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Abstract

The effects of hydrogen impuaribies cn the elecinical properiies of thin flm magnesiam
corde [ M) was investigated, Thin Mg films were grown ina reactive magnebron sput-
tering discharge while hydrogen was added o the growih environmeni. Nuelear resonance
reaciion analy=is (NHRA), X—my diflraction [ XR1), and impedance spectroscopy measure
ments wers performed on the sarmples,

The NERA measurements showed no increase in the hydrogen content of the grown
Mg films, as the hydrogen partial pressure was increased in the growth chamber, This may
indicate that the amount of hydrogen when the base pressure s in the vicinity of 1310 #
Tarr, 18 sufficient o saturate the MgO crystal. The X—ray diffmction measuremenis showesd
polverystalline structure of the grown Alms, The MgO films had both (20 0] and (2 2 0}
crystal planes, The impedance specbroscopy measurements indicated significant electrcal
conduction in soane of the samples.  However, the conduction seems 6o be unrelated o
hydrogen Honw into the growih chamber while growth takes place, The large effective sime of
the capacitors is be=leved to be the most Likely cause for defecis al the interface betwesn the
CreMog—: and the Mz0O flms, Stormg the MO films in ambient air at room temperature
for one month resulied 10 much lower resistance of the Alms, The film properéies were not

recovered] by annealing,
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Chapter 1

Introduction

Magnesinm oxide (Mg ie an fonic cxide and a good electrical insulator. Mg
thin filmz are wsed in numerous applications such as tunneling barrier in magnelic
tunneling junctionz [Yamano et al., 19%%: Kerber e al., 198%; Yuas=a et al., 2000,
Parkin et al., 2004), in plasma display panels as surface protective layer for dielectric
maierialz to enhance the lifetime and to reduce the firing and sustaining voltage
(Choi and Kim, 2004; Cheng et al., 2004; Matsuda el al., 20004, and a=s buffer layers
for high T. oxide superconductors (Tanaka et al., 1951; Soto et al, 1997). Here
we intend to investigate Mg thin filme az electrical insulators between ultrathin
metallic conductors and see iF inecreazed hydrogen sariial pressuare in the growth
cnvironment influences its electrical properties.

T growy MO Chin flmz two methods are mainly vsed, moleacular beam epitaxy
(MBE) (Chambers et al., 1995) or some form of sputtering. One form of spuoi-
tering i= reactive magneiron sputtering. Thiz method can be used to grow NgO
from a magnesivm target. Then a magnesinvm target iz spubiered in an oxyvgen
rich enviromment., By growing Cr Moy, on the MgO substrate we accomplished
clear boundary bebween the grooen MgOoand the MgO sob=trate and good latiiee
matching between Or WMo o and MgO iz achieved when & iz egqual or close to 0,70,
which mesultz in very little strain between the grown films [Chambers et al., 19%5;

Gylfason et al., 2006).
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In a high vacunm syetem the hage pressume s manly caused by water [HoO) and
therefore hydrogen is always present in the growth environment. Because of Che
hydrogen impurities in the growth chamber, hyvdrogen can be incorporated into Che
grown film and can thus change ite properiies. As an example it has been shown that
hydrogen can lead to conduction in some wide gap oxides such as Sn0; (Samson
and Fonstad, 15973) and Zn0 (de Walle, 2000). Furthermore it hag an effect on
the refractive index and chemical stability of alumina thin films (Schneider et al.,
19997, and i= decigive for composition ag well az the micrositucture evolution of
Srliy layers (Schneider of al, 19989, Kilig and Zunger (2002] made caleulations
o w-type doping of oxides by hydrogen. Their results indicated that distinetion
between H as an n—type dopant and as a nondoping impurity depends on whether
Lhe hydmogen pinning level (s above the conduction band minimum [(CBM of the
material (doping) or below the CBM of the material (nondoping). The pinning
lewel is when impurities such as hydrogen have pinned down the Fermi level at the
surface and at Che subsirate—epilayer interface, which then affectz the conduction
in the material. The hydrogen pinning level for all oxides i= located approzimaiely
at (3.0 £ 04) eV below the vacuum level, According to caleulations by Kilig and
Funger (2002) the hydrogen pinning level for Mg s located at 137 @V below CHM
and therefore, hydrogen iz not an r-doping impurity in Mg, However, Apnstzson
(2005, p. 597 found some evidence that hydrogen could possibly be the cause of

conduction in Mg grown by reactive magnetron sputiering,

In the following chapters the effect of hydrogen related defect: on the electri-
cal properties of Mgl dielectrics are investigated, Chapter 2 discusses Che growth
method applied o this study, reactive magnetron sputtering, and the characteriza-
tion methods ueed, nuelear reeonance reaction analysiz (NRRA), X-ray diffraction
(MR, and impedance specimoescopy. Furthermore, the earlier work on the electri-
cal properties of thin flm and balk MgO is sommarized. Finally possible defects
cauzed by hydrogen are discus=ed. Chapier 3 dizcusses the sample preparation. The

resulis of the XKD, the MREREA, and the electrical measurements ame di=scussecd in



chapter 4.






Chapter 2

Growth and characterization of

MgO

The Mg thin films veed in Chis =2iudy were grown in an azymmetric bipolar pul=ed
reactive magnetron sputiering dizcharge. The magnetron sputtering dizcharge ap-
pliex] to this study was custom designed ancd has three sputfering guns. The sput-
tering targeis used in this stody were Cr, Mo and Mg, Thus it allows for the
orowth of alloys as well a= peactive spultering. The magnetron sputtering svstem
used ig shown in figure 2.1, Three different types of measuremenis were performeid
o the samples; elecirical impedance spectroscopy measurements, X-ray diffrac-
tion (X R to explore the crystallinity of Che films, and nuclear resonance reaciion
analysis (NERA) to record the hydrogen concentration in the samples. The NRIUA

measurement was performed at Uppeala University in Swecden.

In the following sections the methods vzed for growth and measurment: are

discuz=zed along with discus=ions about earlier studies on Mg bulk maierial and

thin films.

[y ]
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Figure 2.1 A photograph showing the magretron sputtering system used in thiz stody,

Thee syatem was costom built ancd has thres targets o grow composite matevials. Photo-

graph by: Arni Zignrdur Ingason.

2.1 Sputtering

Physical vapor deposition (PVID) is a well known method to deposit thin Glme. A
widely used source of vapor is using =puatter erosion of =alid material by pogitive
ion bombardment. Any maierial can be volatilized by sputtering and therefore this
technigue has advantages over other technigues. Furthermore, the deposition rate
of the film has been made uniform over large areas [Smith, 1995, p. 432). The
ion bombandment is accomplished by using weakly ionized plasma. Plasma is a

collection of free particles moving in a random directions and is on the average
electrically neutral (Lieherman and Lichtenberg, 1994, p. G).

A DT glow discharge i= shown in figure 2.2, Beitween the parallel plates there is
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a noble gaz, iypically argon, under low pressure. A voliage zource is used Lo drive

current Chrough the low pressure gas befween the two elecirodes, The gas breaks

| Cathode

q

Figure 2.2 A schematic view of a DO glow discharge. The vpper electmode is the

Substrate

=

| Anode

cathods where the target iz placed. The lower slestrode i Phe anode whers the sobsteatie

ior the growth i placed (Lieberman and Lichtenberg, 1954, @, 406],

down and forms a plasma, usually weakly ionized. The dizcharge is maintained ly
secondary electron emiszion from the eathode [Lieberman ancd Lichtenberg, 1%%4,
po 4571, A voltage of a few thouszand voltz iz required to maintain the discharge.
D pglow discharges have =ome dizadvaniages such as high kKinetic energy of
sputiered particles thal can affect the film =iructures. Iis deposition raie i= also
not accepiable for practical applicationz=, To compensate for these disadvantages a
variation of the DO glow discharge has been developed called magneimon spuliering
discharge (Chapin, 1974; Waits, 1978), shown in figure 2.3, The difference between
the magneiron =puttering discharge and DO glow discharge, shown in figore 2.2,
is Lhat magnetz are placed behind the cathode. The magnet causges the =econdary
clecimons o be trapoed close to the target which mesultz in a higher probability of
electron impact jonization and hence higher plazsma density [Chapin, 1974). By
thiz modification, it ig al=o possible to grow filme at higher corrent densities, lower

voltages, and lower pressures than obiained in a conventional glow discharge.

Magnetron sputtering has been proved Lo be useful for deposition of concduetive
films. However, il is also used for deposition of insulating films. It can be done in

two different ways., Firstly, by spuitering composite targete and =econdly, by adding



= CHAPTER 2. CROWTH AND CHARACTERIZATION OF MO0

Magnets

] [s1 [

BN

+ Substrate

— | Anode

| Cathoxde

Figure 2.0t A schematic doawing of a DO planar magnetron discharge. A permanent
magnet i placed behind the targel ab the cathode and trape secondary electrons in the

eleetric Aekl (Lisberman and Lichtenberg, 1994, @ 488].

reactive gas into the chamber when sputtered from a metallic target. The gas reacts
with the sputtered metal material and lorms an insulating layer on the substrate.
The second method, referred 1o a= reactive =puttering, has gemerally lower target
fabrication cost and increases target purity compared to using a compound tangel
(Bmith, 1995, po 4800, By meactive sputtering it = possible to deposit dielectries snch
az pides ancd nitrides, ag well as carbides and silicides depending on Che reactive gas
(Lieberman and Lichtenberg, 1934, po 525). The growth taking place can be divided
intoy tero different modes, compounad and metal mode with a transition betbween
mocles that exhibitz hysteresi= as shown in figure 240 Compound mode oceurs
when the reactive gaz flux is high and the metal ion Aux is low, when growing in
metallic mode Che opooeite takes place |[Licberman and Lichienberg, 1994, po 5251,
The hysteresis behavior makes reactive sputiering a very comples process. However,
a model that deseribes the prooesses taking place has been developed | Berg et al.,
LOET; Berg and Nyberg, 20005],

When compounds are formed they will not only be depozited on the substrate
but alzgo onto the whole chamber including Che targel. Formation of a thin insulating
layer on the target surface is referred to as poisoning. The insulating thin film that

forms on Lhe target surface can be thought of as a dielecitic of a capacitor where
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Growih rate [a.u.]

b
Reactive gas flow [a.u.]

