i.e. cubic HfyY{_xN at any x, hexagonal WC-like HfyTa;_xN at x <
0.50, cubic HfyTa;_xN at x > 0.50, hexagonal NiAs-like HfyMo;_xN
at x < 0.50 and cubic HfyMo;_xN at x > 0.50 (see Fig. 2(j) and
(1), and labelled ovals in Fig. 4(d)). Due to the ambiguity of the
preferred crystal structure of HfysoMogsgN, the presented elastic
moduli are averages of the values calculated for the both possi-
ble structures. Fig. 4(c) shows that G of HfN is enhanced by an
incorporation of a large amount (x < 0.25) of Ta or Mo, Fig. 4(d)
shows that E of HfN is also enhanced by an incorporation of a
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large amount (x < 0.25) of Ta or Mo, Fig. 4(e) shows that B of HfN
is enhanced by an incorporation of any amount of Ta or Mo, and
Fig. 4(f) shows that v of HfN is enhanced by an incorporation of a
small amount of Ta (x > 0.50) or any amount of Mo. The bulk mod-
ulus changes monotonically with x and almost monotonically with
the periodic-table group number, in agreement with the fact that
it is largely given only by the valence electron density. The other
quantities frequently change non-monotonically, including disturb-
ing the monotonicity at x values leading to a change of the pre-
ferred structure. Collectively, the experimental and calculated re-
sults in Fig. 4 show that at a low metal fraction ([Hf]+[M] = 11
at.%) the evolution of mechanical properties of amorphous senary
HfMSIBCN is better predicted by (an interpolation between) the
properties of binary crystalline HfN and MN than by the proper-
ties of ternary crystalline HfyM;_xN. This finding is consistent with
the bonding statistics obtained by simulations of amorphous HfM-
SiBCN: out of all N atoms bonded to at least one metal atom, 83%-
90% are bonded only to Hf or only to M (representing, if we let
alone the other elements, a mixture of binary metal nitrides) and
only 10%-17% are bonded to both Hf and M (representing a ternary
metal nitride).

Fig. 5 shows measured functional properties of HfMSiBCN films
as functions of each other. Fig. 5(a) captures the strong correla-
tion between electrical conductivity and optical extinction coeffi-
cient exhibited by most of the films. The Spearman’s correlation
coefficient of the o-kss¢ pair reaches 0.921. Furthermore, the two
films prepared with the target compositions Hfj5TasSizg(B4C)go
and Hfy5Tas5Sii5(B4C)gs exhibit combinations of electrical conduc-
tivity and extinction coefficient significantly above the dependence
formed by the remaining 18 films (a noticeably high o = 60 +
23 S/m at a relatively low kssg = 0.30 £ 0.01). Thus, the afore-
mentioned two sputter target compositions (which may be com-
bined also with other N, partial pressures and the resulting N con-
tents in the materials) have been identified as the most promising
in terms of combinations of the electrical conductivity and opti-
cal transparency. A case can be made that at the comparable val-
ues of o and kssg the target composition Hfi5TasSizo(B4C)go may
be preferred over Hf;5TasSij5(B4C)gs due to the higher Si frac-
tion, resulting in a higher thermal stability and oxidation resistance
[24,77]. Let us recall that the Ta incorporation into HfSiBCN leads
not only to improved combinations of electrical and optical prop-
erties (Fig. 5(a)) but simultaneously also to preserved or improved
mechanical properties (Fig. 4(a) and (b)). Fig. 5(b) shows an even
stronger correlation between the ratio of hardness and effective
Young's modulus and the hardness itself: the Spearman’s correla-
tion coefficient is 0.939. This is a consequence of much wider vari-
ations of H among the 20 samples (4 14%) as compared to the vari-
ations of E* (+ 5%). Furthermore, all prepared films exhibit H/E* >
0.1 which, together with the elastic recovery of all prepared films
>70% (not shown), means that the films are resistant to crack-
ing thanks to their high elastic strain to failure [78,79]. Fig. 5(c)
shows the combinations of electrical conductivity with hardness.
The figure demonstrates that the films with M = Ta and Mo are
significantly more conductive than those with M = Y, Hf and Ho
(consistently with the aforementioned increasing film metallicity
with increasing periodic-table group number of M), and that this
enhancement of metallicity is even achieved at preserved or en-
hanced hardness.

4. Conclusions

Hard and oxidation resistant amorphous materials Hf(M)SiBCN
(M =Y, Ho, Ta, Mo) were studied by a combination of static ab-
initio calculations (both crystalline HfyM;_xN and a-HfMSiBCN), ab-
initio molecular dynamics (a-HfMSiBCN) and pulsed reactive mag-
netron sputtering. From the methodology point of view, the for-
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Fig. 5. Measured properties of HfMSiBCN films prepared using the four differ-
ent sputter targets (legend in panel (a)) as functions of each other. The shaded
area in panel (a) represents an enhancement of o at a given ksso for the targets
Hf15TasSiz(B4C)so and Hf;s5TasSit5(B4C)es. The dashed line in panel (a) is a fit from
linear regression of the dependence of log o on ksso for the other 18 targets.

mation energy of HfyM;_xN was found to strongly depend on the
(i) crystalline structure (WC-like hexagonal preferred for HfyTa;_xN
up to x ~ 0.375, NiAs-like hexagonal preferred for HfyMo;_xN up
to x ~ 0.5 and NaCl-like cubic preferred otherwise), (ii) possibility
of changing the crystalline structure upon the decomposition (all
HfxM;_xN are metastable against the decomposition into the pre-
ferred phases but some are stable against isostructural decompo-
sition), (iii) geometrical optimisation of atomic coordinates which
stabilises many solutions and (iv) preferred distribution of Hf and
M atoms in the metal sublattice (different for different metals).



M. Matas, M. Prochazka, J. Vicek et al.

The Sputtering of Hf15M5Si25(B4C)55, HfzoMsSigo(B4C)45,
Hf15M5Sisg(B4C)gp and Hf15sMsSig5(B4C)gs targets in a gas mixture
leading to a subsaturation N content produced hard (up to 24
GPa) films with high elastic strain to failure. HfTaSiBCN and
HfMoSiBCN films are significantly more metallic (conductive and
opaque) than HfYSiBCN, HfSiBCN and HfHoSiBCN. However, this
increase in metallicity doesn’t lead to a decrease in hardness. Fur-
thermore, sputter target compositions (Hfs5TasSit5-20(B4C)eo-65)
leading to promising combinations of the electrical conductivity
and extinction coefficient have been identified.

The driving force towards N incorporation into HfMSiBCN
monotonically decreases with increasing periodic-table group
number of M. This fact is expressed by (i) increasing measured
electrical conductivity and extinction coefficient of HfMSIiBCN, (ii)
increasing calculated formation energy of MN, (iii) decreasing mea-
sured N content and steeply decreasing calculated fraction of MN
bonds in all M-containing bonds in HfMSiBCN and (iv) decreas-
ing calculated (measure of the) band gap width and localisation
of electronic states near the Fermi level. The measured mechanical
properties of HfMSiBCN correlate well with the calculated mechan-
ical properties of MN but not with those of HfyM;_xN. Collectively,
these results demonstrate the possibility of predicting the trends
in properties of amorphous multicomponent HfMSiBCN films us-
ing inexpensively computable properties of crystalline binary MN.
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We study the hard and electrically conductive multicomponent diboride
Tip2s5Zr925Hfo25Tag 2B, with high thermal stability by ab-initio calculations. We focus on the
effect of defects (either vacancies or C atoms, both relevant for numerous experiments
including our own) on material characteristics. Different types, concentrations and
distributions of defects were investigated, and the configurations leading to the lowest
formation energies were identified. We show that the replacement of B by C is more
unfavorable than the formation of B vacancies. We show that vacancies prefer to coalesce into
a larger planar void, minimizing the number of broken B—B bonds and the volume per atom,
while carbon substitutions at boron sites do not prefer coalescence and tend to minimize the
number of C—C bonds. We show the effect of vacancies on mechanical and electronic

properties, and use the results to explain experimental data.

Keywords: multicomponent diborides, high-entropy diborides, defects, ultra-high temperature

ceramics, electronic properties
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1. Introduction

Early transition metal diborides, a subclass of ultra-high tem-
perature ceramics, are famous for their high melting temper-
ature, electrical conductivity and ultra-high hardness. These
multifunctional materials have potential high-temperature
applications with special requirements such as a combination
of hardness and electrical conductivity at high temper-
atures. Recently, single-phase high-entropy or multicom-
ponent bulk diborides (e.g. Hfy»Zro,Tig2Tag,Mog,By [1],
CrooHfg2Tag2Tig2Zro 2By [1-4], Hfg,Tag,TigoWo2Zrg 2B
[2], and Hfy,Zro,Tig,Tag,Nbg,Bs [1, 5, 6]) have attracted

* Author to whom any correspondence should be addressed.

1361-648X/21/095901+11$33.00

the attention of researchers worldwide due to the enhancement
of properties including hardness, thermal stability, or oxida-
tion resistance [7, 8]. The properties of diboride-based ceram-
ics are further tailored by the incorporation of carbon [9] or
carbon-containing precursors such as B4C[10, 11] or SiC [12].

In parallel to the interest in bulk ceramics, the same mate-
rials are studied also in the form of thin films, in the first
place using magnetron sputtering on a wide range of sub-
strates. High-quality ternary diborides (Zr;_,Ta,B,) [13] and
high-entropy diborides such as Zr 3 Tip20Hf0.19Vo.14Tag24B>
[14] and (Hf,Ta,V,W,Zr)B, [8] with great thermal stability
and mechanical properties were readily produced by this pro-
cess. However, when heavy elements (e.g. Hf, Ta, and W)
are to be deposited, neutralized energetic Ar reflected back
from the heavy target atoms can induce a great deal of
defects within the growing films. Thermodynamically non-

© 2021 IOP Publishing Ltd  Printed in the UK
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equilibrium defects such as substitutional and interstitial
defects, stacking faults, excessive vacancies, anti-sites, etc.
are prevalent in the deposited films [13, 15, 16]. Although
the process parameters can change the concentrations and
types of defects [17], deposition of a perfect crystal with
such a method is nearly impossible. Moreover, diboride
films are particularly prone to contain B vacancies when
they are deposited with the ratio of B to metal elements
lower than 2: see e.g. TiposTaposBi3, TaB;,, TaB4, TaB;
[18], Zro7Tag3B15, ZrogTag2B1g [19], TiBis2-197 [20], or
Zr10,68-0.77Cr0.23-032B1.33-1.50 [21]. Like in the case of bulk
ceramics, carbon is introduced to improve either the properties
of deposited films (see [22] for Ti—-B—C where C,H, was used
in the chamber) or the feasibility of the deposition process (see
[23] for Hf—B—C where B,4C target was used to inhibit arcing).
Since these vacancies or carbon atoms can vary the functional
properties of bulk as well as thin-film materials, their detailed
characterization is of importance.

Density functional theory (DFT) is a powerful method to
study not only perfect crystals but also the effect of defects
on the properties of materials [24]. In addition, the formation
energy (Ey) of defects can be calculated which paves the way
for defect engineering in materials [25]. Numerous works have
been carried out to study the defects, particularly vacancies, in
different ceramics deposited by magnetron sputtering [26, 27].
Abadias et al [16] thoroughly investigated the effect of vacan-
cies on elastic constants of epitaxial TaN, showing that up to
11% of vacancies can be present in the deposited TaN. Koutna
et al [28] showed that defected structures of rocksalt Ta—N and
Mo—N are more stable than the perfect crystal. In addition,
metal vacancy is favored in Ta—N, while there is no preference
in vacancy type in Mo—N. DFT calculations have revealed that
AlB,-type WB, would be stabilized by increasing the content
of vacancies in the structure; as a result, formation of stable
AlB;-type W21 Vo.79B, has been observed [29].

Building on the promising properties of high-entropy
diboride thin films [8, 14], including those (from hardness
through electrical conductivity to thermal stability) reported in
our recent experimental work [30], the aim of the present work
is detailed characterization of defects in them and the effect of
defects on their properties. The system Ti—Zr—Hf-Ta—B, pre-
viously investigated experimentally in a pure form [6] or as a
part of even more complex systems [1-6, 14, 30] is used as a
test case. This choice of metal elements stems from (i) their
relatively similar properties, which facilitates the (experimen-
tally observed) formation of a solid solution diboride, and (ii)
high mass of Hf and Ta, arguably increasing the concentration
of the aforementioned vacancies induced by Ar reflected from
the sputter target. Furthermore, C incorporation is allowed
in order to make the results relevant for depositions of such
films with B4C target overlapped by metallic plates [31]. We
study the effect of individual defects (vacancies and carbon
substitutions) on Ey and properties of (Ti,Zr,Hf,Ta)B,. The
specific aims include to shed light on the preferred types, con-
centrations, and distributions of defects within the structure,
to provide a hypothesis for annihilation of the defects in the
diborides with respect to temperature or time, and to explain
some published experimental data.

2. Methods

Ground-state energies and electronic structures of the
investigated borides were determined using DFT [32, 33]
with exchange and correlation effects approximated using
generalised-gradient method [34] as implemented in the
Quantum ESPRESSO software package [35]. Atomic cores
and non-valence electronic shells were represented by scalar
relativistic projector-augmented wave pseudopotentials [36].
Valence configurations of the individual elements were
3523p%4s23d? for Ti, 4524p°5s24d> for Zr, 55°5p°6s>5d> for
Hf, 55>5p°6s%4 £ 1454 for Ta, 25*2p" for B, and 25°2p? for C.

The crystal structures of the studied Tip2s5Zrg2s
Hf,5Tag2sB,-based diborides were AlB,-like hexagonal
(space group P6/mmm), modeled by orthorhombic supercells
with 48 sites (atoms + vacancies) of a basic composition
TisZr4Hf; TayB3,. At selected vacancy concentrations, all
properties were calculated using also a larger supercell with
96 sites which led to very similar results (see the supple-
mentary information for details (https://stacks.iop.org/JPCM/
34/095901/mmedia)). Thus, all results are presented for 48
atoms. Three distributions of metal atoms were considered:
atoms of the same element as far from each other as possible
(‘regular’ distribution used throughout the paper), atoms
of the same element as close to each other as possible
(‘clustered’ distribution used for comparative purposes), and
atoms distributed randomly (special quasirandom structures
(SQS) generated using the mcsqs code [37] included in the
Alloy Theoretic Automated Toolkit, used for comparative
purposes). The SQS distribution is in this case very similar to
the regular distribution in terms of formation energy. Thus,
only one of these distributions is used throughout the paper,
namely the regular one which allows straightforward changes
of the cell size.

The crystal structures used to calculate chemical potentials
of the unary constituents included their lowest-energy struc-
tures: body-centered cubic (Im3m; Ta), close-packed hexag-
onal (P63/mmc; Hf, Zr, Ti); a-rhombohedral (Rgm; B) and
graphitic (P63 /mmc; C) crystal.

The reciprocal simulation cells were sampled by
Monkhorst—Pack k-point grids of densities to have k-
point distances lower than 0.04 A~'. The electronic states
in the vicinity of the Fermi level were cold-smeared [38]
with the width of 0.1 eV. A geometrical optimisation of the
lattice constants and atomic positions was performed within
each calculation until all stress components acting on the
cell walls were reduced below 5.0 x 107 Pa &~ 0.31 meV/A3
and all force components acting on each atom were reduced
below ~4.1 x 107'' N ~ 26 meV/A. The plane-wave energy
cut-offs were set to 56 Ry for wavefunction (leading to
formation energies converged within 0.5 meV/at., and to
a dependence of internal pressure on cell size independent
of whether the cell is deformed at a fixed cut-off or fixed
number of plane waves) and 575 Ry for charge density
(leading to formation energies converged within 0.1 meV/at.).
Negligible effect of spin—orbit coupling (examined by cal-
culations using fully relativistic rather than scalar relativistic
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pseudopotentials) on the electronic density of states of
TisZr4Hf, TasB3, has been confirmed.

