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1. Uvod

V soucasné dobé je nanostrukturnim materialim vénovana zna¢na pozornost, protoze se projevuje
stale vice jejich vyznam v rtznych oborech lidské Cinnosti. Nezastupitelné uplatnéni nalézaji tyto
materidly napiiklad v polovodiCovém pramyslu, strojirenském pramyslu, mediciné,a také i1
VvV environmetélnich oborech. Pfedpona ,,nano* je odvozena z feckého slova ,,nanos“, coz znamena
Htrpaslik. Spojenim slova ,,nano* s jednotkou ,,metr* pfinasi termin ,,nanometr, ktery oznacuje
jednotku méfeni délky 1x10° m.

Nanomaterialy ziskavaji nové unikatni vlastnosti praveé diky limitnimu omezeni jejich rozmért a to
jak v jednom rozméru (2D materialy), tak ve dvou (1D materialy), ptipadné ve tiech rozmérech (0D).
Napiiklad vlivem omezeni rozméra Ize docilit zmény hustoty elektronovych stavii D(E) v materialu.
Mezi hlavniho reprezentanta 2D materialii 1ze uvést jednu monovrstvu atoma uhliku, tzv. grafen [1],
ktery rozpoutal intenzivni zajem o studium téchto typt materialti. Za 1D materialy jsou téz ozna¢ovany
nanodraty. Jejich priméry jsou zpravidla od 3 az do 100 nanometri a jsou obvykle vice nez 1000 krat
delsi, neZ je jejich primér. Tyto nanodraty jsou vyrabény z raznych vodivych, polovodi¢ovych a
izolujicich materiald nebo mohou byt skladany z organickych molekularnich jednotek, kdy hovoiime
o molekularnich nanodratech (naptfiklad DNA). Vlivem omezenych rozmérit se u nich projevuji
kvantové mechanické efekty. Dal$im snizovanim dimenze materialu se dostaneme az k takzvanym
nanoteckam (0D). Nanotecky jsou definovany jako malé ¢astice o velikosti v rozsahu 1 az 100 nm
chovajici se jako jedna Castice s ohledem na elektronovou strukturu. Zde se hustota elektronovych
stavll stdva mnozinou delta funkci a tyto struktury se chovaji v podstaté jako umélé atomy. Uvedené
kvantové tecky nalézaji potencialni aplikace pfi vyrobé¢ jedno-elektronovych tranzistora [2], solarnich
¢lanki, LED diod, laserd a vyuZzivaji se pii vyzkumu biologie bunék [3].

Rist tenkych a ultratenkych vrstev a nanostruktur Ize realizovat pomoci metod zalozenych na
chemickych nebo fyzikalnich principech. Mezi chemické depozi¢ni metody se fadi metoda depozice
z plynné faze (CVD — Chemical Vapour Deposition), kdy Kk ristu ultratenkych, tenkych vrstev a
nanostruktur dochédzi pfi chemické reakci na povrchu substratu. Jako fyzikalni 1ze oznacit metody
depozice rustu ultratenkych vrstev a nanostruktur vyuZzivajici elektrické, termodynamické nebo i jiné
mechanismy. Casto jsou vyuzivany k formovani svazki atomy & molekuly z nasycenych par
deponovanych materialt, proto se fyzikalni metody nazyvaji depozici z plynné faze (PVD — Physical
Vapour Deposition).

Tato prace se zabyva konstrukci a aplikaci zatizeni uzivanych pii tvorb& nanostrukturnich materiala
Vv podminkdch vakua. Materidly piipravené pomoci téchto nové vyvinutych zkonstruovanych
modernich zatizeni jsou perspektivnimi kandidaty pro vyrobu a vylepSeni napiiklad citlivych senzorii
[4], elektronickych obvodu [5], solarnich ¢lankd [6] a baterii urcenych pro skladovani energie [7, 8].
Vsechna Vv této praci uvadénd vyvinutd a zkonstruovana zafizeni pro depozici nanostrukturnich
materiall jsou aktivné uzivana studenty béhem vyuky a pfi realizaci jejich zavére¢nych praci. Uvedena
unikatni zafizeni jsou rovnéz intenzivné vyuzivana K védeckym ucelim, coz je dokumentovano
pfiloZenymi védeckymi ¢lanky, které obsahuji vysledky VaV, ziskané jejich pomoci.



2. Chemicka depozice z plynné faze (CVD)

CVD depozice je v soucasné dobé hojné vyuzivana zejména Vv polovodi¢ovém prumyslu, naptiklad
pro rust slozitych multivrstevnatych struktur slouzicich k pfipravé polovodi¢ovych mikro-
elektronickych soucastek jakymi jsou napiiklad diody, transistory, senzory, mikroprocesory, solarni
¢lanky a dalsi [9]. Pii této metod¢ rustu Se uzivaji nizké tlaky organickych nebo anorganickych
reak¢nich plyna (prekurzort), které jsou ztedéné inertnim plynem. Reakce se uskuteciiuje na horkém
povrchu substratu, kde dochazi k ristu tenké vrstvy nebo nanostruktur. Schéma zakladniho principu
metody CVD je zobrazeno na obrazku 1. Timto zptisobem lze deponovat amorfni, polykrystalické,
monokrystalické a epitaxni vrstvy dosahujici vysoké Cistoty.

Horka z6na
Vstup plynu . it Cerpani
- - CETL O
Substrat

Reakéni plyn ® Pevny produkt

Meziprodukt Piyn po reakci
Obrazek 1: Schéma zakladniho principu CVD procesu.

Vyhodou CVD metody je zejména jeji jednoduchost, nizké naroky na vybaveni a také moznost
ristu Sirokého spektra materialti. V soucasné dobé existuje mnoho CVD hybridnich depozi¢ni metod,
které lze rozdélit dle zakladnich principt depozice, jako je napiiklad pyrolyza, redukce, oxidace,
nitridace a karbonizace. Pyrolyza patii mezi nejjednodussi procesy z rodiny CVD metod, kdy je
prekurzor rozkladan na horkém povrchu, pficemz stabilni slozky na povrchu vyvati depozici tenké
vrstvy. Obvykle se pouziva teplota reakce v rozsahu 300 °C az 1 200 °C, kdy 1ze ohfivat ptimo substrat
nebo celou reakéni komoru. Vysledna kvalita tenkych a ultratenkych vrstev zavisi na tlaku plynu a
teploté substratu. Je-li nastavena nizka teplota substratu, je rist vrstvy limitovan kinetikou povrchové
reakce. Pfi stifedni teploté je jeji rist omezen dodavanym mnozstvim reagujicich plyni na substrat. Pfi
vysoké teploté substratu se rychlost rastu vrstvy snizuje v dusledku desorpce prekurzori z povrchu.

Jako ptiklad zafizeni uzivajici pyrolyzu pro rust grafenu z metanu (CH4) na médéném substratu pii
teploté cca 1000 °C lze uvést nami navrzeny a realizovany CVD reaktor. Ten je primarné urcen pro
rist grafenu a naléza se na Ustavu fyzikalniho inzenyrstvi, FSI VUT v Brné. Grafenové vrstvy jsou
dale vyuzivané studenty pfi vyuce a realizacich jejich bakalarskych a diplomovych praci [10-19].

Nami navrzeny systém se sklada z reak¢ni vysokoteplotni ¢asti, ¢asti davkujici reakéni plyny a
cerpaci Casti, viz obrazek 2. Vysokoteplotni reakéni ¢ast pece je tvofena kiemennou trubici o priméru
¢ =50 mm a délce | =1 m. Vysoka teplota uvnitf reakéni ¢asti je ziskavana radia¢nim ohievem od
zhaveného odporového dratu rozmisténém kolem trubice. Material odporového dratu je tvoien slitinou
Zeleza s obsahem chromu, hliniku a kobaltu, ktery je registrovan pod obchodni znackou ,,Kanthal®.
Me¢fteni teploty lze provadét pifimo uvnitt CVD pece uZzitim termoclanku typu R, nebo nepiimo
termoclankem nachazejicim se na vnéjsi strané kiemenné trubice. Z divodi omezeni kontaminace
kovy ptipravovanych vrstev je preferovana druha varianta méteni teploty. Ulozeni a napojeni trubice



je realizovano pomoci dvou nerezovych piirub stahujicich vitonové tésnéni vytvarejici rozebiratelny
tésnici tfeci spoj. Tento spoj je pies ptiruby aktivné chlazen pritokem vody. Timto uspofadanim lze
dlouhodob¢ ziskat v reak¢éni komote teplotu az 1 100 °C.

Davkovani reakénich Reak¢éni vysokoteplotni ¢ast Cerpaci cast
plynu

Takova mérka

Régulaéni prisokoméry

® ® @ l / ‘ g X ‘ "a,.' % Regulaénl vertd
‘ Rotadni vywvdva

e Turbomolekutden
’ g \ [ vyvéva

Zarof proudu
Obrizek 2: Schéma CVD aparatury pro rist grafenu vyvinuté na Ustavu fyzikalniho inzenyrstvi, FSI VUT v Brng.

Rozvod plyni do reakéni ¢asti je vyhotoven z nerezového chemicky lesténého potrubi, které je
napojeno na tlakové lahve. Material prekurzoru lze také ziskavat ohfevem pevnolatkovych ¢i
kapalnych materiald umisténych do zasobniku. Takto byl naptiklad zplynovan prasek borazinu
BsHeN3 pii rustu 2D nitridboritych (BN) vrstev. Piesné davkovani plynti do reakéni komory je
zajisténo digitalné ovladanymi pritokoméry od firmy MKS davkujicimi plyn v rozsahu toki 0-
10 sccm a 0-1000 sccm. Tyto nastavitelné pratokomeéry jsou fizeny pocitacovym programem, ktery
umoznuje presné nastaveni a monitorovani pracovnich podminek, jakymi jsou prutok plynu, tlak
v komote a Cerpaci rychlost vyvév.

Cerpani CVD reaktoru je zajisténo turbomolekuldrni vyvévou, kterd je predderpavana olejovou
rotaéni vyvévou, ¢imz je dosahovano zékladniho tlaku v komote 1x107 Pa. Tlak v komote Ize ovlivnit
digitaln€ ovladanym Skrticim ventilem, ktery je umistén mezi komorou a ¢erpaci vyvévou.
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Obrazek 3: Fotografie CVD reaktoru uréeného pro riist grafenovych vrstev vyvinutého na Ustavu fyzikalniho
inzenyrstvi, FSI VUT v Brné.

2.1 Aplikace navrzeného a realizovaného CVD reaktoru — piiprava grafenu metodou
CVvD

Nami navrzeny a realizovany CVD reaktor (Viz obrazek 3) je pouzivan primarné pro rust grafenu,
coz predstavuje jednu monovrstvu atomd uhliku s hexagonalni miizkou. Tato vrstva vykazuje unikatni
elektrické a mechanické vlastnosti [20]. Rust grafenu v CVD reaktorech se pievazné realizuje na
substratech z pfechodovych kovi, jako napiiklad médi, niklu, Zeleze a kobaltu [21-23], které soucasné
slouzi jako katalyzator reakce. Médény substrat se dosud jevi jako nejvhodnéjs$i materidl pro syntézu
jednovrstevnatého grafenu, zejména z divodu nizké rozpustnosti uhliku v médi. Vys$i mira
rozpustnosti uhliku v kovech podporuje béhem faze chladnuti kovu zvySenou precipitaci uhliku na
povrch substratu vedouci k nezadouci tvorbé vicevrstevnatého grafenu. U médéného substratu probiha
samoregula¢ni rustovy proces, kdy po celkovém pokryti substratu grafenem dojde k zastaveni
katalytického rozkladu prekursoru a tim i zastaveni rastu dalSich vrstev grafenu. Naptiklad niklové
substraty maji vys$i miru rozpustnosti uhliku, ¢ehoz lze v nékterych ptipadech uzit k vyrobé a
naslednému studiu zakladnich vlastnosti vicevrstevnatého grafenu [24].

Obecné se pro depozici grafenu uziva médéna folie pfipravovana valcovanim, kterd se nasledné
ziha v CVD reaktoru za vysoké teploty (1 000 °C) ve vodikové atmosféfe. Hruby povrch vznikly
vlivem mechanické vyroby lze upravit chemickym leptanim a naslednym zihanim. Nicméné¢ po takové
upraveé povrch médéného substratu zistava stale znacné hruby. Z téchto diivodl jsme navrhli unikatni
postup pripravy Cu folie s ultra-hladkym povrchem. Pii této metod¢ je na hladky povrch kiemikové
desky s nativni vrstvou SiO2 narostena 600 nm tlustd vrstva Cul. Nasledné je tato vrstva zesilena
elektrolytickou depozici médi. Po dosazeni samonosné tloustky je Cu vrstva sloupnuta z Si substratu,

L Cu vrstva byla piipravena napragovanim pomoci metody depozice za asistence iontovych svazkii (IBAD) na UFI.
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Vviz obrazek 4a). ,,Sloupnuta“ Cu vrstva na rozhrani kopiruje hladky povrch Si/SiO,. Folie v misté
rozhrani Si/Cu dosahuje drsnosti Ra <0,5nm. Na obrazku 4b) je zobrazeno porovnani méfeni
topografie povrchu pomoci AFM na superultra-hladké médéné folii a béZné€ uzivané folii vyrabéné
valcovanim. Ob¢ folie byly zihany pii teploté¢ 1 000 °C ve vodikovém prostiedi a nasledn¢ vystaveny
pusobeni metanu (CHa), ktery se vlivem pyrolyzy rozkladal na vodik a uhlik. Béhem této reakce
uhlikové atomy na médéném substratu formuji grafenovou vrstvu. Pro vétSinu experimenti a aplikaci
je nutné tuto vrstvu pienést na jiny substrat, jako je naptiklad kiemik. Pienos lze realizovat mnoha
zpusoby, mezi nejznaméjsi patii tzv. mokra metoda. Pii ni se chemicky odlepta médéna folie a grafen
se ,,nabere* na pozadovany povrch. Podrobny popis vyroby ultra-hladké folie s grafenem véetné jeho
pfenosu a méfeni jeho elektrickych transportnich vlastnosti nalezneme v ¢lanku piilozeném
v ¢asti 2.1.1.

a
) Ultra-hladky povrch
pro rist CVD grafenu

} (Ra<0,5nm)

SN

tnm)

-

=< olym ¥

T~ - —
o) °d

F /-

___{///fiharl.|

g —

o)
SIiO/Si
Ultra-hladky povrch Bé&Zné uzivana folie
Obrazek 4: a) Schéma ptipravy ultra-hladké médéné vrstvy sloupnutim médéné vrstvy z povrchu SiO; na Si. b)
Porovnani topografie povrchid métenych metodou AFM pro ultra-hladkou a standardni médénou folii pokrytou CVD
grafenovou vrstvou.

Grafen nachazi Siroké uplatnéni v polovodiCovém prumyslu a jevi se velmi perspektivni napiiklad
k vyrobé jednoelektronového tranzistoru [24], solarnich ¢lankt [6] a riznych senzord [25]. Jako
priklad aplikace grafenové vrstvy uvadim nami vyhotoveny senzor vlhkosti (Cast 2.1.2). Tento senzor
je uspotfadan obdobné jako FET tranzistor, kdy mezi dvéma elektrodami (source - emitor,
drain - kolektor) je umisténa grafenova vrstva jako vodivy kanalek. Toto uspofadani je vytvoreno na
kfemikovém substratu s izolujici vrstvou SiO2 (tloustky 280 nm). Kiemikovy substrat slouZzi
k ptivedeni hradlového napéti a grafenova vrstva tvoii aktivni detekéni plochu. Uspotadani senzoru je
schematicky zndzorné€no na obrazku 5. VyuZitim takto pfipraveného senzoru byly studovany zakladni
fyzikalni mechanismy vlivu okolni vlhkosti na transportni vlastnosti grafenu. Diskuse nami
odhaleného chovani senzort vlhkosti na bazi grafenu v zavislosti na proménném tlaku nasycenych
vodnich par (v odpovidajicim rozsahu od atmosférického az po tlak 1x107Pa) jsou podrobné popsany
Vv pfilozeném ¢lanku uvedeném v ¢asti 2.1.2.

. H.O Grafen
Zldrkq%\éa (detekéni plocha)
elektroda .

(Emitor) ‘ gg&‘g;g
L ¥.... Uo (Kolektor)
Si
Hradlova elektroda
‘}G

Obrazek 5: Schéma senzoru vlhkosti s grafenovou vrstvou (FET uspotadani).
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Jinou alternativni aplikaci grafenové vrstvy piedstavuje nami vyhotoveny Schottkyho solarni
¢lanek s grafenovou vrstvou, kdy na rozhrani grafenu s kiemikem dochazi k vzniku ochuzené zony.
Utinnost zminédnych ndmi vyrobenych solarnich ¢lankd dosahovala 4,43 % [15, 16, 18].

11



2.1.1 Clanek &. 1 - Ultra-hladka kovova folie pro rist vysoce kvalitniho grafenu metodou
depozice s plynné faze

Autori:

P. Prochazka, J. Mach, D. Bischoff, Z. Liskova, P. Dvoidk, M. Vanatka, P. Simonet, A. Varlet, D.
Hemzal, M. Petrenec, L. Kalina, M. Bartosik, K. Ensslin, P. Varga, J. Cechal a T. Sikola

Nanotechnology [online]. 2014, 25(185601), 1-8. Dostupné z: doi:10.1088/0957-4484/25/18/185601
Abstrakt:

Piiprava grafenu chemickou depozici z plynné faze je slibnou cestou pro vyrobu vysoce kvalitniho
grafenu o velkych rozmérech pro elektronické aplikace. Kvalita uzivanych substratd hraje klicovou
roli, protoze drsnost povrchu a defekty méni rust grafenu a zptisobuji potize pii nasledném pienosu
grafenu. V c¢lanku pojednavame 0 piipravé vysoce Cisté ultra-hladké meédéné folie piipravené
napraSovanim z tenké vrstvy Cu na vrstvu SiO2/Si, ktera slouzi jako Sablona, a nésledné odlepeni
kovové vrstvy od této Sablony. Povrch vykazuje nizkou uroven oxidace a znecisténi. Drsnost povrchu
folie je obecné definovana povrchem Sablony a byla pod hodnotou 0,6 nm i na velkych plochach
povrchu folie. Drsnost a velikost zrn se zvysuje jak pti zihani folie, tak pii katalytickém rustu grafenu
z metanu (= 1000 °C), ale ve velkém métitku stale zustava hluboko pod hodnotou drsnosti typickou
pro bézn¢ uzivané folie. Mikro-Ramanova spektroskopie a méfeni transportnich vlastnosti prokazaly
vysokou kvalitu grafenu rosteného na takto pfipravovanych foliich. Pohyblivost nosi¢ti naboje pii
pokojové teploté grafenu rosteném ze Sablony sloupnuté Cu folii byla tfikrat vySsi ve srovnani
s grafenem rosteném na komeréné vyrabéné médeéné folii. Piedpoklada se, ze popsané vysoce kvalitni
meédeéné folie budou uZity jako velkoplo$né substraty pro vyrobu grafenu vhodného pro elektronické
aplikace.
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Abstract

Systhesis of graphene by chemsical vapor depasition is a promissng roume for manufacturmg
Lrge-scale high<qualxy graphene lor clectrosic apphcatons, The quality of the employed
substrutes plays a crucial role, since the surface roughness and defects alter the gruphene growth
and cause difficulties in the subsequent gmphene tansfer. Here, we repont on ulemsmooth high-
pearrity copper foils prepased by spetier depositbon of Cu thin film on a SKOJSI wmplate, and the
subsequent peeling off of the metallic hiyer from the template. The sarfoce displays a low kevel
of oxidation and contamination, and the roughness of the foil surface is generally defined by the
emplate, and was below 0.6 nm even on a bage scale. The moughoess and grain size incresse
occumed during both the anscaling of the foils, and catalytic growth of geaphene from methane
(=1000 “C), but on the Large scale still remained far befow the roughness typacal for commercial
fodls. The micro-Ramas spectroscopy and transpoet measurements peoved the high quality of
graphene grown on sech foils, aad the room temperature mobality of the graphene grown on the
template stripped Soil was three times higher compared o that of coe grown oo the commercial
copper foil. The presented high-quality copper foils are expected to provide large-area substrates
for the production of graphene suitable for electonic applications.

Online supplementary data available from stacks lop.oqg/NANO2 S/ ISS60 1 immedia
Keywords: grapbene, CVD growth, metalbe foils
(Some figeres may appear in colour only i the caline joummal)
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Introduction

Graphene has attracted enormous attention for s unique
mechanical, optical and clectronic propertics [1-3], Synthesis
by means of chemical vapor deposition (CVD) catalyzed by
metallic substrates is a promising route for fabncation of
high-quality large-area monolayer graphene sheets [4, S|
Here, the copper foils are among the most promising sub-
strates for the CVD growth of graphene thanks 1o low carbon
solubility in Cu [4], and low concentration of defects formed
in graphene compared 1o Co and Ni substrates [6-8]. Since
domain boundaries have a deleterious effect on the electronic
propertics of graphene [9-11]), intense rescarch is being car-
ried ogt on the CVD growth of large-area single-domain
graphenc |7, 12-15]). The single domain growth has been
achieved by synthesis at high temperatures and the presence
of hydrogen [13, 16, 17] when nucleation of carbon atoms on
surface defect sites is restricted [13, 17-19), or by oxygen
passivation of potential nucleation sites [14, 15], The quality
of the employed metallic foils, therefore, plays a crucial role
in the growth process |17, 18, 20 In addition, the surface
morphology of the foils 1s cribeal for the formation of wrin-
kies on graphene during its transfer to insulating substrases
|21, 22]. Commercially available foils generally possess high
surface roughness, mainly dwe 1o the metal rolling process
during their production [7], Thercfore, the metal foils ane
usually electropolished and anncaled at high temperatures
(>1000 °C) under vacuum or hydrogen atmosphere for several
hours [12, 13, 18, 20, 23, 24|, or the copper 1 melted and
resolidified on o wagsten foil suppont [25] to clean and
smoothen the surface before the graphene growth. However,
after this process, the surface roughness over larger areas
remains relatively high and has a significant influence on the
growth and transfer processes. Another issue is the purity of
the copper foil since the impunity atoms often segregase on the
surface in the form of clusters [26}], causing an increase in the
nucleation center density.

Here, we introduce a template stripping method [27-29]
for the fabrication of ultrasmooth copper metallic foils, whose
surface roughness is defined by the employed templates, e,
silicon substrates, which display one of the smoothest com-
mercially available surfaces. The resulting large-area rough-
ness of the prepared foils (typically over 50x 350 um’) is
bedow 0.6 nm, i.e. almost two orders of magnitude lower than
the one observed on commercial Cu foils.

The template-stripping method brings an  additional
advantage of very low surface contamination and oxidation
because the surface of the foil is freshly exposed to ambient
atmosphere after its stpping. Hence, the electropolishing and
high temperature cleaning of the Cu foil before the graphene
growth can be avosded. The size of the foils prepared by this
method is practically limited only by the availuble template-
size, which presents an advantage for the production of gra-
phene on a large scale, and ensures the compatibility of the
method with the semiconductor mdustry,

14

Graphene films were primarily grown on template stripped
(TS) copper foils and, for comparison, also on 25 um-thick
polycrystalline copper foils from the MTI Corporastion (pur-
ity > 99.99%). The commercial copper foils were cleaned in
an ultrasonic bath for 15 min in acetone and 15 min in iso-
propanol, then inserted into the home-built CVD system and
anncaled at 1000 “C under a hydrogen flow of 4 scem at 10 Pa
before the graphene growth,

The TS copper foils were prepared by jon beam sputier
deposition from a high punty copper tanget (Mateck,
99.999%) in a home-built high vacuum (<107 Pa) setup
basex! on Kaufman broad 1on beam sources [ 0], The energy
of argon ioas was 600 ¢V and the deposition rate of copper on
the template formed by a P-doped Si (100) substrate (resis-
tivity of 0,0010-0.0015 £2cm) covered with a 280-285 nm-
thick thermal $i0; layer was 2.3 A5 Next, the copper
supposting layer was deposited by electrolysis in a mixture of
0.0012M sulfuric acid (H.SO,) and 138M solution of
Copper Sulfate (CuSO;, 33 g, 150 ml). The current and time
of electrodepasition were controlled during the whole process
in order to achieve the required thickness of the supporting
layer (24 ym). The stripping of the foils was caried out just
prior 1o their insertion into the reactor 10 reduce the con-
tamination and oxidation from the ambient atmosphere,

Graphene symhbesis was camied out in a home-built
reactor (sce supporting information for details, available at
stacks. iop.org/™NANO2S/ 18560  /mmedia).  Before  the
growth, hydrogen gas was introduced to the reactor (4 seem,
10Pa) and the system had been heated up 10 a graphene
growth temperature. Graphene growth was performed under a
methane atmosphere (flow of 40 scom) for 30 min at a pres-
sure of 70 Pa. Afterwards, the system was cooled down to
room temperature in four hours. Grapbene from the back-side
of the copper foil was removed by oxygen plasma ctching
(25% O/75% Ar, two minutes).

To provide fusther analysis, the grapbhene layer from the
fromt side of the foil was transferred 1o a Si0,/Si substrate (the
same type of substrate as that used for the template of the TS
copper foils) by the PMMA-assisted wet transfer method.

Atomic force microscopy (AFM) was camied out by o
commercial ambient scanning probe microscope (NT-MDT
Niegra Prima) m comtact mode using commercial silicon
cantilevers CSG-10 (NT-MDT). The image resolution was set
10 a standard of 256 x 256 points. A conventional confocal
Raman microscope WiTec CRM 200 with a green laser
(5322nm, 08mW) and spot diameter of 450nm, and
Rensshaw inVia with a He-Ne excitation laser (632.8 nm,
S0mW) and a focused spot diameter of 2 ym were used for
the room temperture measurement of the Raman spectra and
spatial maps, X-ray photockctron spectioscopy was per-
formed in o Kmatos Axis-Ultra DLD system using mono-
chromatic  Al-Ka  radiation.  Transport  properties  were
measured at room semperature or o 4 K in a liquikd He cooled
cryostat. Electron backscatter diffraction (EBSD) measure-
ments were camied out in a Tescan FERA 3 microscope
equipped by NordlysMax [2) EBSD detector from Oxford
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Figure 1. Preparation of a copper il by templase seripping. (a) SOL/SE subwarate s » template. (h) Sputter-deposition of Ca (¢) Protecton of
odge areas of the subsarate surface. () Electrodeposition of a thick Cw supponting layer. (e) Peeling off the prepared foll. (1) The top layer of

the fodl is defined by the SOZS) lemplase surface.

Instruments, vsing 8 and 15keV primary clectron beams
focused to the spot with a diameter of 15 nm w a sample
inclined by 70 degrees relative 10 1he incoming clectrun beam
The assignments of crystallographic directions were per-
formed directly in the Aztec EBSD control software, and
EBSD Post-processing was completed by HKL CHANNELS.