Figurs Zidr When a aputtering is taking place in a pure Ar ambient [point A) the
sputiering rate iz high. While the flow of the reactive gas is increasescd the rate remains
high until the gas adscoption mate on the target excesds the spubtering rate (point B,
The sputlering rate drops becanss of poisoning of the target [point O, By lowering fhe
remchive gas flow the poizoning remains until the apottering ate begins to exoesd the
adsorption rate (point 1) and at last the target is cleansd and metal mode s reachecd

again (point A) After Smmith [ 19695, po 480],

Lhe target actz az one electrade and the plasma as the other. This & demonstrated

in figure 2.5, This results in two problems. Firstly, Che current fow iz cauzed by

Plazma

Dicleciric Diclectric i
Didedrc

bredakram

Plasma

Targel | Targel

Figure 2.51 Mustration of how a capacitor is formed when a barget s poisoned during
reacbive aputbering. Plasma and the target acks as conducting electrodes and between is

the dieleciric. Thiz can cause dielectric breakdown, Adter Sellers (1902],

ions and because of the dieleciric layer the ion= are not able to hit Che Carget and

therefore no spublering can oceur. Secondly, the capacitor may not have enough
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diclectric capahility to charge all the way up to Cthe applied voltage, 1T not, Che
breakdown of Che insulator will cause a sucdden release of charge carriers, forcing
the local current densily to incresse into the are discharge region, which resulls in
arcing I::H(‘”('I‘Ei. 19957, Arcing can be divided into oo groups, micro and hard arcing,
Harel arcs are generally considered to be a discharge which takes place between a
region an Che cathode and an earthed =urface, wheress microaree are dizcharges
between different sifez on the cathode, While microarcs can normally be tolerated,
hard are evenls are extremely detrimenial to the deposition process |Schiller et al.,
1993; Kelly and Amell, 190%),

T guppress arcing an asymmelric pulsed power supply unit has been introdoaced.
In figure 2.6 a =chematic plob of asvmmetric bipolar pulse is shown, To adjust Che
pulse its reverse vollage, pulse frequency, and duty Ffactor can be varied. But duaty
factor i= the relative proportion of the pulee eyele made up of Che pulse on period

when the targel voltage is negative and sputiering is occurring., Kelly et al. [(2000)

100

s B 3
i 5 i

Applied volimg=[V]

:

5

1 1 '] 1
_Eml:l 10 20 = an L]
Tima [as]

Figur= 2.8: A bypical wavedorm of the applisd valtage inoan asymmetric hipolar polsed]
magnetraon sputtering discharge.  Spulttering bakes place when the applied voltage is

negabive, The positive voltage discharges the target and prevents chamge buiklup.

showed that there is a =trong relationship between the duty facior and the ocearring
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al hard arcs, and with lower dofy factor areing will be significantly redueed. 10
has also been shown for growing of alumina filmz a dulby fctor of 709 or lower,
inclependent of pulse frequency, is neaded for are snppression (Kelly eb al., 2000].
Pulse frequency is u=ually chosen between 200100 kHz and reverse voltage, thatl is
the amplitude of the pozitive pulse, is often chosen to be amound 10-20 % of the
negative operating voltage, A care must been taken io have the reverse voltage low
cnough nob o generate back sputiering, and high enough to maintain prefereniial
sputtering. Sellers [15%%) showed that 75100 ¥ wounld be effective and safe, and
aleo that returning to forward current az guickly as possible after a reverse bias is
critical to mazimize the deposition rate.

For reactive sputtering different temperatures can be chosen when growing Che
films. The growih temperature has an effect on some of Che flm properties such
az roughness, where the surface mobility of the atoms changes with temperature,
and the impurity content, but with higher tempearatures the growih raie inereases
and therelby less incorporaiion of impurities in the film. Az an example relevant
to thiz work it has been reported by Aboelfotoh eb al. (1977) that the amount of
hydroey] groups in Mg grown at 200 "0 is less than the amount grown at room
temperature. When the base pressure in their chamber wa= from 131077 to 4= 107"

Torr.

2.2 Nuclear resonant reaction analysis

Muclear resonant reaction analvsis (NWRREA) is a powerful nondestructive way of
studying hydrogen concentration and Ivdrogen depth distribotion in a solid, It
typically invalves the uze of light and heavy elements, and the nuclear reactions
characterized by cross seckions with narmow widthz and large ratice of peak to off-
resonant eross sections [Briere, 1993, o0 90 Soame different noclear reactione have
been used for the hydrogen profiling such as ! II['jl".:1’y]|"5EJ with a resonance energy
of 1644 BMeW or a resonance energy of 6.42 MeV, Another possibility (= 1o us=e the

reaction of ||||:|5:"';.|I'|":-':IIE|: ancd rezonance energy of 1335 MeW or G354 MeV' [Xiong
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et al,, 19587). The ~-ray yield from the reaction i then used to determine the
hydrogen concentration in the sample. The former hag ~-ray yield that is about
ten times higher Chan the latter one and therefore greater sensitivity iz achievedd but
with loes of resolution [Fiegler et al., 1978). The latter reaction [resonance energy
0.354 Mel') has gained popularity due to its small full width of 1.8 kW, excellent
peak Lo background ratio and itz relatively easy acoessibility. The reaction taking

place can be described by the equation (Briere, 1993, g, 5.
H 4 N (6384 MeV) — O 4 a + 7 (443 MeV) (2.1}

With this method a resolution of 510 nm and a senzitivity better than one part
per thougand ean be reached [Lanford and Rand, 1978),

T fincd the hydrogen concentration on the surface, Che sample iz hombarded with
6.35%4 MeV "N beam which yields an a particle ("He) and a characteristic 4.43 MeV
~-ray. The energy of the a particle i= only 0.5 Me and therefore it iz not weeful in
the measurementis, except for the thinnest free standing films (Briere, 1953, o, 9).
The concentration of hydrogen i= proportional to the p—ray count and by deteciing
them the coneeniration of vdrogen ean be found. Because the resonant reaction
oeeuTs at G358 MeV it is possible o increase the energy of the incident "N beam to
el desper into the sample. The beam will then loose enengy while penetrating Che
sample and at certain depth the beam energy has fallen down to the resonant energy
and the concentration at that depth ean be measured [Lanford et al, 1976). The
further the beam goe into the sample the resonant widths ineresses and therefore

the depih resolution decreases. Thiz i= due to incident beam energy stragoling and

is a limiting factor for the depth resolution (Xiong et al., 1987).

2.3 Admittance spectroscopy

For the admittance spectroseopy measurement, a four point probe technique was
usecl when measured at room femperature, bul a fwo point probe measurement was

usecl when the sample was cooled down, In a four point probe measurement (fgure
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2.7 eonstant current i driven through the sample and the voltage drop over the

OO

// ¥ ¥ L

Figur= 2.7t Four paoint probs resistancs messurement astup, A& constant current is
pased between bhe bwo oober contacks, and the voltage is mesasored bebwesen the two

inner contacks.

sample = measured. Because of the high input impedance, the vwalimeter will dreaw
very little or no current and Cherefore the contacts 1o the samole will have little or
no effecis at all on the measured value, For the measurements, Signatone coaxial
probes connected tooa HP4280 LOTE meter were used. To measure the impedance
af the zamples at different temperatures a Janis Bescarch VPF-475 cryostat and a
Lake Shore 331 temperature controller were used. The samples were oooled down
bo 78 K with liquid nitrogen and heated in steps ap o G000 R

The probes uzed for the two point probe messurement were not 2cmened ag those
for the four point probe measurement. To see Che effects on the phase between two
and four point probe measurements, the phases for capacitors 1 and 7 were measured
with bolh technigques at room Ltemperature and are plotted in figures 2.8 and 2.9
respectively. Capacitor 1 had resistance of the order of 107 £2 while capacitor 7 had
resiztance of the order of 10" €2, AL high frequencies for capacitor 1 we observe the
influence of inductance for the two point probe setup. AL the highest frequencies
(1 MHzx) the phase is close to =157 while measuring with screened cables but when

meazured with unsereened cables the phase i= al =107 at 1 MHz. No difference is
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I_ o Four point
= Twa paint

1o’ 1o

10’ 1"
Frequency [Hz]

Figure 2.8 The phase of capacitor | ab reom temperature, measured with dour point
technicme and screenesc] cables and two point technicoque with onscresne] cables, The of-
ircts of the cables is obvions, Higher ind octanoe in bhe cables is observed while measaring
with unscreenes] cables. At the highest frequencies |1 MHz| the phase is close to -45
while measuring with screened cables but when measured with wrscreened cables the

phase iz oab =107 ab | MH=.

seen in the phase between Cwo and four point technigques for capacitor 7. At the
higher frequencies the phase meazured using the two point sefup behaves zimilar to
the phaze measured vusing the four point =etup.

The total conductivity o, (w) of dielectric films can be written as
i |:.|.'] [ |::4.'] | T3 [22}

where @y i the de-dependent and o (w0 i& the frequency-dependent conduetivity.
These two conductivities are assumed Lo be cauzed by completely different processes

with the ac—dependent part taking the form
Frclw] = Aw’ (2.3)

for all amorphouz =emiconductors and insulators, Here A = a temperature depen-

cemt constant and & i= generally between 000 and 1.0 [Elliobt, 197&; Ghosh, 1990; Lal



23 ADMITTANCE SPECTROSCOFPY 15

3 4
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:'_—__ -
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Four point w -
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10 1" 1’ 1"
Frequency [Hz]

-

Figure 2.8t The phase of capacitor T ab reom temperature, measured with dour point
technicme ancl scpevnesd] cables and bao point technigqoe with unacreened cables, The

effecta of the unscreened cables on the phase of the measurements can e peglected.

et al., 2006), A log-log plot of equation (2.3) where admittance (¥) is on the y-axis
and frequency (w] is on Che #axis can tell us what kind of conduction mechanism
is taking place. At low Frequenciez, where any departures from linearity ecarries
information on the type of the loee mechanism involved, the admittance iz not de-
pendent on fregquenecy but at higher frequencies it becomes fregquency dependent

(Cheeh, 1900).