The formation energy, Ef, of each material (defected and
defect-free) was calculated with respect to the chemical poten-
tials of the unary bulk materials as

_ Etot - ans,uds
ans ,

where E\ is the energy of the modeled supercell, n; is the num-
ber of atoms and i, is the chemical potential of atom species
s = Ti, Zr, Hf, Ta, B, or C.

The formation energy of defects, E¢, was calculated as

E;

Ef = Efy — Eb + Y _ (0" — nd)ps,
S

where ES, and E}, are the energies of the defected and perfect
cell, respectively, and n? and n¢ are the numbers of atoms of
species s in the perfect and defected cell, respectively.

The elastic-tensor components (second-order elastic con-
stants, Cj;) were calculated by applying six deformation modes
to the orthorhombic cells representing the hexagonal crystals,
see e.g. [39]: five independent elastic constants Cy;, Cy2, Ci3,
Cs3, and Cyy4, and Cgg = (C11—C12)/2 which was in addition
calculated independently for cross-check purposes. The elastic
moduli resulting from the two slightly distinct Cee values differ
by <4%. The energies resulting from the positive and negative
deformations were averaged, reducing the errors in the defor-
mation energy and improving the precision of Cj. The esti-
mations of bulk modulus, B, shear modulus, G, Young’s mod-
ulus, E, Poisson’s ratio, v, of polycrystalline materials were
obtained from the calculated C;; using the Voigt—Reuss—Hill
approximation [40]. The hardness was estimated from three
semi-empirical formulae denoted by H, [41], H, [42], and H3
(431,

H, =0.151G

I_I2 — 2(G3/B2)0A585 _ 3

I_I3 — 0.92G1A845/B1.137.

The fracture toughness (Kjc) was calculated from the fol-
lowing equation (V) is the volume per atom) [44]:

Kic=V)/*-G-(B/G)'/.

3. Results and discussion

3.1. Formation energy of defect-containing structures

The E; of TisZryHf4TasBs,-based crystals with one
vacancy site/substitutional defect, namely TizZrsHf4Ta B3,
Ti4ZI‘3Hf4T&4B32, Ti4Zr4Hf3Ta4B32, Ti4Zr4Hf4Ta3B32,
TiyZr4Hf, TayB3;, and TiyZryHf;TayB5;C, is shown in
figure 1. Note that the E; differences resulting from var-
ied distribution of metal atoms (e.g. —0.946, —0.959 and
—0.949 eV/at. for regular, clustered and SQS distribution in
perfect TayHf,ZrsTisB3,) are well below the Ef differences
resulting from any defect formation. In the case of vacancy
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Figure 1. The formation energy of TasZr,Ti4Hf41B3, with (i) one
vacancy at Ta, Zr, Ti, Hf or B site or (ii) one C atom at B site. The
composition with B vacancy is energetically the most preferred one.

in the metal sublattice, E; is slightly dependent on which of
the four metals constitute the environment of the vacancy.
Therefore, the ranges of Er of the first four compositions are
shown using error bars. The error bars for a vacancy at boron
site (TiyZr,Hf,TasB3;) and for a substitutional carbon at boron
site (TiyZr,Hf,TayB3,C) are not drawn since Ey is almost inde-
pendent of the defect location in these two cases. The figure
shows that the relatively lowest E¢ (although still higher than
E; of perfect TiyZr,Hf,TayBs, of —0.946 eV/at.) is exhibited
by the boron-deficient crystal TiyZrsHf;TasB3;, followed
by the crystal with carbon substitution TisZrsHfsTasB3,C.
The lowest thermodynamic driving force to heal these two
kinds of defects constitutes another motivation (in addition to
the aforementioned experimental reports on boron-deficient
materials) to focus on them in the rest of the paper. The
minimum Ef of the metal-deficient crystals belongs to the
structure with Ta vacancy, followed by the structures with Zr,
Ti, and Hf vacancy. In agreement with the simulation, it is
reported that (Zr,Ta)B,_, prefers to expel Ta (not Zr) to the
grain boundaries during annealing [13].

The preference not to fill a vacancy with a carbon sub-
stitution, shown in figure 1 for one defect per simula-
tion cell, is examined in a wider compositional range in
figure 2(a). The figure shows Ef as a function of the num-
ber of vacancies (TigZrysHf;TasB3, ,) and carbon substitu-
tions (TigZrsHfsTasBs, C,) where 0 < x < 16. The vacan-
cies/carbon atoms are located as close as possible to each
other (other arrangements—at one selected x value—are
shown below). The Ef of TisZrsHf4TayBs,_C, almost lin-
early increases from —0.946 eV/at. at x = 0 to —0.294 eV/at.
at x = 16 when a layer of boron is replaced by carbon
(Ti4Zr4Hf4Ta4B16C16). Likewise, Ef of Ti4Zr4Hf4Ta4B32_x
almost linearly increases to —0.586 eV/at. at x = 16, indi-
cating a rough estimation of Ey of a crystal with a stack-
ing fault. The figure confirms that in the whole range of
defect concentrations, the crystal prefers to contain vacan-
cies rather than carbon atoms. This is also proven by defect
formation energy represented in figure 2(b) where carbon
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Figure 2. (a) The formation energy of TiyZr4Hf, TasBs,_, and
TiyZrsHf, TayBs, C, as a function of the number, x, of vacancies or
C atoms at B sites. The vacancies or carbon atoms are located as
close as possible to each other. While the formation of any of these
point defects is thermodynamically unfavorable, vacancies at B sites
are more preferred than C substitutions. (b) The formation energy of
defects (full symbols, left axis) in Ti4ZrsHf,TasB3,_, and
TiyZrsHf, TayBs, ,C, as a function of the number, x, of vacancies or
C atoms at B sites. Besides, the formation energy of defects per
removed or replaced boron atom is also graphed (empty symbols,
right axis). (c) The volume per atom (full symbols) and per atomic
site (empty symbols) as a function of the number of vacancies in
TiyZr,Hf, TayBs, , or C atoms in TigZrsHf; TayB3, ,C,. The
volume shrinkage upon the occurrence of vacancies is not sufficient
to preserve the density so the volume per atom grows with the
number of vacancies. The crosshatch parts show the mechanically
unstable TiyZryHf; TayBsy .

substitution needs higher energy to form compared to vacan-
cies or voids.

The formation energy of defects per removed or replaced
boron atom is also shown in figure 2(b) with empty symbols.
As seen, an energy around 2 eV is essential for removal of
each boron atom while substituting the boron atom with a car-
bon atom needs even a little higher energy. However, when the
number of vacancies or carbon atoms increases, the formation
energy of defects per removed or replaced boron atom slightly
declines. This prevailing trend can be related in part to the B—B
bonds: while 3 bonds need to be broken to remove the first
boron atom, only 2 bonds need to be broken to remove the sec-
ond boron atom, neighboring the vacancy. Similarly, removing
further boron atoms can lower the average formation energy of
defects per removed or replaced boron atom because of lower
average number of bonds which have to be broken.

3.2. Volume per atom (packing factor)

Figure 2(c) shows the volume per atom (occupied atomic site)
and the volume per atomic site (occupied or not) as a function
of the number of vacancies/carbon atoms. When the number
of vacancies increases, the volume per atom steeply linearly
increases at almost no shrinkage of the crystals, i.e. at almost
preserved volume per atomic site. In other words, the vacancy
content steeply decreases the packing factor of the diboride
crystals. The substitutional carbon defects have no effect on
the volume per atom when there are only 4 or less C atoms
at the 32 B sites. Higher incorporation of carbon results in a
slightly higher volume per atom.

The different volumes per atom of different defected crys-
tals and the resulting changes of the packing factor during
film growth and (especially) post-treatment can be of impor-
tance for stress generation and relaxation in the films. First,
in experiments with carbon-containing diboride-based films, a
substitutional C atom may have enough energy (during depo-
sition or annealing) to diffuse from the diboride crystal (leav-
ing a vacancy in it) toward the amorphous phase (reported in
[23]) at the boundary. As shown in figure 2(c), the preferred
packing factor of the crystalline phase decreases at about the
same preferred packing factor of the amorphous phase (in other
words, the crystal volume is approximately fixed while the
amorphous phase now contains one extra atom), leading to an
increase of the preferred thin-film volume and in turn to higher
compressive stress.

Second, the opposite takes place when a boron atom from
the grain boundary diffuses inward the crystalline phase to fill
in the vacancies. Now the preferred packing factor of the crys-
talline phase increases at about the same preferred packing
factor of the amorphous phase (in other words, the crystal vol-
ume is approximately fixed while the amorphous phase now
contains one atom less), leading to a decrease of the preferred
thin-film volume and in turn to lower compressive stress or
even to tensile stress. In the work of Bakhit et al [13], they
investigated the residual stress of ZrB, 4 films deposited by
sputtering. The as-deposited sample possessed residual stress
around —0.5 GPa which increased to —0.3 GPa and +-1.1 GPa
upon annealing at 800 °C and 1200 °C, respectively.
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vacancies in TisZrsHf4TasBs;. (b) The formation energy of TisZrsHf4TasB2cCs as a function of the number of B—C bonds. Since

there are two layers of boron, the numbers in the legend refer to the number of vacancies/carbon atoms in each layer. For instance, 3-3
represents 3 vacancies/carbon atoms in each boron layer. SQS refers to a quasirandom distribution of vacancies/carbon atoms in the boron
sublattice (leading to 17 broken B—B bonds in the ‘3-3" configuration) combined with a regular distribution in the metal sublattice
(‘vacancy/carbon SQS’) or with a quasirandom distribution also in the metal sublattice (‘fully SQS’). Vacancies as close as possible to each
other are thermodynamically preferred over distant ones, while carbon atoms slightly prefer the distant distributions.
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Figure 4. The volume per atom as a function of the number of (a) broken bonds in Ti4ZrsHf,TasB,6 and (b) formed B—C bonds in
TiaZrsHf, TayB6Ce. SQS refers to a quasirandom distribution of vacancies/carbon atoms in the boron sublattice (leading to 17 broken B—B
bonds) combined with a regular distribution in the metal sublattice (‘vacancy/carbon SQS’) or with a quasirandom distribution also in the
metal sublattice (‘fully SQS’). At a given defect concentration, the volume per atom increases with increasingly homogeneous distribution
of vacancies and increasingly heterogeneous distribution of carbon atoms.

3.3. Distribution of defects

The E; for all distinctive arrangements of six vacancies in
TiyZr4Hf, TayByg is shown in figure 3(a) as a function of (i) the
number of broken B—B bonds and (ii) dividing the six vacan-
cies between the two B layers in the simulation cell. The Ey
is the lowest for the lowest number of 12 broken B—B bonds
(all vacancies in the same layer), and then it predominantly
increases with increasing number of broken B—B bonds. This
indicates that the vacancies are prone to coalesce into a planar
void rather than to be randomly or even uniformly distributed.
Each bond between boron atoms can stabilize the structure to
a higher degree; therefore, when the number of broken bonds
increases even though the number of removed boron atoms is
the same, the formation energy of the structure increases. That

is, the system tends to minimize the number of broken B—B
bonds, which is achieved by the coalescence of vacancies.

In parallel, E; for all distinctive arrangements of six C sub-
stitutions in TiyZryHf; TayB,6Cg is shown in figure 3(b) as a
function of (i) the number of formed B—C bonds and, again
(ii) dividing the six C atoms between the two B(+4C) lay-
ers in the simulation cell. This time E is the lowest for the
highest number of 18 B—C bonds and for the same number
of C substitutions in each layer, and then it predominantly
increases with decreasing number of B—C bonds. This indi-
cates that the carbon atoms are prone to be uniformly dis-
tributed as far from each other as possible. The comparison of
both panels of figure 3 confirms that Ey of TisZrsHfsTasByg is
lower than that of TisZrsHf,TasB,6Ce (i.e. the crystal prefers
vacancies and voids rather than carbon at boron sites) even
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Figure 5. Positions of atoms in TisZrsHfsTasB,¢ before and after introducing a planar defect leading to 12 broken B—B bonds. Panels
denoted by the fractional coordinate z = 0, 0.25, 0.5, and 0.75 show different layers of the diboride where metal atoms are located at z = 0
and z = 0.5 and boron atoms are located at z = 0.25 and z = 0.75. The planar defect is placed at z = 0.75. The solid black, blue, red, green
and dark yellow circles show the sites of Ti, Zr, Ta, Hf, and B atoms, respectively, for the relaxed perfect crystal. The corresponding empty
circles show the slightly different atomic sites after introducing the planar defect. The numbers next to each atom show the z coordinate
after the relaxation resulting from introducing the planar defect. Note that introducing the planar defect reduces the lattice constant mainly in
z direction by 2.2% and the reduction in other coordination is small (around 0.3%).

after considering a wide range of atomic arrangements (not
only the single arrangement considered in figure 2(a)).

Figure 4 depicts the volume per atom of TisZrsHf,TasBog
and TiyZr4Hf;, TayB,sCg as a function of the number of broken
B-B bonds and formed B—C bonds, respectively. In general,
the volume per atom increases with increasing number of bro-
ken bonds in TiyZr,Hf,TasBog while it decreases with increas-
ing number of B—C bonds in TisZrsHf;TasB,6Cg. On the one
hand, the lowest volume per atom (the highest packing factor)
of TiyZr,Hf,TayBog is reached when the vacancies coalesce
into a planar void resulting in the lowest Ey (figure 3(a)). On the
other hand, the lowest volume per atom of TiyZr,sHf,TayB»cCg
is reached when carbon atoms are as far as possible from
each other with the maximum number of B—C bonds, again
resulting in the minimum E; (figure 3(b)). Note that the vol-
ume per atom of TiyZr,Hf;TaysBog and TiyZrsHf;TayBogCo
changes in the range of 10.63 to 10.77 A% and 9.27 t0 9.47 A3,
respectively. This is around 1%—2% of change in the volume,
indicating that without any phase transformation and only
based on rearrangement of vacancies or carbon towards the
lower Ey, the structure can shrink by 1%—2%. This is of impor-
tance for explaining the reduction of compressive stress in
many diborides after annealing as seen for Hf—B—C [23] or
ZrB; [45].

The arrangement of atoms in TisZrsHf,TasB,¢ with a pla-
nar void (the lowest Ef) is shown in figure 5 before and after
introducing the defects. The important point about this figure
is that after introducing the defects, the void at z = 0.75 is
not filled with the boron or metal neighbors, explaining the
increase of the volume per atom when vacancies form in this
diboride.

3.4. Mechanical and electronic properties

The characteristics of a perfect crystal (TigZrsHf4TasB3;)
and a defected crystal with a planar void (TiyZrsHf4TasBoe)
are compared in table 1 (elastic constants C;;, bulk mod-
ulus B, shear modulus G, Young’s modulus E, Poisson’s
ratio v, Pugh’s ratio G/B, hardness H;, H,, and H3, and
fracture toughness Kjc) and figure 6 (electronic structure).
Table 1 shows the calculated (i) mechanical properties of the
quinary crystals TisZrsHf4TasB3, and TigZrsHfsTasBog, (i1)
mechanical properties of the constituent binary diborides TiB,,
7ZrB,, HfB,, and TaB,, and (iii) arithmetic mean of mechani-
cal properties of these diborides, being very similar to those of
TisZrsHf, TayBs,. Selected calculated and experimental data
from the literature are included for comparison. On the one
hand, the perfect crystal TiyZrsHf4TasBs, can be almost cat-
egorized as superhard, with hardness approaching 40 GPa.
On the other hand, the mechanical properties of the defected
crystal (TiyZr4Hf, TayByg) including hardness of only slightly
above 20 GPa (=60% of the previous value) are inferior to
the perfect crystal, showing that the mechanical properties in
diborides are largely related to the boron deficiency.