Results and discussion

Figure 1 illusarates the preparation of the copper foils by
wemnplage stipping wsing a silicon-based substrate as a lem-
plae. In the fird siep, a 800 nm-Ca thin 6lm is sputter
deposited in a broad son-beam setup [30] on the Si(100)
substrate with a 280 no-theck thermmally grown SvO; layer on
sop of i1, This & followed by the clectrodeposition of o 24 wm-
thick supporeting Cu layer from the CuSO, salution. A key
step here is 1o cover the edges of the sample by a resist layer
(PMMA) or scoich tape 10 prevest penctration of the chec-
olvie o the CwSI interface from the sade of the sample,
After completing the electrodeposition, the sample & nased in
denuneralized water and dried ont under ambient conditions
for a8 Jeast 24 h. The free-standing copper fodl is then obtained
by mechanically peeling-off the copper Liyer from the sub-
strate, This step is ensblad by the low adhesion of the Cu
layer 1o the SH0; surface (see supporting information for a

more detailed discussion, available s stacks lop.org/NANOY
2518560 1 'mmedia).

The surface of the foils preparad in thes way bas very Jow
roughacss and thelr material compaositon Is prisnarily defined
by the composition of a target used for sputter deposition. In
owr case we have used a Cu target with 99.999% purity, and
x-ray photockectron spectroscopy (XPS) revealed mo traces of
contamination, except for impanties from the ambient atmo-
sphere (see supporting information, available ot stacks lop
orgNANO2S/I 85601 /mmedia). Compared o standard Cu-
foils, which are ussally stored under ambicnt conditsons, the
freshly stripped TS foils show a very kw level of con-
aminaton and oxidation hecasse their surface is prosected
from ambient conditions while attached 10 the template.

Figure 2(a) shows the in-scale comparison of the large-
arca surface morphology of the TS foils and non-treated
commercal polyerystallime copper foels (99.99%, MTT Coe-
poration) which are frequently used for CVD graphene
growth. The surface of the commercial foil preseased in the
bottom part of figure 2(a) displays lange corugation (arith-
metac-averaged roughaess R, =N am and rocs-mean-squared
ou s (RMS) Ryus =90 nm) over a large arca (30x S0
pm’ ), which is typical for the foils prepased by cold rolling.
On the local scale (meavared area of 1 x | um’), the mughness
of the commercial foils is comespondingly lower (typically
R, oo 8.60nm and Rysw 1 nm). A detailed inspection of the
surface of the foils prepared by template saripping, illustrsed
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Figure 2 (a) AFM topograpty (40 x %0 pm’) of copper fosls prepared by templase stippuag (1op) and commercial copper folls (bomom). (b)

Sarface mughness (in logarithmac scalie) of the coppeer foils afier 30 min aencaling usder 2 Jow-peeswere hydrogen

at &ffereet

A a=nphere
ma‘nmmdmwﬂ)x.‘ﬂuu'mllxln’wdmnu(td“wmfo&&mmﬂwﬁnﬂk&ﬂlmd
TS coppor foils: (c) an poeparcd, (d) vacuses amncalod at 600 °C. and () 1000 °C, (sop row 50x S0 um™; botioms row | x |y’ )

in figare 2(c), reveals very small surface roughness on a large
scale (R,=042nm and Rgyey =053mm, top image) ad
appropriately lower on a bocal wale (R,=0.I80m and
Ruas =025 am, botiom bmage);, so mophological featuses
were found & both size-scales. On both foils, the large urea
measurements are taken o cover a sufficiest area o make
statistical conclusioas oo surface roughness,

To reveal the changes in surface morphology of the foils
with lecreasing process tempermiture, we have carmed out two
senies of experiments im a CVD apparatus: (1) anncaling of
the foils at 100-1000°C in a vacwsm (107" Pa), and (2)
anncaling of the foils in the same way and their subsoguent
exposgre 10 4 methane at 300-1000 °C (CVD process),

The annealing in a vaceum/Mydrogen aemosphere is a
typical ssep used for cleaning commercial copper foils prior to
graphene symthesas inself [12, 13, 18, 20, 23, 24]. The
dependence of surface roughness for this type of annealing s
depicted in figure 2(b). In each experiment, a freshly prepased
TS copper foil was esed and the anncaling was carmied cot
simultaneously with the commercial foil in ceter %o provide a
direct companson, With an inscreasing anncaling temperaluse,
the morphalogy of the TS folls (figures 2(d) and (¢)) changes.
The most prominent chasge is the formation of depressions

and pits ca the substrate (600°C) and micro-faceting
observed after high temperatere anncaling (1000 °C). The
odigimal size of the grains after deposition is very small since
the spemier deposition technigee wis wsed and o post-
annealing reatment spplied. This method genemily results in
the formation of small crystallites in an amorphous matnix
[31). To confirm this, we have performed EBSD amalysis of
the TS foils (we sppoeting information for o detabed
descnption of results, available ot stacks bop org/NANORS/
185601 /mmedia). Indeed, the average grin size amoonts to
60 nm, and a relagively large portion of the surface arva could
not be assigeed and. honce, i s amorphous or contains
clusters smallers than ~20nm,

EBSD performed afier anncaling at 1000 °C reveals that
the size of near surface grains increases: the average grain size
mercases 10 320 nm. Further, there is a dramatic change n the
gran oteataton, Whereas oo the pristine TS foil the majonity
of grains possesses the (111) surface oneatatson, the aaacalked
foil displays multiple gmin onentations with a minor pre-
forence for the (111) and (100) plancs 3d onieatations chose
o these two planes,

During sancaling, the grains in the foll grow which leads
o an increase of varface roughness. Since the surface of the
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Figure 3. {(a b) Maps of the 2D-Raman peak imteoaty over (2) & segle graphene domam grows on the TS foil snd (b)) polycrystalling

graphene prown on the commercial copper foll with prepared contacts. Both graphene layen wese grown st 1000 °C and wansferred coto the
4081 substrate. (e, d) AFM images of the TS copper foils amcaked in kydeogen atmosphere and then exposed to methane at 600 °C (<), and
FOO0 “C () Qo now S0 xS0 o™, botom sow 1] pom” ). (e) Surface roughness (in logarithmic scale) of copper fuils afier dhesr anmcaling in

e

1 foows SO % SO0 po” and | x | pes’ scans

a hydrgon stmasphere and comsegquent exposare 1o methane a

process

v

(red: TS coppor foil, Nue: commencial copper Sod ), (1) Graphene resavtivity as a fuscsion of applicd back-gate voltage for graphens grows on

the commercial copper foll (bloe; room temporature) ssd TS foil (od:

fod] ks 00 Jonger coverad by the Si semplate, und the freshly
exposed areas are not necessanty of the lowest surface free
energy. the grains tend to reach their equilibrium shapes and
protrude out of the original surface. The magerial formimg
these grains is taken from the ssrmounding arcas and graie
boundary grooves (pits) are formed [15). The other somrce of
roughening is the evaporation and sublimation of copper
atoons [32] which results in the overall increase of the surface
roughness. Both these offects have no derect influcece on the
measured roughness of commercaal copper foils, because their
roughaess is determined mainly by rolling stripes. Even
though the roughness of the TS foils increases with tem-
peradare, it is stll oo a large scale—en tlinses Jower than that
one of the commercial foils,

In the second series of cxperiments, we have examined
the morphology of copper foils afier their anncaling in a
Bydrogen atmosphere (10 Pa, 4 scem) and subsequent expo-
sure 10 4 methane smosphere (70 Pa 40 socm) ot virnous
process tempentures. The evolution of the serface roughness
with process temperansre is presented in figare 3(¢). From the

17

room lemperatery, hlack: 4 X)

AFM lemages taken after the 600 °C (fgure 3(c)) and 1000 °C
(figare 3(d)) experiments, it s evident that the combination of
anncaling and CVD process leads to similar morphological
changes. as observed during anncaling im hydrogen (e, the
formation of pits and microfaccting ). However, the increae in
roughacss ks higher (up o 2 times), especially at hagh tem-
peratures {21000 °C) when graphene growth was obtained
(sce below). The low surface roughness can be maintased by
Jow emperature graphene syathesis, This, however, did lead
o graphene of moedium quality (so¢ supporting infosmaation
for details, available ot  stacks iop.org/NANOV2ZN 185601/
mmedia). So we will further focus oa graphene growth from
the methane procursor,

To evaluare the guality of the grown graphene layens, we
performed transpoet messorements aad micro-Raman spec-
troscopy. The minimusn temperature for the graphene growth
doduced from the sppearance of the 2D-peak is 900 °C
However, the grphene quality fenber amproves  with
mcreasing growth seenperssure, In fgares 3a) and (b), the
areal distribution (map) of the 2D-Raman peak inensitics of
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the graphene grown at 1000 °C on bogh foils and transferred
om0 the SiO/Si substrate is shown. The maps of both indi-
vidual peak (2D and G) intensitics and associated Raman
spectra are preseniad in the supponting information, available
at  stacks op org/NANOZSN RS0 nsenedia, The intensity
rutio of the 2D and G peaks in the graphene doeains snd
absence of D-peak proves that the single-kayer graphese has a
very low amount of defects, The vaiform distrbution of the
2D-peak soteasaty over the domains sndicates a high bomo-
gencity of the graphenc. The best guality graphene samples
were grown at 100 °C, which s in agreement with the
recently published results on CVD graphese grown on com-
mercial copper foils [4, 7, 11, 13), However, the lage scake
rougheess of our TS foils is lower compared 10 commercial
omes and, consoquently, that of the graphese as well.

The regulaely used copper foils prepared by cold rolling
display rolling stripes 25 2 mas morphological feature, These
can be smoothed by high emperature anacaling but cannot be
removed completely [13, 18] Moeeover, the pre-anncaling
can result i the formation of o ‘o’ layer which cam casily
pecl off from the surface [33]. Another way 10 smooth the
surface is by elocoropolishing snd ciching, Electropolishisg
can reduce the surface roughsess 10 about 3mm, but the
observed pit formation can result in lange defects in grapbene
(18] I other studies on chectropolishing of graphene, the
roduction of RMS roughscess from 219 mm 10 only 64 nm [24),
or even less [13], was observed. The mada advantage of
electropolishing is thus the removal of surface oxides [24).
Moreover, the comamination of the foil sarfaco by the chee-
trolyie of segregation of impuritaes at the surface duning high
wemperatare anncaling can take place, The ciching (c.g. using
Fe(NOy),) also does not lead to satisfactory results, since cich
quarries and residises are left vo the surface, even after sub-
sequent foil annealing |33]

In comparison, the TS folls possess no rolling stripes,
their surfoce is inherently whtraclean and onide-free, and
bence both cleaning steps can be omitied. The main drawback
of the TS foils might be that of a small grain size, and hence a
high nember of substrase grain boundanices which gescrally
cause an increase in roughness of the folls derimg anncaling,
and may also act as additional macleation centers for grapbene
domains. Conceming the graphene growth, substrate graim
boundaries do not prosent significant restriction sisce gra-
phene domains easily extend their growth over several sub-
strate grains [34). Addstionally, the higher density of atomic
steps on microfacets formed after anncaling could belp with
bealing point defects in the grapbene Bayer [35]. Further, the
Bigh purity of these foils implies that the amount of impuritics
segregating on the swrface is very low. These impurities
present significant issues since the nucleation on these cansot
be casily seppressad by the incrcase of growth temperature
(17], Henee, by funber optimazation of the method, we expect
that the TS fosl will make it possible to grow gmphene layers
of superior guality compared to those rocently prepared on
standard copper foils.

Due %0 the dastingt nature of the susfaces of TS- wd
comenercial-Cu folls, the growth of graphene under the same
conditions differs. In the case of commercial foils, the whole

ssface is covered by polycrystalline single layer graphene,
whereas on the TS foil the graphene grows in sepanned larger
crystals, This differeace can be explained by the lower con-
centration of defects on the TS fod and, hence, a lower
concentration of nucleation sitex, so it tukes loager to fill the
entire sarface.

To evaluate graphene tramsport propertics, we transformed
the graphene growm on both types of the copper fosl on a
Baghly doped sificom substrale acting as a bick gade, coverad
with & 255 pemn-thick ouide barmer, We then performed two-
point messurements of charpe camier mobilaty, B shosdd be
posed that afier the grapdene transdor, no anncaling steps (o
smprove graphese quality have been carried out in oeder 1o
sccurately distinguish the quality of the sampks. We con-
tcted the polyerystallise graphene layer (commercial fosl)
with AwTi contacts in a Hall bar geometry (figure 3(h)) and
the sepamie graphene areas grown on the TS foil (figere 3(2))
with two comacts. Resistivity p shomn in figuse M) and
measured resistance K are related via the structure lengsh L
and width W by the formula o= RW/L (in case of the Hall bar
structure W 19 pm and L= 2 gm, in case of the single crystal
domain W=12um and L=12um). Camicr mobility was
deduced according o Drude’s model of diffusive transpont
p=(mep)”" for the clectron surface concentration n=2-10"
em ™, The meassred room temperature mobility of the gra-
phene grown oa the commercial copper foil was around
1200 cm® V' 57! with an extracted saturation density [36] of
Faw~910" cm™, whereas the mobility of the graphene
grown on the TS foil was, at the sane coaditions, 3 tames
bigher, e, around 3600 cm” V7 5™ (e, ~ 810" em ). The
Jow emperature (4 K) transport mcassrements gave os the
mobility acound 4400 con’ V' 57" (n, ~ 810" em ™) for TS-
forl grown graphenc; in this case the Dieac point is shifiod 10 »
fower valee of about 42V, This differcnce in mobilay of
graphene fabncalad on two distinct types of copper folls can
be explained by the higher concentration of domaia bound-
arkes presest on the graphene prepared on the standard copper
foll. The domain boundanes have been sdentified as the pri-
mary cause of the mobility decrease in CVD growa graphene
[11). It should be noted that the stong shift of the charge
neutrality point to high back-gate voltages (40 V) indicates
strong pdoping. This &s usmlly caused by the presence of
waler and organic residees from the transfer process. It was
rodoced by thermal anncaling of the sample ot 130°C for 48 b
m a vacoum, and led 1o the shift of the charge neutrality point
to I8V while the room temperature mobility retained the
same Jovel [11)

We would like 10 note that the obtsined mobalities of
I em’ V' 57! G0 oot present e sate-of-the-an valoes
beyond the 10000 repanted for CVD graphene [13, 37], This
B camed mumly by the fact that we &d not make say
atempes for impeovieg the geaphence gualiny (c.g. by etching,
anncalieg) n onder %0 make a falr companison of both types of
gophene samples, We infer that by fenther optimization of the
transfer process and cleaning. the higher mobility values will
be obtalned. However, the main advantages of the TS foils
(eg. ahsence of detrimental morphodogical features, high
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parity of the nearsurface layer and their clean surface) make
them superior over the commercial omes.

Recently, other high quality substrates employed for the
CVD graphene symthesis have boen reported, ¢.g. metal single
crystals [38) and thin epitaxial layers of pamsition metals
prepared on sapphire substrages {39-43). In peinciple, our
method can also be applicd to sapphire substrates which may
Kead 10 foils with a lange grain size and sangle grain onentation
(s0e smpporting informatson ST for details, available ot stacks.
40 org/NANOZE 15560 L immedia ).

Conclusions

In conclusion, we have imtrodeced a template stripping
method for the peeparatson of Cu foils usimg SiOy/Si sub-
strates as & template, The ‘as prepased” TS foils display &
ougheess below (L6 em even oe a luge scale, sad their
parity is primasily determined by the Cu target (>99.999%),
However, the anncaling of these foills in a low-pressure
Bydrogen atmosphere and duning the CVD graphene synth-
euis, especially m temperatures around 1000 °C, leads 10 an
increase of foll surface roughness. [t is caused, presumably,
by copper recrystallization and evaporation and sublimaticn
of copper woms. Nevertheless, the karge scale roughness still
remains searly in one order of maganude below that of
typical commercial fodls,

The small amount of roughness and Jow concentration of
defects and impurdtics resudt in a low susnber of nuclcation
sites, which s 20 mmporast condition for the pecparation of
graphene with a large domasn size and thus impeoved trans-
pont properties. Even without any extensive asiompts to
improve the proparation procedere, the foils remain very
smooth over a large arca, which is the nocessary coadation for
a transfer of wrinkle-free graphene. The oo empernituse
unb&hyo(lheymimpnwuoadw‘fsm‘ui!m
higher (23600 cm’ V™' 5™') compared to that one grown on
the commercial copper foil, and should be further improved.
We expect that by emploning the presened well-defined
suhstrates, it would be much easier %0 control all secessary
processes required for obtaining the bigh guality gropheme.
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2.1.2  Clanek & 2 - Mechanismus vzniku a potladeni hystereze v grafenovém FET senzoru
zpusobené fyzisorbovanou vodou

Autori:
M. Bartosik, J. Mach, J. Piastek, D. Nezval, M. Kone¢ny, V. Svarc, K. Ensslin a T. Sikola
ACS Sensors [online]. 2020, 5, 2940-2949. Dostupné z: doi: 10.1021/acssensors.0c01441.

Abstrakt:

V tranzistorech fizenych elektrickym polem (FET) ptedstavuje hystereze odporu grafenu problém,
ktery je Casto zpisoben defekty a zachytavanim naboje uvniti izola¢ni hradlové vrstvy (napt. SiOy).
Tato prace ukazuje, ze FET na bazi grafenu také vykazuje hysterezi kvili fyzisorbované vodé na
povrchu grafenu fizenou relativni vlhkosti, coz pfirozen¢ nastava v biosenzorech a senzorech
pracujicich v béznych atmosférickych podminkach. Vznik hystereze je v piedlozeném ¢lanku
piisuzovan zachytu elektront fyzisorbovanou vodou. Ukazuje se, Ze tuto hysterezi Ize potla¢it pomoci
kratkych stfidavych napétovych pulzi privadénych na hradlového napéti.
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Mechanism and Suppression of Physisorbed-Water-Caused
Hysteresis in Graphene FET Sensors
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ABSTRACT; Hysteress & 2 problem in fiekd-effect transistors (FETs) often caused by defects
FETx alwo exbabit hysteresis due to water physisorbed on top of

isolating (e.g, SO, Liyer, This work shows that
graphese

i
g
i
‘
%

determined by the relative huesidity level, which naterally happens in bionensors and assbient operating sensors. The

hysteresis effect is explained by trapping of electrons by physisorbed water, and it is shown that this hysteresis can be

using shoet pubses of alterating gate voltages.

i

KEYWORDS: graphene, sersor, relative humidity, water, hysterests, pate voltage, physbiorption

raphene, a single layer of carbon atoms aranged Into 2

hexagonal structere, is a sutable materal for dectronic
sensors working on the principle of resistivity changes caused
by adwebed modecules acting as acceptoes or donon. It has
been shown that in vacuse a graphene-baved sensor can detect
even single gas molecules. This extremely bigh sensitiviey
resulks from the fact that every grapbene atom I a surface atom
itseli and can dwectly nteract with adsorbed particles.
Moreover, due to graphene’s beocompatibility and ability 10
be casily functionalized, @1 can be advantigeously wied in
biowensors operating in air o even in 2 water solation. Here, in
addition to detected molecsles, graphene & exponed to water
molecules influencing real bebanior.”

The specific species are uswally sensed by graphene sensons
(biosensors) having 3 field-effect transistor (FET) arrange-
ment. The main characteristic for the detection of these species
is the dependence of resistivity on back gate voltage (back gate
trace) exhibating a peak corresponding o the chasge neutraliey
paint (CNP peak). This peint is defined by the Fermi level
croming the Dirac point, where the total charge in graphene
showld be zero. bdeally, in the case of semsors, the shift of the
CNP peak s determined by dopieg caused by adsorbed
molecules being detected. However, the real graphene sensors
of a FET's design generally eshibit hysteresis in atmsospberic
and water solutivn conditions, conunting in dflerent poniticas
of the ONP peak duting upwand and d d bhuck gate

Q7 ACS Publications ¢ @eaeomsiien
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voltage sweeping, Such a behavioe is often attribwted to change
trapping aed diffadion imide 3 gate nolating byer (eg, jon
diffusion, segative/positive b temperature inatability),”""
This behavicr causes ambiguity in the determination of the
graphene doping level and the cwrespondeg ameount of
detected molecules.

In this work, we show that hystereis in 3 graphene FET
sensor is also caused by water melecules adherod by
plipisorption. The water ongin of this hysteress is peoved
by measurements at differest relative humidities, wnder
atmosphens condalons and in 2 vacuem environment caved
by water molecules oaly. Furthermore, it is shown that the
Bysterents can be suppresed by the utilization of alternating
short gate voltage pubies. Finally, 2 fendamental mechasinm of
electron trapping by physisocbed water explaining the
hysteresis behavior Is proposed.
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sesdsrance as 3 fanction of hack gate voltage: (a) In stmospheric conditions
tefore and after sanealing (o hysteroshs), and () i low vacsum at three Sfferent water vapor presstoes

(after inseodocing water vapors s 2 UHV chamber). (d) Hysteresss a5 3 function of the peessene of water vapor mtrodeced into 2 vacoum
chamber.

B METHODS

A large-acea polycrystaline graphene layer wan grown by & standard
Jonw-prewsere chermical vapor Seponition ( 'D)MH"I’opln
Layer, an ultzaumeoth copper foll was wed for

graphene growth." ™ The growth comsisted of theee
seps: (1) anneding at a hydeoges fow (4 swxm,
IOMIM'C.l‘lm W remove st sdverbutes, (2) methine
introduction (40 sccm, 70 Pa, 1000 “C, 30 min) 10 grow grapbene i
& Hy/CH, maxture, and (3) Bottomswide copper cleaning in cayges—

23

angoe plassss (20% O, 30% Az, 2 min) to remove grapbeoe from this
side, while that ooe froe the top side wis protected from plaes
enching by a spincoated podylmethyl mechacrylate] (PMMA) liyer.

The tranfer process was porformed by 2 PMMA aesisted wet
trasafer method Graphme wan taosfered on & pdoped ailicon
scbetrate (reshtivity 10 X 107'<15 % 107" Q<m) covered by
thermal 250 sm Si0, and two lthographically peclibricated Au(4$
nen)Ti (3 sen) dectsodes. The active pant of grephene between these

g .a--.mwu - wereann ey 6l L
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clectrodes then determines the geometry of the meavered griphese
channd with length L = S0 ym and width W' = $00 jm.

The sunple is arcasged in the form of 4 Sedd-cfoct trumiitor
{FET) with 3 bottom gate electrode to provide hack gate voltage
wwecping (Fagure 1a). The spplcation of back gate voltage (Vi)
comtrols the charge camer denuty acooeding to the formals = = (re/
a)V, where 1, i the vacoum permuittinty, #, & the S, relatwe
permittivity (A9), « s the clemantary charge, and J & the Shickness of
the SI0, Lyer, The graphene resistivity s then defned o » RW/L,

aad #s depend oV, s the doping type and charge
camier mobility, The rewtance (R) of the Byer was
measored usiag 3 lockin smplfier SREN (Stasford Rewcsech

Sytemn) with 3 frequency of 1333 Ha, a fixed coment of 100 nA,
and 2 back gate woltage I the range of £50 V.

All transpor experiovoats were measured in sito at the conmolled
velative humidty (RH) and room temperasture of 25 “C (RT), The
eperinents were camed out either i 2 bome-buls stanless steed
eaviroomeental Sumber (Figore 2b) wder ambiest conditions a

pressure (10° Pa) or in asother home bult

Back Gate Trace in Vacuum and Atmosphere at Different
RH Values, A typacal back gate trace expeniment in atmospheric
coondtions b depictad In Fgure 24 Mere, the gate voltage was

swept from 0 5o 90V, feom 50 %0 ~90 V, and fnaly

waer molecules, and eves water captured under grapheee (af the
slica~griphene inmterface),” changed the strorgly pdoped graphene

hystevesis rase were 34, 24, and 27 for water vaper prevsures of 24,

1580, and M0 Pa, sespectively, It comesponds 1o refative bamidity

values of 7, 36, and 95%. It means that the hywterest increaved with

the anoust of witer vapor. A mece detadied measuremsent in the

relative humidity cange from O o 3% RH (Figure 2d) showed 2
._“ ‘L >l A A

7 P with water
vapoe prossure (=28 72-2022¢ “").

Comparing hysteresis wwing the back gate voltage shift (AV,) for
experiments pedformed 0 amespherc ( 1a) wed vacuem
condmion (Faguer 2¢), it is obviows tha hysterests has very
wndir valses for compurable RH values. On the other hand, the
aversge p-dopiog whift of ONP {caleddated from the cormaponding left
and night peaks in Fagure 2¢) was dose to sero & vacusm (loss than 9
V) even alfter inmoducing water vapors. From this point of view, the
rate of hysteresis i the experiment s relited 10 the leved of water
vapoes peesent in the semsor’s seeroundings. However, the overall
griphene pdoping relates 1o ambient condition snce the average p-
doping of graphene o cecovered sber & day of amblent

P conditions in the presence of 3l other
pheric moleceles and at the standsed presure., Below, we will

[
i
:
:
£
:
g
£
:
F

chunges in the UNP peak position cessed by the detecred substance
it & typical semior oe biosenace are often much smalier.”
The hy d samsple was put mto the UHY

focus oo wenwor bebavioe In an atmosphere in more desad.

Sensor Response to an Individual Back Gate Voltage Step,
Since & typwal back trace measurement coasils of coatineal
gate voltage, it is fandamental 10 sndenzand
the sensor respome on an indvidsal back gate voltage step apphad
wder stmowpheric conditicns st &ffereet RH valuew. Sech 2
meavarerment W shown in 3, Here, 3 wngle 70 V back gate
Mﬁnm‘dahlm-mmm%
transport measuremnenst and then the reshitance was
foe the pext 160 min. Acc 10 peactice i seming exper
meats,' " the selative change of resistance i depicted i Figure 3
isatead of the absolste change of reantance. The relative change of

sardl ol
o —— L=

Arveds
[ by

Figure L Relssve change of semor ressthity caased by the

~ A m& » 1&4 L
n dng the amplo cli d the hywerown. Second,
moeabog, which gererally removes sirface coatamisants, adwrbed

appls of & gate veltage step ot the 100 » time from the et
of the experanent (see the ionet) and £y time evolution in e next
160 min under atmosphenc conditions for differernt RH values.

B R L et LA L
AC) S SO L TMG.
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rewstance s defined 3 AR = (R(2) ~ BI/K, wheee K{t) u the
revitance meansred In time ¢ and K, is the intsal redetance,

The back gate veltage step rewsdts in 2 hig and wudden chasge n the
redative rewtance (Figser ), initial part). This change sppeosches 2

the lower resstance change AR » 40% than the bugger 70 V gate
voltage step, which led to AR = 90% (Figue 4). The egporentisl
decay s not present in UHV (Fagare 4), If these voltages are appbed
in heric conditions, 1al appears, which i for

valoes, While for 5% RH (green curve), the somtance testainod
alssost the seme (fross AR = L10% 10 AR = 102%), for 70% RH
(b corve ), the relative resit. unge & 10 55% (from
AR = 110% o AR « 35%). Although this exponential decrease oocens
within & relatively long tine (160 min), & repoesents ene of the man
reasons for bysteresis in atmesphenic back race measarements
(Fagere 2a). This s suppored by the fict thae a8 of the tme duning
the back gare trace measurements (Fagure 2a5), the resistance v
espooentially decreases (Figure 3), whie the gate woltage o
contimally changed.