Two different mechanisme have been proposed for the melaxaltion mechanism,
quantum mechanical tunneling (QMT) and hopping over a barrier (HOBE) ag well
az comhbinations or variations of Cthose e, where the responzsible carriers ame atoms
or electrong (o7 polamne] (Ghosh, 1990). A polaron is formed when a moving
charge in a crystal with =ome ionic characier polarizes the lattioe amound it. The
lattice polarization then acls as a potential well that hinders the movemenlz of
the charge and therefore the mobility is strongly decreased and becomes highly

temperature dependent, becanze the binding energy of the electronic ecarrier to the
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polarized lattice must be overcome [Kingery et al, 1575, o, 870). These changes
are considered to move by discontinuous "hopping” or jumps between well localized
site= within the solid, but most of the time they are considerad to be at rest al these
sitez. This mechanism musl be clearly distinguished from “free band® conduction
[Jonzcher, 1572).

In HOE, the carrier motion oceurs by hopping over the potential barrier sepa-
rating Cwo defect centers with a height of the potential barrier W, measured form
the ground =tate, which is a random variable. Correlated harrier hopping (CBH) is
a variation of HOB which accounts for changes in the 8 parameter. By assuming
a Coulombic correlation between the chargesd defect cenlers which resulis in oor-
relation between W and the intersite separation which is called correlated barrier
hopoing (Ellott, 1978; Pike, 1572).

The parameter & in equation [2.3) depends on different processes when com-
pared to different model=. For the QT model it iz temperature independent but
frequency dependent, for simple HOB model the parameter & iz predicied o be
unity and independent of temperature and frequency, and for the CBEH model it
decreases with increasing temperature (Elliott, 1978; Ghosh, 1990). The frequency

caponent according to CRH is then given by Che equation

GhepT .
= W S RgTinjam) (2.4)

where kg is Boltzmann constani, Wy is the polaron binding energy, and  is Che

characteristic relaxation time (Elliott, 1987).

2.4 Thickness measurements

T eetimate thickness of thin filmz different methods can be used. For ultra thin
insulators (- 60 ﬁ;"_l or semiconduectors, Fowler-Mordheim tunneling measurements
can be used. With this method thickness changes of ~~1 A can be detecterd | Zalar

et al., 1904, 1965), Other properties of the materials can also be detected with this
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method such as barrier heights [(Zafar et al., 2002], and the effective elecimon mass

(Falar et al., 19547,

Another method to determine the thickness of thin films is X-—ray reflection. 1t
can be used Lo determine the film density, the surface rounghness az well a= defermin-
ing thicknes=ee between 2200 nm with a precizion of aboot 1-3 A AnX Ray beam
is reflecied at the zurface of the material under investigation. Above the critical
angle, which iz usually less than 0.3 for most maierialz, reflections from different
interfaces interfere and interference fringes appear. The period of the fringe= and
the fall in intensity are related to the thickness and the roughness of the laver. As
the angle where Fringes are vigible increazes the moughnees of the surface decreases

(Holy et al., 1595, o, 1159).

2.5 X-ray diffraction

Crystals consizis of planes of aloms which are spaced a diztance d apart. They can
be resolved into many atomic planes, each with a different d-spacing. To aocess
the erystal quality and the lattioe parameters of Che materials X-ray diffraction
(MR can be used, Depending on the angle of incidence the X-—rave bombarding
the sample can either pass through the erystal or interact with atomes in Che latiice.
Because of the phase relation befween the =cattered X-rays fmom the atoms in
the latiice, interference will occur. Moet of the interferences are destroctive but
in same directions consiructive interference takes place and diffracted heams are
formed (Cullity, 1978, g 82).

The seattered taye will be completely in phase [constructive interference) if
their path difference is equal €o a whole number of wavelengths, Thiz i= described
by Brage’s Law

A
2eind

(2.3)

where d iz the distance belween planes, A i= the wavelength, @ is the angle of
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incidence, and n I, 2 4, ... Different ervstal planes can be found by using

i
= (2.6)
v+ k41

which ie valid for a cubic eryetal. Using equation (2.6) along with the crystal line
spacing, o, obiained fmom the X-—ray diffraction it i= pos=ible 1o find the Miller

inclices (k, & and {] which deseribe the ery=tal planee of the cryetal. In equation

[2.0] ag is the lattice onstant of the Ml crystal.

2.6 MgO thin films

Magnesinm oxide thin filme have been studied by =everal groupe. Soto et al, (1907)
report on Che growth of MgO thin filme by pulsed DO magnetron eputlering on
3aAs substrate that had room temperature resistivity of 10'" ©2em, when growth
rate was in the range 0.25-2.30 nm /min {0.04-0.55 F.l.l'ﬁ:l. Deposition took place From
room Lemperaiure o 500 5O where they found that the deposition rate was =engitive
to higher temperature, but not the crystallinity., They grew their samples with Che
oEyEen pressure in the range from 1-7.5 % Og at a iotal pressure of 5 mTorr, and the
biest pesulls were obtained in the lower oxygen content deposition. However, films
abtained at a higher cxygen pariial pressures in the chamber were more resistant to
aging. H=u and Raj [1592) found however, when Mg filme were grown epitaxially
on Gads by reactive 1f planar magnetron spuitering, that at lower temperatures,
the MeO film was not fully eryetalline. However, highly oriented erystalline films
were obtlained when the substrate temperature ranged from H00 Co 530 5 C,

Fan et al. (2001) used metal-organic chemical vapor depogition (MOCVD] Lo
procluce single-cryvetalline MgO thin films on Mg (1 0 0], (1 1 0] and [1 1 1]
subsiraies. They claimed that higher concentration of atomic ceyvgen lead o laver
by —layer growth and thus atomically Hat surfaces.

Rakolomiraho et al, [1986] studied =ome plhrvsical properties of Chin Mg films
which were produces] by peactive spanttering, They concladed that eondoetion in

the filme was due to electron hopping from a trap level fo extended =tates in Lthe
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conduction hand and that the fonization energy (E; = (1.4 £ 0.1) &V) of the trap

levels were due Lo oxygen vacancies,

Hydration of thin Mg films was reporied by Aboelfotoh et al. (1977). As
mentioned before they claimed Chat films deposited at 200 2O had higher hydrosyl
content than flme deposited at room temperature and the base pres=um belween
12107 to 4: 107" Torr. Thev al=o found that filme deposited at fast rate [~ TR0
.-i|.|."1'ni11 or - 130 F.I."E] hacd less hydroxy] groups than filmz deposited at elower rate
[~+160 ﬂl."min or 2067 .'\l."z-:l at 200 ", and that adsorpiion of residual water on
ey dicd not influence the growth mode of the grown film. Hydration of MgO
thin films should not come as a surprise because water can bind strongly to Che
ey surface. This iz becau=e high surface charge of Mg and that the latiice
parameter of MeD is gueh Chat the water molecules can maximize their interaction
with the surface and form hydrogen—bond 1o olher water molecules in the monolayer
[ Engkvist and Stone, 19635 ). Furt hermore, Che chemical stability of Mg is such that
it can easily absorb moisture and form magnesiom hydroxide (Mg(OH);) (Refson
et al, 1995). Mejias et al. (1999) claim that hydrogen reaction can start at a defect
site on Che MgO single crvstal, such a2 comer, edge and surface. Hydrogen can
then be incorporated into Che Mgl thin films bolh in the growih environment and
when they ame subjecied to atmosphere, Lee et al, (2003) exposed Mg thin films
bo &80 % humid ambient at room temperaiure. Then vidration was formed on the
surface of the MgO flm and alzo in the inner part of the film, the entire region was
aporozimately 2 nm thick.

Durdes et al. (1900) stodied structural characterization of MgO(100) surfaces,
They found that MgO surface which was cleaved in air was damaged irreversibly by
waler vapor. IL ereated point defect= on Che surface, The samples were also covered
by contamination layer of CO. and HeO which was possible to elean by annealing

ab 700 - C but the surface defects created by water remained.

Furthermore, the hydration behavior of MgO zingle crystals and thin flms was

investigated by Lee et al. (2003). They found that the ervstal direction did olay
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impartant mle in the hydration of the MgO filmes, where the (111) plane hydrated
more than the the (100) plane, Furthermore, the resulte showed that the grain size
and den=ity of the Mg thin films could be cmcial factors influencing Che hydration.
The clusters of Mg(OH) . appeared to be formed on the surface becanse of wolume
expansion as a result of lattioe mismateh between MgO and Mg(OH)z. They grew
bath in wertical and lateral directions and after long-—term hvdration the growth
in Ivdration clusters in vertical direction was =aturated. However, the growih in
the lateral direction continued. When looking at the MgO thin films they were
hydrated even though it was not done intentionally, and much more hydrated than
single crystals with the same orientation (100). This is most likely caused by the
existence of grain boundary ag mentioned by Mejias et al. (1999) and further the
partly exposure of the (111) plane on the surface. The part of the density in the
hydration of the inner part of the thin MgO flm was al=o dizcussed by Lee ei oal
(2003). The density was found to have very important effect on the diffugion of HaO

through the film where the MgO could react with the vdrogen and form WMg(OH )2,

2.7 Electrical properties of bulk MgO at different

temperatures

Meazurements of Che electrical properiies of bulk Mg eryetals have been performed
by geveral investigators. Moo=t of thoee measuremenis are performed at lempera-
ture= which are higher than or arounc 1200 K [ Mitod, 1961; Osburn and Yes(, 1971;
Sempolinski ef al., 19807 but some measurements have aleo been performed at lower
temperatures, down to 300 K [Lempicki, 1953). Lempicki (1953) did his measure-
ments on bulk Mg From moom Cemperature up to 1500 K. From room temperature
up to =500 K he did not get reproduceible eealt=, However, the activalion energy
for the conductivity of the crystal was measured o be between 0015 and 0025 &,
Fathrein and Freund {1953) studied the direct current conductivity of MgO single

crystals between 500 K Lo 1200 K. Below 1000 K the activabion energy was mes-
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sured to be (1.1 £ 0.2) &V but about 2.4 @V at higher temperatures. The mechanism
occurring alb lower temperatures was proposed 1o be doe to electrons on anion de-
fert gites cormesponding to O in the 0% =tructure which were consequence of Che
presence of carbon and hydrogen in Che Mg,

Mitodd 15961 looked at conductivity of single erystals of Mgl at temperatures
fromm 1273 to 1773 K. He found that the activation energy obiained form the Ar-
rhenivz plois varied between 207347 eV 5080 kealfmol|. Below 1773 K down to
1273 K all the resultz indicated that the impurities dominated the electrical condue-
tivity, but analyeis of the crystals used, showed several hundred parte per million
impurities, principally Ca, Al, 8i, and Fe. The conduction in MgO can be divided
pralominantly into electronic or ionic and the conduetion depending on tempera-
bure, oxygen pressure and purity of the sample. At the lower temperaiures around
1273 K and intermediate oxygen partial pressure jonic concuckion wags Favorable,
and at higher temperatures with either low or high oxygen How electron eonduction
was mare favarable.