The densities of electronic states of these two quinary com-
positions are shown in figure 6. For both compositions, the
highest occupied states are projected mainly onto 2p orbitals
of boron atoms which are the most electronegative in the com-
pound, hybridizing with orbitals from the metal atoms as a
result of the chemical bonding. In contrast, the lowest unoc-
cupied states are projected onto the valence (3, 4, 5)d orbitals
of the metal atoms. The figure confirms that the density of
states at the Fermi level increases when the boron to metal ratio
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Table 1. Calculated mechanical properties of binary diborides and quinary diborides including elastic constants C;; (GPa), bulk modulus
B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), Poisson’s ratio v, Pugh’s ratio G/B, hardness H;, H,, and H3 (GPa), and
fracture toughness Kjc (MPa m®3). The properties of binary diborides are compared with theoretical papers [46]*, [47]° and [44]°,
experimental papers on thin films [48]¢, [49]¢, [50], and [51]2 and experimental paper on bulk materials [52]". The properties of quinary
diborides are compared with the arithmetic mean of the properties of the corresponding binary diborides'.

COIl'lpOLlIld C11 C12 C33 C13 C44 B G E G/B v H, H, H; Kic
TiB, 654 71 455 105 260 256 258 580 1.01 0.12 39 49 47 3.7
TiB,* (theo.) 656 65 461 98 262 250 261 581 1.04 0.11
TiB,° (theo.) 634 62 447 100 253
TiB,¢ (exp.) 525 H, =43
ZrB; 566 58 435 127 252 243 232 527 0.95 0.14 35 43 41 3.5
ZrB5* (theo.) 557 63 437 120 254 239 231 525 0.97 0.13
ZrB,¢ (exp.) 415 H, =36
HfB, 610 62 460 127 268 256 249 564 0.97 0.13 38 46 44 3.7
HfB,° (theo.) 262 248 565 0.95 0.14 44 3.7
HfB,* (theo.) 583 98 460 135 257 261 233 539 0.89 0.16
HfB,' (exp.) 396 H, =44
TaB, 606 142 446 210 220 307 203 499 0.66 0.23 31 24 24 3.6
TaB,? (theo.) 597 140 433 196 191 296 192 473 0.65
TaB,# (exp.) 350 H, =45
TaB," (exp.) H, =23-30
(TiZrHfTa)B,' 609 83 449 142 250 266 235 542 0.88 0.16 36 41 39 3.6
TiyZr,Hf, TayBs, 608 85 454 147 252 262 236 547 0.87 0.16 36 39 38 3.7
TisZr,Hf, TagBog 491 76 364 121 127 189 150 368 0.69 0.22 23 21 21 2.7
TigZr,Hf, TayByg 383 52 270 80 —133 Mechanically unstable
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Figure 6. The density of electronic states around the Fermi level, EF, for (a) the defect-free multicomponent diboride, TisZrsHf;TasB3,, and
(b) TigZr4Hf, TayByg with 12 broken B—B bonds. Reducing the boron content increases the material metallicity.

decreases from 2 (perfect crystal) to 1.625 (TiyZrsHf,TasBys),
indicating higher metallicity (and arguably higher conductiv-
ity especially in the [0001] direction, despite the distortion
and ripples in each layer of boron and metal) of the defected
crystal.

3.5. Equilibrium number of vacancies

The equilibrium content of vacancies as a function of
temperature is calculated by minimizing the free energy,
F = E¢ — TS, where E; is the formation energy and S. is
the configurational entropy. The configurational entropy of a
defected crystal can be calculated as

S. = %R In N + %R[n\, In(ny) + (1 — ny) In(1 — ny)],
where R is the universal gas constant, N is the number of the
incorporated metals and n is the content of vacancies (entropic
species) at boron sites. The first and the second term consti-
tute S. in the metal sublattice (one third of the crystal, hence
the factor 1/3) and in the boron sublattice (two thirds of the
crystal, hence the factor of 2/3), respectively. The dependence
of E¢ on n, was calculated by interpolation of the data points
in figure 2(a), and the resulting dependence of F on n, and
T is shown in figure 7(a). The equilibrium content of vacan-
cies, predicted using the data shown in figure 7(a), is shown
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Figure 7. (a) The free energy of multicomponent diborides with different content of vacancies at boron sites as a function of temperature.
(b) The concentration of vacancies leading to minimum free energy as a function of temperature.
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atoms at boron sites in the material TisZr,Hf4TasB,4Cg. (b) Redistribution of carbon atoms to have the minimum number of C—C bonds.

(c) Carbon atoms tend to leave the AlB, structure creating vacancies in the structure. (d) Coalescence of vacancies to form a planar void
characterized by a minimum number of broken B—B bonds. (e) Perfect crystal obtained by healing the vacancies using B atoms from grain
boundaries. This crystal cannot be formed directly from a crystal with a planar void shown in part (d) because the vacancies gradually move
to a crystal boundary, i.e. there is a transition state similar to part (c). A schematic of free energy of a crystal with a planar void and a perfect

crystal is shown in the bottom left corner.

in figure 7(b). The figure shows that around 3000 K, close to
the melting temperature of diborides, the equilibrium vacancy
concentration is around 1% of boron sites. Let us empha-
size that while this n, predicted by equilibrium thermodynam-
ics constitutes a theoretical minimum, the higher n, > 3%
used in the ab-initio calculations not only allowed using
smaller simulation cells at the same expected trends, but are
also arguably closer to materials prepared by non-equilibrium
techniques.

3.6. Defect transformations

Figure 8 summarizes the above findings by visualizing the
thermodynamics of defect transformations as a qualitative
function of temperature or time to reach the minimum F and
E: (being almost the same at low T) in an equilibrium state.
Part (a) of this figure shows a 2D cluster of carbon that can be
implanted, trapped, or deposited together with metal diborides.
Although E; of this configuration is negative, it is higher than
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that of the following configurations: the carbon atoms prefer
to be uniformly distributed (part (b)), and even more prefer to
approach the boundaries which can be either a free surface or
grain boundaries (leaving vacancies in the diboride crystals;
part (c)). In short, when carbon atoms have sufficient ther-
mal energy to overcome the diffusion barriers (for example,
recovery or recrystallization can occur at a temperature around
600 °C or 800 °C [13]), they gradually segregate at grain
boundaries, and, consequently, vacancies form in the struc-
ture. This process would induce compressive stress since the
preferred volume per atom increases.

When the structure includes some vacancies (part (c)), one
of two possible paths, depending on the elemental compo-
sition, is followed. First, there may be a reservoir of boron
(for example, boron-containing grain boundaries) that can
fill in the vacancies. In this case, a crystal with equilibrium
vacancy content can form, decreasing Ey. This is a typical
case in overstoichiometric diborides. Second, there may not
be enough boron atoms in the environment and vacancies can-
not be filled in. Therefore, the vacancies tend to form a planar
void. Planar voids for diborides are not only predicted by the
ab-initio calculations above but also reported experimentally
in as-deposited diborides (TiB;¢) [53] and even after anneal-
ing to 1200 °C for ZrpgTag»B g [13], indicating that they are
quite stable. The structure with a planar void cannot trans-
form directly to a perfect crystal unless the void decomposes to
vacancies which increases the (free) energy. The schematic of
free energy of a crystal with a planar void and a perfect crys-
tal is shown at the bottom left corner of figure 8, indicating
the metastable equilibrium represented by the structure with a
planar void.

4. Conclusions

Inspired by many pure or carbon-containing metal diborides
suffering from voids and other defects, we studied the influ-
ence of vacancies and substitutional carbon atoms on the for-
mation energy (Er) and mechanical and electronic properties
of Tigo5Zrg25Hfy25Tag25B- by ab-initio calculations llSiIlg a
48-atom supercell. The main findings are as follows:

(a) We quantified how the number and the distribution of
vacancies/defects affect Er and the packing factor of the
structure. Although readily produced by non-equilibrium
preparation techniques, vacancies and (even more) carbon
substitutions are thermodynamically unfavorable.

(b) Vacancies prefer to coalesce into a planar void, minimiz-
ing both the number of broken B—B bonds and the volume
per atom.

(c) Carbon substitutions at boron sites tend to be far from
each other, minimizing both the number of formed C-C
bonds and the volume per atom.

(d) The equilibrium concentration of vacancies (minimiz-
ing configurational entropy-dependent free energy) near
the melting temperature would be around 1%. This is
the lower bound of concentrations resulting from non-
equilibrium preparation techniques.

(e) The mechanical properties of TiyZr,Hf,TasByg with the
ratio of boron to metal equal to 1.625 are inferior to
TiyZrsHf, TasB3, (e.g. the predicted hardness is by ~40%
lower) while the metallicity of the defected structure is
higher than that of the perfect structure.

(f) A model for healing of defects is presented, showing that
a planar void can form from the distributed vacancies and
remain stable even though the corresponding Ey is higher
than that of the perfect crystal.
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We study the effect of nitrogen content on functional properties, thermal stability and oxidation resistance of
hard and optically transparent amorphous Hf-Y-Si-B-C-N coatings prepared by pulsed magnetron sputtering. Ab-
initio simulations are performed to link the experimentally obtained properties with the atomic and electronic
structures of the fabricated materials. It is shown that the content of N in the material, varied from subsaturation
46 at.% to saturation 51 at.%, is of significant importance for the optimization of thermal stability and tuning the

refractive index and extinction coefficient. We identify an optimum Nj content in the plasma and in turn N
content in the coatings which outperform the previously introduced high-temperature material HfgYo
SizgB12C2N4s. The results constitute a progress in the efforts to combine multiple functional properties with
exceptional (above 1300 °C) thermal stability and oxidation resistance.

1. Introduction

Due to an intriguing combination of desirable properties, including a
high electrical and thermal conductivity, high hardness, high melting
point, high thermal stability and fair oxidation resistance, HfBs-based
ultra-high temperature ceramics have attracted much attention [1-4].
Materials from the HfB,-SiC system have received special attention
because of their further improved oxidation resistance [5-8]. We studied
Hf-B-Si-C coatings in our earlier works [9,10] and found that they have
high hardness (up to 37 GPa), low electrical resistivity (on the order of
10% Qm), and oxidation resistance in the air up to 800 °C.

In parallel to varied fractions of all aforementioned elements, ni-
trogen incorporation has a strong effect on hardness, band gap, optical
transparency, electrical conductivity and thermal stability. Optimiza-
tion of some of these properties even requires the maximum achievable
N content (given by the fraction of the other present elements [11]). In
view of the role of nitrogen in ultrahigh thermal stability of amorphous
Si-B-C-N coatings [12-18], we incorporated nitrogen into the Hf-B-Si-C
system to stabilize the film structure, to limit the boron release from it
and to extend its oxidation resistance well above 1000 °C [19-21].

In our recent paper [22], we specifically studied the
high-temperature behavior of an optically transparent HfsSi;9B21C4N4y
coating and an electrically conductive Hf;SizaBa3CeNyo coating (note

* Corresponding author.
E-mail address: vicek@kfy.zcu.cz (J. VIcek).

that the conductivity constitutes a significant advantage over Hf-free
Si-B-C-N). Both coatings were annealed in synthetic air up to
1500 °C, and the changes of the microstructure upon annealing,
oxidation resistance and the influence of nitrogen content on these
coatings were thoroughly investigated. The exceptional oxidation
resistance of both coatings (very small mass changes up to 1500 °C) has
been explained by a formation of a nanocomposite surface oxide layer.
This layer contains HfO nanocrystallites surrounded by a SiOz-based
amorphous matrix.

Recently, it has been reported [23-28] that in hot sections of gas
turbine engines, monosilicates and disilicates of rare-earth elements
(RE), such as Y, Yb, Ho etc., can form a more durable protective barrier
layer than pure silica. While silica degrades as exposed to
high-temperature steam, the silicates limit this process, enhancing the
life-time of the coatings. Thus, the range of achievable properties,
extended by moving from simpler systems to quinary Hf-Si-B-C-N, can
be further extended by moving to senary Hf-RE-Si-B-C-N. In our previous
paper [29], we investigated the role of a small amount (2-3 at.%) of Y or
Ho in amorphous Hf-RE-Si-B-C-N in order to prepare hard and optically
transparent protective coatings with better thermal stability than that of
quinary Hf-Si-B-C-N. These coatings were prepared by pulsed reactive
magnetron co-sputtering only at a fixed 25% N, fraction in
argon-nitrogen gas mixture.
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In the present paper, we investigate the effect of nitrogen on the
high-temperature stability of hard and optically transparent Hf-Y-Si-B-C-
N coatings prepared using the same deposition technique but at varied
Nj fraction in argon-nitrogen gas mixture ([N2]plasma) and in turn varied
N content in the coatings ([Nlcoating). The stability of amorphous
structures, hardness and optical properties is studied by annealing in He
up to 1400 °C, and the oxidation resistance in the air is studied up to
1500 °C. The discussion of the effect of [N]coating on (in the first place
optical) properties of the materials is supported by examination of their
atomic and electronic structures obtained by ab-initio simulations.

2. Methods
2.1. Materials preparation

A Balzers BAS 450 PM sputtering system with a planar rectangular
unbalanced magnetron and a stationary substrate holder (see Ref. [30]
for a drawing) was used to deposit the Hf-Y-Si-B-C-N coatings. The
magnetron was driven by a pulsed dc power supply (Riibig MP 120)
operating at a repetition frequency of 10 kHz with a deposition-averaged
target power of 500 W, and a fixed 50 ps negative-voltage pulse length
(duty cycle of 50%) and a short-lived high positive voltage overshoots
(higher than 200 V) after the negative voltage pulses. This sputter
technique was proved to be a suitable method for a reproducible fabri-
cation of high-quality defect-free hard amorphous Hf-Si-B-C-N coatings
with high-temperature oxidation resistance in our recent works [19-22].
The coatings were reactively deposited in argon-nitrogen gas mixtures
onto Si(001) and 6H-SiC(0001) substrates from a single composite
target (127 x 254 mm?; boron carbide overlapped by plates of hafnium,
yttrium and silicon) with fixed 15% Hf + 5% Y + 50% Si + 30% B4C
areal fractions in the target erosion area. During the reactive sputtering,
the voltage pulse duration of 50 ps is sufficiently short to avoid
micro-arcing at the non-conductive layer formed on the B4C-Hf-Y-Si
target [14,19]. Varied [N2lplasma Of 25%, 35% or 45% was used to
control [N]coating. The base pressure was 1 x 1072 Pa. The working
pressure was 0.5 Pa at a constant gas flow of =25 sccm. The
target-to-substrate distance was 10 cm. The substrates were maintained
at a floating potential and their temperature was set to 450 °C by an
infrared heater. Samples of the coatings prepared in the same deposition
(it was possible to prepare 6 samples simultaneously) as well as in
different depositions performed under the same conditions exhibited the
same properties in the as-deposited state and after annealing.