Sensor Response to a Back Gate of Different Sizes
In UMV and Atmospheric Conditions, mecessity of waner

—~—

0 MEO 000 XN00 @0 MM
1"

Figure 4. Relative chunge of sensor resistivity after the application of
two gate voltage wepn of 28 V (clecteic Seld rtemity ks SO, | MV/
an) and 0 V (25 MV/an) and s e evolutien n UHV
coadision befoee ansealing

Heere, 0o exposential decrease after switching on the gate voltage
&-&dedmhkt:&tkpt:

did mot exhibit any hysteresn in UMV (Vigure 2b)
The spphed buck gate woltagex of 28 30d 70 V sesuked in two

L an l

the lower gate voltage slower i time Shun for the bigher gate woltage
(Fipoe Sa) Here, the reative charge of resistacce relsted %0 the
initial mavimum R, obtained after the spphication of the
correponding gate vokage i defoed i AR = (R{r) ~ R V/R__

The exponcatiul docays depicted & Figores 3 and 5 asympoctically
sppecuch 3 certais satusation value of peaistsace resporse. The bigher
the spplied gate voltage and relutive humility, the faster and Larger the
satuation peoces. The hypothesis explainiog this bebuvier will be

Figure S (a) Relative change of seaser resstinty ader the application of 1wo gate voltage sieps of 28 and 70 V and its time evolution in
conditivns a eelitive humidities of 10, 45, asd 70%. Detadls of the resistivity relative change foe the gate voluge of 28 V related 1o (b)

an initial revotance madoren and (<) mitial sesdstance.

25
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2a), Hue corve). Thes, a1 the sero gote veltage sppbication (V, = 0
V), the resinstance can change caly dightly since the CNP peak s fe
away. This peoblem of small resistunce response b aseally resolved by
g a proper gate voltage, so that the shope of the resistance course
i the back gate voltage trace reaches s highest valie—the pownt of
wavimum toncondectance.” ' Nevertheess, In owr case, soch 2
winng was not powdble due to the mentionad process of samaration,
whie a gate voltage s applied foe & loager me. Therefore, in this
article, we voggent 3 Sifferent solution p d ia the Exp tal
Sak of the Hp Problem

Common Influence of Back Gate Voltage and Relative
Humidity. In s section, the of 3 grapbene FET sernor 10

1250 5 —= 70% foc 750 & — 10% foe 00 & — 0% foe 750 5) at theee
ddferenn gate voltages of 0, +70, and =70 V.

resposse of the grapbene serooe 10 two eclative bariadity steps (RH «
10 == 70 == 10 == 70 = 10%) for three Siferent gae voltages of =70,
O and +7O V is shown In the case of reeo voluge, & small
Tesistarce respocse 6o humidity steps is seen, 1 In agreement
with cur previoss meassrements (g 6, ed curve), On the other
the reaction o humedey steps s mech stronger for the gate
of =70 and +70 V (Figere 7, green and red). The charts

£

i
i
1
i
:
|
]
i

i
i
;
2
E
;
:
i

(+70 V, Figare 7, red curve), there s & signifcant wmitisd positive

P
!
E
i
:
l
]

gate stops, and (3) motion towand wturation.

B EXPERIMENTAL SOLUTION OF THE HYSTERESIS

Vigure 8 represents the indvidaal me t of
llgw*&bﬂbmw.

wxperiment comparing 3 clwucal coatinsal back gate trace
meassroment and the modfied altemating

by decreasing the buck gate voluge, & shifls 10 the ket On can see ths
hysteresis bebavior ia Figwe 90 o5 s oscilution of the mudmem
reskstance (CNP) point i sime depending oo She direcrion of hack

pate vohage chunges.
The resuds achieved by the apphcation of gate voltage
pabses are depicted = Fagere Y. Heve, the sequence of gate woltages

0 s 80— 0 — =30 —= .~ $0) — 0 = —$0 —= 0 ~ %) — () — ~50
V was apphed (we the inuet of Figere %). The nonsero valse of the
hack gate woltage was kgt for § 5, while the 2ero back gate voltage
wan applied for the rest 53 & 4o recover the wmple from the previowmly

et VL 8 £ 0
“‘&S Seen 2000 L Iree-ves
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Figure 9. Back gate voltuge trace experieneet using (2, b) the vtandand ¢ ! “ (mhmdh(a))ad((.d)npvmlmﬂbdhd

mMMgnvoh.:ﬂm(m&mh(c))uﬁm&hhm&yvﬂmd&.*&ﬂIm[mwmh(hﬂ)
postions of matmum resistasce (mowly equal to ONP) highlighted by red dots indicate the prosence of bpteresn in the caw of the standsed
contimusl procedure (b) and the sbsence of hyvteresss in the case of the improved method {d),

gate vokage spphcation. The value of rosstance was read 1.4 « after
the application of the nonsero gate voltage. 1o meaverements dooe in
this way, the hyvteresis bebavior (the difierence between CNIP' peak
positions for ncremieg and decreming gate vollages) dd sot ocour
(Figene 9cd), while in the contingal back gate trace, the hywteress
was peesent (Fagare 9ab) At the high relative bumidity of 70%, e
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CNP pesk wear 30 V (Figure 9, blue curve), for the low RH = 10%,
the CNFP peak was 60 V (red curve), and foe the middledevel RH «
0%, it wax 70 V. Corerary to the standaed back gate woltage trace,
there is a0 CNP oscillation and the servor reacted on e level of RH
oely, Hence, the utilization of the altersating hack gate trace sobvex
the problem of hysteresis by minimicstion of the tme of gate veltage

My WAooy 13 1RLN W I LT A4
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Ey = agn(ng, My Jaing] 2

Here, A s the reduced Planck comstant and vy is the Fermi
vekocity of clectrons in grapbenc. The tetal concentration (n)
of electrom, given by the ntration of mobile electrons in
wapbene (ng,) and concentration of immobile doctrons
trapped in physisorbed water om graphene (). Is propor
tional to the back gate voltage

nE g oy g =al o

The current & determined only by eectrons remuaining in
wapbene—see e | and L. The resltant concentration of
these clectrons (ng,) depends on the effectivity of the trapping
and diffusion of electrons inide the physisorbed water, which
is a bengthy process and takes much time than fast electromic

gate wwiching,

In the proposed model, three difforent procesws can be
distinguinked according to their speed. Fint, the fast delivery of
eloctrons into graphene sfter the spplication of back gate

vchgv hhnguph&n( re §), Second, the medium-fast
water coverage after

lhtnhlwh—hy taking up to I min, which was

by Hoey et al.” Finally, the slow process of gradual of

physisoched water by clectroms from graphene and thei
diffusion into the physiscebed water, taking several minutes

and moee (Figures 3 and 8).

In the the main respoasibility for the
hyaterents is carried out by the witer above
graphene whose amsount can be eadly changed by the relative
humidity. On the other hand, part of the physisorbed water is
also present under graphene at the silica-grighene erface.
How,mhmb&nﬁwwmmu
water-imperseable.”” The only way through which water can
penetrate under graphene is through the edges. This process is
however extrensely slow and takes days (from 26 h to 70 days)
even in the case of a few microaneter graphese flake on silica
completely submerged in water, as proved by Lee et i’
However, the onset of bysteresis, when the relative humidity is
inceeased, is almost immeduate (Figure 2¢). Therefoce, we
assume that the water under graphene is responsible for overall
o@mlpdopltg(ﬁguulc.biumm),mdaﬁunmd
by assealing in vacuum,” the sample is almost undoped
(Pgure 2¢, red curve), while the water on
graphene easily controlled by the RH level s responsible for
the occurrence of hysteresss (Fagure 2d).

B CONCLUSIONS

The ambient transp periments showed the hysteresin
Mdmmhal'ﬂ'mﬁm

during back gate trace messuressents, allowing the faut
clectronic p ses in graphene and s the slow
processes s electron teapping and their in water. In

effectrvely diminate the problem of hysteresis. However, in the
cave of FET-hased sensors and biosensors, where graphene has
to be esposad to ambient and water conditiony, the principle
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and method peoposed in this article should be of assistance
enderstanding and suppression of the hysteresis effect.
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3. Depozice z pevné faze

Ultratenké vrstvy a nanostruktury lze také pfipravovat pomoci metod zalozenych na fyzikalnich
principech oznacovanych jako depozice z pevné faze (PVD - Physical Vapour Deposition). Mezi tyto
procesy patii napafovani a naprasovani.

Tlak par z pevné (sublimace) nebo kapalné (vypafovani) latky je funkci teploty. V okamziku, kdy
se v komofte nachazi latka v pevné nebo kapalné fazi v termodynamické rovnovaze soucasné se svou
plynnou fazi, hovoiime o tlaku nasycenych par. Stav rovnovahy je ustalen v okamziku, kdy mnozstvi
atomu prechazejicich z pevné (kapalné) latky do plynného stavu se rovna stejnému mnozstvi
kondenzujicich atomti. To znamend, ze rychlost vyparovani a rychlost kondenzace latky je stejna.
Takovy stav miize byt realizovan v Knudsenovych napatovacich zdrojich. Napatovani je provadéno
ve vysokém (HV p < 1x10° Pa) a ultravysokém vakuu (UHV p < 1x107 Pa), ¢imZ je do znaéné miry
omezena negativni kontaminace pfipravovanych struktur vlivem dopadu castic zbytkovych plyn.
K tomuto ucelu jsou navrhovany ultravakuové komory, které jsou vybavovany zdroji atomd, ionti,
pfistroji pro analyzu povrcht (naptiklad Reflection High Energy Electron Diffraction- RHEED) a
systémy zajist'ujicimi jejich ¢erpani. Schéma typické UHV aparatury je zobrazeno na obrazku 6.

UHV komora
Maniputator
-— — (ohtev vzorku)
Analyza povrchu B Atomdmi svazky
(RHEED) .

T:] _A
&-‘:}“e‘, ::T\

/ p<1.107Pa \ \_A_ \RHEED detektor

£ VY \. ‘\

{ / \

NN

Zafizeni pro depozici /__
Alorndeni, molobuldeni
& iontovh 2drcye

Cerpaci system —_____ @

Obrazek 6: Schéma UHV aparatury pro ptipravu ultratenkych vrstev a nanostrukturnich materiald.

—
T—

\

Pii navrhu zafizeni urenych do UHV prostiedi je nutno dodrzovat zakladni pravidla volby
materidlti a konstrukénich feSeni vychazejici ze striktnich pozadavk na UHV prostiedi. Proto se pii
volbé materiald preferuji ty, které maji nizky tlak nasycenych par. Také povrchy soucasti nesmi byt
vyrazné porovité a drsné, protoze velky vnitini povrch takové soucasti by byl zdrojem nezadouciho
plynéni, které vede ke zhorSovani vakua nad takovouto soucasti. Pfi navrhu konstrukci se musime
rovnéz vyvarovat vzniku obtizn€ Cerpatelnych prostord, jakym je naptiklad slepy zavitovy otvor se
zavitem a podobné. Samoziejmosti je dodrzovani Cistoty pii montazi a manipulaci se zafizenim.
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4. Zdroje atomii a molekul o termalni energii

Pro pfipravu ultratenkych vrstev a nanostruktur se ¢asto uzivaji v prostiedi ultravysokého vakua
(UHV — Ultra-High Vacuum) Knudsenovy cely, ¢ili efuzni zdroje. Tyto zdroje atomt (molekul)
vyuzivaji K formovani atomarnich ¢i molekularnich svazki molekularniho toku. Zakladnim
charakteristickym prvkem zminénych zatizeni je zasobnik obsahujici material ur¢eny k depozici, ktery
je pomoci zvySené teploty preveden do plynného stavu (vypatfovani, sublimace). Z provadénych
Hertzovych-Knudsenovych experimentu pro vakuové prostiedi plyne pro tok odpafovanych ¢astic na
jednotku plochy za ¢as (cm™?s?) vztah

_ 1022 _Pe_ 1)
@, =3,513-10 N ik

kde pe je rovnovazny parcialni tlak neboli tlak nasycenych par (v torech), M molarni hmotnost

atomu (molekul) a T absolutni teplota. Vice prakticka je rovnice pro rychlost vypafovani hmoty 7,

(v jednotkach g-cm2s?):

I,=5,834-10"2/M/T p,, )

prevzato z [26].
Tlak nasycenych par p jednotlivych prvku Ize ziskat z Clausiovy-Clapeyronovy rovnice

dp AH(T) ®)
dT ~ TAV ’
kde zména entalpie AH(T) (objemu AV) odpovida rozdilim hodnot pro plynnou a kondenzovanou
fazi. Objem plynné faze (g) je mnohem vétsi nez objem kapalné (1), respektive pevné (S) faze. Proto
objem kapaliny (pevné latky) mize byt oproti objemu plynné faze zanedban a v rovnici (3) lze pro
objemovy rozdil psat AV =V, — W} = V. Za ptedpokladu platnosti podminek pro idedlni plyn (nizka

hustota realného plynu apod.) 1ze ze stavové rovnice idealniho plynu zménu objemu vyjadiit jako:

AV =V =RoT/p, 4)

kde R, je univerzalni plynova konstanta (R, = 8,3143 J K-mol?). Dosazenim (4) do (3) ziskdme
diferenciélni rovnici

dp AH dT (5)

P R T
kde p je tlak nasycenych par, T je teplota vyparovani a AH je zména entalpie, tj. zde skupenské teplo,
které dale predpokladame teplotné nezavislé . Resenim rovnice (5) dostaneme

AH LS _B (6)
lnp=lnD'—ﬁ,nebo p=De R"=Der.
0

Jestlize oznacime A = In(const) = In(D’) aB = i—H , pak prirozeny logaritmus tlaku nasycenych par
0
je

B
lnp=A—5;:> p= e )
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kde A a B jsou konstanty charakterizujici vypafovany material. Uvedené zavéry lze uzit pro latky
Vv definovaném teplotni rozsahu, ve kterém je zména entalpie (tj. skupenské teplo) konstantni. Nicméné
v mnoha ptipadech je skupenské teplo na zavislé teploté. Nejjednodussi piipad nastava tehdy, je-li
skupenské teplo linearni funkci teploty, tj. AH = AH, + cT, kde AH,, je skupenské teplo pii T =0 °C
a ¢ je konstantni charakteristikou odpafovaného materialu. Poté se rovnice (5) doplni o substituci této
linearni teplotni funkce

@ZAH+CT dr. (8)

p R, T?

pfevzato z [27]. Zavislosti nasycenych par na teploté pro vybrané materialy jsou zobrazeny na
obrazku 7. Podrobnéjsi diskuse problematiky nasycenych par lze najit v ¢lancich [28, 29].
U atomarnich (molekularnich) zdroji je zpravidla zasobnik vypafovaného materialu opatfen malym
otvorem, coz miize byt tzv. ,,idealni* otvor?, kanalek nebo vicekanalové pole. Tvar a mnozstvi otvori
je dan pozadavky experimentu na vlastnosti atomarnich (molekularnich) svazk, jakymi jsou intenzita,
rozméry, divergence,... Nicméné pro zaruceni molekularniho proudéni otvorem (nazyvaného efuzni
tok), musi byt rozméry otvoru podiizeny Knudsenové podmince

Ay > d, ©))

kde d je stfedni pramér prichoziho otvoru a A, je stiedni volnd draha prochazejicich atomu
(molekul) plynt. Jinymi slovy béhem proudéni v systému lze zanedbat srazky vystupujicich atomi
(molekul) v blizkosti vystupniho otvoru. Tepelna rovnovaha a absence kolizi znamenana, ze efuzni
svazek atomu (molekul) obsahuje dobie definované rovnovazné rozdéleni vnitinich stavii. Mnozstvi
atomu (molekul) dN opoustéjicich zdroj pies idealni otvor o plose As do prostorového thlu de pod
uhlem @, viz obrazek 8a), 1ze popsat kosinovou distribu¢ni funkci

dN = n v Ag cos@j—j, (10)

kde v je stiedni rychlost ¢astic a n jejich koncentrace. Tu Ize ziskal ze stavové rovnice idealniho plynu
z tlaku p a teploty T ve zdroji
=2 11
n=2, (11)
kde k je Boltzmannova konstanta. Integrovanim rovnice (10) pfes prostorovy uhel 2w (vypatrovani
pouze do poloviny prostoru) dostavame celkovy pocet atomt opoustéjicich zdroj

N = nvAg . (12)
4

2 Idealni“ otvor (clona) se rozumi otvor s velmi malou tloustkou stény ve srovnani s linedrnimi rozméry otvoru (napf.
pramérem).
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Obrazek 7: Zavislosti tlaku nasycenych par na teploté pro vybrané materialy [27]. (popisky 0s docela velké... mozna
trochu zmirnit miizku... jednotky obvykle () )

Velikost vystupniho otvoru je svazana s tlakem podminkou efuzniho toku (9). Se zvySujicim se
tlakem dochazi k poklesu stiedni volné drahy Aa, a proto se musi omezit velikost vystupniho otvoru.
Z téchto divodu se pro realné konstrukce uvadi ne tak striktni tvarova podminka [30]

d <Ay (13)

Pii konstrukci realnych atomarnich zdroji je nutno uvazovat také nenulovou délku | vystupniho
otvoru. Tvar a rozméry téchto otvorti ovliviiuji thlovou distribuci vystupujiciho atomarniho svazku,

¢imz lze ovlivnit jeho $itku. Proto se vystupni otvor z atomarniho zdroje také nazyva kolimator a pro
jeho délku musi platit podminka

A =1, (14)

Pfi nartstajici délce vystupniho otvoru dochézi k nartistu srazek mezi atomy, ¢imz dojde ke snizeni
mnozstvi atomu vystupujicich z atomarniho zdroje. K tomuto ucelu se do rovnice (10) dodava redukéni
koeficient ¢

dN=n17AS§cos@j—f:, (15)
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ktery zavisi na geometrii otvoru. Naptiklad pro kruhovy otvor je dan vztahem [30]
44 (16)
31

Pii charakterizaci svazku atomu se stanovuje thel poloviéni intenzity svazku éhs, ve kterém dochazi
k snizeni maximalni intenzity na polovinu. Tento thel se da pro kruhovy otvor pfiblizné ur¢it ze vztahu

Ons =084 7. (17)

Zménou poméru d/l Ize dosahnout rtzné Sifky atomarniho svazku a zamezit tak nezddoucimu
napafovani stén vakuovych zafizeni.

a) b)
10 20
1,0
g /30
A \/(,J [ =D \ ‘,-,,.0.8...
7] ™ 7 VAU N |
\
~—
d

Obrazek 8: a) Geometrické vypafovani pies vystupni otvor atomarniho zdroje, b) thlova kosinova distribu¢ni funkce
intenzity atomarniho svazku pro riizné poméry délek | a priméra d kruhového vystupniho otvoru [30].

Mnozstvi atoma (molekul) dN opoustéjici prostor pod danym uhlem @ atomarniho zdroje je thloveé
zéavisla veli€ina, ktera je popsana kosinovou distribu¢ni funkci. V ptipad¢ idealniho vystupniho otvoru
atomy (molekuly) maji Sirokou tthlovou distribuci, kterou ale 1ze omezit vhodnou volbou priméru d a
délky | vystupniho otvoru, ktery nazyvame kolimacni trubici. Na obrazku 8b) je thlova distribucni
funkce pro rtizné poméry d/l, pomoci které lze ziskat zakladni ptedstavu o rozlozeni intenzity toku
atomu (molekul) ve svazku. Vhodné zvoleny tvar kolimac¢ni trubice ndm umozni omezit atomarni
svazek tak, aby nedochazelo k nadmérnému napafovani zafizeni uvnitf experimentalni komory.
Omezit nezddouci napafovani materidlu (tedy zvysit jeho smérovost) je diilezité v piipad€ provadéni
in-situ experimenti v komofte rastrovaciho elektronového mikroskopu, kde by deponovany material
mohl ulpét na jeho objektivu, coz by mohlo vést k vyraznému zhorSeni jeho zobrazovacich parametri.
Primér otvoru kolimatoru je obvykle v rozmezi hodnot od 0,01 mm az po 10 mm. Mechanickym
obrabénim lze vyrabét obvykle otvory s primérem vétsim nez 0,1 mm. Mensi otvory lze pfipravit
pomoci elektrojiskrové eroze, leptanim nebo uzitim laseru. Omezenim rozméri vystupniho otvoru ale
rovnéZ dochazi ke snizeni mnozstvi atomu (molekul) vystupujicich z prostort zdroje. Tuto skute¢nost
lze do zna¢né miry eliminovat vytvofenim veétsi skupiny malych otvort, které tak vytvareji
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multikolimator. Takovy multikolimator byl nami vyuzit pii realizaci vysokofrekvenéniho (VF)
disocia¢niho zdroje atomu dusiku, kdy molekuly dusiku N2 jsou ve (VF) plazmatu disociovany na
atomarni dusik (viz ¢ast 4.3.1). Plazmaticka vybojova komora vyrobena z keramického materialu
pyrolitického nitridu boru (PBN) je opatiena 21 otvory o praméru 0,1 mm. Tato konstrukce zajistuje
dostate¢né usmérnéni atomarniho svazku a potiebny spad tlaku. Fotografie zatizeni je zobrazena na
obrazku 9. Ve specidlnich pfipadech 1ze uzit komercné vyrabénych sklenénych dutych vlaken, kdy
vystupni otvory dosahuji priméru jednotek mikrometra [31].

Obrizek 9: Multikolimator z PBN vyrobeny na UFI tvoii zaslepena trubi¢ka o praiméru 10 mm, jejiz ¢elo je opatieno
21 otvory o pramérech 0,1 mm.

K nespornym vyhodam uziti atomarnich (molekularnich) svazki patii zejména jejich univerzalnost,
nizka spotieba deponovaného materialu, presné uréeni distribuce rychlosti svazku (pro dany tlak a
teplotu) a nizké naroky na Cerpaci rychlosti vyvév.

Jinou moznosti, jak ziskat atomarni svazky, spoCiva ve vyuziti dynamiky expanze plynu do
vakuového prostredi pres specialné tvarované vystupni trysky, ¢imz lze ziskat svazky atomu (molekul)
o vysoké intenzité a uzkém rozptylu rychlosti. Tyto svazky jsou nazyvany dynamické svazky plynd
neboli ,,Nozzlovy svazky*. Jejich vyhodou je vysoka intenzita svazkl a velmi uzké rozdé€leni rychlosti.

Varianta efuznich svazkl je uzivana zejména pro materidly svazku s nizkym tlakem nasycenych
par nebo pozadavkem dlouhou vydrZ materidlu v zasobniku (naptiklad z divodu neotvirani UHV
systému).

4.1 Nizkoteplotni zdroje atomi (do 400 °C)

Pti konstrukci atomérnich (molekularnich) zdroji ur€enych pro napafovani materialii S nizkou
teplotou nasycenych par je nutno dodrzet nékteré zasady vyplyvajici z jejich fyzikalnich vlastnosti.
V odtivodnénych piipadech je nutno zasobnik s materialem chladit pomoci tekutého dusiku nebo helia.
Konstrukce pak vyzaduje zahrnuti tepelnych $titu a omezeni nadbyte¢ného ohievu chladiciho média.
Chladici médium je obvykle pfivadéno k zasobniku ptipadné k vystupnimu otvoru zdroje nejéastéji
tenkosténnou nerezovou trubickou.

Materialy deponované Vv rozsahu nizkych teplot (od cca 30 °C po cca 400 °C) vyzaduji piesné
nastaveni napatovaci teploty zasobniku materiali (A7= + 1 °C ). Ohfev materialu (napf. organické
slouceniny, molekuly DNA) v zasobniku efuzni cely je umoznén kontaktem s tekutym zahiatym
médium (napiiklad olej). To umoziiuje provadét ohfev a pfesné méfeni teploty vné vakuové aparatury.
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Jinou moznosti je uZziti odporového topného elementu v blizkosti zdsobniku a zménu teploty provadét
zmé&nou Velikosti elektrického proudu prochazejiciho elementem. Jako ukazka takového zdroje slouzi
nami navrzeny a na UFI FSI realizovany zdroj atomil, ktery je uréen pro napafovani organickych
polovodi¢t (V naSem ptipadé organicky polovodi¢ PTCDI-C8) [32]. Tento nizkoteplotni zdroj atomut
je slozen ze tii nezavislych segment umoznujicich depozici tfi druhd materialti. Deponovany material
je ulozen Vv kalisku z pyrolyticky nitrid boru (PBN), ktery je ke konstrukci zasobniku deponovaného
materialu ¢asto uzivan zejména kvuli jeho chemické inertnosti a vysoké teplotni odolnosti tani (cca
1200 °C). V prostiedi vakua (které ze své podstaty vykazuje nizkou teplotni vodivost) je pienos tepla
prevazné realizovan pomoci zafeni. Pro nizké teploty (do 400 °C) je ale i tento zptsob pienosu tepla
zanedbateln€ maly. V uvedeném navrhu je pomoci Zhaveného wolframového vldkna ohfivan médény
drzak PBN kalisku, pfes ktery je PBN kaliSek ohtfivan. Médény materidl tohoto segmentu zajistuje
rovnomeérnou distribuci tepla po celé oblasti obklopujici PBN kaliSek. Pro rychlejsi a rovnomérné;si
pienos tepla je prostor mezi médénym segmentem a PBN kaliskem vyplnén tekutym kovem (galium),
viz schéma na obrazku 10a). Teplotni oddé€leni jednotlivych segment je zajisténo aktivnim vodnim
chlazenim médéného téla zdroje. 3D model a detail napafovaciho segmentu popisovaného atomarniho
zdroje je ukazan na obrazku 10b). Vyse popsany nizkoteplotni zdroj atomd, zkonstruovany a
vyuzivany na UFI FSI, je veden jako funké&ni vzorek VaV 1D 112182.

a) b)
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Obrazek 10: a) Schematické uspofadani napafovaciho segmentu a b) 3D model atomarniho zdroje usazeného na piirubé
DN40, vyvinutého a pouzivaného na UFI FSI pro napatovani organickych polovodic¢ii (funkéni vzorek VaV 1D 112182).

Jinym piikladem zdroje atomarnich svazkt pracujiciho za nizkych teplot je nami navrzeny a
realizovany zdroj atomii zinku. Zinek je kov s nizkou teplotou nasycenych par: pii teploté 170 °C
dosahuje tlak nasycenych par hodnoty 1x10* Pa. Z t&chto diivodii nesmi byt tento material pouzit pfi
konstrukci vakuovych soucasti, jelikoz by béhem ¢asu dochazelo ke kontaminaci (jak vzorkd, tak i
samotného zafizeni) parami tohoto materialu. Pro experimenty s timto kovem bylo nutné vybudovat
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samostatné vakuové zafizeni s vlastnim oddélenym zakladanim a cerpanim. Pro praci se vzorky
obsahujici zinek je nutno uzivat zvIasté oznacené nosice vzorku i nastroje. Pfi navrhu zdroje svazki
atomi zinku byla brana v uvahu také skutecnost, Ze zinek siln¢ kondenzuje na studenych castech
zdroje. Z téchto diivoda byl navrzen zdroj s dvéma topnymi vlakny (topna télesa), zajistujicimi ohiev
PBN kalisku s deponovanym materialem i vystupni otvor zdroje. Konstrukce topnych téles byla
realizovana netradi¢né za pouziti SiC. Timto unikatnim zptisobem ohfevu lze docilit teploty v kalisku
az 900 °C. Oproti bézn¢ uzivanému tantalovému dratu je nami pouzity SiC material inertni vuci
vodikové a kyslikové atmosféfe a vykazuje tvarovou stabilitu béhem ohievu. Ohfev vlaken je
realizovan pomoci prichodu proudu, kdy je kaliSek ohfivan radiatnim zafenim vychazejicim
z topnych téles. 3D model uloZeni SiC vlaken je zobrazen na obrazku 11. Uzitim tohoto zdroje atomt
zinku byly na UFI FSI ptipraveny Zn a ZnO ultratenké vrstvy a nanostruktury slouzici k dal§imu
intenzivnimu studiu jejich fyzikalnich vlastnosti [33].