Lewis and Wright (1968) investigated MgO single eryetals at temperatures in the
range 673 W Lo 1023 K. They concluded that in thiz temperature range the activation
energy was about (2.8 + 0.1] eV which agrees well with measurements at higher
temperatures, They also looked at polyervstalline Mg and saw that Che elecirical
conduction was very much higher than for MgO single-crvstals with activation
cnergy of 1.2 eV, They suggest that thi=s difference in activalion energy belbween
single-crvatals and poly-erystals, could be due to possible thermal jonization of
traps ab the grain boundaries which would be a possible mechanism for controlling
conduetion. This wonld aceount for the high condoaetivity of the polyeryztalline

specimen which rontained a large percentage of impurity atome,

2.8 Hydrogen as an impurity in NMgO crystals

Freund et al. (195:4) looked at how low atomic number impurity atoms (hydrogen

and carbon) were incorporated into magnesinom oxide and what kind of vacancies
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(-1 dat: single positive

(1 prime: single negative
("1 double prime double negative
|:;.-;] croes neubrl

index it interstitial
"u":u_l Mot vamancy
O OH ™ substituting For 0F
o 07 subsbitubing for bwo OF

0" CF T an 0% labtics sile

Table 211 List of symtolk and specific defect configuration nsed in the chemical formu-

las. Fram Freond et al. [ 1084].

would be produced in the ery=ial. Acconding o them, H: O produces equimoelar
concentration of exirinsgic cation vacancies and OH ™ djons in Che magnesinom oxide.
The H* eations convert, to a large extent, into molecular Hy oand perosxy jons,
E]i . Then Hz may be lost and the perosy jonz are lelt as exoess oxygen in Che
ey crystal, The thermal decay of E]i above 530 5O generates positive holes,
both vacancy—bound and highly mobile unbound O =tates, which diffuse toward
the =urface. This can cauze surface charges, and anioxidation of transition—metal
impurities in the bulk.

In table 2.1 the symbols used in 2ome of the following chemical formulas are
canlained.  When HoO dissolves in oa MgO crystal it ean caose three dominant
types of vacancies to be formed, which are half [OH'V [, fully [OH'V, HO'|™
and over-compenzated [H) | vacancies. The fully compensated defect is expected to
be oriented parallel to the [100] direction of the Mg siructure. This is shown at
the bottom left hand side of figure 2,10 where the formation of He molecules is

illustrated. Thiz lormation of Hy can Chen be explaine] by the formula:
ONV 1O = (5 (M), | (2.7)

But the probahility of the (Hz 4 E}I::: 1 formation depends on the O-0 distance
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g

Figure .10 Conversion of the Fully OH ™ —compersatesd] cation vacancy defect in Mg
inko bhe [Ha 4 lifl:: ) eonfiguration by internal charge transfer. Lattice relaxation doe to

much smaEller IZZI:: atorm than 0% iz not =hown. From Freond et oal, 19845,

across Lhe cation vacancies (Freund et al., 1984,

Without discrganizing the charge balance in the cry=tal, Hz can be removed

according to Che equation:

[5-(Hadu ™ 7 [B Vi ™ + (Ha)f (2.5)

where the hydrogen iz left as interstitial and from there it can enier gas phase and

then be removed from the crystal ai certain temperatures:
o oor
(Hzlo = Hapy (2.9)

Thiz will then leave the exeess oxygen in the form of perosy ione in the crystal
and equimolar conceniration of cation vacancies. Thi= however, only happens al

relatively high temperatures, between 300 and 550 7O [Freund et al., 1%954].



2 CHAPTER 2. CROWTH AND CHARACTERIZATION OF MO0

2.0 Effects of ion bombardment

When sputtering oxides or oxidized metals high energy negative ions can be pro-
cluced in the plasma. These ions are then aceelerated from Che targel to the substrate
cue to negative potential of Che target. These atoms can then cause resputiering
(back eputtering) of the substrate [Kester and Messier, 1956).

Effects of high—energy atoms have been #todied daring growth of csides =och
as gine oxide (AnO) (Tominaga et al., 1981), barium titanate (BaTiOy) (Shintani
et al., 1975), indinm tin oxides (1T0) ([shibashi et al., 1990], ¥ Ba.Coy 0, (Selinder
et al., 1991) and magnesium oxide (MgO) (Hamerich et al., 195%4). The effect of jon
bombardment on the subsiraie can infuence the Chin flm properties. Rossnagel
and Cuomo (1955) found that the bombardment can eause phyvsical changes in the
film ancd affect other elated properties such az elecirical resi=tivity, the dielectric
constant and the stability of the film. Tominaga et al. [1981) investigated the
influence of high—energy neutral atoms when spuitering zine oxide (Zn0). They
showedd Chat there is a good correlation between the decrease in the deposition rate
and the flux of high—energy neuatral atoms. Tominaga ef al, (19693) ob=erved etrong
flux of O jone and O atoms =imuliancously during Che sputtering of Zno target
at gas pressures below 1 mTorr. Which confirms that there is a clear influence
ol the film bombardment by these energetic ions at Chose gas pressures. Selinder
et al. (1991) found that the deposition rate for YBagCuy O, decreased at ceriain
crygen partial pressure where the deposition rate droppel drastically. They also
mentioned two waye fo reduce the resputlering effect produced by high energelic
particles at the sub=irate. This can be accomplished by either reducing Che energy
by collizions before Chese energetic particles reach the subetrate, or by reducing Che
initial emergy of the ions by hindering collisionless aceeleration in the dartk space.
The dark space iz close to Che target wherne sccondary electrons have not had enough
inelaztic collizions with molecules for the glow from the exited stales 1o he vizible
(Smith, 19895, p. 472).

Fester and Messier [1956G) sputtered some materials and compared their results
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to a model which waz based on jon potential and electron affinity values of Che
clements in Che sputiering material. For investigation of the 2amples three methods
were nsed: seanning electron micmecope (SEM) micrographs, thickness profile, and
visual observation. In their study nine oul of ffteen materials sputiered =howed
clear evidence of resputtering and three materials were probably (two out of three
methods showed evidence of resputtering) effected by regputtering.

The deposition procese in magneiron sputtering discharge was modeled by Hamerich
et al. [1994). By thiz model the sputtering process for multiconstituent materials
which accounts for variations in the depositiocon rate of thin Glmz sputtered with
planar eputiering systems in the face o face geometry was developed. Their model
was comparsd] among others materials o MgO, =puttered from a Mg target, and
was in excellent agrement with grown filmz. 10 ghowed variations of the refraction
inclex between 1LGT Lo 1,700 This variation in the refraction index i= caused by me-
sputiering and was mainly in a region around the projection of the magnetron ring

on the sub=irate.






Chapter 3

Sample preparation

Three different measurements were performed on the samples. All samples were
procuced on MgO (10 0] substrates, All meazuremenis demanded different zample
preparation. In Chis chapter the sample preparation for these experiments is de-
seribed along with the treatment aof the substrates prior to the flm growith and Che

magnetron eputtering deviee configuration,

3.1 HReactive sputtering

The =ubstrates used were first cleaned in trichlorethylene, acetone and methanol
ulbtrasonic bathz for 5 minutes each, blown dry with My and then heated at 700
C for 10 minutes in vacuum. The target was an 9595 55 pure g metal. In the
spultering prooess current regulation was used where the corrent 1o the Mg tangel
was el 1o 000 mA. The ooygen was delivered to the sample through a pipe that was
placed close to the gample holder, In figure 3.1 the covgen inlet and the substrate
halder are shown., The oxygen How was fixed af 1.1 seem and the argon flow was
kept monstant at 40 seem. Asvmmetric pulzed DO magnetron sputlering was applied
with G0 kHz frequency, an reverse time of 5 ps (70 5 duty factor), and the reverse

voltage was 20 % of the apolied voltage.

27
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Figure .11 The samplke holder in the magnetron spottering discharge. High density
plazma next to the target is seen at the top of the Ggure. The substrate lies on the
substrate hokler ==en in the center of the Ggure. A heater iz under the subabrate bolder
to contral the growkh temperature The pipe where the ceygen was deliversd to the

samplecan b seen in front of the substrate bolder, Photograph: Arni Sigurdor Ingason.

3.2 Hydrogen incorporation

As mentioned before most of the base pressure in a growth chamber is caused by
water, and thersfore significant amount of hydrmogen is expected 1o be present while
crowing a film. Hydrogen will Cherefore be incorporated into Che grown film. It is
possible o estimaie the growth rate of one monolayer of impurities and compare
it to the flm deposition rate. As frst assumption the base pressure is only caused
by Irvdrogen (the base pressure is mainly caused by water), the time (o grow one
monalayer of hydrogen can be calculated {See, 2002, o, 359)

NAMT
2.62 = 10°7p

(3.1)

where W, ig the number of molecules per unit area, A is the molecular weight, T

is Lemperature in Kelvin and p i the pressure in Pa. The amount of vdrogen in
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a grown flm will therefore be dependent on the flm growth rate. In this stody,
instead of changing the growth rate to gel more hvdrogen incorporated into Che
film, hydrogen was intentionally added into the chamber and the growth rate was
held constant. The amount of hvdrogen was changed from 0.00- 133 seem in steps,
The higher value of the hydrogen flow (1,33 =cem) was the highest flow rate that
allowerd growth in metal-mode. To control the hydrogen (Hz ) Bow an Aera FOTTO0C
mags flow controller was used, This controller was calibrated for nitrogen (Ny) bat
according o manufactures the He conversion factor for Mg = 1.0OLO, ie. 100 2cem

flowe of Mo mesultz in 101 scem flow of He.