2.2. Materials characterization

The coating thickness was measured by profilometry using a Dektak
8 Stylus Profiler (Veeco) with a vertical resolution of 0.75 nm. The
structure of as-deposited and annealed coatings was characterized by X-
ray diffraction (XRD) using a PANalytical X’Pert PRO MPD diffractom-
eter working in the Bragg-Brentano geometry using a CuKa (40 kV, 40
mA) radiation, 0.25° divergence slit, 0.5° anti-scatter slit, 0.04 rad Soller
slits, Ni filter for the CuKp elimination and an ultrafast semiconductor
detector X’Celerator. To avoid a strong diffraction from the SiC sub-
strate, a slightly asymmetrical diffraction geometry with an w-offset of
1.5° was used. Samples were scanned over the 26-range from 10° to 70°
with a scanning speed of 0.04°/s. The data were processed by a PAN-
alytical software package HighScore Plus.

The hardness and effective Young’s modulus (E* = E/(l-l/2) where E
and v are the Young’s modulus and the Poisson’s ratio, respectively) of
the as-deposited and annealed coatings were measured using an ultra-
microindenter Fischerscope H100 with a maximum load of 20 mN. The
uncertainty in presented hardness, evaluated by the WIN-HCU software
using the Student’s distribution with 95% probability, was within +0.5
GPa (as-deposited coatings) or +1 GPa (annealed coatings).

The optical constants (refractive index, n, and extinction coefficient,
k) of as-deposited and annealed coatings, as well as the thickness of
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oxide layer at a surface of annealed coatings, were measured in the
wavelength (1) range from 300 to 2000 nm (energy range from 0.62 to
4.13 eV) at the incidence angles of 65°, 70° and 75° in reflection using a
J.A. Woollam Co. variable angle spectroscopic ellipsometer. Below we
discuss (i) spectroscopic dependencies of the optical constants and (ii)
their values at 1 = 550 nm, nssg and ksso. The measured data were fitted
using the WVASE software and an optical model which includes the SiC
substrate, a bulk material described by the Cody-Lorentz oscillator and a
(i) surface roughness layer (non-oxidized films) or (ii) layer representing
surface oxidation (thick and very different from the bulk after annealing
in the air, thin and closer to the bulk after annealing in He) and
described by the Cauchy dispersion formula.

To investigate the thermal stability of the structure and functional
properties in inert gas and the oxidation resistance in the air, the coat-
ings were annealed in a symmetrical Setaram TAG 2400 thermogravi-
metric system with a high resolution of +1 pg. The annealing
experiments were carried out in He (99.9999%) to a temperature (Te)
of 1100 °C, 1300 °C and 1400 °C and in the synthetic air (99.999%) up
to a temperature of 1500 °C at a flow rate of 1 1/h, heating rate of 10 °C/
min and cooling rate of 30 °C/min. In both cases, the coatings were
analyzed on 1 x 1 cm? large 6H-SiC substrates coated on one side. To
evaluate mass changes in the coatings upon their annealing, the bare
6H-SiC substrate of the size corresponding to the uncoated side (1 x 1
cm?) was annealed at the same heating conditions and its thermogra-
vimetric (TG) signal was then subtracted.

Cross-sectional micrographs of the coatings were acquired in a
scanning electron microscope (SEM) Hitachi SU-70 by imaging brittle
fractured samples (without polishing) in secondary electron mode. To
enhance the contrast and promote the charge dissipation, the specimens
were sputter-coated by 1 nm of Cr. The accelerating voltage was 5 kV.
The same SEM was used to perform wave dispersive spectroscopy (WDS,
Magnaray, Thermofisher Scientific) in order to determine contents of all
constitutive elements Hf, Y, Si, B, C and N (denoted [element]coating) and
also contents of impurity elements O and Ar (in sum 3-4 at.% including
estimated H content; not shown). Results from Rutherford backscat-
tering spectrometry and the elastic recoil detection, for details see
Ref. [29], were used as a calibration for lighter elements (B, C, O) and
Ar. The other elements were determined using the Proza matrix
correction employing pure elemental standards for Si, Y, Hf, Zr and BN
standard for nitrogen determination.

2.3. Ab-initio calculations

Two representative experiment-based material compositions (with
slight amendments leading to even numbers of valence electrons in 100-
atom cubic periodic simulation cells) at experimentally relevant den-
sities (packing factor of 0.44) were used to study the effect of varied
[N2]plasma: Hf6Y3Si30B12C2N47 (corresponding to [N2lplasma = 25%), and
Hf4Y25128311C2N53 (corresponding to [Nz] plasma = 450/0) The conse-
quences of this sufficiently large compositional difference resulting from
the focus on the extremal [N2]plasma values of 25% and 45% can be well
captured by ab-initio calculations: this is contrary e.g. to the too small
difference between the compositons obtained at [Nalplasma = 35% and
45% (Sec. 3.1). The amorphous atomic structures were predicted by ab-
initio [31,32] Car-Parrinello molecular dynamics [33] as implemented
in the CPMD code [34], using the liquid-quench algorithm [35], as
detailed and justified for ZrBCN in Ref. [36]. Simulations of both ma-
terials were repeated 5 times with different starting atomic coordinates
to suppress the statistical noise. The analysis of the bonding structure
within the amorphous networks was performed similarly to [36], using
representation of valence electron pairs by centers of maximally local-
ized Wannier functions (WFCs) [37]. The electronic structures of the
materials which have been predicted by liquid-quench simulations were
obtained through static density-functional-theory calculations [31,32]
with generalized-gradient approximation of the exchange and correla-
tion functional [38] using ultrasoft pseudopotentials [39] and plane
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waves (wavefunction and density energy cut-offs of 30 and 240 Ry,
respectively), as implemented in the Quantum Espresso software pack-
age [40]. The 100-atom cells were sampled by a 2 x 2 x 2
Monkhorst-Pack k-point grid, contrary to a single k-point which was
sufficient for the aforementioned predictions of the amorphous atomic
structures.

3. Results and discussion
3.1. Structure and properties of as-deposited coatings

Coatings of three different compositions, 1.4-1.8 pm thick, were
fabricated by varying [N2lpiasma- As shown in Table 1, increasing
[N2]plasma from 25% through 35% to 45% leads to increasing [Nlcoating
from 46 at.% through 50 at.% to 51 at.%. The decreasing gradient in-
dicates that the numbers of 50 at.% and 51 at.% are approaching and in
the latter case possibly reached the saturation [N]coating value given by
the rest of the composition (fractions of Hf, Y, Si, B and C). Nitrogen
replaces the relatively heavy elements (Hf and Si), probably because the
ratio of sputtering yield by Ar" and sputtering yield by N3 is higher for
Hf and Si than for B4C. A case can be made that [Y]coating may change
qualitatively similarly to [Hflcoating and [Silcoating, but this was not
captured by WDS due to the low value of the former. The partial
replacement of Hf and Si by N leads to slightly decreasing hardness from
22.2 GPa to 20.8 GPa, while the H/E* ratio of these coatings shows no
particular dependence on their composition.

The structures of all as-deposited coatings are X-ray amorphous, i.e.
independent of their elemental composition. The XRD pattern of the as-
deposited coating Hf4Y2SiagB11CaNso ([NZ]plasma = 35%) is shown in
Fig. 1 as an example. However, Fig. 2 shows that and how the calculated
bonding statistics of the amorphous networks depend on the elemental
composition. Increasing [Nlcoating at a cost of decreasing [Hflcoating,
decreasing [Ylcoating and slightly decreasing [Silcoating increases the
number of SiN (most pronounced increase), BN and CN bonded atom
pairs, and decreases the number of HfN, YN, SiSi (most pronounced
decrease), SiB, SiHf and BC bonded atom pairs (albeit with high relative
error in the last two cases). The decrease in HfN and YN bonds can be
attributed to the decrease in [Hf]coating and [Ylcoating, Which is relatively
more important than the increase in [N]coating- All other changes can be
characterized as a replacement of N-free bonds by N-containing bonds,
approaching a saturation state when the sufficiently high [N]coating al-
lows that all other elements are almost exclusively bonded to nitrogen.

This change of calculated bonding statistics leads to different
calculated density of electronic states near the Fermi level as shown in
Fig. 3. Bonding of all other elements (with relatively low electronega-
tivities) to nitrogen (with high electronegativity), i.e. increasing average
difference in electronegativities of bonded elements, leads to widening
of the band gap (the self-interaction is known to lower the band gaps
calculated by DFT, but at preserved trends). For example, the width of
intervals which include five highest occupied and five lowest unoccu-
pied states is 2.00 £ 0.04 eV for [N2]plasma = 25% and 2.99 + 0.06 eV for
[Nz]plasma = 45%.

The changes in calculated electronic structures, shown in Fig. 3, are
behind the changes in measured optical properties shown in Fig. 4. First,
increasing [Na]plasma from 25% to 45% and in turn increasing [N]coating
from 46 at.% to 51 at.% leads to decreasing refractive index: see the
vertically shifted n(E) dependencies in Fig. 4a. Second, increasing

Table 1
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Fig. 1. XRD patterns of the Hf;Y,SizgB11CaNso coating before and after
annealing in He up to 1400 °C.
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Fig. 2. Calculated bonding statistics of the materials HfgY3Si3oB12CoN47 (cor-
responding to [Nalpasma = 25%) and Hf;Y,SizgB11C2oNs3 (corresponding to
[N2lplasma = 45%). The inset shows a snapshot of the amorphous network from
the end of the liquid-quench simulation of the latter material. The error bars are
standard deviations of the mean, obtained by repeating each liquid-quench
simulation 5 x with different initial atomic coordinates.

Elemental composition (not including 3-4 at.% of Ar, O and H), mechanical properties, and optical properties at the wavelength of 550 nm (energy of 2.25 eV) of as-

deposited Hf-Y-Si-B-C-N coatings prepared at various [N2]piasma fractions.

[N2]ptasma (%) [Nlcoating (at. %) Coating composition (at. %) Hardness (GPa) H/E* ratio Refractive index Extinction coefficient
25 46 Hf6Y2Si20B11C2Nye 22.2 0.13 2.22 5x107*

35 50 Hf4Y,Si25B11C2Nso 21.0 0.12 2.12 <1x107*

45 51 Hf4Y5Si27B11CoNsy 20.8 0.13 2.09 <1x107*
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Fig. 3. The density of electronic states around the Fermi level (Eg) for the
materials HfgY3SizoB12C2Nyy (corresponding to [Nalpiasma = 25%) and Hf,Y,.
SizgB11C2Ns3 (corresponding to [Nalplasma = 45%).
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Fig. 4. Dependence of (a) the refractive index (n) and (b) the extinction coef-
ficient (k) on the incident photon energy for the as-deposited (solid lines) and
annealed (dashed lines) coatings. The annealing was carried out in He up
to 1400 °C.

[N]coating Opens the band gap also from the experimental point of view.
The optical gap which constitutes one of the parameters of the Cody-
Lorentz dispersion formula (Sec. 2.2) increases from 2.0 eV ([N]coating
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= 46 at.%) to 3.4 eV (lower bound which does not include the Urbach
energy; [N]coating = 50-51 at.%), and the energy at which the horizon-
tally shifted k(E) dependencies in Fig. 4b drop close to zero consequently
also increases (e.g. k < 1073 for E < 2.35 eV, 2.9 eV and 3.05 eV at
[Nlcoating = 46 at.%, 50 at.% and 51 at.%, respectively). Table 1 quan-
tifies these trends at the important 1 = 550 nm (E = 2.25 eV, of course
too low to fully capture the differences in electronic structures): nssg
decreases with increasing [N]coating from 2.22 to 2.09, and ksso drops
from 5 x 10~ % to less than 1 x 10~* (the measurement limit, reached for
both [N]coating = 50 at.% and 51 at.%).

3.2. High-temperature stability in He

The thermal stability of the coatings was studied using TG analysis in
He atmosphere up to 1400 °C as shown in Fig. 5, and using XRD and SEM
performed after the annealing and shown in Figs. 1 and 6, respectively.
Similar to XRD before the annealing, all XRD patterns after the
annealing are also X-ray amorphous and independent of the elemental
composition; so only the XRD pattern of annealed coating HfsYs.
SizgB11CaN50 ([N2lplasma = 35%) is shown in Fig. 1 as an example.
However, the SEM and TG analyses reveal that different coatings behave
differently.

The coating prepared at [N2lpiasma = 25% ([Nlcoating = 46 at.%)
exhibits a slight mass gain above 1300 °C (arguably an oxidation due to
a very low amount of impurity Oz in the annealing chamber), followed
by a steep mass loss above ~1350 °C (clearly an onset of high-rate for-
mation and loss of Ny molecules). The mass loss between 1350 °C and
1400 °C is 25 pg/cm?. Note that the total mass of N atoms in the coating
of present thickness is ~ 170 pg/cm? The enhanced diffusion rate can
also result from microstructural changes (coarsening caused by crys-
tallization [29]) in the ~90 nm thick bottom part of the coating, as
visible by SEM (see Fig. 6a). This coarsening is not visible in the cor-
responding SEM micrograph (for brevity not included) which was ob-
tained before the annealing and which shows a fully homogeneous
amorphous structure. Since these changes occur in a very small volume
of the coating near the substrate, the coating appears X-ray amorphous.

The coating prepared at [N2lpasma = 35% ([Nlcoating = 50 at.%)
exhibits the onset of formation and loss of N, molecules again close to
~1350 °C. However, the mass loss up to 1400 °C is below 3 pg/cm?
compared to the aforementioned 25 pg/cm? This may be due to the
higher amount of strong covalent-ionic N-containing bonds (Fig. 2). The
lower diffusion rate can be also caused by the fact that contrary to the
former coating, no microstructural changes are observed in this sample
(Fig. 6b).

The coating prepared at [Nalplasma = 45% ([Nlcoating = 51 at.%)
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o . Z-’-Z:.s - N 7
= o N
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5 :
* _20 _°: ........ -
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Fig. 5. Thermogravimetric curves of the coatings annealed in He up to 1400 °C.
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(a) 25% N2

(b) 35% N2 | (c) 45% N2

Fig. 6. Cross-sectional SEM micrographs of the coatings after annealing in He
up to 1400 °C (all micrographs of the amorphous as-deposited coatings are
similar to those in panels b and c).

starts to lose mass at about 1200 °C. Its mass loss up to 1400 °C of almost
14 pg/cm? is much higher compared to approximately 3 pg/cm?
measured for the coating prepared at [N2]pjasma = 35%. The complexity
of the relationships between the composition, structure and properties
can be illustrated by the fact that the transition from [N2lplasma = 35%
([NTcoating = 50 at.%) to [Nolplasma = 45% ([Nlcoating = 51 at.%), ie.
enhancement of the total mass of N atoms in the coatings of only 3.5
pg/cm? (assuming exactly fixed coating thickness, and letting alone that
only part of this extra nitrogen is in the top layer where the mass loss
takes place) increases the mass loss up to 1400 °C of as much as ~11 pg/
em?. A case can be made that the slight (and in itself probably beneficial)
1 at.% enhancement in [N]coating resulting from increasing [N2lplasma
from 35% to 45% is less important than the parallel changes (i) in the
fractions of the other elements resulting from different sputtering yields
by Ar" and by N3 and (ii) in the ion bombardment and densification of
growing films. Nevertheless, the coating prepared at [Nalplasma = 45%
also remained completely amorphous (Fig. 6¢). Collectively, the TG
analysis indicates that the coating prepared at [N2]plasma = 35% has the
best thermal stability for most purposes.