: Vidkno I1.
Viakno 1. :
(SIC) (SiC)

Kolimator

Kontakty

KaliSek
(PBN)

: .
|
20 mm_

Obrazek 11: 3D model vnitini ¢asti zdroje atomi zinku pracujiciho pfi teploté do 400 °C.

4.2 Teplotni zdroje atomu (do 1 000 °C)

Zakladem nami navrzenych konstrukci teplotnich zdroji svazkt atoma (molekul) je valcové télo
zdroje vyrobeného z bezkyslikaté médi (F.O.Cu), které je aktivné chlazeno vodou. Uvnitt médéného
téla se nachazi zasobnik materialu ur¢eného pro depozici. Tento zasobnik je vyroben z molybdenu, ve
kterém je umisténa PBN vlozka. Mé&déné télo zdroje je napajeno niklovou péjkou na ptirubu DN40,
ptes kterou je do prostiedi UHV pfivadéno elektrické napéti, chlazeni a mechanicky pohyb. Ohtev
kalisku uvnitt médéného téla lze realizovat pomoci emise zéafeni vychézejictho ze Zhaveného
tantalového dratu obklopujiciho kalisek. Tento drat je zhaven pfimym pruchodem elektrického proudu.
Systém zhaveni je obklopen radiaénimi $tity vyrobenymi z vysoce reflexnich plechii (nikl, nerezova
ocel nebo tantal). Snizuji se tak tepelné ztraty zafenim, coZ snizuje naroky na chlazeni a spotiebu
energie. Na obrazku 12a) je zobrazen zdroj atomu vyuZzivajici popsany princip ohfevu deponovaného
materialu spolu S nami navrzenou elektronickou jednotkou. Tato jednotka pracuje v manuédlnim nebo
automatickém rezimu, coz zajistuje definované nastaveni pracovnich podminek. Zminény typ zdroje
atomtl je vhodny pro depozici Au, Ag, Ge, CaF, Fe a byl v laboratotich UFI FSI uzit v nasledujicich
pracich [34-36] a teplotni zavislost ohfevu kalisku zahfivaného emisi zafeni z proudem Zzhaveného
odporového tantalového vldkna obklopujiciho kaliSek s depozitem je zobrazena na obrazku 12b).
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Obrazek 12: a) 3D model a ovladaci elektronicka jednotka nami navrzeného zdroje atoma operujiciho v rozsahu teplot
od 300 °C az do 950 °C. b) Teplotni zavislost ohfevu kalisku zahtivaného emisi zafeni z proudem Zzhaveného odporového
tantalového vlakna obklopujiciho kalisek s depozitem.

Jinou alternativu ohievu deponovaného materidlu predstavuje ndmi navrzeny zdroj atomarnich
svazkl vyuzivajici energie dopadu urychlenych termoemisnich elektront. Pfi této konstrukci je na
kalisek z vodivého ¢i nevodivého (keramického) materidlu umisténého v kovovém vodivém pouzdie
ptivedeno napéti 1 kV. V blizkosti kalisku je umisténo wolframové vlakno, které je zhaveno
pruchodem proudu. Z tohoto vlakna jsou vlivem vysokého napéti extrahovany termoemisni elektrony
ajejich dopad na kaliSek zptisobuje jeho ohfev. Schéma zapojeni je zobrazeno na obrazku 13a). Vlivem
vysoké teploty vypafované atomy proudi efuznim tokem smérem na vzorek. Cast vypafovanych atomi
se srazi s elektrony proudicimi na kalisek, vlivem ¢ehoz vznikaji parazitni ionty. Tento parazitni
iontovy proud miize ovlivnit vysledky experimentti (napiiklad zménit vyslednou morfologii rostené
vrstvy). Na druhou stanu je ale mozné z poméru poctu detekovanych iontl k po¢tu neutralnich ¢astic
odhadovat intenzitu toku atomarniho (molekuldrniho) svazku.
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Obrazek 13: Zdroj atomu s realizovanym ohfevem kaliSku pomoci dopadu urychlenych elektronti a) schéma jeho
elektrického zapojeni a b) 3D model umistény na piirub& DN40.

Na obrazku 13b) je zobrazen 3D model nami navrzeného a realizovaného zdroje atomu galia
uzivajici k ohfevu kaliSku dopadu urychlenych elektronti. Tento zdroj atoma je uzpdsoben pro
depozice v rastrovacim elektronovém mikroskopu (SEM), takze nedochazi k nezadouci depozici
materialu na povrch objektivu mikroskopu. Z atomarniho svazku je rovnéz mozné deceleracni
elektrodou odfiltrovat parazitni ionty, které zpusobuji rusivy signal béhem méfeni SEM. Navic
navrzend unikatni konstrukce kalisku umoziiuje depozici kapalnych materialu ve sméru shora dold,
coz umoznuje provadét depozici piimo pod objektiv elektronového mikroskopu béhem jeho méteni.
Studium ristu nanostrukturalnich materiald v realném ¢ase je v souc¢asné dobé velmi zadané. Uvedeny
typ zdroje atomil je intenzivné vyuzivan jak pii védecké, tak i pedagogické ¢innosti [37, 38].

4.2.1 Aplikace — depozice atomi Ga na grafen

Uvedené teplotni atomarni zdroje jsou uzivany v laboratotich Ustavu fyzikalniho inzenyrstvi FSI
VUT v Brn¢ ke studiu ristu ultratenkych vrstev. Jako piiklad takového uziti zdroje zde uvadim
studium vlivu Ga atomut na transportni Vvlastnosti CVD grafenu. K tomuto ucelu byly pfipraveny
vzorky Si s280 nm tlustou izola¢ni vrstvou SiOz, které byly pokryty CVD grafenem, tvotici FET
uspofadani (viz ¢ast 2.1). Na takovéto povrchy byly deponovany atomy Ga v UHV podminkach.
K provedeni tohoto studia bylo navrzeno a vyhotoveno UHV zafizeni umoznujici sou¢asnou depozici
Ga a in-situ méfeni elektrickych transportnich vlastnosti grafenového FET tranzistoru. Podrobné&jsi
popis konstrukce méfici aparatury je popsana v diplomovych pracich [19, 39]. Toto studium prokazalo
rozdil mezi dopovanim samostatnych Ga atomt na povrchu grafenu oproti dopovani Ga ostrivky
obsahujicimi 2 a vice atomu. Toto pozorovani bylo rovnéz doplnéno DFT vypocty. Podrobnéjsi popis
nalezneme v pfilozeném clanku v Casti 4.2.2.
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4.2.2 Clanek ¢&. 3 — Elektrické transportni vlastnosti grafenu dopovaného galiem
Autofri:

J. Mach, P. Prochazka, M. Bartosik, D. Nezval, J. Piastek, J. Hulva, V. Svarc, M. Konecny,
L. Kormos a T Sikola

Nanotechnology [online]. 2017, 28(41), 415203. Dostupné z: doi:10.1088/1361-6528/aa86a4.

Abstrakt:

V této praci prezentujeme Gcinek nizkého pokryti (méné nez Ctyfi monovrstvy) galia v podminkach
UHV (107" Pa) na dopovani grafenu elektrony a rozptyl nosi¢a naboje v grafenu rosteném metodou
chemické depozice z plynné faze. Méfeni transportnich vlastnosti grafenu provadéna in situ na
grafenovych polem fizenych tranzistorovych strukturach ukazuje, ze pfi nizkém pokryti Ga ma
grafenova vrstva tendenci silného n-dopovani s ucinnosti 0,64 elektronu na jeden atom Ga, zatimco
dalsi depozice a tvorba shlukti Ga vedou k odstranéni elektronti z grafenu (niz§imu n-dopovani).
Vysledky experimentu jsou podpofeny vypocty pomoci teorie funkcionalu hustoty elektront (DFT) a
vysvétleny jako disledek odlisné interakce mezi grafenem a atomy Ga v piipadée jednotlivého atomu,
vrstvy anebo jejich shlukd.
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Abstract

In this work we present the effect of low dose gallium (Ga) deposition (<4 ML) performed in
UHV (107 Pa) on the electronic doping and charge camer scaticring in graphene grown by
chemical vapor deposition. fr situ graphene transpornt measurements performed with a grapbene

ficld-cffect transistor structure show that at low Ga coverages a graphene layer tends 1o be
strongly n-doped with an cfficiency of 0.64 clectrons per one Ga atom, while the further
deposition and Ga cluster formation results in removing electrons from graphene (less n-doping ).
The experimental results are supported by the density functional theory calculations and
explained as a consequence of distinet interaction between graphene and Ga atoms in case of

individual atoms, layers, or clusters,

Keywords: graphene, gallium, CVD, DFT, trunsport, doping

(Some figures may appear in coloar only in the online journal)

1. Introduction

Graphene, a single atomic layer of carbon atoms arranged in a
hexagonal lattice, with s excellent electrical [1-4] mechan-
weal [5, 6], and optical properties [7, 8], surface 10 volume
ratio, and chemical reactivity [9), has been considered as a
promising candidate for the future devices. [ts unique elec-
tromic structure results from the zero band gap and the conical
dispersion close to the X points in the Brillouin zone where
the conduction and valence bamds touch cach other in the
charge neutrality point (CNP), In the real devices, however,
the interaction of graphene layer with suwrmounding atoms can
strongly affect dedocalized electrons, change the CNP, Fermi
level position, and the comesponding doping type [10-14).
One of the most common factors influencing transport
properties of graphene is related to the boads between the
substrates whach are often used as a supporting layer for
graphene e.g. S10, [15, 16], BN [17], MoS; [I8]. SiC [19]
andd metals for graphene grown by chemical vapor deposition
(CVD) [20-23). Other imporam sources of clectronic dis-
ruption in graphene are its structural defects [24, 25] ie.
disclinations, dislocations and grain boundanies [26]. These

067440417 /415200 + 10833 00

imperfections are determined mainly by a graphene fabrica-
tion process. In addition, graphenc transpont propertics can be
also stromgly affected by atoms and molecules adsorbed on
the graphene surface.

Smce the mvestigation of graphene transport propertics
necessanly mvolves the conductive interface between gra-
phene and metal electrodes, a considerable effort has been
also devoted to the experimental [27-32] and theoretical
[33-40] studies of a graphenc-metal (G-M) junction. Using
the density functional theory (DFT) Giovannetti er al [33]
have shown that G-M interfaces can be divided into two
classes of interfacial bonding, the first one with weaker bonds
and a larger equilibrium separation between graphene and
metal atoms (Ag, Al, Cu, Cd, Ir, P, Au) and the second one
with stronger bonds and a smaller equilibrum separation (Ni,
Co, Ru, Pd, Ti) which are characteristic for the physisorption
and chemasorption, respectively.

In the case of physisorpion, the mfluence of Ga and Al
atoms differs from the other atoms because of the interaction
of their valence p-clectrons with w-clectrons of graphemse
[41, 42]. However, all metals in this group do not form
chemical bonds with graphene and, hence, the doping type

© 2017 10F Putishing Lid  Printed in he UK
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and shift of CNP can be deduced from the G-M work func-
tion (WF) difference. Another important factor which has 1o
be considercd, is a potential step, which is related to the
presence of an interfacial dipole [33], For metals bonded to a
graphene layer by chemisorption the band structure becomes
more complicated because of a strong hybridization between
the graphene pz orbetals and the valence electrons of metals.

As Wu er al [43] experimentally and theoretically
showed for the G-Au interface, the chemical bonds and
related interfacial WF difference can be wned by the amount
of deposited Au, and also by morphology: solated Au
nanoparticles n-dopes the graphene, while continuous Au film
results in graphene pdoping. A similar behavior was
observed also for the G-Py interface [27],

A thorough study and undenstanding of changes in gra-
phene electric properties caused by the interaction between
graphene and adsorbed Ga atoms is very important, especially
for development of electric devices using Ga semiconductors
(GaAs, GaN, ...). However, such a thorough study probing
the influence of different coverages of Ga atoms has not been
performed so far, except that one for a fixed coverage of
200 ML Ga atoms [41]. Nevertheless, this study was provided
under atmospberic conditons and thus the influence of
molecules from the surrounding atmosphere coukl not be
limited and controlled.

In this aricle, we stody the graphene-gallium imerface in
detail with regard to its expenimentally measured transpon
properties, and comresponding changes of electronic propertics
calculated by ab imirio DFT,

2. Methods

In order to achieve a large arca coverage, a polycrystalline
graphene layer was prepared by the standard Jow pressure
CVD method [20). As a substrate an ultrasmooth copper foil
with no additional mechanical or chemical pretreatment was
used for gmphene growth [44], First, the copper foil was
annealed in a flow of hydrogen (4 scem, 10 Pa, 1000°C,
30 min) to remove air adsorbates. Subsequently, methane was
introduced (40 scem. 70 Pa, 1000 °C, 30 min) and graphene
grown in a Hy/CH, mixtare. Finally, the graphene from the
bottom side of the copper substrate was removed in an oxy-
gen-argon plasma (20% O,, 80% Ar, 2 min), while that one
from the top sile was protected from etching by a spin-coated
PMMA layer.

Using 0 PMMA-assisted wet trunsfer method, graphene
was transferred on a p-doped silicon substrate (resistivity of
(0.1-1.5) x 107" Qem) with 280 am SiO, and peefabricated
Au (45am)/Ti (3nm) clectrodes. The arca between these
clectrodes, covered with graphene, then define a geometry of
the measured graphene channel with the Jength L = 50 um
and width W = 400 ym.,

By applying a back-gate voltage (Vo) 10 a silicon sub-
strate, one is able to kocally control a charge camier density
n = (epr, /ed) Vg, where ¢y is the vacuam permittivity, o, is
the relative permuttivity of Si0); (3.9), € is the clementary
charge and d is the thickness of the SiO; layer. Then, the

graphene resistivity p = RW /L as a function of Vi; defines a
doping type and charge camer mobility.

Resistance R of the graphenc layer between the Au
electrodes was measured wsing a bock-in amplifier SR830
(Stanford Rescarch Systems) with a frequency of 1333 He,
fixed current of 100 nA, and back-gate voltage being changed
with a sweeping rate 0.6 Vs ' in a range of 280 V.

Ga aoms with thermal energy were evaporated by an
e-beam effusion cell (Omicron EMF 3) from a PBN crucible
inserted into a Mo cover. fn ity transport measurenents were
carnied out without breaking ultmhigh vacuum (P =
4% 1077 Pa).

The DFT study was performed by the Vienna ab initio
Simulation Package (VASP) [45-47]. All our DFT calcula-
tions were carried out using the projected augmented wave
method [48, 49] and an energy cut-off of 600 eV, The gen-
cralized gradient approximation proposed by Perdew er al
[50] was adapted to treat the electronic exchange and corre-
lation. A vacuum spacer of 17 A was used to climinate the
interaction between the layers in the neighboring supercells.
A centered 3 x 3 x | Moakhorst-Pack mesh [51] was
usexl for structure optimizations, For the calculation of the
density of states (DOS) a 9 x 9 x 1 mesh was used. All
structures were relaxed with a tolerance of residual forces of
001eVA "

3. Experimental results

The mfluence of Ga deposition on graphene transport prop-
erties is shown in figure 1(a). The ONP of as-prepared gra-
phene s posiboned at positive values of the back-gate
voluage, indicating an effect of pre-existing adsorbates which
positively dope a graphenc layer [S2-54). The sample
anncaling under vacuum at 7 = 120 °C promoted their des-
orption, and in 24 h resulted in shifting the graphene CNP 10
oaly Vyg = 3V, which was a starting point for Ga deposi-
tion. During the first seconds of the deposition, when the Ga
coverage is much less than one moaolayer, Ga atoms strongly
n-dope the graphene layer (indicated by amow 1) The
CNP was shifted outside the measured range of Vg < ~80V
a a Ga surface concentration of about 9.7 x 10" ¢m *
(~0.01 ML coverage).

During the subsequent deposition the CNP was removed
left outside the measurement back-gate voltage range and
then only the decrease or increase of the resistivity carve was
observed. It can be assumed, that the resistivity decrease or
increase corresponds 10 the shift of CNP into the keft or right,
respectively. The decrease of resistivity  indicating  the
n-doping of graphene continwed up 10 a Ga surface con-
centration of ~40 x 10” cm® (~coverage 004 ML), and
then the reversal increase of the resistivity was observed
(indicated by amrow 2). After this retum point, graphene stans
10 be kess n-doped (removing electrons from graphene).

The charge carrier density m. and related experimental
CNP position for low Ga surface concentrations of up to
~9.1 % 10" cm® is plotted in figuse 1(b) as a function of this
Ga surface concentration. The red line in the graph represents
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Figure 1. (a) Resistivity as a function of back-gate voltage of a graphene sample and its development with the growing surface concentration
of deposited Ga wtoms. Before anncaling (black), and after 24 h of vacwum anncaling at 120 °C (rod). The armow | indicates an evodation of
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(megative values comesponds to clectrons). The ndoping is caused by an clectron trassfer from Ga 10 grapbene. The theoretical red line
depicts charge carmier densitics relmed to a trunsfer of one clectron from ome Ga mom.
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the theorenical charge camer densaty related 1o the case when
one Ga atom supplies one electron into the grapbene layer.
The experimentally meassured positions of CNP and related
charge carrier density decrease more slowly, the calculated
doping effickency is only about 0.64 clectrons per Ga atom,

The data of charge carrier mobility plosted in figure 2(a)
wmcdculnedlmdlccnmcampondlnglod\e(hm-
face concentration 3.1 x 10" em ™7 (figure 1(a)—blue curve)
asammmofbxtw\dmcmdmgmm&smodd
of diffusive transport p = (nep) ', Decreasing  graphenc
mobility with the increasing charge carnier density results
from a nonlinear dependence of graphene ressstivity on carrier
concentration due to the long and short range scatierers |17,
55-57). A minimum valse of graphene mobility a
Vo = =37V then define a CONP position and therefore a
number of dopant carriers.
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r

2 & 8
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4
e (107 e %)
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of back gate voltage calculmed acconding to Drude”s madel using the curve in figare [(a)
. (b) Evolution of charge carmier mobility as a fusction of back gate voltage duning deposition of

Figure 2(b) shows an evolution of charge carrier mobility
during the Ga deposition calculated from the curves in
figure l(a) valid for Ga concentrations (0-1) x 10"
atoms cm . The clectron-hole asymmetry of the anncaled
mvicmﬂlmpecnoCNP(ummhmty)tsomedby
Au/Ti contacts [S8, 59, charged impuritics and strained
grapheme [60], The CNP shift 1o negative values of back gate
voltage during the Ga deposition indicates an electron transfer
from Ga to graphene. The electron transfer is accompanied by
a remarkable decrease of the hole-mobility due to creation of
new scattering centers. A slight increase of electron mobility
can be explained by neutralization of charged defects, which
scatter electrons more strongly than holes [60].

The clectron and hole mobilities achieve their maxima at
volages distant in both directions from the CNP by about
30OV (the highest mobility value in figure 2), the maximums
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Figure 3. () SEM image of a surface with a high Ga concentraion of 37,6 x 10" cm ¥ (~4 ML) provided with yellow circles constructed
with respect 10 the nearest Ga islands, (b) AFM 1opography of this surface. () detatled AFM 3D wpography (marked by the groy square in
bl and (d) the comresponding profile of Ga islands (marked by the blue line i b).

of the electron-mobility reaches 110-1580¢m® V™ 's™", and
the hole-mobility 140-250cm” V™' s Such a small value
can be hardly compared 2 x 10°em® V™' 5™ for suspended
graphene &t cryogenic temperatures [1, 2] or even with
410’V 's"" obtained for high quality exfolisted
graphene on S¥0; st room emperature [15). Generally, the
CVD graphene exhibits the lower mobility which is ideally
about [20] 4080 ¢m’ V' s ' Under less ideal growth coa-
disons, due to line defects at grain boundanies, the mobility
can fall down 1o the value [61] 1100cm” V™' 5", which is
still gquite hagh in companison with our mobilitses. Therefore,
the lower hole and electron mobilities in our experiment can
be probably attributed 1o higher density of grain boandarics
[24]. A cemain role can also play imparitics disturbing the
crystal order, and also a Jomg-range Coulomb scattering
caused by induction of clectrons by Ga adsorbed atoms.

The scamning clectron  microscopy  (SEM)  image
(Bgure 3(a)), and atomic force microscopy (AFM) topography
(figure b)) were taken ex situ after the depasition of quite
huge Ga concentration of 37.6 x 10" ¢ (~4 ML). Such a
huge concentration (exceeding the maximam concentration
0.5 ML in transport experiments) was necessary o observe
the galliem oa a surface duee to the SEM and AFM resolution,
It is obvious the gallivm forms islands at such a high con-
centration. The yellow circles in the SEM image (figure 3(a))
mark the areas of gallium islamds with respect o the nearest
neighbor. The average radus of these circle areas corresp-
onding the average katernl diffusion radius of Ga atoms is
22 % 0.6 nm, The view on individual Ga islands can be
observed in detailed 3D AFM topography (figure 3(c)), and
comresponding profike (figure 3(d)).

When Ga coverages were increased to values of
140-300 ML the CNP returned into the measurable range
(Vs > ~80V), However, the electron and hole-mobilitics
were reduced approximately by one order of magnitude.
At these high coverages the huge droplets of diameters about
400am were formed. Therefore, one can assume that

transport properties maght be affecied by stress between Ga
droplets and the graphene layer [62], and by the surface
conductivity of metallic gallium. Hence, these high coverages
are not addressed in the following analysis.

4. Computational results

First, a hexagonal freestanding grupheme structure was
relaxed and the lattice constant estimated to & value of 2.47 A,
The calculated free-standing graphene had no initial doping-—
the Fermi energy precisely crossed the CNP.

Three possible sites were considered for the adsorption of
gallium atoms on graphene (figure 4(a))—on top of a carbon
stom (T), at the center of a carbon hexagon (C) and above a
carbon-carbon bond (B). Comparison of the adsorption
encrgics at these sites has shown the site C is the most stable
posation of Ga stoms with an adsoerption energy of Y87 meV
and a distance of 2.22 A from the grapbene layer (figure $(a)
bottom).

Furthermore, the influence of differemt Ga concentrations
inthe range of 4.7 x 10'* = 2.8 x 10" cm ¥ on the graphene
electronic propertics was stadied. The calculations were mostly
performed using a 8 x 8 graphene superstructure, and only for
the lowest comcentrutions larger superstructures were used
(16 x 16 for 74 x 107 cm ™, 18 x 18 for 5.8 x 10" cm ™7,
20 % 20 for 4.7 x 10" em ). Finst, the Ga aloms were
relaxed on the graphene surface, then the electronic band
structure and DOS were calculated for all the concentrations.
The concentration of change camiers in grapbene was deter-
mined from the site-projected DOS.

The examples of band strectures and DOS calculations
for two different Ga concentrations (3.0 x 10" em ™ and
47 x 10" eam™) are shown in figure 5. The energy band
dsagrums (figures S(a), (b)) prove the n-doping of graphene by
gallium, since the Fermi level is above the CNP. The higher
concentration of Ga atoms moves the Fermi level more above
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Figure 4. Space ammangement of Ga atoms om a grapbene hexagonal latice in DFT calculations in case of layer-by-fayer growth. (a) Three
dafferent adsorption sites of Ga atoms—4op view, comrespoading adsorpeion energics, and a side view of an individual Ga mom in the central
pasition, (b) The fisst complete monolayer of gallium atoens kn the central positions o graphene—op view, and the distance between Ga and
gruphene monolayers—side view. (¢) The fiest three gallivm mosolayens—top view, and their distance from graphene—side view
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Figure 5. DFT calculssed band stractures of graphene for Ga concentratioas (a) 3.0 x 10" cm ¥ and () 4.7 x 10" cm 2, (©) the

comesponding DOS,

the CNP, however, the band gap in graphene s not opened.
The DOS values (figure 5(c)) chose 10 the CNP are higher for
the higher Ga concentration which is caused by formation of
new stales associated with additional Ga atoms,

The density of charge carmiers a¢ in the graphene layer
(dopang) as a function of deposited Ga concentration ng,
calculated by DFT is shown in figure 6(a)—green dots. There

are two doping regions. When the concentration of Ga atoms
is below 4.7 % 10" em ? (<0.5 ML) that comresponds 1o a
Fermi Jevel shift of 1282 meV (see figure 5(b)), the graphene
clectron concentration is increasing, above this Ga con-
centration  value the electron  concentration 15 rapidly
decreasing. The DFT calculated charge carrier concentration
was fitted by a reasonably smooth curve (black dashed line in
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Figure 6. (1) Calculated density of charge cammiers (cdectrons) in graphenc & 3 function of Ga concentraison, The green dots ane the results of
DFT calculatson that were fimed by the black dashed curve, The average number of charge camiens per one Ga atom is expeessed by the black
sobid curve, (b) The change of the number of change carriers per every additional Ga atom was obeiised by differentiation of the fitting black
dashed curve, and the groen and bloe arcas separie the doping by clectrons and removing electrons, respectively. (€) The detail of the chant
in () (markad by the grey rectangle) where the rod dots are the results of DFT calculation for an indsvidual som (1), and chasviens consisting

of two (21, and three (3) Ga atoms as depicted im fgures 7(a)-(c).

figure 6(a)) which was used for the cakculation of an average
number of electrons supplied by one Ga atom (re /g —
black solid line in figure 6(a)), and the change of the electrons
inside graphene coused by one  additional Ga atom
(drg /dng,—black solid line in figure 6(b)). At the lowest Ga
coverage (0,005 ML) the average mumber of electrons brought
by one Ga atom is aboat 0.6, however, this number rapidly
goes down when the Ga concentration mncreases. At the
higher Ga concestration 4.7 x 10" em ™ (~0S5ML) &t is
equal only to 0.26 electrons per one Ga atom and then goes to
zero (figure 6(a)—black solid curve). The DFT calculation for
layer-by-layer growth shows the gallium cffectively n-dopes
graphene only wp to the coverages comesponding to the
0.5 ML where the charge camier density is the most negative
(peak n figure &{a)). Adding more Ga atoms above the
coverage of the 0.5 ML the charge carmier density rapidlly goes
to zero which is caused by the extraction of electrons from
graphene (figure 6(b)).