3.3 Samples for nuclear resonance reaction analysis

BSamplee for nuelear resonanee reaction analy=is (NRRA) measurements were pre-
pared on a MgO substrate. The substrate was electrically floating, The base pres-
sure in the chamber was ranging from 8.8 10°° to 2.9 10" mTorr. The substrate
was coaled with a CrpoMog— . alloy of thickness close to 150 A at 200 °C to get an
interface between the substrate and the grown MgO film. The CreMop— . flm was
orown al a growlh rate of 0459 ﬁl.l'z-'. Then about 3000 & thick film of Mgl was
crown al temperature of 500 “C at the rate of 045 .I\l.l'z- with the growth pressure of
287 mTorr. The MgO flm was grown From a Mg target and cxygen was supplied
close to the subetrate. During the growth, hydrogen was added with fow rate in
Lhe range from 000-1.33 seem. The Ar fow into the chamber was 40 scem and Che
Cig floow was 1.1 =eem. Om top of this strociure another CreMog— . thin film was
crown. The thicknesz of Chis layer wa= chosen o be of 200 A thick, epulterad at
temperature 200 “C In figure 3.2 the etructure of the samples is shown., The thick-
ness of the overlaying CreMog - film was chosen so that at least two energy steps
would be needed for the "N beam to get through the flm. By this the water stuck
atb the =urface of the =ample should nol effect Che measured hydmogen conoentration

af Lhe sample. Exact growth parameters for the samples are given in table 3.1.
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Figure 3.2 The astructure of the samples used for noclear resonance reackion analysis
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Takble 3.1 Crowth parameters for bhe samples Lhat were made for the nuclsar resonances
I

remchion analyzis ([WRRA). For all the samples an Mgl (1 0 0] substrabe was used with

approgimately 150 A thick CreMo;_x flm on top. At a oxygen flow of L1 soom, bhe

grawth mte of Mgl was around 0,45 .'ll._fl:l-. Approcimately 2000 A thick Mgl film was

grown on bop of the Cre Moy layer. On top of the Mgl thin film approximately 200 A

thick CreMop_ - film was grown. The He partial pressure was calealated by dividing the

Ha How by bhe total Aow of geases into the chamber, This explains the e Ho partial

pressure for the first sample even though hydrogen exists in the chamber as can be seen

itom the base pressure which mainly consists of water.
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3.4 Capacitors grown by reactive magnetron

sputtering

For investigaliom of the elecirical properties of the Mg thin Olms, capacitors
were produced using shadow masks, and Cheir strocture is shown in fgure 3.5

A Cr,Mop—, film was grown on the MgO subs=irate. An MgO thin film was grown

Mg substrate M0 aikeinata Mgl subalrats
Slep 1 Stap 2 Shep 3
1a]
Crido
Mg g
=" H_.; c | c
Mg subsiraie Mgl subsirai Mgl subsirate
Siep i Siep 2 Siep 3
()

Figure 3.5 The steps of the caparcitor Fabrication.  Figures (a] and (b] show top
view and side view of the caparitor respectively. In step one approcimately 15 A bhick
CreXop -1 ilm was sputiersd on the Mgl subatrate, In step two 1000 A ¥l Alm was
sputtered on top of the Credlop ¢ layver. In step 3, 10400 A bhick CreMog - contact was

grawn cn top of the Mgl film. From Agustzscn [2005),

froom a metallic target while oxyvgen gas was supplied to the sample. The substrate
was electrically floating during growth. The growih rate of the Mg Alm was 0,34
II|.|."-_-~ several samples were prepared with different hvdrogen flow supplied into the
chamber ranging from 0,00 to 13D seem of hydmogen. On Cop ol Chis layer another
film of Cr Mop , was grown, Both Cr WMoy flms were sputtered al 200 5C, The
underlying film was around 150 A thick and the overlying film around 1040 A Mgt

was grown al 300 50 which resulled in a polyerystalline Glm around 1000 A thick.
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3.5 Samples for the X—ray diffraction

Samples for the X-rayv diffraction (XRI3) were grown, as for the other samples, on
top of & MgO (1 0 0) substrate. First 600 A Cronog . film was grown al Che
oromvth rate of 0037 ﬁnl."‘:i and on Lop ol that 000 A MO film at the growth rate of

0.5 .'il.ln"E were grown. In fgure 34 the structure of the samples is shown, In table

MgQ 4000 A

Cr,Mo 4, 600A

Mgl substrate

Figure 3.4: The stroctore of the sampls waed for the X-ray diffraction.

4.2 the growth parameters for the =amples are shown. During the growth of Che
Cr.Mop - and MeD film= the substraie was electrically floating. Mg waz grown
froom a metallic Mg target and oxygen gas was supplied close 1o the sample at Che
rate of 0,90 scem. During the growih of the NMgO Olm hvdrogen was intensionally
added into the growth chamber, The fow of hydrogen waz belween 0000 ancd 1,33
soem. The base pressure was ranging from 3.75: 1077 to 3.00x 10 % Torr and the

growth pressure was in the vicinity of 27510 Torr.
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Snmple 1 Bample 2 Znrmple 3 Snrmple 4
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Toble 3.2 Crowth parameters for the samples mades for the X-ray diffeaction (XRO].
Firat 800 A thick CreMoy o Gl wias grown on top of Mgl (10 0] substeate, On top
of the Credlog_r Blm 4000 A thick Ml Gl weas grown. The Ha partial pressone was
calculates] by dividing the Hz Aow by the total Bow of gases into the chamber. This
explaing bhe zera He partial pressore for the first sample sven though hydrogen exists in

the chamber &s can b ssen from the base pressare which mainly consists of water.






Chapter 4

Results and discussion

Thres types of measurements were performed which requited different by pes of sam-
ple preparabion ag deseribed in Che previons chapler, The samples were investigated
by muclear resonance reaction analysi=z [WHRIRA) to measure the hydrogen concen-
tration in the MgO films, X-ray diffraction to 2ee the cryetal planes, and impedance
spectroscopy o investigate the electrical properfies and conduclion mechanism in
Lhe dielectric.

The material stoichiometry in grown compounds does affect il= properties. The
ratio between magnesinm and oxygen, in MgO compounds, is supaosed 1o be 1:1
[n this study the ratio was not measured. However, Vuoristo ef al. (1991 did RBS
measurements on KMgO thin films grown by of magneimon sputiering which had Che
ratio close to L1, In previous etudies on MzgO thin flms grown on 5i =ubstrates by
pulsed DO reactive magnefron spullering performed at the University of leeland,
the ratio of Mg versus O measured by RES was 1:1 (Aguets=on, 2005). We assume

that this ratio has not changed in the corment =iady.

4.1 Hydrogen concentration in MgO thin films

[n section 2.2 the nuclear resonance reaction analyvsiz is discu=sed. This technigque

uses a '“N beam which peneirates the measured sample and at 6384 MeV resonance

34
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cnergy 7 particles are prodoaced, these particles can Chen be uzed o estimate Che
hydrogen content in the samples,

For a beam of atoms entering the sample, it is possible 1o caleualate the coneen-
tration of hydrogen [umnu-'l.l'-:'ln“"] with a formula which is given by (Hydén et al.,

1950):
(dF/dz), (N — BAL) G
& 4B/ dr), (N, — BAL) 4,

Where dFE fdr is the stopping power of the material, N i= the number of < gquanta

(4.1)

detected, B iz the background conliribution per Cime unit and i=s mainly due o
coemic radiation, At is the measuring time, €2 is the "N dose given to the sample
during the meazuring time, and ¢ is the concentration of hydrogen in Che calibration
sample. The subserint s stands for the investigated sample and the subseript ¢ for
the calibration sample (Bydén et al, 1959). The sample used for calibration was
TaHpar and waz prepared at the Department of Chemistry al Uppsala University,
A Van de Graail tandem acoclerator with a terminal voltage of 1.0-5.0 MY and
stahility of £1 ¥V was uzed for the measurement. The "N jon current iz normally
L0-20 nA on the sample with a beam spotb circular and a radius of 2 mm. The
average values of V_, €}, and e are given along with the stopping power, background
noize and measuring time in table 4.1,

Because oxygen is a gas b can not form metallic bounds with the magnesium
metal, instead jonic bounds are formed. This causes difficulty in determining Che
exact etopoing power of Mg, The MgO stopping power (dFE /dr) used here was
taken from the program SHEIN where the stopaing power for the electrons and Che
nuclens were added together and the density of the film wag taken as 3.5=51 f.:l."i:rn:’
(Shackelfomd and Alexander, 2000, p. 78). This resulied in stopping power 26386
eV nm (25386 MeV fem) for MgO, The density of the grown films was ot known
a0 ib adds uncertainties o the slopoing power value,

[t iz pomsible to caleulate how far the "N beam can peneirate the eample. This

is calenlated according to (Rydén et al., 198%)

_'-rl:h.lE

dF dx (+:2)