The evolution of hardness and H/E* ratio with the temperature of
annealing in He is shown in Fig. 7. The hardness of all three coatings
increases from ~21-22 GPa obtained after their deposition at 450 °C to
~26-27 GPa for Ty = 1300 °C and then drops to ~20-22 GPa for Ty =
1400 °C. The evolution of the H/E* ratio with Ty, follows the same trend
as hardness: it increases from 0.12-0.13 at 450 °C to 0.14-0.15 for T,
= 1300 °C and then falls to ~0.11 for Ty = 1400 °C. While the decrease
of hardness at 1400 °C takes place in parallel to the N; release shown in
Fig. 5, the low-temperature changes in the mechanical properties up to
at least Tge = 1100 °C cannot be predicted by TG analysis. To put an
example of a mechanism which can affect mechanical properties but
does not require mass changes, it has been shown by ab-initio calcula-
tions for a similar system that the thermally activated rearrangement of
atoms leads to the formation of Si-rich (around trapped Ar) and Si-poor
zones [41]. The formation of such a nanocomposite structure can
enhance the mechanical properties.

The change of bulk nsso (not including the thin surface layer, see the
description of the optical model in Sec. 2.2) with Ty, is shown in Fig. 8a.
For Tye = 1100 °C, the refractive index slightly decreases for all coat-
ings: from 2.22 to 2.21 at [Nalpasma = 25%, from 2.12 to 2.10 at
[N2]plasma = 35% and from 2.09 to 2.06 at [N2]plasma = 45%. This in-
dicates slightly decreasing densities due to stress relaxation. For Tye =
1300 °C, nssp steeply decreases from 2.21 to 2.15 for the coating pre-
pared at [Nalplasma = 25% but it remains stable for those prepared at
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Fig. 7. (a) Hardness and (b) its ratio to the effective Young’s modulus (H/E*) as
a function of the temperature of annealing in He.

[N2lplasma = 35% and 45%. For Tye = 1400 °C, nsso of all coatings de-
creases but once again its decrease from 2.15 to 2.05 at [Na] plasma = 25%
is much more pronounced than from 2.10 to 2.08 at [Nalplasma = 35%
and from 2.06 to 2.04 at [N2]plasma = 45%. The change of n(E) between
the deposition temperature and Tye = 1400 °C is shown in Fig. 4a for a
wider range of energies. Qualitatively, this figure confirms that n(E) of
all annealed samples is lower than that of the as-deposited ones.
Quantitatively, there is a trend which is consistent with the mass
changes evaluated by TG analysis: the drop of n(E) is the largest for the
coatings prepared at [Nalplasma = 25%, much smaller at [Nalplasma =
45% and even smaller at [N2]pjasma = 35%.

Fig. 8b shows the thermal stability of ksso at [Naolplasma = 35% and
45%, which is constant and lower than 10~* regardless of Tye. However,
ksso at [N2]plasma = 25% is much less thermally stable and increases with
The from ~5 x 10 *to~1 x 1072 Again, the change of k(E) between the
deposition temperature and Tge = 1400 °C is shown in Fig. 4b for a
wider range of energies. Indeed, it can be seen that the coating prepared
at [No]plasma = 25% exhibits the largest changes not only at 2.25 eV
(550 nm) but also at most of other energies. This includes non-zero k(E)
at low energies below the band gap edge, possibly indicating a non-
negligible role of free charge carriers in this semiconducting sample
with an enhanced concentration of defects resulting from the annealing.
Let alone the role of the thin, not fully amorphous and possibly scat-
tering layer shown in Fig. 6a. This is contrary to the coatings prepared at
[N2]plasma = 35% and 45%, which exhibit k(E) < 1 x 10~ in the low-
energy range also after the annealing.
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Fig. 8. Refractive index (nsso) and extinction coefficient (ksso) as a function of
the temperature of annealing in He.

3.3. High-temperature oxidation resistance in air

The TG oxidation curves of the coatings prepared at [Nalplasma =
25%, 35% and 45% and annealed in the air up to 1500 °C are shown in
Fig. 9. Note that the measured total mass change may be given by a sum
of (i) mass gain resulting from oxidation of the constituent elements, (ii)
mass loss resulting from a formation and loss of volatile oxides (e.g.,
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Fig. 9. Thermogravimetric curves of the coatings annealed in the air up
to 1500 °C.
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B,03) and (iii) mass loss resulting from a formation and loss of Nj
molecules. This complicated sum is behind the fact that some of the
mass-temperature dependencies in Fig. 9 are even non-monotonic. Thus,
the TG curves have been complemented by ellipsometric measurements
of the thickness of the protective surface oxide layer. Despite the very
different mass changes shown in Fig. 9, all three surface oxide layers
obtained at [Na]plasma = 25%, 35% and 45% exhibit very similar small
thicknesses of 194 nm, 206 nm and 207 nm, respectively (let alone that
the lowest thickness of 194 nm is actually associated with the highest
mass change). It is clear that mass loss processes gain more relative
importance for [Nolplasma = 35% (where they almost perfectly
compensate the mass gain processes) and especially for [Nalplasma =
45% (where the total mass change is even negative in a part of the
temperature range).

The main information shown in Fig. 9 is the onset of the oxidation.
For [N2lplasma = 25% the oxidation starts at ~1000 °C, while for
[Nalplasma = 45% it is estimated to start at ~1300 °C when the mass
starts to increase. For [N2]pjasma = 35% the onset of the oxidation cannot
be clearly identified due to the aforementioned almost perfect (within 1
pg/cm?) compensation of mass loss and mass gain processes, but it is
assumed to be close to that for [N2]pasma = 45%.

The XRD patterns of the coatings after annealing in the air up to
1500 °C are shown in Fig. 10. Three different crystalline phases are
identified in the XRD patterns: cubic yttria-stabilized hafnia, c-
Hfy.75Y0.2501.875 (surface oxide layer of all coatings; PDF card No. 04-
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Fig. 10. XRD patterns before (the same for all samples, see also Fig. 1) and after
annealing in the air up to 1500 °C.
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006-5591), cubic yttrium oxide, c-Y203 (surface oxide layer of coatings
prepared at [Na]plasma = 35% and probably also at [Nalplasma = 45%;
PDF card No. 04-005-4575), and hexagonal silicon nitride, h-SigN4 (non-
oxidized part of all coatings; PDF card No. 04-015-3265). First, it can be
seen that higher [Hflcoating + [Ylcoating at [N2lplasma = 25% leads to a
better crystallinity of the metal oxide part of the corresponding surface
oxide layer (the other two XRD patterns had to be 2-3 x magnified).
Second, the observation of c-Y503 correlates with higher measured
[Ylcoating/ [Hflcoating Tatio at [Nolplasma = 35% and 45% (HfsY,.
SisgB11CaNs5g and Hf4Y2Siz;B11CoNsy, respectively) compared to that
measured at [Nalplasma = 25% (HfgY2SizgB11CoNge). Third, let us
emphasize that in parallel to the crystalline metal oxide(s), the surface
oxide layers include a SiOy-based amorphous matrix. This statement is
based on our previously published detailed analyses of similar Hf-Si-B-C-
N coatings by electron microscopy [21] and supported by the measured
refractive indices (nssg) of all surface oxide layers in the investigated
Hf-Y-Si-B-C-N coatings being in the range 1.6 + 0.1 (indeed, between
that of SiO5 and that of HfO,).

4. Conclusion

Hard and optically transparent Hf-Y-Si-B-C-N coatings were prepared
via a pulsed reactive magnetron co-sputtering of a single 15% Hf + 5% Y
+ 50% Si + 30% B4C target. The N content in the coatings has been
varied from subsaturation 46 at.% through almost saturation 50 at.% to
saturation 51 at.%. Ab-initio simulations were conducted to support the
discussion.

The characteristics shared by all coatings are the following. All
coatings (i) are X-ray amorphous in the as-deposited state, (ii) increase
their hardness from ~21-22 GPa to ~26-27 GPa after annealing in He
up to 1300 °C, (iii) start to decompose after annealing in He up to
1350 °C, (iv) exhibit a hardness drop to ~20-22 GPa, but remain X-ray
amorphous after annealing in He up to 1400 °C, (v) exhibit a weak
crystallization of h-SisN4 after annealing in the air to 1500 °C, and (vi)
exhibit a formation of a thin (close to 200 nm) surface oxide layer after
the same annealing in the air to 1500 °C.

The characteristics which depend on the N content are the following.
Increasing N content from 46 at.% to 50-51 at.% leads to (i) higher
fraction of N-containing bonds with a high difference of electronega-
tivities of bonded elements, (ii) opening of a wider band gap, (iii) lower
extinction coefficient in the high-energy range in the as-deposited state,
(iv) lower extinction coefficient in most of the energy range after
annealing in He up to 1400 °C (the coatings remain transparent), (v)
lower refractive index in the as-deposited state, (vi) slower decrease of
the refractive index with the temperature of annealing in He and (vii)
lower rate of formation and loss of Ny molecules after annealing in He up
to more than 1350 °C.

While most of these changes take place between 46 at.% and 50 at.%
of N, further enhancement of the total N content to 51 at.% (possibly at a
cost of slight changes in the rest of the composition or in the densifi-
cation due to too high N content in the plasma) did not necessarily lead
to a further improvement. In particular, the thermal stability during
annealing in He, in terms of the formation and loss of Ny molecules as
well as in terms of the decrease of the refractive index, is higher at 50 at.
% than at 51 at.% N in the material.
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Abstract

Rare-earth mononitrides such as HoN exhibit a wide range of useful properties leading to
potential applications as magnetic semiconductors, spintronic half-metals, or magnetocaloric
refrigerants in hydrogen liquefaction systems. First-principle calculations of electronic
structures and related properties of such materials should correctly reproduce their magnetic
moment. First, we identify the unusually high number of unoccupied electronic states which
guarantees that the energy minimum identified is the global one. Second, we develop a
method which allows the experimentally relevant magnetisation to constitute an energy
minimum, emphasising the favourable distribution of the spins in an exceptionally large
simulation cell. Third, we examine the dependence of selected HoN characteristics on the cell
size and on the magnetisation. The results provide a theoretical insight into the spin structure
of rare-earth nitrides and allow one to use the correct methodology of similar calculations of

properties of strongly correlated materials.
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1. Introduction

Rare-earth (RE) monopnictides are compounds of RE and group V elements which attract
great attention and have been intensively studied both experimentally and theoretically as
possible magnetic semiconductors, magnetocaloric refrigerants, and recently also as potential
half-metals applicable in the emerging field of spintronics [1,2]. The chemical behaviour of
all RE elements is very similar because of the same structure of the outer electron shells, so
all RE monopnictides crystallise in the face-centred cubic structure (Fm3m, NaCl prototype).
However, different occupations of the highly localised 4f orbital affect the magnetic and
electronic-transport properties of compounds containing different RE elements. Here, many
open questions remain. Experimentally, it is challenging to prepare impurity-free
stoichiometric single crystals. Theoretically, obtaining an accurate description of the

electronic structure is problematic due to a strong correlation of the 4f electrons.

RE nitrides exhibit the lowest anion size of the pnictide family, leading to distances among
individual RE atoms in RE nitrides that are similar or even shorter than those in RE metals
[3,4]. Therefore, RE nitrides stand on the border [1] between semiconductors [5] and
semimetals [6]. This can lead to half-metallic properties, i.e. (semi)metallicity for one spin
and semiconductivity or isolating behaviour for the other, leading to a complete spin
polarisation of the states at the Fermi level. This indicates a potential use in modern cryogenic
superconducting and quantum-computing electronics such as non-volatile magnetic random

access memories [7].

Holmium nitride, for instance, is frequently considered as a semiconductor with measurable
[8,9] but narrow indirect band gaps for both spins [10-12], while some studies also point to its
possible (half-)metallicity [13,14]. Considering the magnetic ordering, bulk HoN was
confirmed to exhibit ordered magnetic moment (net ferromagnetism) up to the Curie
temperature 7¢c = 18 K, corresponding to the highest magnetic entropy change induced by
isothermal demagnetisation [4] and to the occurrence of magnetic reflection of neutrons [15].
Slightly lower T¢ [16] has been revealed by examinations of specific heat capacity [17,18] or
of HoN nanoparticles [19,20]. Because Ho is the RE element with the highest magnetic
moment [16,21,22], HoN exhibits a strong magnetocaloric effect [4,[18]-20,23]. The

aforementioned application as a magnetocaloric refrigerant, specifically within hydrogen-
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storage applications, is in the case of HoN supported by its high thermal conductivity,
inertness to H,, and 7¢ close to H, boiling point [4,19,20,24].

Density-functional theory (DFT) [25,26] calculations of some HoN properties (in the first
place structural or elastic) do not necessarily require any special treatment of the electronic
self-interaction [27] or can lack spin polarisation [28]. Moreover, the mentioned properties
can be quantified by means of classical interionic potentials [29]. However, since the earliest
first-principle calculation on gadolinium pnictides [30], many methods [1,2,31,32] have been
employed to treat the strong electronic correlation and to overcome the self-Coulomb and
self-exchange interactions, resulting in the notorious underestimation of the band gap by the
standard spin-polarised DFT. There are methods based on the self-interaction correction
[33,34] (already applied to HoN [10,35]), the Green’s function-based GW approximation
[36,37] (too computationally expensive in the case of large simulation cells necessary for the
present work), hybrid functionals including an exact Hartree—Fock exchange term [38,39], the

recent DFT—1/2 approach [40], or the dynamical mean-field theory [41].

One of the most widely used methods of the treatment of the electronic correlation is the
Hubbard-corrected DFT (DFT+U) [42], originally proposed to describe strongly correlated
electrons in Mott insulators. The inclusion of U does not remove the self-interaction in itself,
but it fixes the resultant underlocalisation of particles and incorrect magnetic structure. In
particular, there is a penalty for partial occupation of the localised orbitals, favouring a
disproportionation of fully occupied states which go up by =U/2 and completely empty states
which go down by =U/2 [43] (neglecting non-sphericity of the electronic interaction, i.e. the
Hund’s rule exchange parameter J which would otherwise lead to Uer = U — J [44], and
neglecting V in the method DFT+U+V [45]). The costs of DFT+U are not higher than those of
standard DFT. Since the first application of DFT+U to RE monopnictide CeSb [43], it has
been applied to numerous RE compounds [11,14,46-50]. The present paper is partially
motivated by the fact that correct DFT+U calculations require a correct U value valid for a
specific exchange-correlation functional, and the theoretical identification of this U value (an
experimental identification by comparison with e.g. photoelectron and Bremsstrahlung
spectroscopy is beyond the paper scope) for materials with a band gap requires correct

description of material’s magnetism.

The U value can be calculated from first principles based e.g. on supercells with constrained

occupations of localised orbitals of one atom [51,52] or on a linear response within density-
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functional perturbation theory (DFPT) [53,54]. However, the DFPT calculations of U
disqualify the common and harmless DFT convergence-enhancing practice of treating
insulators and semiconductors as metals by setting a small but non-zero smearing of the
occupations of electronic states near the Fermi level. The reason is based on a term present in
DFPT for metals, proportional to the inverse of the density of states at the Fermi level (Eq.
(79) in Ref. [55]), whose extremal value may cause the numerical divergence of the
calculation. Therefore, fixed electronic occupations are required in the case of U calculations
for materials with a band gap, including HoN. This approach, however, excludes the
possibility of optimising the total magnetisation during the self-consistent wave-function
optimisation since the numbers of spin-up and spin-down valence electrons are to be known a
priori. Consequently, a procedure has to be performed where the magnetisation is first
calculated at smeared electronic-state occupations, and DFPT determination of U at fixed

occupations and at the previously quantified magnetisation follows.