The decrease of clectron-doping with higher Ga con-
centration is a direct result of our DFT calculations. Con-
sidering all the DFT resubts, it can be better understood via the
distancing of Ga atoms from the graphene surface (figure 4).
The equilibrium distance between the layer of Ga atoms and
graphenc is approximately 22 A for low Ga coverages
(< 0.5ML), 2.3A for the 0.5 ML coverage and more than
4 A for higher coverages (>0.5 ML). In other words, the
further the Ga atom from graphene is, the less graphene is
doped. In this context, the significant decrease of graphene
doping by Ga at concentrations comesponding 1o the

05-1.0ML coverages can be explained by a profound
(almost double) increase of the distance between Ga and

graphene (from 2.2 t0 4.0 A). Although the distance between
Ga and grapbene gradually increases with the concentration,
the step change in the distance is associated with the creation
of much stronger chemical bonds between gallium atoms
when the complete first monolayer & formed. Consequently,
the creation of chemical bonds between Ga atoms weaken the
imeraction between the Ga atoms and grapbene that results in
this step increase of the distance between the Ga monolayer
and the graphene. A funther smaller increase of the Ga-gra-
phene distance can be observed when the second, and third
complete Ga layer is formed (Ga-graphene distance for two
layers of Ga is 4.13 A and for three layers of Ga is 4.28 A—
figure 4(c)). However, the effect s not as sigmificant as in case
of the firt monolayer completion.

This fact is supported by the companson of the adsorption
energy of the individual Ga atom, and a monokeyer of Ga soms
on a graphene surface, which is 987 meV, and 8 meV (per one
Ga atom), respectively, It means the attractive interaction of
individual Ga stoms onto the gmphenc is much weaker (more
than hundred times) when the complete monolayer is formed.

The effect of strong chemical bonds between neighboring
Ga atoms at short distances is especially important if we
assume the gallium preferss the clusters (islands) growth
before layer-by-layer growth. In this case the withdrawal of
the Ga atoms from the surface as a consequence of strong Ga-
Ga chemical boods begins ot much lower concentrations as
can be soen in figures 7(a)<c). Here, the DFT calculated
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arrangement of small clusters consisting of two and three Ga
atoms in C sites is depicted. Adding Ga atoms into a cluster
causes their lateral displacement mutually from each other
and also relatively with respect to the onginal C site, and a
noticeable 1ift of Ga atoms from the surface. In case of the
two- and three-Ga atom cluster the equilibrium distance of Ga
atoms from the graphene surface is 2.78A, and 288 A,
respectively. This is a quite significant increase (more than
24%) in companison with the onginal distance of the indivi-
dual Ga atom from graphene (2.2 A)—see figure 7(a).

The DFT calculased charge density of electrons in gra-
phene for doping from Ga clusters is depicted as red points
in figure 64c). It can be scen that two- (point 2), and three-
(point 3) Ga atom clusters dope the graphene significantly less
than layer-by-layer grown Ga stoms ot the same concentration
(red points are above the green points and fitting dashed
black curve), Morcover, the charge carnier density of two- and
three-Ga atom clusters is almost the same, approximately
~20 % 10" ¢m 7, so that the saturation of doping occurs in
case of the island (cluster) growth at much lower Ga con-
centrations than in case of the layer-by-layer growth.

5. Discussion

During the real experiments (part 1), Ga was deposited on
graphene, and the change of transport propertics was mea-
sured at room semperature, Therefore, temperature activated
surface diffusion of Ga atoms along the graphene surface
occurs which might lead to cluster formation, On the other
hand, the DFT calculation was performed for static armange-
ment of atoms, which comresponds to conditions at absolute
ZETO temperature,

Funthermore, the DFT software VASP enables the cale-
ulation of large sysiem only if they can be combined from
smaller penodic structures. Thus, the numernical processing of
individual Ga atoms or layers of periodically amanged Ga
atoms with graphene is a standard feasible calculation. On the
other hand, the calculation of Ga cluster interaction with

graphene s moch harder, because the individual building
blocks (clusters) are bigger structures and cannot be casily
made periodic. Therefore, this was the reason why only small
clusters consisting of maximally three Ga atoms have been
calculsted. Hence, there is a question how the resudts of the
experimental and computationad part can be compared.,

First, as for qualitative comparnison, both the exper-
imental and computational results are i good agreement,
They show the Ga atoms n-dope graphene, and that there is a
certain critical Ga concentration at which grapbene is not
more nedoped, and even the electrons stant to be removed
from graphene (retun point in figure |(a)—experiment, and
figures 6(a), (¢}—computation),

Second. in order to compare the computational and
experimental results quantitatively, it is necessary to make o
simple estimation of the Ga diffusion length. In case of the
DFT calculation for two- and three-Ga atom clusters, the
n-doping saturation appears already for three Ga atoms in a
cluster which for our choice of computational cell corre-
sponds 1o the Ga concentration g, = 89 x 10 cm . It can
be assumed that three Ga atoms diffusing along the graphene
surfuce at room temperature can form one uniform cluster
only if they are inside of a circle arca having a radius
r comparable with the diffusion length (figure 7(d)). Then the
radius can be casily estimated using the simple formula

rm= JJ/(: “NGe) = 1 om,

In case of the experimental results, the avernge radius of
Ga islands r = 2.2 £+ 0.6 nm (figure 3) with respect to the
nearest neighbors is proportional 10 the surface diffusion
length, and is only about two times higher than predscted in
DFT calculations. However, both the SEM and AFM images
of clusters in figure 3 were taken at much higher Ga con-
centration ng, = 37.6 x 10" em ™ (~4ML) to be abke to
see them on the surface at a given resolution. Therefore, the
islands consist of a large number of Ga atoms and cannot be
precisely compared with three Ga-atom clussers used in the
DFT cakulation.

nH
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The last way how to find the surface diffusion length is a
combination of both, computational and experimental results,
The calculation has proved the n-doping saturation stasts at
three Ga atoms in the clusier, and from the experimentally
found return point in transport properties we know the Ga
critical concentration is rg, = 40 x 10" em ™ (figure 1(a)).
Using the formula (1) the diffusion radius is r = 1.5 nm,
which is in a good agreememt with the calculated value of
| nm, Moreover, the DFT cakculation gives the answer to the
question why the retum of CNP was not observed in
figure 1(a) at ng, 40 x 107 cm ™. It is because the high level
of n-doping and corresponding position of CNP equals to
=250V (figure 6(c)—right NP axis) is still far outside the
measurement range (£80 V).

The resolution of microscopic methods (AFM, SEM) we
used for the mapping of initial stages of Ga growth on gra-
phene was not suflicient o observe clusters smaller than
about 1 nm and is not at all sufficient 10 observe the three-Ga
atom clusters formation and give the direct evidence linking
the DFT results for three atoms clusters with the AFM, SEM
observation. On the other hand, in connection with the DFT
results, especially with the conclusion that even formation of
smaller Ga clusters can significantly reduce the level of
n-doping. an indirect experimental peoof in change of doping
(retum point in figure 1(a)) was introduced. From this point of
view, the measurement of change in doping using transport
measurement could be an interesting method for estimation of
diffusion length,

Finally, Jet us summarize and compare oar results with
the results of other groaps. The performed experiments and
calculations prove Ga n-dopes graphene which 15 simikar to
n-doping caused by other metallic adsorbates such as Al, Ag,
Cu |33, 35], and opposite to p-dopants like Au [29], Pr, water
vapours [7] of 1o p-doping by a S¥O, substrate, Moreover, the
presented results show the n-doping saturation at a certain Ga
concentration the exceeding of which keads o removal of
clectrons from graphene, Such anm ambiguous cffect was
described in case of Au by Wu er al [43] who showed that
gold in form of a continuous film p-doped the gruphene while
gold in form of isolated nanoparticles n-doped the graphenc,

Many authors support their arguments on the type of
doping by a simple comparison of the WFs of relevamt
metallic adsorbates and graphene, instead of DFT calculation,
They dircctly assume the material with the lower WF with
respect 10 graphene will n-dope grapbene, or they incorporate
a cerain minimal WF difference that causes the electron
iranspoet (e.g. 09¢V) [33). Such an approach can offer
excellent results in case of lasge bulk volumes of materials,
however, at small scales the significant discrepancies can
appear due o material morphology. and inhomogeneity
(effect of chusters). The bulk Ga WF being 4.2¢V [41, 63] s
slightly Jower than that one of graphene being reported in the
interval 4.20-5.16 eV [64, 65]. It could explain the n-doping
of grapbene, but not the existence of the saturation point and
removal of electrons 1n case of high Ga concentrations. These

effects cannot be clanfied without the DFT simulations
similar to those in our paper,

The DFT calculations performed by different groups
distinguish the weak and strong binding [33, 35] between
graphene and adsorbed metals like AL Ag, Au, Cu, PY, and
Co, Ni, Pd, respectively. In this works the minimum distance
3.41 A from graphene for weakly bonded adsorbates, and the
maximum distance 2.3 A for the strong bonds were reported.
These values are in agreement with our calculations when the
strong bonds between individual Ga atoms and graphene
result in the 22 A distance between these atoms and gra-
phene, the weaker bonds between small clusters and graphene
in the 2.82 A mutual distance, and the weakest ones in case of
complete Ga layers 10 the 4.04 A distance.

The surface diffusion and formation of small clusters is
beside our SEM. AFM results and return point in the mea-
surement of resistivity versus back-gate voltage dependency
also supported by a low migration energy 0.03 ¢V estimated
by Nishi et ol [37), however, they used the DFT based on
local density approximation. They also calculated the distance
of the individual Ga atom from graphene 2.11 A which is very
close 1o the value of 2.2 A obtained in our calculation.

Our work contnbates to the explanation of fundamental
principles of clectronic properties of a Ga-grmphene system
which is essential for increasing the application potential of
this system, Besides the simple tuning of the charge camier
density by Ga doping, important in electronics, our results are
useful for other applications as well, For instance, gallium,
being insoluble in grapbene, is a suitable catalyst for graphene
synthesis ot the liquid-solid interface between Ga and
amorphous carbon. It also enhances the graphene sensitivity
and reactivity to different gases, e.g. neurotoxic hydrogen
sulfide (H,S) [66] and, finally, localized surface plasmon
resonances in Ga nanoparticles can be uned to increase
almost 100 times surface-enhanced Raman scattering [41]

from graphenc.

6. Conclusion

The expenimems and DFT calculations performed in this
work prove that Ga atoms at low concentrations negatively
dope the underlying CVD graphene, Simultancously, it has
been shown that n-doping level (i.e. edoctron concentration)
grows with the gallium coverage until its maximum valee is
obtained ot a specific value of gallium atom surface con-
centration. Exceeding such a surface concentration by the
ongoing Ga deposition leads to a decrease in ndoping. The
whole effect has been explained by means of DFT calcula-
tions showing the retum point in doping is a direct con-
soquence of weakening the graphenc-Ga  bonds  (and
strengthening the Ga-Ga bonds) during the formation of Ga
clusters related to an exchange of clectrons, We hypothesize
the return point is a sign of formation of larger Ga clusters
caused in the room temperature experiment by surfoce dif-
fusion, The estimation of surface diffusion 1.Snm from
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transport messurement, 2.2 £ 0.6 nm from experimentally
measured AFM, SEM dats, and | am from DFT calculations
for small three-atom clusters are very comparable, supporting
thus the proposed model of the real experimental behavior.
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4.3 Vysokoteplotni zdroje atomi Zaruvzdornych materiali (do 2 500 °C)

U téchto typt atomarnich zdroju jsou kladeny vysoké naroky na pouzity material jak efuzni cely,
tak topnych téles i izolatort. Tyto materialy musi nejen vydrzet pozadovanou vysokou teplotu, ale také
by nemély reagovat s atomy svazku. Seznamy vhodnych materiali a jejich vlastnosti lze najit
Vv literatufe [40]. Radia¢nim ohfevem pomoci molybdenové topné spiraly 1ze dosahnout teploty az
1700 °C, a to v zavislosti na hustoté¢ navinuti dratu a kvalité radia¢niho Stitu. Pfi vysSich teplotach
reaguje molybden i wolfram (1 700 °C) s keramikou Al>O3 tvotici izolaci. Jinou moznosti dosazeni
vysokych teplot (az 2 300 °C) je uziti indukéniho ohtevu [40], nebo vyuzitim dopadu urychlenych
elektront, viz ¢ast 4.2 a literatura [41].

Jako ptiklad zdroje atoma s ultra-vysokou pracovni teplotou uvadim zdroj atomu uhliku, kde je
vyuzito k ohfevu kalisku priichodu proudu sublimujicim materidlem (vldknem). Nami realizované
vlakno bylo vyhotoveno z desticky HOPG (High Oriented Pyrolytic Graphite) pomoci
elektroerozivniho obrabéni, viz obrazek 14b). Timto vlaknem, které je uloZeno na uhlikovych
kontaktech vyhotovenych z pyrolytického grafitu (PG), protéka proud | = 60 A zptsobujici jeho ohiev
az na sublimacni teplotu 2 300 °C. 3D model ulozeni HOPG vlakna a fotografie realizovaného zdroje
atomud uhliku je zobrazen na obrazku 14a). Obecnou nevyhodou atomarnich zdroju ziskavajicich
svazky atomd pouzivajici k ohfevu materialu Zhavenych vlaken (iridiové, wolframové, tantalové,
uhlikové, ...) je jejich relativné nizka intenzita svazku. Podrobny popis konstrukce a aplikace
popsaného vysokoteplotniho zdroje atomarnich svazka lze nalézt v bakalaiské praci [42]. Vyse
popsany vysokoteplotni zdroj atomil, zkonstruovany a vyuzivany na UFI FSI, je veden jako funkéni
vzorek VaV ID 113853 .

a)

HOPG vidkno —,
PG kontakt —

Molybdden.. —=

Nerezova ocel i

Phvod proudu 3

Obrazek 14: Sublimacni zdroj svazkl atomii uhliku: a) 3D model ulozeni HOPG vlakna, b) fotografie vyrobeného HOPG
vlakna pfipraveného pomoci elektroerozivniho obrabéni, c) fotografie realizovaného zdroje atomd uhliku uchyceného na
ptirubé DN40. Zdroj je vyuzivan na UFI FSI VUT v Brné k depozici grafenovych vrstev v UHV (funkéni vzorek VaV ID
113853).

Dalsi realizovanou variantu zdroje svelmi vysokou pracovni teplotou je nami navrzeny,
zkonstruovany a otestovany zdroj atomu uhliku vyuZzivajici ohfev vypafovaného materialu dopadem
fokusovaného svazku urychlenych elektront. V uvadéném ptipad¢ je kruhovy HOPG tercik o praiméru
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10 mm usazen na molybdenovém drzaku. Na tento drzak je pfiveden elektricky potencial (= + 5 kV),
ktery urychluje termoemisni elektrony ze zhaveného wolframového vldkna umisténého naproti
teréiku. Mezi vlaknem a HOPG terem se nachazi valcova elektroda slouzici k fokusaci elektront do
stiedu terce, Vviz schéma na obrazku 15a). Pii této konfiguraci bylo dosazeno vyznamného ohfevu
sttedu HOPG terce, z kterého sublimovaly uhlikové ¢astice. Na obrazku 15b) je fotografie vnitini ¢asti
zdroje atomu uhliku s kruhovym HOPG ter¢em, kde je patrné odpafeni jeho centralni ¢asti. Jednou
Znevyhod tohoto ohfevu je vznik parazitnich iontd vlivem srazky urychlenych elektrona
S vypafovanymi ¢asticemi. Maximalni energie téchto ionti je dana rozdilem potencidlii mezi kaliSkem
(tercem) a vzorkem. Tyto ionty mohou negativné ovlivnit vznik ultratenkych vrstev a nanostruktur.
Z téchto diivodt je ndmi navrzeny zdroj vybaven deceleracni elektrodou, ktera je umisténa u vystupu
ze zdroje. Na ni ptivedeny elektricky potencial (= + 5 kV) dokaze odfiltrovat zminéné parazitni ionty.
Na obrazku 15cC) je fotografie realizovaného vysokoteplotniho zdroje atomu uhliku vyuzivajici
k ohfevu fokusovany svazek urychlenych elektroni.

a) c)

HOPG terd Elektroda Vidkno Kobmitor Deceleralni elektroda

= eI ..
- . . '.
o~ 0= Vg o
~ ..
a4 N
.5 kV = +100 V S A
. Alom “» Diektron . Jlom

Obrazek 15: Zdroj atomt uhliku vyuZivajici k ohfevu fokusovany elektronovy svazek, a) schematické uspotadani elektrod
uvniti zdroje, b) fotografie HOPG kruhového terée v centru lokalné odpafeného fokusovanym elektronovym svazkem,
c) fotografie realizovaného zdroje vyvinutého na UFI FSI v Brné.

Vyse dva uvedené zdroje atomi uhliku jsou V sou¢asné dobé& uzivany studenty na Ustavu
fyzikalniho inzenyrstvi, FSI VUT v Brné ke studiu rtstu grafenu v UHV podminkach. Navic by mély
byt v budoucnu uzity k fizenému dopovani nanostrukturnich materialt, napfiklad GaN nanokrystali.
Podrobngjsi popis konstrukce a realizované experimenty uZzivajici tyto zdroje nalezneme
v zavérecnych pracich studentd studijniho oboru Fyzikalni inzenyrstvi a nanotechnologie [43-45].
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4.3.1 Specialni zdroje atomi

Nekteré latky se za normalnich podminek v ptirodé vyskytuji v molekularni podobé (naptiklad Ho,
O2, N2 a dalsi). Pro ziskani atomarniho svazku z téchto molekul je nutno provést nejprve jejich
disociaci. Toho lze dosahnout dodanim disocia¢ni energie molekule. Disociaci molekul Ize realizovat
napiiklad pomoci vysoké teploty (pyrolyza), svétlem (fotolyza) nebo pomoci srazek elektront
V plazmatickém vyboji. Dal$i moznosti je vyuziti katalytického rozkladu molekul béhem jejich dopadu
na vhodny povrch trysky [46]. V mnoha chemickych reakcich hraji pravé atomy a radikaly dileZitou
roli, a to kvili jejich vysoké reaktivité. Napiiklad atomy kysliku mohou hrat dulezitou roli jak pii
tvorbé oxidovych ultratenkych vrstev (tzv. high-k) [47] tak i pfi nizkoteplotnim ¢isténi povrchu
(obdobné se uzivaji atomy vodiku) [48]. Pii nizkoteplotnim ¢isténi reaguji atomy kysliku s uhlikovymi
necistotami za tvorby plynného CO a CO», ktery desorbuje z povrchu. Svazky atomu disociovanych
molekul nachazeji také perspektivni uplatnéni pii epitaxnim rustu vrstev, kdy béhem soucasné
depozice (pomoci jinych atomarnich svazki) chemicky reaguji a vytvaieji ultratenké vrstvy. Tyto
reakce by za danych podminek nenastavaly. Jako ptiklad 1ze uvést rist GaN polovodicovych vrstev,
pii kterém se kombinuji svazky atomi dusiku a atoma Ga.

Nami navrzeny a realizovany zdroj atoma vodiku pfedstavuje zastupce zdroju atomt vyuzivajici
k disociaci princip pyrolyzy. V tomto piipadé je do zhavené wolframové kapilary (2 000 °C) o
vnitinim praméru 3 mm ptiveden plyn molekularniho vodiku. Vlivem této vysoké teploty dochazi pti
interakci molekul vodiku s horkym povrchem wolframové kapilary K jejich disociaci. Uvedenym
zptsobem vzniklé atomy proudi efuznim tokem do UHV komory smérem na vzorek. Schematické
usporadani zdroje je uvedeno na obrazku 16. Zhaveni kapilary, na kterou je pfivedeno vysoké napéti
(2 kV), je realizovano dopadem urychlenych termoemisnich elektronti pochazejicich ze zhaveného
wolframového vlakna. Vyménou wolframové kapilary za iridiovou lze pfeménit zafizeni K produkci
svazku atomu kysliku.

~ Chladici Izolujici Viakno emitujici  Filtraéni elektroda
maswv keramika !Kapdara elektrony 7/

Vzorek
Molekuly plynu

Chiadici
kapalina

-

Obrazek 16: Schéma termalniho disocia¢niho zdroje atomti vodiku s wolframovou kapilarou, ktery je uzptisoben pro
uziti v rastrovacich elektronovych mikroskopech.

Uvedeny termalni disociaéni zdroj atomi vodiku je uzplisoben pro wuziti v elektronovych
mikroskopech a je vybaven brzdnou (decelera¢ni) elektrodou, kterd omezuje vystup parazitnich iontt
vznikajicich pfi interakci atomt a molekul s elektrony. Fotografie uvedeného disocia¢niho zdroje
atomu, ktery je evidovan jako funk¢ni vzorek VaV ID 154978, a nami vyhotovené elektronické
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ovladaci jednotky je na obrazku 17. Podrobnéjsi popis zapojeni ovladaci elektroniky lze
nalézt bakalatské praci [49].

SHV pruchodka SHV pruchodka
(napéti 2 kV na W kapildru) (napéti 2 kV odstifiujici lonty)

UHV ventil Vodou chlazené médéné

télo zdroje Ovladaci jednotka

Proud viaknem

Termodlanek
\\\ .

.

Obrazek 171: Fotografie realizovaného termalniho disocia¢niho zdroje atomu s elektronickou jednotkou. Zdroj je
navrzeny pro piimé pozorovani interakce atomii vodiku s materialy v rastrovacich elektronovych mikroskopech (funk¢ni
vzorek VaV ID 154978).

K ziskavani intenzivnich atomarnich svazka lze vyuzit vysokofrekvenéniho (VF) plazmatu. Jako
pfiklad uvadim nami navrZeny a realizovany plazmovy indukéné buzeny VF zdroj atomt vodiku,
kysliku a dusiku, viz jeho 3D model na obrazku 18. Tento zdroj se sklada z PBN disocia¢ni komory,
kolem které je navinuta médéna trubicka slouZici jako civka. Na tuto civku je ptivadéno VF napéti
(13,56 MHz) o vykonu az 500 W, které uvniti PBN disociaéni komory umozni vznik indukéné
buzeného plazmatického vyboje. V tomto vyboji dochazi k disociaci molekul, které nasledné proudi
efuznim tokem ptes multikolimator (soustava mikrokanalkd, viz obrazek 9) do komory smérem na
vzorek. Béhem vyboje médénou dutou trubickou (sto¢enou do tvaru civky) proudi voda zajistujici
odvod tepla z okoli vybojové komory. Mezi VF atomarnim disocia¢nim zdrojem a VF napétovym
generatorem je umisténa nami navrzena vyrovnavaci elektronicka jednotka. Ta je slozena ze dvou
laditelnych vysokonapétovych kondenzatort, které slouzi k vyrovnavani impedance mezi vybojovou
komoru a generatorem (0 dané impedanci Z =50 Q). Tim je zajisStovano dodavani maximalniho
vykonu do vybojové komory. Tlak plynu ve vybojové komote je regulovan UHV napoustécim
ventilem.
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Obriazek 18: 3D model VF disocia¢niho zdroje uzivajici k disociaci molekul indukéné vazané plasma. Ve vyiezu je
fotografie ¢ela zdroje se zapalenym plazmatickym vybojem dusikového plynu.

Nami navrzena konstrukce umoziuje snimat optické spektrum plazmatu béhem jeho zazehnuti,
¢imz lze monitorovat zastoupeni jednotlivych ¢astic. Ukazka typickych optickych spekter béhem
provozu VF disocia¢niho atomarniho zdroje pro jednotlivé plyny (vodik, kyslik a dusik) je na
obrazku 19. Podrobnéjsi popis konstrukce tohoto typu atomarniho zdroje a konstrukce vyrovnavaci
jednotky je uveden v bakalatské praci [50].
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Obrazek 19: Ukazka optickych spekter z VF plazmatického vyboje pro plyny: a) vodik, b) kyslik, ¢) dusik.
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5. Iontové-atomarni svazkové zdroje

Vysledné vlastnosti ultratenkych vrstev a nanostrukturnich materiald deponovanych pomoci
atomarnich svazkl lze do znané miry ovliviiovat soubéznym tokem atomu a iontl na vzorek.
Parametry asistujicich iontd pii ristu vrstvy (jejich energie, intenzita, thel dopadu a druh) maji zna¢ny
vliv na vysledné vlastnosti nanostruktur (zrnitost, morfologie,...). ZvySena energie iontl mize
spoustét chemické reakce s povrchem, nebo s asistujicim atomarnim svazkem, které by za danych
podminek viibec nenastavaly. Za ucelem studia vlivu dopadu ionti na rist GaN byly navrzeny a
sestaveny unikatni iontové-atomarni zdroje poskytujici svazky atomt Ga a iont dusiku N2*. Zakladni
usporadani zdroje je obdobné jako u zdroje atomli s ohievem pomoci dopadu urychlenych
termoemisnich elektrond (¢ast 4.2). Podstatny rozdil je ale v umisténi ionizaéni miizKy uvnitt zdroje,
a to mezi wolframovym vldknem a kaliSkem. Navic je mozno do vnitini ¢asti zdroje napoustét plyn
N2 nebo Ar. Schéma uspoiadani iontové-atomarniho zdroje je zobrazeno na obrazku 20a). Wolframové
vlakno, které je umisténo na plovoucim potencialu (-50 V), je Zhaveno prichodem proudu. Potencial
na ioniza¢ni mfizce (+50 V) urychluje termoemisni elektrony z povrchu vlakna smérem do prostoru

M7V

ioniza¢ni miizky. Jejich energie je zvolena tak, aby pravdépodobnost ionizace plynu byla maximalni.
Elektrony vystupujici z ioniza¢ni miizky na druhém konci jsou potencialem kalisku urychleny a pfi
dopadu na kalisek zptisobuji jeho ohfev, a t0 az na teplotu vypatovani uvnitf umisténého materialu
(Ga). Vyparované atomy (Ga) proudi efuznim tokem zdrojem smérem na vzorek. V prostoru ioniza¢ni
miizky je ur€ité mnozstvi téchto vypafovanych atoma spolu s molekulami (atomy) napousténého
plynu ionizovano srazkou s elektrony. lonty vzniklé v prostoru ioniza¢ni miizky se pohybuji
termalnim pohybem, protoZe se nalézaji v prostoru s konstantnim potencialem. Pokud se dostanou az
k jejimu pfednimu okraji, jsou vlivem rozdilného potencialu na extrakéni elektrod¢ urychleny ze zdroje
smérem na vzorek a soustavou elektrod na vstupu do kolimatoru fokusovany. Timto zptisobem
ziskdvame svazek slozeny pfevazné z atomi (Ga) a iontd (N2*). Intenzitu iontového svazku lze
regulovat fokusaci (defokusaci) iont a energii iontd zménou elektrického potencialu (oproti

uzemnénému vzorku) na ionizacni mfizce.
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a) Extrakéni  Fokuzadni
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Obrazek 20: Iontoveé-atomarni zdroj uzivany k riistu GaN ultratenkych vrstev a nanokrystald, a) schematické uspotadani,
b) 3D model (Patent 303867).

Popsané uspotadani iontové-atomarniho zdroje umozni jeho provoz v nasledujicich médech:

1) efuzni cela, ii) iontovy zdroj, iii) iontové-atomarni zdroj. Podrobny popis konstrukce a funkce
iontové-atomarniho zdroje nalezneme v ptilozenych ¢lancich v kapitolach 5.1.1 a Chybal! Nenalezen
zdroj odkazii..