B
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Calitration Cromwn Mgl samples
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Table 4.1t The given and the average of the measured values dor each sample sl
in formula 4.1 along with the calibration sample. Where 48 /dr is the stopping power
of the material, &y iz the number of detected v gquanta detected, & s the hackgronned
canbribubion per bime unit and is mainly doee to cosmic radiation, A¢ is the measuring
time,  is the "N dose given to the sample during the measuring time. The calibration
sample [TaHeoa7) is dencted with subscript © and the grown samples are dencted with

subscript = in equation 4.0 [Hyden et al,, 19850,

where F,_ is the resonance energy (6.354 MeV) and E is the energy of the '"N beam.
Heverever, it can be difficalt to determine the exact peneiration depth becauz=e of Che
uncertainty of the etopping power of Mg, Growlh parameters for samples used in
the WRRA messurementz are shown in table 3.1, Figure 4.1 shows the [H]/|[MgO|
ratio for the five filmz a2 a function of beam energy. There the energy steps while
penetrating the overlayving Creoy—. film have been removed from the graph. Using
erpuation (1.2) to ealeulate the penetration into the sample, we find that the point
ab 6.9 MeV in figure 4.1 i= at approximately 1500 A inside the cromn Mg film,
T get a value For the hydmogen concentration of each sample the average of Che
data measured was used. The average hydrogen concentration of the samples a8 a
function of hydrogen partial pressure is shown in figure 4.2, The absoluote value for
the hydrogen partial pressune can be found in table 3.1 and the average value of the
hydrogen conceniration can be found in takle 4.1, The hvdrogen concentration is
high even when no hydrogen iz added 1o the growth environment. 1€ should be noted

that there are 10 aLc:nuil.l'c:nf’ of Mg in the cry=tal and the Ivdrogen conoeniration
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Figure 4.1t The matio between [H| and [Mg] of the grown Glm versus energy of bhe
"N beam. The energy of the YN beam is proportional bo the penetration depth of bhe

sample ared can be calculatesd by equation (4.2)
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Figure 4.2t The average concentration of hydrogen [atoms/om™| in the g samples

versns hydrogen partial pressure,
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was measured to be of the order of 10% alnlns.l.l'-:'lna. Figure .2 does notb show

increazed hydmogen concentration a= the hydrogen partial pressure is inereazed. This
could indieate that even though the base pressure in the growth chamber iz in Che
vieinity of 1= 107 Torr the sample will be =aturated with hydrogen. Other possible
source for hydrogen are impurities in the target. Even though the target is 95,95 %
pure magne=iom metal, hydrogen can be at grain boundaries of the Carget maierial.
Thiz would possilly be a =ailicient =ouree of hydrogen to =aturate the grown MgO
filim.

FEquation [3.1) i= useful io estimate the time it takes o grow one monolayer
of impurities.  Making Che azssumption thalt the hase pressure is only hydrogen
[(For simplicity, the base pressure = mainly caused by water] we can =ay that Che
hydrogen pressure (p in equation (2.1]) in the chamber & in the vicinity of 3,00 10 #
Torr, (4=10 % Pa). The molecular weight is M — 2 g/mol, the molecular diameter
al hydrogen i2 around 2034 A which gives the number of atoms per unit area I,

.82 10" om =, and the capacitors were grown at a temperature of T ava
K. Based on Chese values, it takes approgimately 59 2 Lo grow one monolayer of
hydrogen impurities, while the time it takes o grow 30000 Aar et is 1 hour and
5] minuies.

The uncertainty in the NRREA measurements iz related 1o the counts of the
deteeted ~ particles along with Che unecertainty of Che stopping power in Mg,
Because of low 7 counts in Che measurements, the uneeriainty in the etopping power

of Mg is dominating and is estimaied to be around 10 %,

4.2 X-ray diffraction

Toexplore the structural properties of the Mg films X-ray diffraction (XRD) study
was performed] on a series of samples. For the XHED sean, samoples were prodoaced
az dezeribed in zection 3.5 and their growth parameiers are shown in table 3.2, As
can be seen in the XRD =cans in figure 4.3 Chere are two peaks appearing for all

of the grown thin films. The first peak shown in figure 4.2 (a) is around 437 and
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Figur= 4.31 The XHID scan of the grown samples. As ssonin Agure (4] thee iz & peak
araund 43" which corresponds tothe [20 0] crientation. The two peales seen in this figure
are due o two different wavelengths bom the Coancde in the X-ray device, In figure
ih| another peak is seen bebween 827 and 857, This peak is due to (2 2 0) orientabion of

the grawn film.



4.3, ELECTRICAL PROFPERTIES OF THIN FILM MO 41

corregponds o the (2 0 0) erystal plane, which is the game ervstal plane as the Mg
submiraie. As can be seen there are Cwvo peaks around 437 which cormespond o iwo
different wavelengths, 1.5406 and 1,544 A, from the Cu anode in the X Tay cevice
usecl for the XD sean. The other peak shown in figure 4.3 (b)) appears hetween
62 and 637 and corresponds to the (2 2 0] eryetal plane of the crystal.

Cheng et al. (2002) and Zheng et al, (2006) have studied the growth orientation
ol ot filme, prepared by pulsed mid-Tregquency magnetron spubtering from a Mg
target ancd cathodic—vacmmm-—are ion deposition, respectively. Cheng et al. [(2002)
reported that the Glm orientation was dependent on the growth mode of the films.
When growing MgO film on highly conducting n—type (2 0 0] 5 substrate. They
grew (2 00) orfented films in metal mode, but when the growth was in eomponnd
mode both (2 0 0) and (2 2 0] orientations were observed,  Zheng et al. (2006)
prepared MeO filme on glass and 51 substrates. They showed that the growth
arientation wag preferred to be (2 0 0) for high oxygen flow rate but (2 2 0] al
relatively low oxygen flow rate.

By looking at fgure 4.3, no effects of different hydrogen partial pressune in Che
growth chamber, while growing the flmes, on the orientation of the MgO films is

obeerved, Which is in agreement with the resulis found by Aboelfotoh et al, [1977).

4.3 Electrical properties of thin hlm MgO

The capacitors made for the electrical meassurements were grown at a different
Lemperature than the samples made for ithe NERA. Between the growth of the
samples uzed for the NREA measurement and the capacitors, targets were changed
in the zputtering chamber, After the targets had been changed the best film growth
was determined with X-ray scans as before. The best flms, ie. when the fringes
from the XRR =ecan were vigible al relatively high angles, were grown al 300 “C
compared] to 500 70 for the WERA measurements. The XER scan for the films
orown at 500 “C are shown in figure 44 and Mg flm grown at 30000 i= shown

in figure 4.5 The change of targets resulted also in different growth rate than
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before, The difference in temperature and growih rate are expected o affect Che
hydrogen concentration in the samples (Aboelfotoh et al., 1977). However, the
NEFA measuremenis show that by increasing the hydrogen partial pressure in the
crowth environment does nob results in higher vdrogen concentration in Che grown
samples.

The structure of the capacitors grown for the elecirical measurement can be

seen in figure LG, The edges, seen in that figure, are ideal =pote for defects in Che

T T NTET R W P

M 10
Crivio

[ ] Mg substrate

Figur= 4.8: The structure of the capacitar can lssd o defects in the MgO film such as

surface and dislocation defecis.

structure of the grown capacitors, such as surface and dizlocation defects, and can
caplain different behavior between capacitors, On each subsirate, =iz capacitors
were grown as shown in figure 4.7, where the contacts 1 and 2 are contacltz o
the underlying CreMop— - layer and contaciz 3 to & are contacis (o the overlaying
Cr Mo layer.

The capacitorz, grown under different hydrogen partial pressure, were all mea-
sured. Their DO resi=tance at room temperature, a2 a function of hydrogen fow into
the chamber, are shown in figure 4.8 Furthermore, Che location of the capacitors on
Lhe sample is shown, A= can be seen from Che figure, the resistance of the capacitors
changes geveral orderz of magnitucde for the samples with game amount of hydrogen
flow into the chamber and no specific trend can be seen between the capacitors, 11
should be noted Chat the resistance al moom temperaiure varies several orders of

magnitude even between capacitors on the same subsirate. There i= also no obwious
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[

Figure 4.7t The layoul of capacitors on the substrate. Contacts 1 and 2 are contacts
to the undeclying CreMop_ o layer and contacts 2 to B are contacts o the overlaying

Cre Moy 2 film.
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Figure 4.8 Elecirical DO resistance ab roam temperabure of the capacitors as a function

ol hydmgen fow into the chamber,
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correlation between the resiztanoe of the capacitors with regards Lo their location in
the growing environment [different locations on the substrate), which could indicate
nonuniformity in the plasma densities. This however was not expected, becanse of
amall zize ol the samples, and the relatively large distance between the sample and
the target.

A likely reazon which could possibly explain the variation in the resistance of the

capaciiors iz their size. In figure 4.9 a sample of the grown capacitors is shown, As

I s ™ T Y J."'l".]'ﬁ“';ll‘,l""_ll""_'. e
i x"-"n."""t W %Y e 5 |

i";.

e
1\ b

Figure 4.8:1 Figure of the grosn capacitors.

can be =een from this fgure Che effective sixe (=urface area) of the grown capacitors
is large. Their effective size i= (16 £ 8))x10°F cm?. The large eize of the surface
area increases the pmobability of defects in the grown film. These defecis can then
b the canse of conduction in the grown Mg thin filme.

The wvariation in the resistance does not indicate any effect= from increasing hy-
drogen partial pres=ure in the growth environment. There is no correlation betbween
the elecirical meistance of Che capacitors and the hydrogen partial pressure in Che
chamber.

The grown capacitorns were modeled uzing the equivalent cirenit shown in figure
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A0, where © anad e are the ideal capacitor and Che leakage resi=iance of Cthe capac-

L R,
~ W b

Figure 4.10f Equivalent cireuil of a capacitor and cables, An ideal capacitor () is
cannect paralld to s leskage resistance (Ao :I which = connectes] in series o a inductanoe

(L and a resistance [F|’|fl of the cables and connections.

itors respectively, Loand /2y are then the induetance and resistance in connections

and cable= of the circwit ueed for the meazuremenis.