The objective of this paper is to set up a methodology for obtaining the ground-state magnetic
structure (useful not only in itself but also e.g. for the identification of appropriate U value) of
RE mononitrides from standard DFT models, using HoN as a test case. The effect of the
number of electronic states considered in the calculations (Niora1) and — even more importantly
— the importance of a sufficient size of the simulation cell are discussed. The criterion of
success is to obtain an energy minimum corresponding to the experimental low-temperature
ferromagnetic moment of Ho atoms m = 6.5 ug [56] or =7.0 ug [4] in bulk HoN (well below
the maximum ordered moment g/ = 10.0 ug [15,21,56] due to crystal-field interactions [57]
and between other m values of 3.2 ug reported for thin-film HoN [3] and 8.9 ug assuming
long-range spiral ordering — difficult to describe by first-principle calculations — rather than
ferromagnetic ordering [15]). This low-temperature m = 6.5—7.0 ug per Ho atom is not to be
confused with high-temperature paramagnetic m = 10.3 ug [6], 10.7 ug [56], or 10.8 ug [15]
per Ho atom (close to the theoretical value g N[J(J+1)] = 10.6 ug [16]).

2. Methods

The calculations were performed on the level of spin-polarised (assuming collinear spins,
leading to various net total magnetic moments) DFT [25,26] involving generalised-gradient-
approximated exchange and correlation [58], as implemented in the Quantum ESPRESSO

software package [59]. Kohn—Sham equations were expanded in a plane-wave basis with
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wave-function and charge-density energy cut-offs of 60 and 360 Ry, respectively. Atomic
cores and inner electron shells of Ho and N were represented by a norm-conserving
13-electron pseudopotential [60] and by an ultrasoft 5-electron pseudopotential [61],
respectively; this combination not only allowed spin polarisation thanks to the presence of
f-electrons but also yielded satisfactory convergence of the self-consistent wave-function
optimisation at the aforementioned moderate energy cut-offs. Marzari—Vanderbilt smearing of
the occupations of the states near the Fermi level [62] of the width of 0.1 eV was used.
Geometrical optimisation was performed to reduce all force components acting on each atom

below =4.1 x 107! N = 26 meV/A.

Magnetic moments associated with individual atoms in the face-centred cubic (Fm3m, NaCl
prototype) HoN crystals were studied using various periodic simulation cells containing up to
16 HoN formula units (f.u.): 1-f.u. primitive rhombohedron (2 atoms; Brillouin zone sampled
by an 18x18%x18 Monkhorst—Pack k-point grid [63]), 2-f.u. double rhombohedron (4 atoms,
18x9x18 k-points), 4-f.u. conventional cube (8 atoms, 12x12x12 k-points), 8-f.u. double
cube (16 atoms, 12x6x12 k-points), and 16-f.u. quadruple cube (32 atoms, 12x6x6 k-points).
Throughout this paper, the term cell size refers to the number of atoms, not to the volume. For
each crystal, its ground-state energy, lattice constant, bulk modulus, and its pressure
derivative were obtained by varying the lattice parameter with a 1% step in the range of 90%—
110% of the experimental equilibrium lattice constant of ~4.87 A [3,4,15,56,64], producing
up to 21-datapoint energy—volume curve (see Fig. 1 for an example) to fit the Birch—
Murnaghan equation of state [65]. The fitting procedure did not include datapoints
representing local energy minima and/or poor convergence and lying above the curve
representing a global energy minimum. The formation energy (Efom) of a particular HoN
configuration was obtained as a difference between its ground-state energy and the energy of

the same set of atoms in the form of gas N, and ferromagnetic metal Ho.

Two types of calculations were performed for each simulation-cell size, differing in the way
of treating the total magnetisation (M unpaired spin density — not to be confused with a
density of magnetic moments m; evaluated as a space integral and therefore not necessarily
integer). First, Mo Was a free quantity, optimised together with the wave function during the
self-consistent solution of the Kohn—Sham equations. Each calculation was performed 5x
with starting magnetisation of Ho atoms constituted by uniform and parallel spins
(ferromagnetic ordering) corresponding to M = 3.0, 3.5, 4.0, 4.5, or 5.0 up/fu., without any

significant effect of the magnitude choice on any quantity of interest. Second, M, was fixed

94



at selected values, and the FEf,, dependence on My, was evaluated. In some cases, the
convergence of the wave-function optimisation of the second type to reliable energy minima
was achieved (and thus, the number of datapoints involved in the Birch—-Murnaghan fitting
was enhanced) by setting the initial spin structure based on that resulting from successfully
converged wave functions for similar volumes of the given M., and simulation-cell size. In
addition to evaluating or enforcing the total magnetisation, absolute magnetisation (Mapsol;
space integral of the absolute value of the local magnetisation) was evaluated for each
configuration. Magnetisation associated with individual atoms (integral spin values in spheres
around them) has been evaluated as well. Note that My, is equal to My, for the

ferromagnetic configuration, while it is zero for the antiferromagnetic configuration.

3. Results and discussion

3.1. Calculations at free total magnetisation

Figure 1 shows an example of the results of the self-consistent optimisation of the wave
function including spin orientations for the case of the 2-fu. simulation cell. There is a
dependence of FEgm (Fig. la) and absolute and total magnetisation (Fig. 1b) on the
isotropically varied volume. In this calculation we employed Ny = 22 = 1.22N, single-
electron states (occupied or unoccupied) per f.u., where Ny = 18 is the number of occupied
states (at zero temperature) per f.u. (Niotal, Noce, and especially Niotat/Noce, both here and below,
would of course change in case of describing quantum-mechanically also some of the non-
valence electrons). As indicated in Sec. 2, there are (i) full symbols representing a reliable
Birch—-Murnaghan curve and (i7) empty symbols representing local energy minima and/or
poor convergence, leading not only to enhanced energy (Fig. 1a) but also to a deviation in
Mypsor (Fig. 1b). While Mo, stays in the narrow region between 3.98 and 4.00 up/fu. (first
fingerprint of the fact which is also discussed below: one value of My, can be realised by
various spin structures), Mapso fluctuates between 4.04 up/fu. (wave function representing
only a local energy minimum for a given volume) and 4.23 ug/f.u. (global energy minimum

for a given volume: the figure shows that higher M, generally leads to lower energy).
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Figure 1. Example of a dependence of energy (panel a) and absolute and total magnetisation (panel b) on the
volume, obtained with the 2-fu. cell at free magnetisation (starting in a ferromagnetic state with My, =
4 pug/fa.). Full symbols represent datapoints involved in Birch—-Murnaghan fitting, empty symbols represent
excluded ones.

Table 1 lists all calculations performed with M, as a self-consistently optimised quantity.
The table shows the effect of the number of electronic states (expressed in terms of Niotat/Nocc)
on resulting M. First, the table confirms that a free Ho atom exhibits My = 3.0 ug (3
unpaired electrons), corresponding to 7 spin-up and 4 spin-down f-electrons coming from the
pseudopotential. Second, in HoN crystal, these electrons are absorbed by molecular orbitals,
yielding a different preferred Moy = 4.0 up/fu. On the one hand, this preferred value is
independent of varied cell size (see Table 1 at enhanced Ny.1) and of its isotropic deformation
(similarly to the example in Fig. 1b), while its dependence on the initial spin configuration
(the ferromagnetic energy minimum is not the only one) is related to Sec. 3.2. On the other
hand, whether this preferred value is achieved in some cases depends on whether Nigui/Noce
has the routinely used default value given by the simulation code of ~1.20 before rounding
Niotal to an even integer (this part of presented calculations intentionally employs the default
rounding, leading to Nita/Noce = 1.19-1.22, not rounding to a single Nia/Noce value
independent of the cell size) or whether it is enhanced. In particular, simulation cells of 4 and

8 HoN formula units exhibit abrupt changes of My, from 3.5 up/fu. at Niw/Noee = 1.19
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(integral spin values in spheres around one quarter of Ho atoms are below those around the
other Ho atoms) to 4.0 up/f.u. at Nigal/Noce = 1.67. Regarding Mg, the scarcity of space areas
with negative net spin implies a notable similarity of Maypso and Mo: the former exhibits
values by factors of only 1.12 and 1.04 higher than the latter for Nita/Noce = 1.19 and 1.67,
respectively. The presented role of Niwi/Noce 1S independent of the type of smearing of the
occupations of the states near the Fermi level and is present also in models using the
tetrahedron method of treating the electronic-state occupations [66] (not shown).

Table 1. Total magnetisation (M,,,), obtained as a self-consistently optimised quantity (in optimisation starting
in a ferromagnetic state), at varied simulation-cell size and varied ratio of the number of all electronic states
considered (M) to the number of occupied states (N,.). The latter has either the frequent default value

(Noota/ Noce = 1.20 before rounding Ny, to an even integer, at >8 unoccupied single-electron states per simulation
cell) or an enhanced value.

Type Simulation-cell Number of states Total magnetisation,
of calculation size considered, Nl Miotar (us/fu.)
Free Ho atom 1.69Nycc 3.0
Default 1 HoN fu. 1.44 Ny 4.1
Notal 2 HoN fuu. 1.22Noce 4.0
4 HoN f.u. 1.19Ncc 3.5
8 HoN f.u. 1.19Ncc 3.5
Enhanced 1 HoN flu. 1.67Noce 4.1
Noowl 2 HoN fu. 1.67Noce 4.0
4 HoN f.u. 1.67Nocc 4.0
4 HoN f.u. 2.22Nocc 4.0
8 HoN f.u. 1.67Nocc 4.0
16 HoN f.u. 1.67Nocc 4.0

Furthermore, the increase in My, after the enhancement of N is accompanied by a
decrease in energy: while calculations with cells of 4 and 8 f.u. and N/ Noee = 1.19 lead only
to a local energy minimum characterised by E¢om = —2.32 eV/f.u. (actually published in — and
sufficient for the conclusions of — our recent work [67]), enhancing Nital/Noce to 1.67 enables
reaching the global minimum characterised by Efym = —2.76 eV/f.u. Further increase in

Niotal/ Noce (shown in the table for 2.22) does not lead to further differences in Mg OF Eform.

Figure 2 (an example for the 4-f.u. cell) shows the effect of Niwat/Noce (1.19 or 1.67) on the
electronic structures and supports the finding that the frequent default choice Nioa/Noce = 1.20

(again, before rounding N, to an even integer) may not lead to a reliable energy minimum.
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The nonmagnetic peak near —13 eV consists of nitrogen s-electrons, while all the peaks near
the Fermi level (Ef) consist mainly of holmium f-electrons. The unoccupied states, observed
at Niotal/Noee = 1.67, are mainly holmium d-states. The peaks in the top part of Fig. 2b
(majority spins at N/ Noce = 1.67) are broader than those in the top part of Fig. 2a (majority
spins at Nita/Noce = 1.19), and, indeed, correspond to the higher M. Note that while the
quantitative energy positions of the obtained electronic bands lead to unrealistically short
distances between the occupied and unoccupied states, the described qualitative appearance of
the densities of states is well captured by the used standard DFT. The top part of Fig. 2a
actually shows that considering as few as 1.19N,. electronic states in spin-polarised
calculations is not even sufficient for describing the occupied majority-spin states and thus
causes the aforementioned undesirable effects, such as the decrease in the magnetisation of

some Ho atoms and subsequent increase in total energy.
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Figure 2. Electronic density of states for majority spins up and minority spins down obtained with spin
orientations as a free quantity at two different ratios of the number of all electronic states considered (No) to
the number of occupied states (Noe.): Niotat/ Noce = 1.19 (panel a) and 1.67 (panel b).

3.2. Calculations at fixed total magnetisation

In the next step we take into account also the experimental value of M. The 10 f-electrons

of Ho (not including the single d-electron which is expected to be involved in covalent
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bonding) lead to quantum numbers L =6, S= 2, and J =8, to the g-factor g; =1 + [J(J+1) +
S(S+1) — L(L+1)] / 2J(J+1) = 1.25, and, in turn, to m = g,J = 10.0 ug per Ho atom, i.e. per fu.
(neglecting the contribution of N). This extremal ferromagnetic value (4 unpaired electrons
leading to Mo = 4.0 ug/f.u., shown in Table 1, and therefore to the aforementioned m =
10.0 up/fu.) has been achieved in Sec. 3.1 for sufficient Ni/Noee and ferromagnetic initial
configuration, but it is contrary to experimental m = 6.5—7.0 ug/f.u. (Sec. 1). The latter can be
achieved by ferrimagnetic ordering where 15%—17.5% of Ho spins have opposite orientation,
e.g. in the latter case m = 10.0-(1 -2-0.175) = 6.5 up/fu. (not to be confused with
ferrimagnetic ordering characterised by different magnitudes rather than different numbers of
antiparallel magnetic moments). Because this kind of magnetic ordering can be achieved only
using sufficiently large simulation cells, Figure 3 shows HoN properties obtained with fixed
numbers of spin-up and spin-down electrons using cells of 1 to 16 f.u. The Niga)/Noce ratio in
all the calculations safely exceeded the minimum appropriate values identified in Table 1, and
Niotat Was further enhanced by substituting Ny by twice the number of electrons with the

majority spin rather than by the total number of electrons.

The effect of the total magnetisation (Me,) on the formation energy (Efom) 1S shown in Fig.
3a and (in detail) 3b. The 1-f.u. cell exhibits a unimodal dependence with a minimum of —2.80
eV/fu. at 4.0 ug/f.u. This value corresponds to M., calculated self-consistently in Sec. 3.1.
Changing M, in this small cell inevitably leads to a change in M5, and thus to an increase
in Egom (see also Fig. 1). For example, fixed Mg of 3.5 up/f.u. leads to Egorm = —2.46 eV/fiu.:
lower than Efgym = —2.32 eV/fu., obtained when My, was obtained in free-magnetisation
calculations at insufficient Nioi/Noce (Sec. 3.1), but still well above —2.80 eV/f.u. Higher cell
sizes do not allow anything special in the case of increasing M, above 4.0 ug/f.u. (the
growth in Ef,y, is exhibited by all the cell sizes), but bring higher flexibility in the case of
lowering Mo below 4.0 up/fau. In particular (in terms of integral net spins in atomic
spheres), lower M, can be achieved not only by a uniform decrease in the magnetisation
around all Ho atoms (as it is when using the 1-f.u. primitive cell) but also by changing the
direction of the magnetisation around some atoms. Thus, some of the low My, values can be
realised without a change in M, and consequently without any significant change in Efom:
the dependence of Efym on My, for larger simulation cells gets additional minima. In
particular, the 2-f.u. cell achieves two similarly deep energy minima at 4.0 and 0 up/fu.
thanks to the presence of 2 Ho atoms with preferred magnetisation of +4.0 up each. The 4-f.u.

cell enables reversing spins of either one or two Ho atoms, yielding minima at 4.0, 2.0, and 0
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us/f.u. Further enlarging of the cell leads to more such possibilities, with five minima for the
8-f.u. cell and nine minima for the 16-f.u. cell (such as —2.78 eV/f.u. at 2.5 up/f.u.), gradually
minimising the distance between the experimental value (m = 6.5-7.0 ug/f.u. corresponding to
Miota = 2.6-2.8 ug/f.u.) and the position of the nearest Egym minimum (e.g. at Mg, =
2.5 ug/fu. for the 16-f.u. cell). The depth of most of the energy minima is similar and

approaches the aforementioned Eform = —2.80 eV/f.u.

The figure also shows that incorrect description of the magnetisation can even change relative
preferences of the extremal cases, antiferromagnetic and ferromagnetic. Note that a given
number of electronic states in free-magnetisation calculations (Sec. 3.1) may be sufficient to
describe an antiferromagnetic state but not the ferromagnetic state. The consequently too high
Eform (associated with My, of 3.5 up/f.u. instead of 4.0 up/f.u.) in the latter case may imply an
incorrect qualitative conclusion of a thermodynamic preference of the antiferromagnetic state
over the ferromagnetic one: compare the energies in Fig. 3b at 3.5 ug/f.u. (for <8-f.u. cells; the

16-f.u. cell is not ferromagnetic at this Miy,)) and at 0 up/f.u.