V soucasné dobé je iontové-atomarni zdroj aktivné uzivan studenty UFI FSI VUT v Brné k ristu GaN
ultratenkych vrstev a nanokrystalt za nizké teploty T < 200 °C, pfi¢emz teplota rastu pfi komercné
uzivanych CVD technologiich je cca 1 000 °C. Morfologie ristu GaN vrstvy zavisi silné na poméru
poctu atomii (Ga) ku poctu iontt (N2*) ve svazku. Ionty pii dopadu na povrch vzorku reaguji s atomy
Ga a vytvafi vazbu Ga-N. Takto vytvofeny dimer Ga-N ziistava na misté (ma velmi malou difuzi po
povrchu) a vytvaii tenkou vrstvu, zatimco samotné galium difunduje po povrchu snadno. Proto tedy
Ga atomy, které nereagovaly s dopadajicimi dusikovymi ¢asticemi, migruji po povrchu a za¢nou tvorit
ostruvky Ga. Na takovyto ostriivek dopadaji ionty dusiku a reaguji s Ga (vytvaii Ga-N dimer). Tento
Ga-N dimer snadno difunduje po povrchu Ga ostriivku k povrchu substratu, kde dochazi k formovani
krystaltt GaN. Schéma rtstového procesu probihajiciho na povrchu substratu pii teploté 200 °C béhem
dopadu atomti Ga a iontd dusiku N2* 0 energii 50 eV je zobrazeno na obrazku 21. Chceme-li ziskat
hladkou vrstvu GaN, musi na povrch substratu dopadat vice iontti dusiku. Pokud chceme ziskat jen
krystaly GaN, musime nejprve nartst Ga ostruvky a ty posléze vystavit iontim dusiku. Tato metoda
pfipravy nanokrystali GaN se nazyva nizkoteplotni kapkova epitaxe (Low Temperature Droplet
Epitaxy). Opakovanou stiidavou aplikaci svazki atomti Ga a iontl dusiku lze ,kultivovat® tyto
nanokrystaly a regulovat jejich velikost. Tohoto principu bylo vyuzito k selektivnimu ristu
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usporadanych matic GaN nanokrystalti. Detaily vyse popsanych principti a experimenti jsou podrobné
popsany v piilozeném ¢lanku 5.1.3 a také v zavéreénych pracich studentd UFI FSI VUT v Brné [10,
51-55].

® Ga
®N

wae 1T 99 o9 7, foongmer
gt ?r??’y ?’;”’U/

.....

GaN vrstva Rist GaN
Ga ostriivek krystaiu

Obrazek 21: Schematické znazornéni ristu GaN vrstvy pii vyssi teploté substratu T > 200 °C. Tento proces je fizen
rozdilnou difuzi GaN dimerdl, Ga atomil a Ga ostrivkl po povrchu substratu.
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5.1.1 Clanek ¢&. 4 — Iontové-atomarni svazkovy zdroj s ultranizkou energii (30-200 eV)
iontd pro depozici za asistence iontovych svazki v ultravysokém vakuu

Autori:
J. Mach, T. Samofil, S. Voborny, M. Kolibal, J. Zlamal, J. Spousta, L. Dittrichovd a T. Sikola
Review of Scientific Instruments [online]. 2011, 82(8), 083302. Dostupné z: doi: 10.1063/1.3622749.

Abstrakt:

Prispévek popisuje navrh a konstrukci zdroje iontové-atomarniho svazku s optimalizovanym
generovanim iontti pro depozici pomoci iontového svazku za podminek ultravysokého vakua (UHV).
Zdroj kombinuje efuzni celu a elektronové srazkovy zdroj ionti a poskytuje svazky iontt o ultranizké
energii v rozsahu od 30 eV do 200 eV. SniZeni energie iond na hypertermalni hodnoty (= 10! eV) za
optimalizovanych podminek bylo dosazeno hlavné pomoci za¢lenéni ioniza¢ni komory s dostatecné
perforovanou miizkou vhodnou pro elektronové a iontové svazky. Timto zpusobem byla fadové
dosazena energie 10! eV a proudové hustota dusikovych iontt ve svazku 10 nA/cm?. Zdroj je schopen
zajistit rast ultratenkych vrstev nebo nanostruktur pfi ultranizkych energiich s rychlosti ristu nékolika
ML/h. Zdroj iontové-atomarnich svazki bude prednostné uzivan k syntéze GaN v podminkach UHV.
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The paper describes the design and construction of an son-atomic beam source with an optimized
generation of ions for on-beam-assisted deposition under ultrahigh vacuum (UHV) conditions, The
source combines an effusion cell and an electron impact jon source and produces son beams with
ultra-low energies in the range from 30 eV 1o 200 eV. Decreasing 1on beam energy to hyperthermal
valwes (210" eV) without loosing optimum joaization conditions has been mainly achieved by the
incorporation of an loaization chamber with a grid transparent enough for electron and jon beams, In
this way the energy and current density of nitrogen ion beams in the order of 10" eV and 10" nA/em?,
respectively, have been achieved. The source is capable of growing ultrathin kayers o nanostructures
at ultra-low encrgies with a growth rate of several MLs/h. The on-atomic beam source will be pref-
erentially applied for the synthesis of GaN under UHV conditions. © 2011 American Institute of

Physics, |30i:10.1063/1 3622749)

1. INTRODUCTION

During the last two decades jon  beam  assisted
deposition’* (IBAD) has become a powerful method for an
improvement of properties of thin films including their ul-
trathin variants (less than 10 am thick) and multilayers.’ In
this method, assisting ions simubancously bombard the grow-
ing layers being deposited cither by vacuum evaporation or
sputtering. Generally, assisting ion beams bring an excess en-
ergy with respect o conventional evaporation and sputlenng
methods. Henoe, they provide higher mobility of adatoms and
non-cquilibrium coaditions of the film growth which leads 1o
a modification of parameters of the resulting films. For in-
stance, assisting ions were used for a better development of
polycrystalline stroctures and imposing a peeferential orienta-
tion of thin film grains, improvement of surface smoothoess
of ultrathin flm interfaces,” enhancement of in-planc mag-
metic anisotropy,” and low-temperature synthesis of materials
mot achievable by comventional near-equilibsium methods.”*
As an example of such a synthesis, low temperature GaN
ultrathin films prepared by IBAD can be mentioned.” Con-
trary 1o the conventional synthesis of GaN thin films by met-
alorganic vapor phase epitaxy demanding as high lempera-
tures as 1000°C, the employment of assisting nitrogen ions
(<200 eV) in the IBAD method enabled us to prepare these
films at substrate temperatures below 500 °C.

To carry out IBAD a sctup combining two devices is com-
monly used: an evaporator or sputtering facility for defivenng
atoms of a fundamental thin film material and an jon beam
source providing assisting jon beams. This makes the method
more complicated and expensive in comparnison 1o single de-
position methods as vacuum beam evaporation and sputienng
deposition (using magnetron or ion beam source ),
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82, 083321

In Ref. 9, a commercially available gun gencrating both
atomic and 1on beams was reported. The gun is mounted on &
single flange and its design is based on well known c-beam
cvaporators of the company Omicron. Availability of both
atomic and jon beams makes it possible to carry out [BAD
of ultrathin films by the singk compact device, However, the
energy of assisting ions was able to vary only from 700 eV to
900 ¢V. Such relatively high energies Jead 10 Jocal defects in
growing layers and not to negligible resputtering of thin flm
atoms, In addition 1o that, clectron-impact jonization was not
optimized here as the electron energy was too high (hundreds
of ¢V mstead of =100 eV at which the jonization cross sec-
thon is maximal) and so ion beam current densities provided
by this gun were relatively small. In this paper we describe
a similar on-atomic beam source with an oplimized genera-
tion of joas and enabling 1o decrease the ion beam energy to
hyperthermal values without loosing optimam ionization con-
ditions. In this way the ion beams of as low hyperthermal ion
energy as 30 eV have been achieved. The ion-atomse beam
source has been peeferentially designed for the preparation of
Ga and GaN thin films under UHV conditions.,

IL PRINCIPLES OF THE ION-ATOMIC BEAM SOURCE

The ion-atomic beam source designed in oar group is
capable of medification of surfaces and deposition of wltm-
thin films under assistance of hyperthenmal jons (<100 ¢V),
Similar to the source described in Ref. 9. our source pro-
duces a mixture of atoms and ons and, hence, combines
an effusion cell generating beams of thermal atoms and an
clectron-impact-ion beam source. Contrary 1o the source in
Ref. 9 producing ions of a typical encrgy of 700-900 eV, our
source gemerates ultra-low energy ion beams in the energy
range from 30 ¢V to 200 eV. A schematic of the source s
shown in Fig. 1.

© 2011 Amercan Institute ol Physics
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Electrons having initial energies 0,11 ¢V are emitied
from a heated tungsten flament (resistive heating, Iy = 2.6 A)
and accelerated by a voltage of ~100 V towards a gnd form-
ing walls of a cylindrical ionization chamber (an envelope of
an wonizer), and consequently enter the ionization area. The
stainless steel grid defines both a constant potential inside the
lonization chamber and an acceleration voltage between
the cathode filament being at a floating potential and the grid.
In this way clectrons can collide with neutral atoms inside
the sonization chamber at a well defined energy optimized to
the most effective onization (1.¢., the highest ionization cross
section). According to Ref. 10, for mast of inert gases, such
an energy & close 10 100 eV (see below). Additionally, the
potential of the ionization chamber defines the energy of jons
at the carthed target (ion energy at the target is defined by the
potential difference between the place of ion creation and the
target). This fact together with the floating potential of the fil-
ament makes it possible to change the target ion beam energy
while keeping the electron energy close 1o 100 eV and, hence,
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to the most effective jonization conditions, The implemen-
tation of the ionization chamber having a potential defined
by the gnd and the Aoating potential of the cathode represents
the most signaficant design features distinguishing our source
from that one defined in Ref. 9.

Other clectrons not interacting with atoms go through the
grids of the iopization chamber and are post-accelerated to-
wurds the crucible being at the typical potential U, = 1000 V
(Fig. 1), In this way the crucible is heated by electron bom-
bardment o a temperature sufficient for the evaporation of
a material inside the crucible, The evaporated atoms having
thermal energy (0.1-1 eV) pass through the gnid of the won-
ization chamber by an effusion flow along straight trajecto-
ries towards the target. The gas is introduced into the source
through an UHV valve, the pressure in the main chamber is
commonly p = 10~7-10"" mbar. lonized gas atoms together
with the atoms evaporated from a crucible form the major
constituents of the beam, The positive jons generated in the
tonization chamber are extracted by an extraction electrode
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G 2. 3D model of the fon atomse beam source and the cross section of the sowece body.
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being ar a negative posential towards the carth, Additionally,
the negative potential al the extraction electrode influences the
profile of the ion beam,

1. DESIGN OF THE ION-ATOMIC BEAM SOURCE

The mechanical design of the source is shown via a 3D
model and a cross section of the source in Fig. 2. The source
body is made of free oxygen copper having high beat con-
ductivity. The thickness of the body wall is 4 mm. The body
is cooled down by water running through two cooling pipes
fastening the body 10 a DN #0 CF flange simultancously. All
the clectrical feadthroughs and a gas inlet tube are incorpo-
rated into this flange. The tbe is terminated by a DN 16 CF
flange for conmecting a UHV dosing valve, The crucible is
made of molybdenum and attached 10 a high voltage clectri-
cal feedthrough isolating it electrically from the body. The
feedthrough can be moved aloog the loagitudinal axes of the
body in order 10 optimize the distance of the crucible from
the gnd wall of the jonization chamber (iontzer grid). This
distance can be changed in the range of Al = 20 mm.

The cylindnical sonizer grid is made of stainless steel and
has the length [ = 40 mm and diameter ¢ = 22 mm. The
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grid mesh size is 1.5 x 1S mm’. The grid is attached 10
an clectrically isolated screw rod which enables to change
s distance from the filament and thus to optimize the emis-
sion of clectrons. Between the grid and the inner body wall
an additional cylindrical electrode is inserted to better soreen
off the zero wall potential (grounded source body) and, thus,
the relevant feld which would pesetrate through the mesh.
The thoriated tangsten filament (diameter @y = U150 mm,
active length | = 60 mm) is spot-weldad 10 two special low
voltage feedthroughs mounted to u front cover of the source
body. The ion beam is extracted by an extraction clectrode.
To further modify the parameters of Jon and atomic beams a
varable aperture can be placed in front of the extraction eloc-
trode.

IV. EXPERIMENT

The fon-atomic beam source has been tested and opti-
mized for the two distinct ultra-dow jon encrgy ranges as
follows,

A. 100 eV-200 eV ion beams

The encrgy of ions hitting the target is determined by a
potential difference between the place of their onigin (poten-
tial defined by the grid of the ionization chamber) and the
target. The probability of jonization of atoms by an electron
collision process depends on clectron energy. In the case of
Ar and N; the lonization cross sections have their maxima
at about 100 eV."'! The position of each functional part of
the source was optimized by simulations of sn and clectron
trajeclonics using an EOD software package.”” The corre-
sposdding trajectories of Ny™ jons (starting from fromt grid)
and electroes (between filament and crucible) are depicted
in Fig. 3, In the simulatioes the starting positions of lons
and edectrons were defined at the front wall of the ioaization
chamber (with respect to the filament) and at the filament,
respectively. The simulations revealed that the trajectories of
electrons were strongly dependent on the flament position.
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HIG. 4. (Color online) Dependence of the emission cheowon curment on the Slament curment for dfferont grsd voltages (a). dependesce of the emibalon electron
curmest on the grad posennal for the comtant Blamnest cument Iy = 5.6 A (b). The poteatial of e crucible wis Kept revo.
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and two differomt crucible posertials £, (a), the resulting enorgy datribonon of loms in the boam ()

Consequently, the flux of clectrons bombarding the cru-
cible was significantly affected by the filament position as
well. Depending on it, up 1o 20% of electrons emitted by the
filament managed to pass through the ionizer grid and reached
the crucible. Hence, the distance between the filament and the
front wall of the grid has to be exactly adjusted.

The value of the emission electron current influences
both the target ion current and the heating power delivered
to the crucible. The experimental dependence of the emission
current on the filament current (resistive heating) for differ-
ent values of grid voltage and a work pressure of 5 x 1077
Pa is shown in Fig. 4a). The emission current goes down
with the decreasing filament current and significantly with the
rid voltage. Hence, to provide a reliable operation of the jon
source the gnd voltage shoukd be 80 ¢V or higher, at opti-
mum. The dependence of the emission electron current on the
gnd voltage for the same pressure as in the case of Fig. 4(a)
and a1 a constant filament current of 5.6 A is shown in
Fig. 4(b).

10

FIG & Nutrogeno-bos beam energy datridesion for two @ Beront soreening
clectrode potentials (Ugy = MOV, U, = 100 V),

The peoperties of thin flms strongly depend on the ion-
to-atom arrival ratio and energy of wons. To measure both the
ion beam current and the jon-beam encrgy a Faraday cup
placed 150 mm far away from the source exit aperture was
used.

The bon encrgy distribution was measured using a retard-
ing field generated by a deceleration electrode of the Faraday
cup put at a positive potential. The dependence of nitrogen
wn-beam current on the potential of the deceleration elec-
trode for an soa beam accelerated by a voltage of 100V (U
= 100 V) and two differcmt crucible potentials (U, = 0V anl
1000 V) is shown in Fig. 5(a). The emergy dispersion curve
of nitrogen joas obtained by the derivative of this dependence
according to the potential is shown in Fig. 5(b), The encrgy
of the ion beam and the energy spread of its jons defined by
the full-width at half maximam of the energy dispersion curve
were ~ 100 ¢V and 6 eV, respectively, for both values of the
crucible posential. Hence, the electrostatic fickd gemerated by
the crucible is sufficiently screened off by the grid of the ion-
wation chamber.

U 400V
U, =300 V!

%
g - 200 V)
- e

U, =100V
L,=58A
P=2x10"Pa

v

¢
Z [mm)

A L v
-%0 -0 -0 » x »

FIG. 7, (Cokee valine) Current poofifies of & 100 ¢V ion beam for differon
extraction electrode potontials, messured by a Paraday cep (g = 2 x 1074
Po AU OV k= SEA U, =30V,
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The influence of the screening electrode potential on the
energy of mitrogen-fon beam and its energy distribution is
shown in Fig. 6. The lower cnergy of sons for U, =0V
results from a decrease of the potential inside the ioniza-
uoa chamber due 1o the penetration of the electrostatic field
through the grid towards the grounded soarce body, A wider
energy spread of jons at zero voltage on the screening ebec-
rode (=7 ¢V) is caused by a lower homogeneity of the ficld
potential inside the ionization chamber than in the case of U,
= 100V,

The mitrogen ton beam profiles measured by the Faraday
cup at a distance of 150 mm from the exit source aperture
for an iom beam energy of 100 ¢V and different potentials on
the extraction grid are shown in Fig. 7. The results revealed

grid-Slaencen voltage dffercace AU = OV,

a strong divergence of the ion beam. To reduce i, a focusing
electrode has o be installed yet.

B. Hyperthermal ion beams (<100 eV)

Due to resputtering processes and defect formation dur-
g o beam assisted deposition the energy of assisting ions
should be kept at specific lower emergies for which these ef-
fects are limited, but assisting ions still bring enough excess
emcrgy. In practice, such encrgics cormespond to a hyperther-
mal energy region, i.c., to the values below 100 eV.* 10

To provide such hyperthermal jon beams, the potential
of the grid must be approximately kept at the same nomi-
nal values in volts as the required ion epergy a1 a target in
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clectronvolts is planed, i.c., below 100 eV. Hence, 1o keep
the energy of jonizing electrons at the most effective values
(=100 ¢V), the filament must be electrically floating, so that
its potential could be set 10 negative values with respect 1o
ground, and thus the potential difference between the gnd and
the filament is kept at AU == 100 eV. However, 10 screen off
the grounded body of the source being positive towands the
flament (and so attracting the electrons emitting from the fil-
ament), an additional shiclding electrode around the filamen
had to be installed.

To demonstrate the effect of the shiclding electrode the
EOD simulations of ¢lectron trajectonies emitsed from the fil-
ament without and with the electrode are shown in Figs. 8(a)
and 8(b), respectively, for Uy = S0 V. The electrode, the po-
tential of which was set 10 the value of the filament potential
(250 V). prevents the electrons from himting the body and
promotes their aiming towards the grid and, consequently, to
the crocible. In addition, the shiekling clectrode reduces the
nfluence of the gnid potential, determining the 300 encrgy o
the targel, on the emission electron current as can be seen in
Fig. 8c¢).

The encrgy distribution curves of nitrogen jons measuared
by the same retarding field methods as mentioned above for
different grid potentials (30-100 V) determining the energy of
ons and for the constant grd-filament voltage AU = 100 V
are depicted in Fig, 9. The differences in mominal values be-
tween the grid potentials and the energies of peak maxima
are caused by distinet potentials at the walls of the jonization
chamber (grid) and inside this chamber.

The profiles of ultra-low encrgy nitrogen jon beams mea-
sured by the Farmday cup were of a similar broaxd shape as
those shown in Fig. 7.

As expecied, for the Jowest jon-beam energies the jon
beam current grows with the Kinetic energy of ions.

Dependence of nitrogen son-beam current density on the
grid potential for specific values of operational parameters is
shown in Fig. 10. The current density is in the order of tens of

Rev. Sci. instrum. 82, 083302 (2011)

UM

RG, 10, Depeadonce of nrogen won-beam cement dnsiny on $he grid po-
sentiad (= 2 % 10 P AU = 100 VL

nAlem? for energies not exceeding 100 ¢V. This corresponds
10 the flux densities of 10'°-10" jonskem? s, Compared 1o the
typical atomic fluxes provided by the effusion of atoms from
the crucible of our source (or other corresponding cffusson
cells of this size) these values are abowt 10° <107 smaller.
Hence, 10 use the son-atomic beam source described in this
paper for the ion-beam assisted deposition of nitrogen com-
pounds (¢.g., GaN), the source must be equipped with a fo-
cusing clectrode providing higher current densities over the
sample arca (=1 ¢cm?). Suppasing most of the ions would be
focused by this clectrode. the jon current densaty would in-
crease in one order of magnitude, i.c., 0 107-10" loasiom? s
whach makes it possible to grow ultrathin layers or nanostnac-
tures (c.g., manodoss) at ulira-bow encrgies with a growth rase
of several MLs/h,

V. CONCLUSION

An ion-atomic beam source with an optimized gener-
ation of wes and enabling decreasing jon beam energy (o
hypenhemnmal values (=10 ¢V) has been designed. This has
been maanly achieved by the incorporation of an joaization
chamber, the grid walls of which are transparent enough
for electron and jon beams. The optimal energy of clectrons
with respect 10 sonizaton efficiency 18 controlled by the
voltage difference between the grid and the filament. As the
potential of the grd determines the energy of the son beam
at the grounded target as well, the filament potential muist be
floating towards the carth, In this way the energy and current
density of nitrogen ion beams of the order of 10' ¢V and
10" nAfem?, respectively, have been achieved. Supposing the
source is equipped with a focusing electrode providing higher
current densitics over the sample, the growth of ultrathin lay-
ers or nanostructures ot ultra-low energies with a growth rate
of several ML/ is possible. The ion-atomic beam source will
be preferentially applied for the deposition of Ga and GaN
ultrathin films and nanostrectures under UHV conditions.
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5.1.2 Clanek &. 5 — Optimalizace iontové-atomarniho zdroje pro depozici GaN
ultratenkych vrstev
Autofri:

J. Mach, T. Samofil, S. Voborny, M. Kolibal, J. Zlamal, S. Voborny, M. Bartosik a T. Sikola
Review of Scientific Instruments [online]. 2011, 82(8), 083302. Dostupné z: doi: 10.1063/1.3622749.

Abstrakt:

V ¢lanku je popisovana optimalizace a aplikace iontové-atomarniho svazkového zdroje urc¢eného pro
depozici ultratenkych vrstev v ultravysokém vakuu. Zatfizeni kombinuje efuzni celu a elektronové
srazkovy iontovy zdroj a vytvaii iontové svazky s velmi nizkou energii (20-200 eV) a soucasné
produkuje termalni atomarni svazky. Zdroj byl vybaven systémem fokusacnich elektrostatickych
elektrod zvysujici maximalni hustotu proudu iontd dusiku ve svazku o praméru cca 15 mm o jeden fad
(j = 1 000 nA/cm?). Bylo tispésné dosazeno riistu ultratenkych GaN vrstev na substratu Si(111) 7x7
pfi riznych Casech a pfi teplotach vyrazné nizsich (RT, 300 °C) neZ je uzivand v konvencnich
technologiich jako je metalorganické chemické depozice z plynné faze (= 1000 °C). Chemické slozeni
téchto vrstev bylo charakterizovano in-situ rentgenovou fotoelektronovou spektroskopii a morfologie
ex-situ pomoci rastrovaci elektronové mikroskopie. Ukazalo se, ze morfologie vrstev GaN siln¢ zavisi
na relativni koncentraci vazby Ga-N ve vrstvach.
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We describe the optimization and application of an son-atomic beam soarce for ion-beam-assisted
deposition of ulteathin films in ultrahigh vacusm. The device combines an effusion oell and clectron-
impact don beam source o prodice ultra-dow energy (20-200 ¢V) wn beams and thermal atomic
beams simultancously. The soarce was equipped with o focusing system of electrostatic electrodes
increasing the maximum nitrogen ion current densaty in the beam of a diameter of =15 mm by one
order of magnitude ¢/ = 1000 nAfeny’ ), Hence, o successful growth of GaN ultrathin films on Si(111)
7 % 7 substrate surfaces #t reasonable times and temperatures significantly bower (RT, 300 °C) than
in conventional metalorganic chemical vapor deposition technologies (== 1000 °C) was achicved. The
chemical compasition of these films was characienized in it by X-ray Photoclectron Spectroscopy
ancl moepbology ex sitw using Scanning Electron Microscopy. It has been shown that the morphology
of GaN layers stroagly depends on the relative Ga-N bond concentration in the layers, © 20/4 AIP
Publishing LLC. [hipoidx.doi org/10. 1063/1.4892800)

INTRODUCTION

GaN 15 an attractive material for semsconductor indusary.
This material belongs %o one of the most important semicon-
ductors for microckeetronsc and optoclectronic applications
because of its excellent electrical properties such as a wide
direct band gap, high electron saturation velocity, high break
down voltage, et 11 has been widely used in applications
of light emitting devices operating in the blue and ultravio-
k1 (UV) spectral region’ and solar cells bocause of s direct
band gap. Further, high voltage diodes and switching tran-
sistors based on wide band gap materiaks belong to strategic
devices due to their applications in the fiekd of power clectron-
ics used for instance in automotive industry, including electric
vehicles, where an impeoved efficiency in energy comversion
is a fundamental requirement.**

Recently, the attention has been paid 1o the synthesis
of GaN nasostructures such as nanowires and nanocrystals.”
In comtrast 10 2D planar structures, GaN nanowires and
manocrystals are loosely attached 10 substrates and, there-
fore, less affected by the lattice-mismatch. The GaN 2D pla-
mar nanostructures have been commonly prepared using met-
alorganic vapour phase epitaxy (MOVPE) at about 1000°C.
However, such a high temperature growth induces residual
strains in the grown structures being detrimental 10 their prop-
eriaes, As an alternative method for fabrication of 1D-0D
GaN nanostructures, a low temperature (400-800°C) past-
mitridation of Ga droplets by nitrogen plasma source was
reported.”'* Another possibility for Jow lemperature prepa-
mution of GaN thin films and nanccrystals is the ion beam
assisted deposition IBAD (sometimes called IBA-MBE), " *
Due to an excess of the energy delivered by ions to the sub-
strate, this method can improve the adhesion of the grown
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structures and lead to the synthesis of compounds and various
metastable phases at temperatures substantially lower than in
comventional methods,

In IBAD, it &s generally necessary to combine and syn-
chromize two distinct devices: an ion beam source and an
atomic beam source. In this paper, we report on an oplimiza.
tion of a home-bailt ion-somic beam source'® for preparation
of GaN ultrathin films and related 1D-0D nasostructures. The
source produces both a thermal atomic beam of Ga and an
ubtra-low energy (20-200 eV) nitrogen ion beam. Compared
to other techaigues, it is in principle easier to control GaN film
thickness, GaN nanocrystal size and density, and composition
of these structures by this source, as the flux of Ga atoms and
nitrogen sons can be simply and independently varied. In the
paper the ability of the source to be used for preparation of
ultrathin films of GaN at room- and low deposition substrate
temperatures will be demonstrated.