4.4 Admittance spectroscopy

Here we discuss the admittance spectroscopy measurements of capacitors grown at
various fvedrogen partial pressures, A total of 11 capacitors were investigated over
frequency range from 30 Hz to 1 MHz and by cooling them down to 78 K oand
heating them up to 00 K in steps. The layout of the capacitors on the substrate,
which contained six capacitors on each substrate, can be seen in fgure 4.7,

Two of the capacitors (capacitors 1 and 2] with high resistance are plotted in
figure <11, where the amplitude of Cheir admitiance is plotted as a function of
frequency.  Information on their growth parameters 2 shown in table 4.2, The
admittance for these two capacitors show very similar frequency response. There is
very little variation in the admittances for different tempearatures but some difference
can be seen ab the highest frequencies, The DO resistivily of the two capacitons al
room temperature wag Tx10'" Qem and 9:10" lem, respectively, which is one

order of magnitude lower than reported by Soto et al, (1997,
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Figure 4.11r Admittance versus frequency at various temperatures for (a] Capacitor |
grown with 0.0 =oocm He fow into the chamber, and (b)) Capacitor 2 grown with 133

sceim Hes Aow into the chamber.,
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Capacitor |

Capacitar 2

5 Hesistance |52

Frrsintivity, o [0 com)

1.2Ex 107
(7= 4]=10™

59107
9+ 5]=10™

Capacitance [nl) .79 252
Baze press. |[Torr| | 4.79x 107" (WS (W
Cirowth press, [Torr] 2TB= 0 2Tl=10"
Ha flevw [seem)| a.oa .53
Ha part. press. [Torr] 0,00 GRS
Chy part. press. [Torr| | EA%= 0" STT=107"

Table 4.21 The growth parameters for the capacitors with high resistance ab room

temperature [capacitors | and 2),

[t iz interesting that these two highly resistive samples were grown on one hand
with no additional hydrogen flow and on the other hand with highest dow applied
to the chamber. As can be zeen in figure 4.11 there is no thermal activation of
conductivity in Che temperature range 50 K Co 400 K, The = parameter for capacitors
I and Z, i.e. the elope of the curves in figure 411, i= plotted in fgure 4.12 as
a function of temperature. The s parameter doez nol decreaze with increazing
temperature, According o the discusgion in section 2.3 the zlope of the curve and
il= temperature dependance tells if Chere i= a hopping conduction in the dielecbric,
As figure 4.12 demonstrates there i= no or very little variation in the 5 parameter.

[t =tays very cloge to | oand does not decrease with increased temperatures which

inclicate no correlated barrier hopping condoetion in Che Mg0 thin film.

T fincd the capacitance of the capacitons, the frequency response of Che capaci-
tors was found and compared to the equivalent circuit of 8 capacitor. The egquivalent
circuit u=ed iz shown in figure 4.10. Thiz= resulted in capacitance of the order of 107
F' a2 can be seen in table 4.2 for capacitors 1 and 2, in table 4.3 [or capacitors 3
to & and in table 4.4 for capacitors 9 (o 11, Singh and Pratap (1952) reported on
capacitors with capacitance of the order of 10" F when they studied Mg/ Mg/ Al

capacitors with 40-200 A thick Mg filme.
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Figure 4.12: The 5 parmameter versus temperature for capacitors 1 ad 2. The = pa-

rametor coes not decreass with temperatoee.

Another set of capacitors with eimilar resistance (approcimately L0F £2) at Toom
temperature were measured as before in a eryostat in the z2ame fregquency and tem-
perature interval. When the vdrogen flow was held 1.33 =2cem no grown capacitor

-
u

had resiztance close 1o 10" £2, either the capacitors had much lower resistance or
higher than 10° £2. Therefore, only capacitors grown with 0 to 101 seem rvdro-
cen flow into the chamber where measured [capacitors 3 to &) The data for these
capacitors and the growth parameters are listed in table 4.3.

Figure 4.13 shows the amplitude of the admittance versus frequency for capac-
itor 3 and capacitor & Capacitor 3 was grown with no additional hydrogen into
the chamber and capacitor 8 was grown with 101 sccm of hydrogen flow into Che
chamber. These two capacitors show very =imilar behavior at all frequencies. Both
have similar thermal activation of the conductivity at low frequencies but capaci-
tor ® has more variation of the condoetivity at higher frequencies, with Che lowesl

admittance measured ab 105 K ab high frequencies,

In figure 4.14 the s paramelter for capacitors 3 Lo 5, are plotted a= a funetion
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Capacitar 2

Capacitar 4

Capacitor &

[ Resistance [52] 2 182107 B.07 = L0 SR iy
Hesistivity, p [52 cm] (1.3 £ 0.7)=10" | (10 £ 5]=107 EEIIPI R
Capacitance |nk) | 2ET 2.my 287
Base press. |[Tarr] | SA8=l0" I3 1" 9.55= 10"
Growth press, [Torr] 2TEml0 270 10 2.75=10°°
Ha flow [sccm| 0 0.20 0.40

Ha park. press. [Tor | (nTu 1] l.25= 10" 2.69% 10"
i part. press. [Torr] TaATml0-" 5.0 10" A.00:= 10"

Capacitar & Capacitar 7 Crapacitor B

D Hesistance [52] 2,40 107 70410 386 10
Fesistivity, p |52 cm] (4 % 2)=id® (1.1 %+ 0.8]=10% | (1.1 £ 0.8)=10°
Capacitance |nl) | 226 2.23 .73

Base press, [Torr] | izmaea AAT=107" S.EE= 107"
Crowth press, [Torr] T L 2TEx IO 2711077
Ha flow [scom)| .61 0.4] 1.1

Ha part. press. |Tor | AG 0" 5.29:% 10" .52 10"
Oy part. press. [Torr] | amexio® 5.8 107" 5.81=107"

Table 4.3t The growth parameters for capacitors 2 to 8, The resistance was measuresd

Al roorm teEmperature,

of temperature. Az that plobt demonstrate there iz very little variation in the 2
parameter. This is a eimilar behavior as shown for capacitors 1 and 2 (figure 4.12]).
The difference hetween capacitors 3 Lo 5 and capacitors 1 and 2 s the behavior
at the lower frequencies. There capacitors 1 and 2 do not 2how any sign of ther-

mal activation but for capacitors 3 to 8 thermal activation of the conductivity is

obEeryved.

The admittance curves a2 a funelion of frequency for capacitors 5 and T oare
shown in figure .15 (a) and (b) meepectively, Capacitors 5 and 7 were grown while
0.4 and L8] seem hydmogen flow was introduced into the chamber respectively,

There ie clearly a thermal activation of the conductivity in the low frequency regime.
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Figure 4.13:1 Admittance as a function of bequency at different temperatures for ca-
pacitors grown wikh (a) 0,00 scem (capacitar 3] and [b] 101 scom (capacitar 8] hydmgen

ilaw into the chamber,

[l is clear that the admittance does not change a: much for capacitor 7 as it does for

capacitor boat the lower frequencies. The activaltion energy observed in capacitors
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Figure d.14dr The s pammeter of capacitors grown with different hydrogen flow into
the chamber versus temperatoure. The resisbance o all of these capacitors al room
temperature was close to 107 0. The s parameters s closs o | and does not decresss
much with tempesature which indicates no comelated  barrier hopping conduction in the

capacitons,

A 4,7, and ® e of the order of 20030 meV, compared Lo few huncdred meV' at little
higher temperatures (room temperature to 800 K found by Lempicki (1953) in bulk
MOy, Capacitor ¥ haz larger variation in Che admittanoe st higher fregquenecies than
obher capacitors measured. When capacitor T was messured at 125 K il resulfed
in the lowest admittance at Che high frequencies and Che second lowest admittance
resulied at 90 K. The capacitor had similar admittance at obther temperatures in
the high frequency region.

However, some of the measuared capacitors show a different behavior. When
capacitors with a low resistance at room temperaiure were measured at different
tempearatures the slope of the curve changed with increasing temperature. In figure
A0 comparizon of bwo capacitors [capacitors @ and 10) grown al different hydrogen
partial pressure i= shown, For the capacitor grown at higher hydrogen partial pres-

sure [capacitor 107, a= can be geen in figure 416 (b] the slope of the curve changes as
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Figure 4.15r Admit bance versus frequency al varions temperatures for (a) capacitor 5

and (b caparitor 7. Both capacitors show thermal activation of the condoctivity at Jow

temperatures.

the Cemperature i= increased. Thiz behavior is nol a2 obyvious for capacitor 9 shown

in fgure 4. 106 [u]l. Thiz conduction mechanism is nob metallic like conduction as
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Figure d. 1@ The admittance verzus irequency al variows temperatures for (&) capacitar
9 grown with 0. scom hydrogen fow inko the chamber and Ch) capacitor 10 grosn with
135 scem hyclogen flow into bhe chamber.,  As can be seen clearly for capacitor 10
the slope aof the plot is decreasing with higher tempertures which indicate hopping

canduction in the capacitors,
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the admittance decresses with decreaging temperature. The growth parameters [or

three capacitors that show this behavior are shown in table 4.4

Capacitar B Capacitor 10 Capacitor 11
[ Hesistance [$2] 234 a5 75
Firsiativity, o [ cm| | (5 21=10% | (1.2 £ 0.71=10 | (1.2 £ 0.7)= 10"
Capacilance [nF] 1145 2.8 3.498
Base press. [Torr] S L 3TE8=10-7 375=10-7
trowth press. [Torr] 2Tawlo® 2.95x 10 29510
Ha flovw [secm)| 04a 133 133
Ha part. press. [Torr] T 93010 9.30=10°
Oz part. press. [Torr] || 600=107" A.28= 10" A.2Ex10 "

Takble 4.4 The growth parameters for the capacibors (capacitonr 9 to L) which show
carrelated barrier hopping, i.e decreasing s parameter with higher temperatures. Ca-
pacitorz 10 and 11 are both grown on the same sample and capacitor 9 is grown on the

same sample 8= capacitor 5. The resisbance was messsures] ab room temperatore.

Capacitors 10 and 11 are bolth grown on Che same #ubstrate and therefore both
cromwn at 1,338 soem hydrogen How into the chamber, However, capacitor @ is grown
ab 040 ecem vvdrogen flow, Capacitor 9 iz grown on Che 2ame substrale as capacitor
Hoand e beside it on the subetrate [eontacts [xd and 1=3 respectively ). However,
capacitor b does not #=how Che same behavior in the s parameter as capaciior 9,

The & parameter for capacitors 9, 10, and 11 are shown in fguare 4170 [ is
noied that the s parameter drops with increazing temperature for all capacitors,
As mentioned in section 2.3 this behavior indicates cormelated barrier hopping con-
cduction in the samples. It is interesting that the 2 parameters for capacitors 10
and 11 show different behavior with temperature even though they are grown on
the game subsirate and Cherefore in the =ame growth environment and at the same
hydrogen flow. Because only few of the capacitors show this behavior and Che dif-
ferent behavior in the 4 parameier for capacitors 10 and 11, which are grown with

the game hydrogen flow, it is more likely thal thiz behavior iz nol Ivdrogen related
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Figure 4.17T: The s parameter versus temperabure for capacitors 9, 10 and 11, The
& parameter for thess capacitors decreases with temperatome which indicabes cormelatecd

barcier hopping concduckion.

defects in the MgO film, rather it has to do with defecte at Che interfaces belbween
the Cr Moy and the Mg filim.