The relationship between Mypsor and Mg 1s illustrated by Fig. 3¢, showing the former as a
function of the latter and of the size of the simulation cell. For each datapoint, Myps was
averaged over the volumes used for the Birch-Murnaghan fitting, suppressing its observed
moderate variations with volume as well as any potential statistical noise. First, the figure
confirms the independence of the material characteristics of the cell size at Mo > 4.0 up/f.u.,
mentioned earlier for Egm. Second, thanks to the higher flexibility at higher cell sizes,
increasing cell size leads to increasingly constant dependencies of Mypso1 ON Migta) at Miora) <
4.0 up/fa. The largest 16-fu. cell yields Mapso slightly over 4 up/fu. for those My, values
which are integer multiples of 0.5 ug/f.u. (not shown), the 8-fu. cell allows that only at
multiples of 1.0 ug/f.u. (see e.g. the lower Mypso at 1.5 up/fu. or 2.5 ug/f.u.), the 4-fu. cell at
multiples of 2.0 up/f.u. (see the unfavourable cases of 1.0 up/f.u. and 3.0 ug/f.u.), the 2-fu.
cell at My = 0 and 4.0 up/fu., and the 1-fu. cell only at My = 4.0 ug/f.u. Furthermore,
decreasing cell size leads not only to decreasing number of datapoints with Mgy, at its
achievable maximum, but also to increasing distance of the other datapoints from this M,y

maximum.
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Figure 3. Formation energy (Erm; panels a and b) and absolute magnetisation (M, ; panel c; the results for

8 f.u. and 16 fu. largely overlap) as a function of the total magnetisation (M) and of the size of the simulation
cell. The arrow in panel b denotes the minimum which is nearest to the experiment.

Figure 4 compares the dependencies of HoN elastic bulk modulus and lattice constant on
Mo obtained using the 1-fu. and 16-fu. cell. The lattice constant is of =<1-2% higher than
the established experimental value of a~4.87 A [3,4,15,56,64]. This overestimation,
achieved using the generalised-gradient approximation of the exchange and correlation, is

similar to that achieved using the local-density approximation in a previous full-potential
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muffin-tin calculation [11]. According to our knowledge, the experimental literature on HoN
elastic properties is scarce with a single value of B =189 + 5 GPa [68], accompanied by a
range of theoretically calculated values from 39 [29] through 138 [14,28] and 149 [27] to 170
GPa [11]. Figure 4a shows the dependence of crystal characteristics obtained with the 1-f.u.
cell on My At 4.0 up/f.u. (obtainable both from the magnetisation optimisation as indicated
by Table 1 and as a sole minimum of the Ef,, dependence on My, as indicated by Fig. 3),
the characteristics include a = 4.98 A and B = 158 GPa, while at 2.5 ws/fu. (close to the
experimental value, allowed by the 1-f.u. cell only at a cost of wrong spin distribution which
does not even lead to an energy minimum), they include a = 4.97 A and B = 138 GPa. Figure
4b shows that larger cell leads to a much weaker dependence of crystal characteristics on
Miotal. The ferromagnetic Mo, value of 4.0 up/f.u. leads (by definition) to a and B close to
those obtained using the 1-f.u. cell, and the change of M. to the experimentally relevant
value of 2.5 up/f.u. (this time represented by an energy minimum) leads only to their minor

correction to @ = 4.98 A and B = 160 GPa.
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Figure 4. Bulk modulus (B; left axes) and lattice constant (a; right axes) of HoN obtained using the 1-fu. cell
(panel a) and the 16-f.u. cell (panel b) as a function of the total magnetisation (My,))-

In parallel to the dependence of Efom On M, there is a dependence of Egym on the

distribution of antiparallel spins at a given M,y,. The most important case is the most
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experimentally relevant M, = 2.5 ug/f.u., which can be realised by the 16-f.u. (or larger) cell
containing 13 and 3 Ho atoms associated with a magnetisation of +4.0 and —4.0 us,
respectively. Figure 5 shows the energetically preferred distribution of spin-up and spin-down
Ho atoms, exhibiting Efym =—2.78 eV/f.u., shown in Fig. 3. Other investigated magnetic

structures exhibit higher Ef,m, (with differences comparable to those caused by varied Migay).

Figure 5. Lowest-energy ordering of up and down spins in the 16-fu. simulation cell (periodic images are
depicted as well). The cell contains 13 Ho atoms with 4 unpaired spin-up electrons (large green balls), 3 Ho
atoms with 4 unpaired spin-down electrons (large red balls), and 16 N atoms (small yellow balls), leading to
Mg = 2.5 up/fu. This value corresponds to the ferromagnetic moment m = 6.25 ug per Ho atom (close to values
measured in Refs. [4,56]).

While Fig. 2 shows that obtaining reliable electronic structure of HoN requires sufficiently
high Nt/ Noce, the complementary Fig. 6 shows that obtaining reliable electronic structure of
HoN with the experimentally relevant My, = 2.5 up/f.u. requires sufficiently large simulation
cell. First, the electronic densities of states (EDOS), shown in Fig. 6a for the 1-f.u. cell and in
Fig. 6b for the 16-f.u. cell, are far from each other — this is contrary to EDOS of the
ferromagnetic state with Mo, = 4.0 up/fu. which is independent of the cell size (not shown).
Second, the figure confirms that My, = 2.5 ug/f.u. does not even constitute an energy
minimum for the 1-fu. cell: the energy threshold separating the highest occupied and lowest
unoccupied state strongly depends on the spin orientation. While the transition from Mg, =
4.0 up/fu. (Fig. 2b) to Mig = 2.5 us/fu. (Fig. 6b) manifests itself as a lower difference
between the integrals of the spin-up and spin-down curves under the Fermi level, these curves

are still qualitatively different (resembling half-metallicity, actually reported for HoN in [14]
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but contrary to measured band gap of HoN in [8,9]). See the moderate EDOS around Ey for

spins up, and the large peak just below Ey, followed by a large gap, for spins down.
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Figure 6. Electronic density of states (EDOS) for majority spins up (top horizontal axes) and minority spins
down (bottom horizontal axes) obtained with fixed My, = 2.5 up/f.u. Panel a shows EDOS for the 1-fu. cell
(where the experimental M., does not constitute an energy minimum, see that there are occupied spin-down
states below Eg; with higher energies than unoccupied spin-up states above Ey;). Panel b shows EDOS for the
16-f.u. cell (experimental M,y achieved by spins distributed according to Fig. 5).

4. Conclusions

We performed spin-polarised density-functional theory calculations on cubic holmium nitride,
studying the effect of the size of the simulation cell (ranging from 1 to 16 HoN formula units)
and the total magnetisation on the formation energy, bulk modulus, lattice constant, and
electronic density of states. First, we show that calculations treating the magnetisation as a
free quantity (i) are not reliable when they employ only the frequently used default number of
electronic states and (if) allow one to well predict the total energy — albeit not necessarily the
magnetisation — in a case of employing an enhanced number of electronic states. Second, we
performed calculations at a fixed total magnetisation and found that the simulation cell of 16

formula units is needed to identify the experimentally relevant magnetic moment as an energy
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minimum of the model. We found the optimum distribution of 13 spin-up and 3 spin-down
Ho atoms inside the cell. The HoN characteristics obtained using this simulation protocol
include formation energy of —2.78 eV/f.u. with respect to ferromagnetic Ho and gas Ny, lattice
constant of 4.98 A, bulk elastic modulus of 160 GPa, and qualitatively different electronic
density of states for both spin orientations. The results provide a theoretical insight into the
spin structure of HoN and possibly also other rate-earth nitrides, and allow one to build on

them in order to use the correct methodology of future DFT or DFT+U calculations.
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IV Zavér

Disertacni prace se zabyva teoretickym popisem pevnych latek pomoci pocitacovych simulaci

na Urovni kvantové mechaniky s vyuzitim teorie funkcionalu hustoty (density-functional

theory, DFT). Krom¢& samotné aplikace existujicich metod na pfipady konkrétnich materiala

prace také studuje a optimalizuje n¢které metodické aspekty vypocta. Jsou zkoumany kubické

a hexagonalni nitridy Hf .M, \N (M je ptechodovy kov) vcetné kubick¢ého HoN, amorfni
nitridy Hf(—M)-Si—-B—C-N, kubicky nitrid Ta,N3 a oxynitrid Ta;N,O a hexagonalni boridy

Tig25Z1025Hf0 25Tag25B2(Cy). Vypocty piedpovidaji vlastnosti téchto materidlti, zejména

mechanické a elektronické, a vysvétluji vysledky experimentalnich méfeni téchto vlastnosti.

Hlavni vysledky vyzkumu provedeného v ramci této disertacni prace lze shrnout

v nasledujicich bodech:

1.

V ¢casti 1II B byla prozkoumdna termodynamické stabilita a mechanické vlastnosti
vybranych krystalickych nitridt pfechodovych kovii (MN, kde M =Y, Hf, Ho, Ta, Mo)
a nekterych jejich tuhych roztokl (terndrnich nitridd Hf .M, N, kde x = 0,25, 0,50,
0,75). Podle ocekavani zalezi formovaci energie (Esom) tuhého roztoku na jeho slozeni
(M, x), na krystalickych strukturdch binarnich nitridii, z nichz je sloZen a vii¢i nimz je
zde Efom urcovana (vi¢i rozpadu na preferované struktury slozek jsou vSechny roztoky
pouze metastabilni, zatimco vii€i izostrukturnimu rozpadu jsou nékteré stabilni), a na
krystalické struktute samotného Hf.M;_,N: pfi M =Y nebo Ho nebo pfi vyssich x jsou
vSechny zkoumané roztoky kubické, stejné jako YN, HfN a HoN (mfizka typu NacCl,
prostorova grupa Fm3m), zatimco Hf,Ta,_ N pii x nizSich nez =0,375 preferuje
hexagonalni strukturu TaN (typ WC, P6m2) a HfMo,_,N pfi x nizSich nez ~0,5
preferuje hexagonalni strukturu MoN (typ NiAs, P65 /mmc). Kromé toho bylo zjisténo,
7e Efom zalezi v kvantitativné vyznamné mife také na parametrech, oznacitelnych
za prvky metodiky vypoctu a v literatuie Casto stanovovanych bez uvazeni. Byl
prokdzédn velky vyznam geometrick¢é optimalizace (posunu atomu, vedouciho
k uvolnéni ptsobicich sil) pro snizeni Erom, které napiiklad pro nékteré konfigurace
Hf,Y,; (N znamend stabilizaci jinak metastabilniho roztoku. Déle byl pro kubické
Hf .M, N prozkoumén vyznam rozlozeni atomi Hf a M v kovové (kationtové)
podmiizce. Na ptikladu Ctyf riiznych rozlozeni véetné kvazinahodného bylo prokéazano,
ze zmeény rozlozeni vedou na nezanedbatelné rozdily jednak ve vlivu geometrické

optimalizace, ktera napfiklad u rozloZeni vychéazejictho z osmiatomové krychlové
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simulaéni buiiky vzhledem k symetriim neprobihd, a jednak v samotné FErom.
Termodynamicky preferované rozloZzeni atomii navic neni univerzalni, ale méni se jak

s volbou prvku M, tak s geometrickou optimalizaci.

V ¢&astech III B a III D byl prosetien vliv volby druhého kovového prvku (M =Y, Ho,
Ta, Mo nebo zvySeny obsah Hf) a mnozstvi dusiku na vlastnosti amorfnich materialt
Hf-M-Si—-B—C—N o hustotach a prvkovych sloZenich vychazejicich z tenkych vrstev
deponovanych na nasi katedfe. Na prikladech HfY3Si130B12CoNg7 a Hf;Y,Si28B11CoNss3
vypocet prokdzal, ze zvySeni obsahu N z nenasycenych 47 at.% na nasycenych 53 at.%
vede ke snizeni podilu vazeb neobsahujicich N na celkovém poctu vazeb ze 14 na 5 %
a k rozsifeni intervalu obsahujiciho 5 nejvysSSich obsazenych a 5 nejnizsich neobsaze-
nych elektronovych stavii (miry zakdzan¢ho pasu) z 2,00 na 2,99 eV, coz vysvétluje
zmény v experimentalnim zakazaném pasu i1 extinkénim koeficientu. Pii rustu Cisla sku-
piny v periodické tabulce (pfechodu od M =Y k M = Mo pfi fixnim obsahu N, v plaz-
matu) klesd prihlednost (extink¢ni koeficient roste z 0,09-0,17 na 0,60—0,67) a roste
elektricka vodivost (fadové z 107* na 10 S/m) vrstev HE-M-Si-B—C-N. To souvisi
s poklesem hybné sily k tvorbé vazeb M—N v Hf-M-Si—-B—C—-N s 37-43 at.% dusiku
a fixnim celkovym obsahem Hf a M, kter4 je dobie kvantifikovatelna pomoci Eomy nitridti
MN, urcované vzhledem ke kovovému M a plynnému N, a téméf monotéonné rostouci
z —1,73 na —0,42 eV/at. Rist kovovosti Hf~M-Si—-B-C—N lze i zde prokazat piimo
modely téchto materiali, v nichz s pfechodem od Y k Mo klesa podil vazeb M-N
na vazbach atomt M z 99 na 41 %, desetistavovy interval kolem Fermiho meze se zuzu-
je z 1,82 na 1,29 eV a elektronové stavy se delokalizuji. Také vypocitané mechanické
vlastnosti MN koreluji se zméfenymi mechanickymi vlastnostmi Hf~AM-Si—B—C—N, a Ize
tak ucinit zavér, Ze mnohé trendy v charakteristikach amorfnich multikomponentnich

Hf=M-Si-B—C—N lze ptedpovédét na nendro¢nych modelech krystalickych binarnich MN.

V castech III B a III E byl vyuzit zpisob vyhodnoceni vysledkl vypocta tykajicich se
material zalozenych na magnetickém kubickém HoN, ktery spociva ve vySetfeni
energie 1 magnetického momentu m, ¢imz usnadnuje identifikaci bodii zkonvergova-
nych k nekvalitnim lokélnim energetickym minimim a umoznuje zisk krystalovych
charakteristik (nikoli vSak m a ptfesné elektronové struktury) i bez pouziti vypocetné
na poctu uvazovanych elektronovych stavii, ktery je pro zisk spravnych vysledka

v piipadé uziti pseudopotencialu popisujiciho kvantovémechanicky pouze valencni
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elektrony nutno navysit z obvykle pouzivané a jindy dostatecné vychozi hodnoty
1,20nasobku poctu obsazenych stavii. Poté byl m fixovan na rtznych hodnotach
a uvazovan jako nezavisle proménny parametr vypocti, ¢imz mohl byt prozkouman
jeho vliv na Eg,m, a dalsi vlastnosti. Ukazalo se, Ze hodnota m blizka experimentu mutze
tvofit energetické minimum jen pfi pouziti simulacni buiiky o dostatecné¢ vysokém
poctu atomi, protoze preferovand spinova struktura neni jednoduse feromagnetickd —
atomy Ho asociované s nesparovanymi elektrony o majoritnim a minoritnim spinu se
v ni vyskytuji v po€etnim poméru 13:3 a jejich rozlozeni v kovové podmiizce ma
na energii krystalu nezanedbatelny vliv. Pro popsany experimentalné relevantni piipad
byla vypocitdna formovaci energie kubického HoN o hodnoté —1,39 eV/at., mtizkova
konstanta 4,98 A a objemovy modul tuhosti 160 GPa. Jakkoliv se hodnoty téchto veli¢in
vyznamné nemeni pii zménach m v ramci hodnot tvoficich lokalni energeticka minima,
elektronova struktura materidlu zavisi na m siln€ — hustota elektronovych stavli méni
sviij charakter a v pfipad¢ experimentalniho m, na rozdil od jednoduché feromagnetické

struktury, nabyva tvaru pfipominajiciho ,,half-metal®.