EXPERIMENTAL

The experiments were performed in a complex UHV
apparatas'® enabling in sine analysis of GaN chemical com-
position by X-ray photoclectron spectroscopy (XPS) with-
out exposure of the films to ambicnt atmasphere. XPS was
performed by an experimental setup consisting of DAR40O
Xeray source and a hemispherical clectrostatic amalyser
EAI123 (both Omicron). Al the measurements were carried
oul at room temperature using Mg Ko radiation and the pres-
sure during the measarement was better than 7 x 107 Pa. The
morphology and topography of the samples was observed by a
Scanning Electron Microscopy (SEM) microscope (TESCAN
LYRA). The samples having a size of 10 x 15 mm’ were
cut from a Si(111) wafer doped by phosphorus (specific re-
sistivity 0.029-0.030 Q cm). Subsequently, they were trans-
ferred into the complex UHV apparatus with the base pressare

© 2014 AIP Publishing LLC
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FIG. 1. Design of the ka-atomic boam soarce: (2) crons soction and (b) sirmlation of satrogen ion trajectones (in peak) by the BOD 213 software package.”

3 % 107" Puand thermally flashed by direct resistive heating
up 10 1250 °C (1-2 min in 1otal) to provide the surface with
the SH111) 7 x 7 recoastruction, The strocture and cleanness
of the substrate was checked i siru by Jow-energy-¢lectron
diffraction (LEED) and XPS, respectively.

The substrates were exposed o nitrogen ion- and gallium
atom-beams produced by the home-made jon-atomic beam
source being 13 cm away from the sample, It combines both
an effusion cell and electron impact on-beam source, as can
be seen in Fig. 1. The construction details of the source were
described in Ref. 16, In the source high purity (99.9999%)
nitrogen gas (N,) was used to generate ultra-low energy ion
beams (204200 eV). Thermal encrgy Ga atoms were evapo-
rated from a PBN boat inside & Mo crucible.

The ion-atomic beam source can be operated in three dif-
ferent modes to provide: (1) the beam of thermal Ga neutral
atoms {suppression of ions), (2) pulsed or continuous beam
of ultra-low encrgy nitrogen (aliem. noble gas) jons, and (3)
simultancous generation of Ga atom- and nitrogen koo-beams
(simultancous operation in the 15t and 2nd modes). In the last
hybrid mode an enhanced fraction (=1%) of ionised wltra-
bow energy Ga atoms in the beam is present as well. The work
pressure in the deposition chamber measured by an jon gauge
was iy, = 3 % 10°° Pa. The temperature of the substrate wis
measured by an optical pyrometer (emissivity set to 0.7).

The optimization of this toa-atomic beam source for the
deposition of GaN thin films is discussed below, The typical
thickness of these films was about 2 nm (growth rate 2 nmvh),
therefore we refer 10 them as 1o GaN ulirathin films.

OPTIMIZATION OF THE ION-ATOMIC BEAM SOURCE
The ion-atomic beam source is generally capable of

modifying the surfaces and depositing ultrathin films and

nanostructures. The source can produce a mixture of thermal

Ga atoms and nitrogen ions of an optimum cnergy, However,
before the optimization the ion beam was too wide and its
on current density o low for technology applications, The
nitrogen boo-beam cument density measured by a Faraday
cup for ion beams of the energy £ = 50 ¢V was 35 nAkem? as
described in Ref. 16. To increase the jon current density, two
electrostatic electrodes were designed and implemented into
the front area of this source (Fig. 1(a)). The first electrode acts
as a focusing electrode and the second one as a collimation
tube,

The clectrostatic potential o this tube is able 10 affect
the trajectories of the positive ons leaving the source, whilke
simultancously the ncutral atoms are collimated by tube ge-
ometrical restrictions. The ton beam current measured at the
collimation electrode can be wsed as a flux monitor of atoms
generated by the effusion cell. Additionally, the source was
equipped by an adapter with a shutier, The position of cach
functional part of the source was optimized by simulations of
i00 trajectories using an EOD software package.!” The trajec-
tones corresponding to mitrogen ions are depicted in Fig. 1(b).
In the simulation the starting positions of all joas were defined
af the fromt wall of the somizer grid. The ssmulations revealed
that the trajectories of ions were strongly dependent on the
potential of electrodes, As an example, two ion-beam current
density profiles for different voltage settings on electrostatic
electrodes are shown in Fig. 2. Compared 1o the source with-
out the focusing clectrostatic optics,'* the optimized source
provides by more than one order of magnitudes higher maxi-
mam of the ion current density (7 = 1000 nAfcm®), at least,

Room temperature deposition of GaN on Si111)

First, the optimized ion-atomic beam source was op-
plied for the gromth of ultrathin GaN films at room temper-
ature. Afier the fhash anncaling procedure the Si(111) 7 x 7
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substrates were cooled down 1o room temperature and then
the deposition started. The flux of Ga atoms was pramanly
controlled by the power applied to the crucible, It was foand
that the electron current collected by the crucible was increas.
ing with the growing nitrogen pressure nside the 10a-a0mic
beam source. This increase can be explained by the contriba-
tion of secondary clectrons being emitted upon collisions of
nitrogen jons with the walls of the sonization chamber, For
the GaN deposition two different energies of natrogen ions
(100 ¢V and 50 eV) were used. During the deposition assisted
with 100 ¢V nitrogen ions resputtering of the deposited GaN
layer atoms by these ions was observed. This effect was sig-
nificantly reduced by using 50 ¢V assisting nitrogen ions. The

XPS spectra corresponding to both Kinds of ultrathin films are
shown in Fig. 3. where the significantly different Ga 2p./Si
2p intensity peak mtios are evident,

The chemical composition of GaN films was determined
by fitung the Ga 2p,,. peak. The spectral peak comrespond-
ing to the sample prepared using the ion-atomic beam source
without the electrostatic optics, together with its components
(sub-peaks), is shown in Fig. 4(a), The same is shown in
Fig. 4(b) for the optimized source, Due to the higher current
density of nitrogen soas (=1000 nA cm™?) provided by the
electrostatic electrodes of this source the relative number of
GaN bonds in the GaN film charactenized by the Ga-N sub-
peak increased from an original value of 15%, obtained for

10
- GaN on Si(111)7x7
‘“fa.,\m — E=50 eV
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FIG, 3, XPS spectra of GaN shrathin filess deponited under saistance of S0 eV and 100 ¢V nitsogen ioms 3t RT. Doponition parameten: crucible heating poser

I = 11 W and nitrogen son current density ) = 300 nA cm ™’
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the 00 source without the focusing electrostatc optics, to that
one of 88%.

The experimental peak intensities were obtained from
the measured XPS spectra by a fitting procedure using the
UNIFIT 2006 software package and applicaton of the Voigt
peak profile, and then corrected by a known spectrometer
transmission function.'®

The Ga 2py, peak parameters and their assignment ac-
cording to Ref, 19 are discussed in our previous paper and
summarized in Table I. The fitting parameters of the Ga.Ga
boad were deduced from a 2 ML thick gallium layer on the
Si(111) 7 x 7 substrate prepared without the assisting ni-
trogen ion beam, The chemical shift according 1o the peak
of metallic gallium (AE), Gaussian (GW), and Lorentzian
(LW) widths, and asymmetry parameters of the peak com-
ponents used in the fitting procedure of gallium oxide were
published in our previows paper™ The fit parameters of the
Ga-N bond were determined from the shift of the metallic Ga
2py, peak taken from two distinct samples. The first sample
was prepared by deposition of Ga under the assistance of the
S0 ¢V nitrogen ion beam, the second sample was obtained
by exposure of a Ga layer 1o the 50 eV nitrogen wn beam
(post-pitridation). In both cases, the parameters of the Ga-
N bond (energy shift (AE), Gaussian (GW) and Lorentzian
(LW) width, and asymmetry) were identical. The summary of
the fitting parameters of the Ga 2p,. peak is given in Table L

The morphodogy of GaN films strongly depends on their
chemical composition, namely on the ratio of Ga-N to Ga-Ga
bonds. Such a dependence of surface morpbology is shown
in Figs. 5(a)-5(d). The shift of the Ga 2p,, peak with the

TABLE 1. Fanag parsmetens of the Ga 2p, peak.

Parameten (6V) Ga-Ga Ga-N Ga-O
Energy s 13 2
Clasns width o» 1.3 142
Lecents width 1.7 114 1.7
Avymanetry 0089 0 0
“Relative it nomands the Ga-Ga peak.

8% Ga-N, 82 % Ga-Ga 32% GadN 68 % GaGa

88 % Ga-N 12% GaGa

00
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"n wn " e
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FIG. §. Serface morphology of GaN layens obwerved by SEM ia e cuter
parts of the mitrogen om beam spot s 2 function of their chemcal com-
position (a)4d) and e Ga 2p,, peaksRift development with s inceeas-
ing GaN costent (o). Doposmion paramctons: oracible heating power I* =
1 W, niwogen o cocrgy £ » 50 ¢V, and mtrogen on currest demity
= 300nA cm?

Y
"s " "e

73



Rev Scl Instrum. 85, 083302 (2014)

0833025 Mach of al
10
Gazp | = GaN on Si(111) st 300 °C
w — Ga 2p,, P [
J \ -
0.8+ » f l'l ' |
Ga2p, | \ of Ga:!p\, J |
" K X - ;
Q ' ’,' ‘I. ’ 1
g 06~ - /,’ \ -,\V&’
g B \_'__1 .
& 04- e B e e B Vi B BE W
g oy
1 N
024
0.0 Y v Y v Y v T v
1200 1000 800 600 400
Binding energy (eV)
(a)

(b)

FIG. 6. (2) XPS specuum of the GaN ultrathin Slm deposstiod s 300 °C usder maistance of 50 ¢V mitroges ions (in the lasets the detaled spoctra of Ga 2p,.,
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increasing GaN content s depicted in Fig. S(e). The SEM
images and XPS spectra were taken from the outer areas of
the 50 ¢V nitrogen on beam spot, where the ratio of Ga-N
10 Ga-Ga bonds is not constant and grows towards the centre
due to a rapid increase of the nitrogen ion-beam current (see
Fig. 2). We can see that the istand-growth mode (Ga droplets),
being typical for Ga layers on a Si substrate, changes 1o the
layer-growth mode, typical for GaN, The surface of the pris-
tine Si substrate consisted of closely spaced atomic steps and
narrow terraces due 1o a 0.2 miscot of the surface towards
the (111) plane, The terraces are visible in Figs, S(c) and
5(d), when Ga droplets are replaced by smooth layers with the
prevailing content of the GaN component, as shown by XPS
(Fig. 5(e)).

Deposition of GaN at enhanced temperatures

GaN flms were also prepared 4t a substrate lemperatune
of 300 C which is small compared with temperatures used in
MBE or metalorganic chemical vapor deposition (MOCVD)
growth. Similarly 10 the RT deposition experiments, XPS
spectra confirmed the formation of Ga-N bonds in the lay-
ers (Fig, 6(a)) and their relative concentration increase with
the nitrogen jon flux. Contrary to the RT deposition, the SEM
images obtained by backscaticred clectrons (BSE) revealed
the presence of droplets with a diameter of 300 nm segre-
gated along the individual step edges between neighbouring
terraces (Fig. 6(b)).

The signal provaded by backscanered clectrons ks more
sensitive 1o the elemental nature of sample stoms than that
one related 1o secondary electrons.?’ Therefore, the inlensity
contrast in the BSE image between the droplets and the ter-
races remarkable in Fig, 6(b) indicates that the droplets con-

sist of a different matenial compared to the termaces. As the
GaN tends 10 create smooth layers over terraces (see the RT
deposition and Fig. 5(d)) and the higher coverage of the sub-
strate by these droplets (proportional to the number of the
droplets) comresponds to an increase of the Ga-Ga bonds in the
sample (Fig. 7). one can deduce that the droplets are formed
by Ga soms segregated at the atomic steps acting as auck-
ation ceptres. This is consistent with our previous experiments
2t higher substrate temperatures providing enhanced surface
diffusion of excessive Ga atoms, and thus enabling them 1o
reach these centres, Details of such Ga droplets are shown in

__ I
>/

20 4
4

10 4
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0 Y T Y Y T
e0 e 19 1 20 5

Total area of droplets (%)

PG 7. Dependence of Bhe relative umber of (he Ga-Ga bosds, obesined by
decomposition of the Ga 2p,, peak. oo the dooplet coverage
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Fig. 6(c). Each droplet has a small tail at its borderline with
the substrate (marked in the figure by the amrow), This tail will
be the subject of our mext rescarch.

CONCLUSION

Optimization of an ion-atomic beam source towards pro-
ducing ultra-low energy (20-200 eV) jon beams and ther-
mal atomic beams simultancously has been successfully per-
formed. It is based on attaching a beam focusing system to
the exit of the source combining an effusion cell and electron-
impact jon beam source. The system coasists of two clectro-
static lenses such as a focusing clectrode and a collimation
tube. In addition 1o ions, the tube helps o collimate evapo-
rated meutral atoms as well, The optimization resalted in a
more than onc order of magnitade increase of the maximum
ion cument density ( = 1000 nAfem®) compared to the source
without the focusing clectrostatic optics. This made it possi-
ble to grow GaN ultrathin films on S111)7 x 7 substrate
surfaces at low deposition temperatures (RT, 300 °C) and rea-

It has been shown that the morphology of GaN layers
strongly depends on the relative Ga-N bond concentration
in the layers. The island-growth mode, being typical for Ga
layers on & Si substrate, changes 1o the layer-growth mode,
typical for GaN layers with a sufficient amount of Ga-N
bonds.

Due to enhanced surface diffusion of excessive Ga atoms
at a higher deposition semperature (300 °C), Ga droplets with
a diameter of 300 nm segregate along the step edges between
neighbouring terraces covered by GaN layers.
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5.1.3 Clanek & 6 — Nizkoteplotni selektivni rist krystali GaN na p¥edem vzorovany Si
substrat
Autofri:

J. Mach, J. Piastek, J. Manis, V. Calkovsky, T. Samotil, J. Damkova, M. Bartosik, S. Voborny,
M. Koneény a T. Sikola

Review of Scientific Instruments [online]. 2014, 85(8). Dostupné z: doi:10.1063/1.4892800.
Abstrakt:

V ¢lanku je popsana metoda vyroby poli nanokrystalit GaN pomoci nizkoteplotniho selektivniho
rastu na piedem vzorkovanych kiemikovych substratech pokrytych nativnim oxidem. Vzorkovani
substratii bylo provedeno pouzitim fokusovaného iontového svazku galia (FIB). Za ucelem umisténi
nanokrystalti GaN do specifickych poloh, byly nejprve Ga ostruvky napateny pii teploté 280 °C na
vzorkovany substrat a poté byly post-nitridovany svazkem dusikovych iontt o ultra nizké energii
(50 eV) pti teploté vzorku 200 °C. Pro ziskani rozmérné&jSich nanokrystald GaN (pramér = 150 nm a
200 nm) byl proces v nékolika cyklech opakovan za mirn¢ upravenych depozi¢nich podminek.
Kvalita nanokrystalti byla studovana méfenim jejich fotoluminiscencnich vlastnosti, které prokazaly
vyskyt piku emise zakazaného pasu kolem 367 nm (3,38 eV).
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ARTICLE INFO ABSTRACT

Keywords: We repoet os a hybrid method for fabeication of acrays of GaN nasocrystals by low-temperateee UHV selective
GaN growth on peepameroed silicon substrates covered by native axide. Patteming of the substrates was performed
Peponitos by wsing » galliem focused fon beam (FIB). To get GaN nanocrystals at specific positions, Ga droplets were
Selective powth created at FIN patterned sites by evaporation of Ga atoams at 280 °C substrate temperature first, and then
w--«ulluu moclified by thelr post-nitridation wing an ultra-low esergy (50 ¢V) sitropen ion-Beam at a sample lemperatore
Shotohuninatoince of 200°C. To get laeger serays of GaN nanocrystals (=150 nm mnd 200 nm i dismeter), such o seqoential
process was repeated in several cycles st slightly modified operation conditions. The quality of the nanccrystals
wean checked by meassrement of their photolumismscence properties which proved the oocurmence of the peak of
a bund edge emdwion ot arcand 367 nm (138 V)
1. Introduection ordered arrays of -V quantyes sancetructures semsiconductons, espe-

Organization and positioning of nanoparticles (NPs) and nanowires
on semiconductor subetrates represent a big challenge 1o take an ad-
vantage of their properties for fabrication of innovative integrated de-
vices [1-1]. While their self-organization on naturally occurring pat-
terns (4] or through different chemical interactions [5] provides high
quality of nanccrystals st an witra-high density (> 10 em ™) over
large scale surfaces, the array parameters (pattern shape, periodicity)
are generally controlled by the material/sabstrate system and thus the
dogrees of freedom in their choice are rather limited [6,7]. The main
Emitations of this method are a lack of control over positioning of in.
dividual nanopartiches and thes a poor uniformity of the formed NPy
ensemble.

Contracy to that, in fabrication methods of NP arrays grown on
artificially pre-pattersed substrates one can control the aluclute posi-
tlon of dots over a loag-range scale. The nucleation sites (e.g. holes,
grooves or other features) on substrates can bo prepared by various
sanofabeication technigues such as electron-beam lthography (EBL),
focused jon beam (FIB), nanosphere lithograghy, anodic aluminum
oxidation (AAD), AFM patterning, nancésmprint lthography, ete.
(8-13),

In the last decade, many efforts have been pot into growth of

cially GaAs, IaAs, and laP [14-17]. Naturadly, growth of group [1l.ai-
tride nanostructures has also attracted a lot of interest, but mostly en-
sembles of nanodots and nanocrystals distribaied in disorderly have
been achieved. One of the reasons for this is that the synthesis of GaN
involves high activation energies generally overcome by high process
temperatares (=600 'C) which is associated with techniques souch as
metal-organic vapour-phase epitaxy (MOVPE) [16), plasma-assisted
molecular beam epitaxy (PAMBE) [19] and chemical beam epitaxy
(CRE) [20). As a result, the spectrum of methods enabling selective
growth of GaN nsscatructures is lmited as they must meet additional
restraints related to this guided growth. For instance, in Ref. [21] the
formation of ordered srrays of GaN microcrystals was studied, The
microcrystals were grown by Ga droples epitaxy at 500 °C on As-ter-
minated S5 (1 0 0) substrates patterned by low-energy Ga focused lon
beatmn followed by nitridation s 600 °C using stomic sitrogen radicals
generated by an RF radical cell.

However, in all these experiments high substrate temperatures
during deposition were used (600-1000 'C) which cas have a detri-
mental effect on same mone complex stroctures and devices, being thus
ot compatible with some techaology constraints laid oo related (ab.
rications steps,

To synthesize GaN filss 2 lower temperatures (= 300°C), »
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combination of Ga stomic beam evaporation (in priaciple an identical
method 10 molecular beam epitaxy ~ MBE) and direct jon beam de-
position have been successfully used i our group [22]. In this method,
similarty 10 (2], sitrogen ion beams of hyperthermal energies (below
100 €V) provide activation energy seeded foe synthesis of GaN and so
lower substrate temperntures can be used. An Ssportant advantage of
the combination of the direct lon beam deposition and “classical™ M
technique over MOCVD is the mutual independence of both processes
2o compatibility with UHV conditions esabling application of a wider
spectrems of inaxite analytical methods. Deposition of nitroges and
gallium can be carried out simultancowsdy or one after another. This
faet together with UHV conditicas can be beneficial for a study of the
early stages of thin film growth, Individeal sages of the deposition
process can be synchronlzed in different ways or separated In time (e. g
akemating atom and lon beam fluxes) sad in site analyzed. On the
other hand, the exact mechanism of growth of nitrides by this combined
technique Is not fully known as the iradiation with hyperthermal loas
brings the system into a condition far from thermodynamic equilibelum.
The keowlodge of this growth mechanium s particularly importast for
preparation of GaN single crystals and their selective growth,

In this paper, we demonstrate how to utilize such 2 method for low
tesperature (T < 300 °C) growth of srrays of GaN nanocrystals on Si
substrates covered by native oxide, Ordered armays of namocrystals will
enable us more exsily to fabricase arrays of plasmoadc antennas st
tached to these sanoceystals by electron beam lithography (leadieg 1o
the so called plasmon enhanced photoluminescence). In addition, on
purpose bullt a wide separation of GaN nanocrystals makes it possible
1o stody the optical properties of iadividoal nasocrystals,

The sanocrystals were formed by a sequential deposition, consisting
of electron beam evaporation of galllum atoms on Si substrates pre-
pattersed by FIB and resulting in the Seranski-Krastanov (SK) growth
mode followed by post-nitridation by low-eaergy nitroges soes (50 eV),
Electron beam evaporation s well-matched to the hypesthermal lon
beam technique becawse of the stability and controllabality of the de-
poadtion process, The combination of these techniques generally pro-
vides a higher deposition rate, moce uniform coverage, and a cleaner
environment than son beam sputtering.

Observation of photolumésesconce (PL) peaks from GaN sanocrys-
tals demonstrates cleanness and quality of the grown crystals. The in-
fluence of growth conditicas and size of FIB-formed nucleation cesers
on the properties of GaN nanocrystabs is discussed. [s addition, we have
proposed the method for cultivation of GaN manocrystals and better
control of their size,

2. Experimental section

The experiments were performed in a complex UHV appaentus [24]
enabling i situ analysis of Ga and GaN structures by X-ray photo-
electron spectroscopy (XPS) withowt thelr exposure to amblent atmo-
sphere. XPS was performed by an experimentsl setup consisting of the
X-ray source - DARSOO snd hemispherical electrostatic smalyser -
EA125 (both Omicron). Measurements were carried out at room tem:
perature using Al Ka radiation, The presiare during the measurement
was always better than 2 x 107 Pa, The morphology was studied ex-
situ by scanning electron microscopy (SEM « LYRA 3 system, TESCAN)
aad asomic force microscopy (AFM - Istegra, NT-MDTL

The samples with a size of 5 x 15mm” were cut from a Si(111)
wafer doped by phesphorus (specific resistivity 0.029.0.030 Scm).
Sulsequently, the samples were transferred into the complex UHV ap-
pasatus with a base pressure of 3 x 107" Pa and thermally annealed by
direct resistive beating at 500 °C (> 120 min) snder UHV conditions.
This temsperature wis sufficient for removal of contaminants from the
sample swface, but not high enough for decomposition of the native
S10; layer [25). The structure and cleanness of the substrate were
checked in sits by XPS.

The sobstrates were exposed o o gallium stom beam from an
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on-atomic beam source
(NSN°E = 50 eV)
Fig. 1. Schemaric of the deposition chamber,

effusion cell - (Omicrom) and 1o a ultra-low energy nitrogen lon beam
(50 &V) produced from nitrogen gas (99.9999%) by a home made lon-
somic beam source being o combination of an effusion cell and elec-
tron impact jon-beam wsource being 13cm away from the sample, The
detalled design of the source was described elsewhere [22,23). The flux
of métrogen lons comsists both of N* and N lons (nirogen current
density [ = 1000 aA/cm”), The woek prosure (s the depositicn
chamber measured by an jon gauge during nitridation was
Pro =5 % 10 *Pa Thermal Ga stoms were evagorated from a PEN
baat inside a Mo crucible. The effusion cell was calibeated for a peecise
control of the Ga growth mate (Ga fex density - 7.2 x 10" atoms/
stm”). The experimental setup Is schematically shown ia Fig 1.

3. Results and discassion

3.1. Formasion of GaN manocrystals

When Ga stoms and hyperthermal nitrogen loas are simultancously
Impinging the surface, they mutually react at the surface and form
Ga=N bonds, If the eatio of Ga/N; *(N™) Blux is set in such a way that
cach Ga atom creates a bond with a nitrogen atom on the substrate,
potential residusl extra nitrogen pasticles are desorbed and the re.
sulting GaN layer is smooth, This ix demonstrated in Fig. 2a, b where
SEM images of GaN layers on a Si(111)7 x 7 substrate and native Si0y
surface deposited by a coacurrent delivery of Ga aoms and nitrogen
ions a1 subatrate temperatures T = 700°C and T = 400 °C, respectively,
are shown.

On the other hand, at lower (or rero) fluxes of hyperthermal ni
Lrogen oo, serples Ga adstoms diffase along the surfsce and fors Ga
droplets a1 encrgetically favorable sitex, ¢.g. at terrace odges of the Si
(111)7 = 7 serface as reported in (23] and shown In Fig. 2¢. This is a
typical Behavicr for Ga atoms 4 ropereted in [26]. The size and mutyal
distance of Ga droplets depend proportionally on substrate temperature
and also ca surface roughness. In this figure SEM images of GaN smooth
layers on terraces of the SI(111)7 x 7 substrase with an excess of Ga
aoms condmsed peeliminary in form of droplets at edges of terrace
are shown (Ga flux density - 2.6 x 10" atoms/hom”, nitrogen current
density j = 1000nA/cm’, substrmte tempenture T = 300°C). It s
worth mestioning that some droplets already contain seclal of GaN a1
the Interface with the substrate as cam be seen (n detall In Fig. 2d. It ks in
sgreement with [27] where it Is hypothesized that the top surfsce of
liquid Ga droplets acts as 2 major mass transport path for nitrogen
species delivered by hyperthermal nitrogen ions which then &iffuse to
peripheral regions of the droplet-substrate imesface. Hence, this Inter-
face acts &= a collector of nitrogen particles dissolved on the droplet
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Pig. 2. SEM images of GaN layess deposited by a concurrent delivery of Ga
stores and sitrogen loas (Ga Mux density - 7.2 % 10" stoma/vem”, nitrogen
cutrest density | = 10008A/cm™) om a) the SKI11)7 x 7 substrate ot
T = 700 °C and b) the sative S50, surface at T » 400 °C, ) GaN smooth Jayers
on tereaces of e SC111)T = 7 substrate with an evcess of Ga atoers condensed
preliminary n form of deoplets at ediges of terraces [27] Gaken by SEM) (Ga
flux density - 7.2 » 10" stoma/vem’, nitrogen cerrent demaity | = 1000 oA/
o', T = 300 °C). Some droplets already contaln neclel of GaN ot the interface
with the sulatrale s can be soen in detad mt &), SEM lmuages of ¢) Ga droplets
deposited on e native S0, sface ot sabsarate temperastare T = 200°C
(7.2 % 10" stoma/vem’, 60min), and ) GaN nanccrystals foemed after ma
exposure of Ga deoplets by low energy nitrogen Joos at substrate temeperatore
T = 200°C (nitroges current dessity | = 1000 sA/cm’, 60 mia)

® Ga
® N

Post-nltrldatlonT T ?? ? 4 ? ? ? ?GaN dimer
Ga droplets ' T T *
*? To ?’, o! e ..

q:xHH L

/ /Substraha'l' =200°C \
- S

E ,
/ Ga adatoms GaN layer GaN crystal
formation

Ga droplets

Fig. 3. Schematic of GaN gromth hased on e relevant surface processes such as adscrption, diffusion, and necleation. The taadformation of Ga droplets 1o GaN
orystals wis observed ot higher sebstoe tempenoares (T > 200 °C). This peocess s related to &ffesion of GaN dimers on Ga droplet surface or inside of Ga droplets.
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(and of thase diffusing towards the interface from the substrace surface
around droplets) as schematically depécted in Fig. 5 These species in-
ithate formation of Ga—N crystallization nudlel at the Nguid-solid in-
terface, which is followed by propagation of a crystallization process
from the periphoral droplet region towards the center of the interface.