The temperatume dependence of 5 has been reported by Deroide ef al. [1905)
where they looked] at tran=port properties in polveryvstallineg Mg, For their stucies
they used zamples in powder form of purity higher than 95,959 % and with grain =ize
le=ms than 200 pm. Their messurements were made in the temperature range From

H18 to &6 and showed & decreasing with inereasing temperature,

The measured phase of Che capacitors | to 11 are shown in figures 4,15, 4,19, and
4.200. The phaze was measured al room temperature and four point probe technigque
was used., The differenoe in the phase between these ligares i= obvious, Capacitors |
and 2 [figure 4.18) show expected hehavior of a capacitor starting at 2907 and then
increases: al ronghly 10 KHz due o inductance in the cables, The phase measured for
capacitore 3 to & (shown in figure 4.19) =tarts at 0° and then decreases to a minimum

between -807 and -907 at roughly 10 ¥Hz, Afer 10 kHz the phase increases because
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Figure 4.181 The admittance phase for capacitors 1 and 2 versos fregquency, The phase

starks ab 907, AL altout 10 kHz the phasze starts to deviate from -20° doe bo inductanoe

in the cables,

10? 10 1"

1o’
Frequency [Hz]
Figure 418 The Admiltance phase for capacitors 2 to B versus irequency. The phase
starks at (07 and decreaes anc is betwesn =80 and =000 ab frequencies around 10 kHz ancd

then increases again due Lo induckance in the cables,
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Figure 4.20r0 The admitbance phase for capacitors 9 to 11 wersns fegquency, The phase

stay= al ¥ in the irequency range 1-10 kHz when it starts to decrease,

aof inductance in the cables, The phase of capacitors 9 to 11 (zhown in Agure 4.20)
start as capacitors 3 Lo 2 al (F and decresses [or frequencies in the range of 1-10
EHz and decreases until the inductance of the cables compenzate for Che capacitance
at 100 kHe. The behavior of the capacitors 3 €o 11, fe. the phase starting at 0,
can be explained by looking ait the capacitor equivalent circuit in figume 4,10, Al
loow freqquencies the ideal capacitor (€ in figure <L10) has a very high resistance but
with increasing frequency the resistance of the capacitor decreases al the =ame time
the leakage resistance is constant. At low frequencies the leakage resistance (o
in figure 4.10) is dominating. An ideal resistance does not effect the shase of the
capacitor and therefore it startz abt 07 until the frequency i= high enough o Che
resizlance of the ideal capacitor hazs decreased and iz comparable or lower than Che

leakage resistance. AL Lhalt point the phase of the capaciiors = affected.
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4.5 Aging

The admittance of eome of the capacitors was seriously affected when measured al

rocim temperature one month after Chey were grown., Capacitor b was measared 107~

! just after the growth but was measured 1072 £ ! one month later after being

stored at room temperature for one month in the atmosphere, To see il annealing

10 T T
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F o
i P
o
- ‘Iﬂ-uk 0
1
R .
- | o
= wf a
i o
A a
o
1[:'1- o o Just after growth
F gaoo” w Ome month later
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107 4
10" 10" 10" 10"

Frequency [Hz]

Figure 4211 The admittance versos frequency of Capacitor 8 mesasured right after
grawth, one month after growth, and after annealing in oxygen environment at 500 C

for ane hour, The capacitor was storesd in ambient qir 8t room temperabare

affecied the admittance aof the capacitor i was annealed at 723 K with high oxyvgen
partial pres=ure for one hour. The heat wag inereased fmom room temperature
by 30 “C/min. The annealing temperature was chosen aceording to results From
Freund et al. (1984). Their results showed maximum Hy release from Mg erystal
atb temperatures between GO0-500 K. Furthermore, Aboelfotoh et al. (15977 howed
that annealing MeO cry=tal at 720 K for 30 minutez in dry nitrogen moet of the
hydrogen groupes in Che films were removed., While annealing the capacitor 30 zcom
aof cxygen was introduced into 1o chamber., The hase pressure in the chamber before

annealing wa= 1.10= 107 Torr and the pressure while annealing the sample was
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16010 Torr. In figure 4.21 the measured admittance iz shown versus frequency
just alfter growih, one month later, ancd after annealing in oxvgen environment for
one hour for capacitor 6. As shown in figure 4.21, annealing the capacitor at 500
B did not affect Che admittance of the capacitor. The admittanee was =Lill in the

order of 1072 €27 ', The observed damage wa= permanent.



Chapter 5

Conclusions

Hydrogen is present in any growth environment. Therefore, 0 can be ineorporated
into grown filmz. The amount of impurities depend: on growtkh temperature, pariial
pressure, hydrogen uptake of the films and film growth rate. In this study hddro-
cen wags introduced into the growith chamber of a magneiron sputtering discharge
to increase the hydrogen partial pressure during growth.,  The efiects of hndro-
cen impurities on Che thin film MO electrical properties were then investigated.
Mleazurements with nuelear esonance reaction analysis showed thal the hydrogen
content of the grown films did not depend on the ndrogen partial pressure in Che
growth chamber, The hydrogen partial pressure was in the range from 10°% Torr
to 10°% Torr. This can poesibly indicate hydrogen saturation in the MeO crys=tal
because the hydmogen partial pressure was inereased drastically betwesn sample |
and sample 2.

There i= a eignificant variation in Che resistance of the capacitors at room tem-
perature, even for those grown at similar hydrogen partial pressure. However, there
is no correlation bebtween the hydrogen How into the chamber and the resistance.
Some of the capacitors have high electrical resistanoe with no thermal activation of
the conductivity at low frequencies. Some of the capaciton show signe of cormelated
barrier hopoing, some do nol, and other capacitors show Chermal activation of Che

conductivity al low frequencies. It is therefore ressonable to conclade that rvedro-

]
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cen does nol have dominating effects on Che insalating properties of the thin MgO
films in the pre=sure range from 10 Taorr to 107° Torr. This i& in agreement with
the caleulations performed by Kilie and Zunger (2002). The capacitors with very
low rezislance at room temperature, showed decreasing 2 parameter with increazing
temperature, Thiz is suggestead 1o be doue 1o correlated barrier hopping in the Mg
film. The stability of come of the capacitors was also not a8 good a2 expectod. The
resiztance decreased three orderz of magnitude over a period of one month when
stored inoan atmospheric ambient at oom temperature. Annealing in oxygen rich
cnviranment ab 500 for one hour did not improve or affect Che resistance in any
way.

Two reazons can be considered causing the high variation in the DC resistance of
the capacitors, First it haz to be congidered that the effective zizge (zurface area) of
the capacitors iz large ((16 &£ &)=« 10 * -::rn”]l. When the size of the capacitor is large
the probabilities of defect: abt the interfaces are inereased. Another likely reazon
for this behavior is the ion bombardment of high—enengy atoms and ions on Che
subsiraie as discuszed in section 2.9, Becanse of these high—energy oxygen atoms
and ione which are produced in the magnetron sputiering chamber, it i= difficult to

orow highly insulating films such as MgO in a magnetron sputiering system.
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List of symbolz and specifie defect configuration used in the chemical

formulag. From Freund et al. (1984). . . .

Crowth parameters for Che samples that were made for the nuclear res-
onance reaction analysiz [WEIA). For all the samples an Mg (1 0 0]
subetrate was nsed with approximately 150 A thick CreMogp -, film on
bop. At a oxygen flow of 1.1 seem, the growth rate of Mg was amound
0.5 ﬁl.l':-'. Approcimately 3000 A thick ey lm was grown on top of
bhe Cre oy laver, On top of Che MgO Chin film approcimately 200 A
thick Cr Mo . flm was grown. The He partial pres=ure was caleulated
by dividing Che Hy flow e Che iotal fAow of gases info the chamber. Thiz
cxplains Che zero Hz partial pressure for the first sample even though
hydrogen existz in the chamber as can be seen from the base pressure

which mainly monsists of waler.

Growth parameters for Che samples macde for the X-ray diffraction [XR1).

First 600 & thick Cr Moy, film was grown on top of Mg (1 00) sub-
strate. On top of the Cr Mo flm <000 A thick B film was grown.
The He partial pressure was caleulated by dividing the Ha flow by the
total flow of gases into the chamber., Thiz explains Che zero Ho partial
prezsure for the first sample even though hydrogen exists in the chamber

ag can be =een from the base pressure which mainly consizts of water.,
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4.1

4.2

4.3

4.4

Lizst of Tahles

The given and Che average of the measurad values for each sample u=ed
in formula 4.1 along with the calibration sample. Where dY/dz is the
stopping power of the material, & i= the number of detected 5 guanta
detected, 1 i= the hackground contribution per time unit and i= mainly
due io cosmic radiation, At s the measuring time, @ i= the "I doze
civen o the sample daring the measuring time. The calibration sample
[ Talp 47 ) & denoted with subscript ¢ and the grown samples are denoted
with sube=cript & in equation 4.1 {(Rydén et al., 1989). . . . .

The growih parameters for the capacitors with high resistance at room
temperature (capacitors 1 and 2). . . .

The growith parameters for capacitors 3 o 50 The resistance was mea-
sured ait room temperature,

The growih parameters for the capacitors (capacitors 9 to 11) which
show corralated] barrier hopoing, e decreasing 2 parameter with higher
temperatures, Capacitors 10 and 11 are both grown on the =ame sam-
ple and capacitor B i grown on the same sample as capacitor 5. The

resistance was measured al room temperature,
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