V ¢asti III A byla modelovana elektronova struktura materiald Ta,N3 a Ta,N,O
s bixbyitovou kubickou krystalickou strukturou s cilem vySetfit jejich potencial
pro rozklad vody katalyzovany viditelnym svétlem. Vysledky vypocti podpotily
experimentalni program naSeho pracovisté, v jehoz ramci byl bixbyitovy oxynitrid
Ta;N,O (dosud nepublikovany v literatufe, na rozdil od nitridu Ta,N3) pfipraven
zihanim ptivodné amorfni tenké vrstvy, nanesené metodou vysokovykonného pulzniho
magnetronového napraSovani s jemné fizenym mnozstvim dusiku a kysliku
v plazmatu. Z hlediska vypocetni metodiky bylo u Ta,N,O mezi tfemi testovanymi
neekvivalentnimi moznostmi nalezeno energeticky preferované rozlozeni atomt O
v aniontové podmiizce. Nasledné¢ byly pfedpovézeny hustoty elektronovych stavi
Ta;N3 a Ta;N>O vcetné projekei na jednotlivé typy orbitalt. Vysledky byly porovnany
(i) s publikovanou elektronovou strukturou Ta,Nj3, (i) s elektronovou strukturou
Ta;N,O vypocitanou odliSnou metodou v ramci DFT (mj. ptfedpokladajici ndhodné
rozloZeni atomti O) a s experimentalnimi vlastnostmi tenkych vrstev Ta;N,O, jmenovité
(iii) elektronovou strukturou zmeéfenou pomoci rentgenové fotoelektronové
spektroskopie (XPS), (iv) elektrickymi zakazanymi pasy ziskanymi analyzou teplotni
zéavislosti elektrické vodivosti a (v) optickym zakédzanym péasem ziskanym analyzou

spektralni zavislosti extink¢niho koeficientu. Byla potvrzena kovovost Ta;N3 (Castecné
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obsazeny vodivostni pas) a polovodivé vlastnosti Ta;N,O (vyznamné lokdlni minimum
hustoty stavll na Fermiho mezi) vcetné pfibliznych pozic jednotlivych valen¢nich
1 vodivostnich pasi. Hlavni zménou pfi pfechodu od Ta;N; k Ta,N,O se jevi vyskyt
elektronovych stavli v piivodné témet neobsazené oblasti mezi energiemi —2,1 a —0,3 eV
vzhledem k Fermiho mezi, pozorovany i ve vysledcich XPS. Protoze jsou tyto stavy
projektovany zejména na tantalové d-orbitaly, stejn¢ jako neobsazené stavy
nad Fermiho mezi, jsou vzajemné pifechody mezi témito dvéma pasy opticky zakazang¢,
a struktura je tak konzistentni s namétenym optickym zakdzanym pasem o Siice 2,0 eV,
umoznujicim absorpci svétla az do 620 nm. Vyskyt téchto stavli navic pravdépodobné
souvisi s naméfenymi elektrickymi zakdzanymi pasy o Sitkach 0,2 a 1,0 eV, jelikoz

tepelné prechody mezi orbitaly o stejnych vedlejSich kvantovych Cislech jsou povolené.

V casti III C byl studovan vliv koncentrace a rozlozeni boérovych vakanci a uhlikovych
substituci na borovych pozicich na formovaci energii (Efom), miizkovou konstantu,
mechanické vlastnosti a elektronické vlastnosti multikomponentniho diboridu
Tig25Z1025Hf0 25Tag25B2 (krystalickd miizka typu AlB,, prostorovd grupa P6/mmm).
Pfestoze je znamo, ze tyto bodové poruchy se bézné vyskytuji v materidlech
piipravovanych nerovnovaznymi technikami, Efym je nizsi pro dokonaly diborid nez
pro diborid s vakancemi, nebo zejména s uhlikovymi substitucemi. S rostouci
koncentraci poruch FEf,y materidlu dale roste. V pfipadé vakanci také roste objem
na atom, a tedy klesd koeficient zaplnéni. To muize byt pficinou experimentalné
pozorovaného uvolnéni kompresniho pnuti pfi Zihani, kdy se v krystalitech témeét
beze zmény jejich objemu zaplni termodynamicky nepreferované vakance borovymi
atomy z amorfnich hranic zrn, jejichZz objem poklesne. Rozlozeni atomt jednotlivych
kovli v kovové podmiizce ma na Efyy vyrazné mensi vliv nez rozlozeni, a zejména
koncentrace poruch v borové podmiizce. Preferované rozlozeni poruch v boérové
podmiizce dale zéalezi na jejich druhu - vakance upfednostiuji shlukovani
do rozséahlejSich celkl, zatimco uhlikové substituce preferuji veétsi vzajemné
vzdalenosti. Elektronova struktura Tig25Zro25Hf025Tag25B1625 (s borovymi vakancemi
o koncentraci 19 %, tvoficimi rovinny shluk) vykazuje kovovéjsi charakter nez
elektronova struktura Tig2s5Zro2sHfy25Tag2sB, (bez poruch). Mechanické vlastnosti
materidlii s vakancemi jsou horS§i nez u Ccistého diboridu (pfedpovézena tvrdost
Tig25Z1025Hf025Tap25B162s je o 40 % niz§i) a nad 34 % vakanci materidl ztraci

mechanickou stabilitu.
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Résumé

Tato disertatni prace se zabyva teoretickym popisem pevnych latek pomoci teorie
funkcionélu hustoty (density-functional theory, DFT), nejrozsifenéj$i metody pocitacového
modelovani na urovni kvantové mechaniky (vypocth ab initio). Prace studuje a rozviji
vybrané prvky metodiky vypoCti a vyuziva tuto uroven teorie k ptredpovézeni struktur
a vlastnosti vybranych materidlti, pfevdzn¢ téch, jez jsou na pracovisti, kde vznikla,
pfipravovany v podobé tenkych vrstev. Teoretické vysledky jsou proto casto uvedeny
do souvislosti s dostupnymi experimentalnimi vysledky a pouZity k jejich vysvétleni.

Jednou ze skupin studovanych materiald jsou kubické a hexagonalni nitridy
piechodovych kovii véetné svych tuhych roztokd, tj. ternarnich nitridd Hf .M, N (M =Y, Ho,
Ta, Mo). Je zkoumana jejich termodynamickd stabilita a mechanické vlastnosti. Formovaci
energie roztoku zavisi nejen jejich slozeni a na krystalické struktuie jich samotnych i jejich
binarnich slozek, ale také na rozlozeni atomi Hf a M v kovové podmftizce krystalu a pro
neéktera slozeni a rozloZeni téz na ptfipadném provedeni geometrické optimalizace relaxaci
pozic jednotlivych atoma.

Vypocitané vlastnosti krystalickych binarnich a ternarnich nitridd jsou dale vztazeny
k vlastnostem amorfnich multikomponentnich nitridi Hf-M-Si—-B—C—-N, modelovanych
pomoci ab initio molekularni dynamiky. Formovaci energie MN se ukazuje byt uziteCnou
mérou hybné sily k tvorbé vazeb M—N ve zminénych amorfnich materidlech. Jeji postupny
nartist pfi rustu Cisla sloupce prvku M v periodické tabulce (pii prechodu od Y k Mo) jasné
koreluje s poklesem podilu vazeb M—N na vSech vazbach atomu M v Hf-M-Si—-B—-C-N
¢i s delokalizaci elektronovych stavli a zuzenim zakazaného pasu. Trend rhstu kovovosti
téchto materialti potvrzuji 1 dostupné experimentalni vysledky jako rtst elektrické vodivosti
a extinkéniho koeficientu. Korelaci 1ze vypozorovat také mezi mechanickymi vlastnostmi
pro multikomponentni tenké vrstvy a modelované binarni nitridy, a snadno proveditelné
vypocty vlastnosti MN tak Ize oznacit za uzitecnou metodu piedpovédi trendtt vlastnosti
Hf~M-Si—-B-C-N. Pro pfipad Hf-Y-Si-B—C-N je korelace modelu s experimentem
prokazana také pii rostoucim obsahu dusiku: vypocitany pokles zastoupeni vazeb
neobsahujicich N a vzdaleni elektronovych stavii od Fermiho meze vysvétluji pokles
experimentalniho extink¢éniho koeficientu a odpovidajici rozsiteni zakazaného pasu.

Zvlastni pozornost je vénovana magnetickému nitridu HoN s potencidlnim vyuzitim

ve spintronice nebo v roli magnetokalorického chladice. Vypocty ab initio, tykajici se
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elektronovych struktur a souvisejicich vlastnosti materidlu takového typu, by mély spravné
reprodukovat jeho magneticky moment. V préci je nejprve urcen neobvykle vysoky pocet
neobsazenych elektronovych stavl, ktery zarucuje, Ze zjisténé energetické minimum je
globalni. Dale je vyvinuta metoda, kterd umoznuje, aby experimentalné relevantni hodnota
magnetizace tvofila energetické minimum, a je kladen diraz na pfiznivé rozlozeni spint
v neobvykle velké simulacni buiice. Je prozkoumana zavislost vybranych charakteristik HoN
na velikosti buiiky a na magnetizaci. Tyto vysledky poskytuji teoreticky vhled do spinové
struktury nitridi kovii vzacnych zemin a piinaseji moznost pouziti spravné metodiky
podobnych vypocth vlastnosti silné¢ korelovanych materialt.

DalS§imi zkoumanymi materidly jsou Ta;N; a TasN,O s kubickou strukturou typu
bixbyit, které maji potencial pro vyuziti pii fotokatalyzovaném rozkladu vody. Jsou
vypocitany hustoty elektronovych stavii, které jsou v ptipadé Ta,N,O uzity k vysvétleni jeho
experimentalnich vlastnosti. Model je v souladu s odliSnym modelem v ramci DFT
1 s pfimym experimentalnim méfenim elektronové struktury a diky projekci elektronovych
stavli na konkrétni orbitaly vysvétluje experimentélni existenci jednoho optického a dvou
elektrickych zakazanych pasi.

Je zkouman také tvrdy a elektricky vodivy diborid Tig2s5Zrg2sHfo25Tag2sB2 0 vysoké
tepelné stabilité. Pozornost je vénovana vlivu poruch (jednak vakanci, a jednak atomut C, tedy
poruch relevantnich pro ¢etné experimenty) na charakteristiky materialu. Jsou prozkoumany
formovaci energie. Nahrada atomi B atomy C je shleddna méné vyhodnou nez tvorba
boérovych vakanci. Vakance dale upfednostiiuji shlukovani do rozséhlejsi plo$né oblasti
bez atomu, a minimalizuji tak pocet pferuSenych vazeb B-B, zatimco uhlikové substituce
na borovych pozicich shlukovani neupfednostiiuji a maji sklon minimalizovat pocet vazeb
C-C. S koncentraci vakanci zaroven roste objem na atom. Tyto vysledky jsou vyuzity
k vysvétleni experimentalnich jevi, jako je uvolnéni kompresniho pnuti pfi Zihani diborida. Je

kvantifikovan také vliv vakanci na mechanické a elektronické vlastnosti.
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Abstract

This Ph.D. thesis deals with a theoretical description of the solid state by density-functional
theory (DFT), the most widely used method of quantum-mechanical computer modelling
(ab-initio calculations). The thesis studies and develops selected components of the
calculational methodology and applies this level of theory to the prediction of the structures
and properties of selected materials, predominantly those prepared as thin films at the
department of the thesis’s origin. Therefore, the theoretical results are often associated to and

used for the explanation of the available experimental results.

One class of the studied materials consists of cubic and hexagonal transition-metal nitrides,
including their solid solutions, i.e. ternary nitrides Hf .M, N (M =Y, Ho, Ta, Mo). We study
their thermodynamic stability and mechanical properties. The solid-solution formation energy
depends not only on its composition and on its own and its binary constituents’ crystal
structures, but also on the distribution of Hf and M atoms in the metal sublattice of the crystal
and, for some compositions and distributions, on the decision to perform geometrical

optimisation by relaxation of the individual atomic positions.

The calculated properties of the crystalline binary and ternary nitrides are then associated with
the properties of amorphous multicomponent nitrides Hf-M-Si—-B—-C—-N, modelled
by ab-initio molecular dynamics. Formation energy of MN turns out to be a useful measure
of the driving force towards M—N bond formation in the mentioned amorphous materials. Its
gradual increase with the increase in the periodic-table group number of the M element
(transition from Y to Mo) clearly correlates with the decrease in the ratio of the number
of M-N bonds to the total number of M bonds in Hf-M-Si-B-C-N as well as with the
delocalisation of electronic states and narrowing of the band gap. The growing trend in the
metallicity of these materials is confirmed also by the available experimental results such as
the growth of electrical conductivity and extinction coefficient. In addition, correlation is
found between mechanical properties of the multicomponent thin films and the modelled
binary nitrides, so the easily feasible calculations of the MN properties are found to be
a useful method for the prediction of the trends in the Hf-M-Si—B—C—N properties.
For the case of Hf~Y-Si—-B—C—N, the correlation of the model and experiment is proven also
at growing nitrogen content: the calculated decrease in the number of N-less bonds
and the retreat of the electronic states from the Fermi level explain the decrease of the

experimental extinction coefficient and the corresponding band-gap broadening.
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Special attention is paid to the magnetic nitride HoN with potential application in spintronics
or as a magnetocaloric refrigerant. Ab-initio calculations of electronic structures and related
properties of such a material should correctly reproduce its magnetic moment. First,
an unusually high number of unoccupied electronic states is identified which guarantees that
the energy minimum identified is the global one. A method is then developed which allows
the experimentally relevant magnetisation to constitute an energy minimum, emphasising
the favourable distribution of the spins in an exceptionally large simulation cell.
The dependence of selected HoN characteristics on the cell size and on the magnetisation is
examined. These findings provide a theoretical insight into the spin structure of rare-earth
metal nitrides and allow one to use the correct methodology of similar calculations

of properties of strongly correlated materials.

Ta;N3 and Ta;N,O with a bixbyite-like cubic structure are the next studied materials, as they
show potential for an application for photocatalytic water splitting. Densities of electronic
states are calculated and in the case of Ta;N,O used to explain its experimental properties.
The model is consistent with a different DFT model as well as with a direct experimental
determination of the electronic structure and, thanks to the projection of the electronic states
onto particular orbitals, it explains the experimental existence of one optical and two electrical

band gaps.

A hard and electrically conductive diboride Tig,s5Zrg2sHfy25Tag2sB, with high thermal
stability is studied, too. The attention is turned to the effect of defects (either vacancies or C
atoms, both relevant for numerous experiments) on material characteristics. Different types,
concentrations and distributions of defects are investigated, and the configurations leading
to the lowest formation energies are identified. The replacement of B by C is found more
unfavourable than the formation of B vacancies. Furthermore, vacancies prefer to coalesce
into a larger planar void, minimising the number of broken B—B bonds, while carbon
substitutions at boron sites do not prefer coalescence and tend to minimise the number of C—C
bonds. In parallel, the volume per atom increases with the vacancy concentration. The results
are used to explain experimental phenomena such as the compressive stress release during
annealing of diborides. In addition, the effect of vacancies on mechanical and electronic

properties is quantified.
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