In Fig 2e a SEM image of Ga droplets deposited without nitrogen
jon flux for 60 min on the native Si0; sarface by a Ga atomic flux
density of 7.2 x 10" soms/sem’ at webstrate temperature T = 200°C
Is shown. The image of Ga droplets exposed foe 60 msin 10 the current of
low energy nitrogen jons (f = 1000 8A/cm”) # substrate temperature
T = 200°C can be seen in Fig 21 In the figwre the formation of crystals
is apparest. Their chemical composition was checked by XPS which
proved the crystaly consisted of GaN. It is worth noting that the trans-
formation of Ga islands ko GaN nanocrystals was carried out without
breaking UHV conditions.

The size and guantity of Ga droplets enabling transformation to GaN
crystals depend on the sticking coefficient of Ga atoms on the substrate
[26] which is a fanction of sebatrate temperature,

At higher temperatures, Ga droplets do not nucleate because most of
gallbam atoms do not stick to the surface (e.g. 7 > 450°C on S111)
7x7o0c T > 300°C on $0,) and the substrate is covered only by a
GaN layer formed by Instantaneous local interaction of Ga atoms with
nitrogen species just upon their impingement on the surface. Thus, the
final moephology of the ultrathin film prepared by the MBE and direct
fon beam deposition Is given by a combination of two events on the cee
hand, by a direct impact of a nitrogen bon isto close vicaity of a Ga
adatom (smooth kayer), and on the other hand, by lts impact om a Ga
island (nasecrystal). Consequently, sseother films can be grown by a
suitable setting of the Ga atom/nitrogen jon impact ratio. On the other
hand, single GaN namocrystals can be formed by a separate deposition
of Ga stoms fine, followed by a subseguent nitrogen don beam irra-
diation (energy of jons below 50 eV).

22 Selective growth of GaN namocrystals

The surface diffusion plays an important role during seloctive
growth of various materials, 3¢ atoms of deposited] materials have to be
tramspocted to nucleation sites [9]. However, at temperatures in the
range from RT 10 800 "C the surface diffusion lesgth of Ga~N dimess on
S0, and Si surfaces is significantly shorter than for Ga atoms on these
sarfsces. This shoever diffusion leagrh does not allow carrying out the
wselective growth by the simultaneous deposition of Ga stoms and nd-
trogen koms. Under the conditions of this concurrent deposition the SK
prowth mode has not Been observed for Si0, surfaces and SI111)7 = 7
substrates in the temperature range RT-600 'C and RT-800 °C, respec-
tively. Hence, when the Ga stom/nitrogen fon flux ratio is set a1 these
tesperatures 10 the values not leading to the nucleation of Ga islands,
the growth results in a smooth GaN kayer as shown in Fig. 2a and b,

To achieve the selective growth of ordered GaN nascstroctures, o
two-step deposition procedsre described already above was applied. In
the first step, Ga atoms were deposited on a surface with nucleation
sites crested by FIB. Due 10 & loag surface diffusion leagth Ga stoms
were transported towards these mucleation sites and formed droplets
there. During the second step, Ga droplets were transformed Into GaN
ranocrystals by low energy nitroges foas (50 ¢V) impinging upono them,
Such a mechanism of the sequential deposition method enabling fab-
rication of ordered self-assembled arrays of GaN panocrystals by this
post-nitridation process is schematically shown in Fig. 4a-d.

The experiments were carried out on 10 x 10 amays of clrcular
mucleation sites of a diameter manging from 100 am o 300 s and
produced by respective jon doses 1.1 x 107 lons/pm®~31 x 107 loas/
pm’. The spacing of the nucleation centers varied from 100nm 10
1500 nm on the $i(111) salatrate coverod with a 2 sen-thick sative S50,
layer. A typical FIb-patterned substrate surface before the nacleation of
Ga atoms is shown in Fig. 4e. The profiles of nucleation centers fabri-
cated by FIB at different Ga joo doses measured by AFM are shown in
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Fig. AL

First, a1 lower ion beam doses the sub-surface layors are amorphized
and lmsplanted by Ga Jons, which leads 1o creation of conlcal features
swollen above the surface. It is caly for jon beam doses above
5,39 x 10 7 jonsmm 7 when the central hole - crater in these features
Is observed.

Ga atoems were depositod on the FIB patterned substrate at the
substrate temperatwre T=280°C and & flux  demsity of
7.2 x 10" atoms/scm? for 60 min. As the sticking coefficient of Ga
soms on the flar SI0; surface is clase 10 2ero [9], Ga atoess sucleated
preferentially at the surface defects fabricated by FIB. Subsequently, Ga
islands were exposed 1o a low energy (50 eV) nitrogen ioa beam with
the current density 1000 nA/em® for 60 min at the substrate tempera-
tare 200 ‘C. After this procedure GaN crystals occupled posizions ex.
posed to FIB only.

The typical size of deposited crystals measured by contact: AFM was
in the mange 20-40nm, The number of GaN crystals occupying the
milled sucleation sites depends on the area of these sucleation centers -
further called the spot arcas (defined as the Inner area of the milled
crater). Fig. S5a shows GaN crystals grown selectively mt circulasrty
shaped nucleation centers of an area of 1.8 x 10" nm™ and grid spacing
of 400 nm prepared by loo-beam scanning over a disk-like area of a
diameter of 220 am. The number of GaN crystals located inside the FIB -
made nucleation site depends linearly on its area as shown for different
spacing of mocleation sites (300-600 nm), im Fly. 5¢. From the results
depicted in this figure cne cannot claim that decreasing the spot size
leads to 1 manocrystal occupancy. To achdeve just ome nanocrystal at a
FIB-made nucleation center one should apply the so-called “spot”™ jon-
beam irradiation where the jom beam s fixed to coe spot without
scanning over the time An example of typical selectively deposited GaN
crystal structures mostly posseising coe GaN crystal in each nucleation
site and prepared by this method at an ton beam dose of 5.3 x 107 jons/
pm? for an array spacing of 300 nm is shown In Fig. Sb.

The occupation of nucleation sites by GaN nanocrystals depends on
the FIB Ga lon dose and on the spacing of mocleation sites as well, as
shown in Fig. 5d. The higher dese of Ga lons kas o mere peolound in-
flpence oo the nucleation site profile (see Fig. <f) and thes the crater
area, which Jeads to the higher capture probability of Ga atoms at this
site. A1 the same time, the occupation probability of the sucleation sites
made by FIB rises with the increasing spacing of mecleation sites. This is
caused by an increase of the collection area of Ga stoms related to ane
nucheation site (a decroase of the Ga depletion effect), Obviomly, an
Increase of the nucleation site occupation at a lower spacing of nu.
cleation sives can be provided by a higher Ga aom coverage on the
surface.

3.3, Qulthwation of nanocrystals

The main challeage of the post-nitridation methed is the prepar.
tiom of GaN nanocrystals with a stee bigger than 40nm. The size of
these nanocrystals is peimanly controlled by the dimension of Ga dro-
plets. Genenally, the size of Ga nanodroplets should grow with the
substrate temperatare. However, to ensere suffident mobility of Ga
astoms to reach comdortably pee-patterned confining spots, the substrate
tempeorature st be kopt close 1o the values where the sticking coef-
ficient of Ga om the SIO; sebstrate s nearly zero (—280°C) Hence,
there is a sufficient depletion of the Ga material feeding the spots and
Ga droplets remain small.

To overcome this problem, we have proposed a method schematl
cally depicted is Fig. ta. It is hased on the already discussed sequential
deposition being repeatedly applied in several cycles. In the first step,
small GaN crystals are formed by post-aitridation of Ga dropless and
then further sequences of Ga deposition and Ga post-pitridation are
performed for several times. In this way, the crystals can be sig
nificantly increased &5 demonstrated kn Fig. 65 for the case of five de-
position cycles,
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Fig. 4. Description of the selective prowth process of an array of GaN nasocrysials (spaciag 250 nm ) 2) Si subsirate covered with & nathve odde, b) pattersing of the
tn by FIB, ) Seponi of Ga hlands-droplets, &) GaN nanocrystal Sormation by lowenergy lon beam altridation, o) SEM image of an array of nuclontion
centers on the SI(L11) substrate Gabeicated by FIB a1 an ton dose of 6.4 = 107 lons/um”® Sor each spot, snd 1) AFM peodiles of the suckeation cesters prepared by FIB for

different fon doser.

|
1 » WOrem
I+ W0 .
g"‘ o 000 e '
!
"06‘ .
f .
§ :
3 { !
Euv‘
: !
; LR |
1
e - » - - - - - w
i AR 16 1w 0w
Spot ared (')

3 . L L] r

1on gone (1010 orsam’)

81

Plg 5 SEM images of GaN nanocrystals
Oeponited selectively by postadiridation
of Ga droplets on a S111) substrate lo-
oally exposed o FIB (Ga Dun density
7.2 » 107 mormwven’, t = &0 mén,
T=3850°C nmrogendonbean  current
Benaity 1000 A /em®, 1= 60 min,
= 200°C) GaN nanccrytals geown on
arviys of mechestion centers with a) the
wot diameter 220nm  (mvea - LK x

10" nen’) anvd spaciag 400 nm pregared m
a0 lom Deamn dose of 2.2 x 10" loan um®,
and b) the spot diasneter 50 nm and spa-
cing 200 s peepased by “spaot” oo dean
imadation at the Ga lon  dose
53 % 107 hoos e’ €) Average tmmber of
GaN remocrystals grown at ooe nacleation
cemer as o function of the spot area, and
d) percestage of GaN crystal ocoupation o
neclostion sites foc differerst 118 Ga o
doses. Parameter in ¢) sod d) Sifferern
nmecieation site spacag
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Fig. & a) Schematic of the soguential de-

postcion method applied for cukhacon of

bigger GaN crystals  GaN nanocrystal, b) SEM dmage of GaN

e Isdands afver five cycles of the sequentind

deponition, ¢) Pl spectrum of ordered

GaN orysials after five cydes of the s

- quential deposition (it -~ PL eadistion

from s armay of GaN nanccrystals de
tected by & OCD canera)

in the finst step of this experiment, small GaN crystals were formed
by the sequential deposition at conditions described In Section 3.2,
After thar, the firmt sogoential deposition cycle carried out wader
slightly distinct conditionn started - In this cycle gallium wan deposited
on the sample for S0mim at 300°C and a Ga flux density of
7.2 x 10" atoms/sem®. A bit Increased sudstrate temperature i this
step towards the previous ane (e, 300 °C to 280 “C) provided enhanced
surface diffusion of Ga atoms and their nucleation at small GaN nano
crystals. Then the surface was cooded down 20 200 °C and exposed for
60 min to the 50¢V nitrogem jom beam with a current density of
1000 mA/cm? to accomplish post-nitrid Such a deposition cycle
was repeated for five times

In the st of Fig. 65 GaN crystal Bcets sre clearly visidle, To check
the quality of GaN caystals, photoluminescence properties of GaN
crystals grown up to as approximate size of 150nm and 200 nm
(measured by AFM) were tested

The PL. measurement was carried owt at room temperature using a
micro-Ramaa spectrascopy system (WITEC, alfa 300R) with the ex
citation laser wavelength A, = 355nm (solid state laser). The PL
emission was detected by a CCD camera (DU420A-BU-352) and spectra
taken by a spectrophotometer (UHT 400). The diameter of the focused
laser spot wans about 0.5 pes.

A typical PL spectrum obtained for a lsser excitation power of 2mW
Is demoastrated In Fig. ¢<. The spectrum was collected from an armay of
GaN nanocrystals shown in the inset of the figure and clearly revealed
the peak of a band edge emission at around 367 nm (3.38 eV, blue le-
minescence). Interestingly, mot all manocrystals were PL active despite
their similar morphology and stze. With this respect, additional studies
going beyond the scope of this paper should be carried o,

4. Conclusion

The successful approach on UHV gromth of armays of GaN naso-
crystals bas been presented. This selective growth was achdeved by
replacing a concwrrest deposition of Ga atoms and sitrogen boms, pro
vided by the simultancous MEBE and direct jon beam depomition and
preferentially beading to continnous thin films of GaN, by time splitting
of delivery of these individual constituents on a FIB pre patterned SIO,
substeate. It means, fiest Ga atoms were deposited on these pre-pat-
terned sobatrate at a trade-off temperature (280°C) bigh enough to
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" m
) /
i |
~ ,’/‘-

5
\
\
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e o
p—————
] o o
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reach the Fil-made mucleation spots and sufficiently low to prevent
desorption of Ga atoms from the surface. After that a post. nitridation of
ssmall Ga droplets nucleated at the spots was carried out by & 50eV.-
nitrogen ion beam depesition 10 get GaN nanocrystals st T = 200°C,
Synthesis of GaN at such a Jow temperatare was achleved by an excess
energy locally delivered by hyperthermal nitrogen lons. To get larger
arrays of GaN nanocrystals (~ 150 nm and 200 s in dissseter), such »

q ial deposition was rep d in several cycles at slightly modified
operation conditions. The quality of the nasocrystals was checked by
mensurement of their photaluminescence properties which proved the
occurrence of the peak of a band edge emission at around 367 nm
(3.38¢V).
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6. Iontové zdroje

Jestlize je z atomu odstranén jeden elektron, stava se s n¢j jednou ionizovany kladny iont. Toto je jeden
Z nejbézngjsich jeva vyskytujicich se pii vybojich v plynech. V piipadech odstranéni vice elektront
z atomU hovofime o Vicekrat ionizovanych iontech v zavislosti na poctu odebranych elektront.
K ionizaci je potifebna urcitd minimalni hodnota energie Eion. Hodnota ioniza¢ni energie® je silng
zavisld na elektronové konfiguraci ionizovaného prvku. Negativni ionty mohou byt vytvareny
interakci kladnych iontii s atomy s nizkym ionizacnim potencidlem. Ionty jsou tvofeny z neutralnich
atomud riznymi ioniza¢nimi zpusoby, jako napiiklad elektronové srazkova ionizace, fotoionizace,
ionizace polem nebo povrchovou ionizaci. V piipadé elektronové srazkové ionizace, kdy dochazi
k interakci atomu plynu s elektrony, 1ze vysledny proud iontd [;,, vyjadiit nasledovné

lion =Je Vern o7, (18)

kde J. je proudova hustota elektront, V¢ je efektivni objem ioniza¢niho prostoru, n je koncentrace
atomu plyni uréenych K ionizaci a o; je ionizaéni u¢inny prutez [30]. Tento ioniza¢ni u¢inny prifez
je zavisly na energii interagujicich elektronti. Na obrazku 22 jsou zobrazeny pribéhy ioniza¢nich
ucinnych prufezt pro vybrané prvky v zavislosti na energii interagujicich elektrond.

4

3l

2

Al

0 100 200 300 E.,(:/J

Obrazek 22: Zavislost ioniza¢niho G¢inného priifezu na energii elektront pro vybrané plyny [30].*

lontové zdroje vyuzivajici elektronové srazkového principu jsou velmi rozsitené a existuje mnoho
jejich konstrukénich variant. Spole€nym jmenovatelem téchto konstrukei je katoda emitujici elektrony
(Casto termoemisni), které jsou urychlovany k anodé. Tyto elektrony se srazi s atomy plynu a vytvari
jejich ionty. Pfi vyssich tlacich dochazi k vyboji, ktery je vyvolan vzniklou lavinou ionizujicich
sekundarnich elektront, coz vede k vytvofeni plazmy o specifickém potencialu. lonty lze extrahovat
kolmo skrz anodu nebo katodu. Ke zvySeni ioniza¢ni ucinnosti se ¢asto uziva magnetického pole,

3 Také nazyvany ioniza¢ni potencial.
4 a, zna¢i Bohrtiv polomér 0,529x1071° m,
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zpusobujici pohyb elektronli po spirale, ¢imz se prodlouZi jejich trajektorie smérem k anod¢ a tim se
zvysi pravdépodobnost srazky (vzniku iontt). Nicméné aplikace magnetického pole nemusi byt
vhodna pro umisténi iontového zdroje do elektronovych mikroskopt. Jinou moznosti, jak prodlouzit
trajektorie elektrontl, je uziti specialn¢ tvarovanych elektrod vytvarejicich sedlové elektrické pole.
Jako ptiklad Ize uvést nami vyvinuty iontovy zdroj se sedlovym polem urceny pro odprasovani vzorkd.
Jedna se o elektronové srazkovy zdroj se Zhavenou wolframovou katodou. Mezi anodou a katodou
jsou umistény dvé specialné tvarované elektrody, které vytvari v prostoru zdroje sedlové elektrické
pravdépodobnost ionizace. Je mozné Fici, Ze elektron opisuje zminénou trajektorii tak dlouho, dokud
nedojde k jeho srazce s atomem plynu a vytvofeni kladného iontu. Simulace trajektorie elektrona
(¢erna cara) provedena v programu EOD je zobrazena na obrazku 23. Z trajektorii elektront byla
uré¢ena mista vzniku argonovych iontt a nasledné spoctena jejich trajektorie (rizova barva).

Vidkno  Katoda (0V) Anoda (1 kV) Fokosaéni elektrody (-2.3 kV) (-2,4 kV) (0 V)

0 0 0 <

0 - L L2

Obrazek 23: Trajektorie elektron (Cernd) a iontt Ar* (rﬁio.vé) uvnitf elektronove srazkového iontového zdroje.
Simulace provedena v programu EOD [56].

3D model realizovaného sedlového iontového zdroje je zobrazen na obrazku 24. Zdroj je urcen
primarné pro odprasovani povrchu substrati. V soucasné dobé se provadi optimalizace a
charakterizace jeho vlastnosti. P¥i tlaku par = 310 Pa a napéti na anodé 1 000 V je dosahovana
proudové hustota argonovych iontii Ar* az jion = 70 pA/cm?. Parametry, profil a energie iontového
svazku argonu byly méteny pomoci Faradayovy sondy o praméru detek¢niho otvoru 2 mm a jsou
uvedeny na obrazku 25. Profil krateru vzniklého na Si substratu po 30 minutach odprasovani byl méten
pomoci profilometru Bruker Dektak XT a je zobrazen na obrazku 26.
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Obrazek 252: Parametry iontového sedlového zdroje pro nastavené napéti na anodé 1 000 V: a) profil intenzity a b)
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Obrazek 26: Profil vytvofeného krateru po 30 minutovém odpra$ovani vrstvy SiO; ionty Ar* o nastavené energii

1 400 eV méteny pomoci profilometru Bruker Dektak XT.
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7. Zavér

V praci byly ptehledné popsany zakladni principy tvorby ultratenkych a nanostrukturnich materiala
vV podminkach vysokého a ultravysokého vakua a z nich vyplyvajici naroky na konstrukci zafizeni
uréenych pro jejich tvorbu. Uvadéna zatizeni byla vybrana s ohledem na jejich konstrukci a uzivani
na Ustavu fyzikalniho inzenyrstvi FSI VUT v Brné. V &asti popisujici depozici tenkych vrstev ve
vakuu pomoci chemickych metod jsou popsany zakladni principy jejich tvorby. Jako piiklad je
uvedena konstrukce a realizace jednoduchého vysokoteplotniho CVD reaktoru urceného pro ruast
grafenu na unikatni ultrahladké médéné folii. K tématu jsou piifazeny dva publikované védecké
¢lanky, které doplnuji popis védeckého piinosu navrzeného reaktoru. Prvni uvedeny ¢lanek je vénovan
unikatni metod¢ ptipravy grafenovych vrstev a jejich charakterizaci. Autor navrhl konstrukci reaktoru
a podilel se spolu se svymi studenty na realizaci ristu grafenu. Navic je spoluautorem metody ptipravy
ultra-hladké médéné folie. Druha publikace dopliiuje vyznam uzivani grafenovych vrstev v oblasti
senzorl vlhkosti a studia jeho zakladnich fyzikalnich principti méfeni. Autor realizoval UHV komoru
pro méfeni transportnich vlastnosti a provedl méfeni interakce grafenu s adsorbovanymi molekulami
vody.

Dale je vpraci popsana ptiprava ultratenkych a nanostrukturnich materiald v podminkach
ultravysokého vakua vyuzivajici fyzikalni principy PVD. Teoreticky jsou popsany zakladni vlastnosti
a principy tvorby atomdrnich svazkid uZzivanych v efuznich atomarnich zdrojich. Atomarni
(molekularni) zdroje jsou zde rozdéleny dle teploty potiebné k piipravé atomarnich svazki
Vv podminkdch UHV s ohledem na zéklady jejich konstrukce. Zprvu je popséna problematika
konstrukce nizkoteplotniho zdroje atomit do 400 °C pro materialy s nizkou teplotou nasycenych par.
Jako ptiklad jsou uvedeny dvé vyvinuté unikéatni konstrukce atomdarniho zdroje pro depozici
organickych polovodic¢l a depozici Zn.

Nasledné pokracuje popis konstrukce modernich atomarnich zdroji s pracovni teplotou do
1 000 °C, které jsou reprezentovany dvéma navrhy lisicimi se zejména konstrukci ohievu. Prvni zde
uvedeny atomarni zdroj je zhaven vlivem termalni radiace pochazejici z proudem ohiivaného
odporového tantalového dratu navinutého kolem kalisku. Dalsi alternativni typ ohfevu je zastoupeny
zdrojem atomu vyuzivajicim dopadu urychlenych termoemisnich elektronii na kalisek pochazejicich
z wolframové katody. Uspé&sna aplikace uvadénych zdrojt je demonstrovana na studiu elektrickych
transportnich vlastnosti grafenu ovlivnénych atomy Ga, kde autor tato méfeni navrhl a realizoval.

Ve treti skupiné¢ jsou uvedeny vysokoteplotni atomarni zdroje neboli atomarni zdroje
zaruvzdornych materiald operujicich pfi teplotach zdroje do 2 000 °C. Problematika konstrukce téchto
typl zdrojii je demonstrovana na ptikladu navrzeného sublimacniho zdroje atomil uhliku. Atomy
uhliku jsou sublimovdny z HOPG vldkna Zhaveného priichodem elektrického proudu. Druha
alternativni konstrukce ohfevu vysokoteplotniho zdroje atomii vyuzivd dopadu urychlenych
termoemisnich elektront fokusovanych do sttedu HOPG terce, ¢imZ dochazi k jeho lokalnimu ohievu.

Do specidlni ¢tvrté skupiny uvadénych zdroji atomt jsou zafazeny disociacni zdroje uZzivajici
k disociaci molekul pyrolyzu, nebo vysokofrekvencéni plazmaticky vyboj. V praci je popsana
konstrukce vysokoteplotniho disociaéniho zdroje atomu vodiku, kdy vodikové molekuly H2 jsou
disociovany uvnitt wolframové kapilary zhavené na teplotu 2 000 °C. Na ptikladu vysoko-
frekvenéniho zdroje atomti vodiku, kysliku a dusiku je demonstrovana uspésnost unikatni konstrukce
disocia¢nich atomarnich zdroju z plazmatu.
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Do samostatné skupiny hybridnich zdroji uzivanych pii PVD depozicich je zafazen iontové-
atomarni zdroj navrzeny pro studium ristu GaN. Jedna se o unikatni autorem tohoto textu
patentovanou konstrukci kombinujici efuzni zdroj atomii Ga a elektronové srazkovy zdroj iontl
dusiku. Detaily konstrukce byly zvetfejnény ve dvou uvedenych publikacich, kde autor provedl
konstrukéni navrh zdroje a realizoval souvisejici experimenty vedouci k nizkoteplotni syntéze
polovodicového materidlu GaN.

Uzitim kombinace iontovych a atomarnich svazkli je umoznéno realizovat rust ultratenkych GaN
vrstev a nanostruktur za teploty T < 200 °C. Vyuzivani iontové atomarniho zdroje je demonstrovano
v ptilozené publikaci na ristu GaN ultratenkych vrstev a selektivné pfipravenych nanokrystali GaN,
které vykazuji silnou fotoluminiscenci. Autor provadél experimenty s riastem Ga a GaN na
kifemikovych povrSich a studoval jejich optické vlastnosti. Toto podrobné porozuméni riistovému
chovani Ga a GaN vede k dal$im moznym aplikacim zminénych materialii (senzory, elektronové
trysky, ...).

V posledni c¢asti prace je diskutovana konstrukce iontovych zdroji preferencné uzivanych
k modifikaci povrchi (vznik pord, dopovani,...) nebo k jejich odpraSovani. V této ¢asti je jako priklad
uvedena konstrukce sedlového iontového zdroje se zhavenou katodou. Navrh byl realizovan zejména
pro aplikace v prostiedi elektronovych mikroskopt. Autor se podilel na celkovém vyvoji iontového
zdroje, navrhl uziti zhavené katody a realizoval jeji ulozeni. Navic provedl testovani a jeho naslednou
optimalizaci, az bylo dosazeno konkurenceschopnych parametri.

Pro piehlednost uvadim i souhrnnou ptehledovou tabulku v§ech zde popsanych zatizeni ur¢enych
pro rUst ultratenkych vrstev a nanostrukturnich materialti v podminkach vakua. V souvislosti s t¢émito
zatizenimi bylo pod autorovym vedenim provedeno 49 zavére¢nych praci.

V budoucnu se autor chce nadale vénovat ve své védecké i pedagogické ¢innosti oblasti vakuovych
technologii a vyvoji specializovanych vakuovych zafizenich pro tvorbu nanostruktur. Bude dale
rozvijet aplikacni potencial pfedstavenych zatizenich s ohledem na jejich vyuziti v praxi. Jako ptiklad
lze uvést syntézu GaN nanokrystalt jako souéast polovodi¢ovych svitivych diod nebo autoemisnich
elektronovych trysek. V soucasné dob¢ se také jevi jako velmi perspektivni kombinace struktur GaN
a grafenu nachazejici uplatnéni pro vyvoj UV senzort.

‘Naxev zatizeni jMetoda‘Materh:l “Provozni teplota, pafimtry 'Strana
|Vysokoteplotnd reaktor CVD cvD Grafen 1000 °C jobr.3 |
Efuzni xdroj pro napafovini organickych polovodicd  |PVD PICDI-CE 300 °C obr. 10 |
Effu:nl zdroj atomd zinku 'F".'D Zn SO0 ( .obr. 11

Zdroj atomd s radiaénim chfevemn 'F".'D 'A.a, Ag, Ge, ... 300 °C a2 950 °C Aobr‘ 12 ‘
’?dro, atomd s ohfevem pomoci dopadu elektrond 'F".’D >G.1 Ge, Ag, Ay, Fe, (aF-loo Cal950"C .obr. 13 .
’Sub! matnl 2droj svazkd atomd uhliloy 'F".'[) o 2300°C 'obr. 14 .
'ldrog atomaG uhliku s ohfevem pomocd fokusovaného ' I - 1 - 3 . , .
elektronového svazku s N 20X ¢S

‘D-souaini termalni 2deoy atomi 'F“-‘D ‘H 1800 °C obr. 17 |
:‘.'y'.o‘la,‘rr'r.-cn:'m disociaéni zdroj :F".’D HON VF plasma (13,56 MHz, SO0 W) obr, 18 ‘
lontové-atomdrni zdroj 'F“.'D Ga, GaN, N,’ 950 °C, 30 - 200 eV obr, 20 |
EElekhunv alkovy wontovy 1droj se sedlovym polem .P‘.’D ‘A",N,' 300-2000 eV Aobv. 24

Tabulka: Prehledova tabulka unikatnich zafizeni zhotovenych pro rist nanostrukturnich materiald v podminkach
vakua.
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