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Abstract.

The paper presents results for zinc oxide filmsamgrat low temperature regime by Atomic
Layer Deposition (ALD). We discuss electrical prdjes of such films and show that low
temperature deposition results in oxygen-rich Za@ets in which free carrier concentration
is very low. For optimized ALD process it can redlh level of 16°cm™, while mobility of
electrons is between 20 and 50%Whs. Electrical parameters of ZnO films depositsd
ALD at low temperature regime are appropriate fonstructing of the ZnO-based p-n and
Schottky junctions. We demonstrate that such janstare characterized by the rectification
ratio high enough to fulfill requirements of 3D menes and are deposited at temperature

100°C which makes them appropriate for deposition @aoic substrates.
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1. Introduction

Starting from its invention in the mid-seventieo/iic Layer Deposition (ALD, previously
known also as Atomic Layer Epitaxy, ALE) has be&pegiencing ever-increasing interest.
Originally developed by Suntola [1] for the growalh polycrystalline and amorphous zinc
sulphide thin films for electroluminescence disglagver the years it greatly extended the
scope of its applications [2-3]. In the early eightthis growth method was regarded as a kind
of technological curiosity and was applied to ratfeav materials of 1I-VI compounds like
CdTe, (Cd,Mn)Te, and ZnS [4]. The main driving ®for development of the technique was
preparation of ultrathin semiconductor layers okqmely controlled thickness in the
nanometer scale. By 1980 ALD was being used to mnmakearkably good large-area thin
films electroluminescent (TFEL) displays based ortc msulfide doped with manganese [4].
Probably the most famous ALD application in thddfiief EL displays was the large panel
display that for fifteen years, starting from 198&s operating at the Helsinki airport [5].
Since that time ALD began to attract consideraliension as a method for producing high
guality thin films. In the late eighties such filncame to be of great importance both
scientifically for growing low-dimensional strucag as well as technologically in integrated
circuits and optoelectronic devices [6-9]. In thildhe eighties a new class of semiconductor
compounds, IlI-V materials like GaAs and InAs, weuccessfully grown by ALD. At that
time about 100 publications based on ALD materiaés annually published, and IlI-V
compounds dominated the list of investigated mal®riThe number of publications based on
semiconductor films grown by ALD increased gradpadhch year reaching almost 450
papers in 2000 and exceeding 1300 in 2010 [10].

There are a lot of methods that can be presenty disr thin film deposition like CVD,

sputtering, MOCVD, PLE, MBE and many others. Howethbere is difficult to point out



even one except ALD that is able to combine thiskneontrol of nanometer scale and
effectiveness needed for industrial processingfabt, despite of low growth rate at the
vertical direction, the volume increase during Apicesses can be appreciable because of a
large substrate diameter that in industrial praogssan exceed even one meter size [11]. On
the other hand, extremely precise processing anfibrom deposition of a 2-3 nm thin
dielectric film necessary for a metal-oxide-semuhactor field effect transistor (MOSFET)
performed in a 45 nm node, has been successfuiigwed by ALD. In 2007 for the first time
Intel successfully applied the ALD technique towitio of HfO, as a gate dielectric in the
highly miniaturized processor (Penryn, Model QX96H®]. Deposition of the dielectric film
with a thickness of only 2-3 nm was a major chaenthat had not been met for a few
previous years until such dielectric layers werpasdéted by ALD. Dielectric films grown by
other methods did not retain a high dielectric tanisof a bulk material.

Successful deposition of a very thin gate dieledatri highly integrated circuits makes ALD
even a more attractive method for a semicondudtorsfgrowth, because it creates the
opportunity to grow different parts of electronievites like gate, channel and gate dielectrics
using the same technology. The first examples a$ thpproach have been already
demonstrated [13-15].

In this work we show the possibilities that givée tALD technique for zinc oxide, which
currently is the most investigated compound senudaotor with more than 5000 papers
appearing in 2011. This booming interest is related wide range of applications that cover
such different fields as photovoltaics, optoelaairs, sensing, transparent organic electronics
and many more. Recently ZnO is also intensivelgistll for as a material for a novel 3D
electronics, especially for nonvolatile cross-bammories and organic electronics, that both

require low temperature processing [16-20]. ALDhteglogy is beneficial in this field



because it is a method that is predestinated tddowperature deposition as we will present in
the next paragraph.

First ZnO process by ALD have been reported inrthé-eighties and was based on zinc
acetate and water precursors [21]. Recently, psesesith organometallic precursors like
diethylzinc (DEZn) and dimethylzinc (DMZn) and watbave been developed [22] and
deposition temperature can be lowered below’@08ince that time the number of papers on
ZnO films grown by ALD increases every year and bBaseeded 70 papers in 2011. The
great interest in ZnO-ALD films is closely relatemthe low growth temperature, which is a
unique feature of the ALD processes with organohietprecursors. In fact, ZnO films
grown at low temperature regime (£00— 200C) are not dedicated to optoelectronic
applications, which required epitaxial layers defeaisat elevated temperature, but to series of
novel electronic applications like transparent wt@ucs in which deposition on plastic
substrates plays an important role.

In the present paper we demonstrate that ZnO ghloywALD at low temperature regime
reveals controllable electrical properties that mhige successfully applied in many fields of

novel electronics.

2. ALD processesat low temperatureregime

Idea of the ALD technique is based on sequentidlsatf-limiting chemical reactions which

take place at the surface of the growing film [118]the ALD process reactants (called here
precursors) are alternatively introduced into awghochamber and precursor’'s doses are
interrupted by purging the reaction chamber bytigas. In Fig. 1 we schematically show
four ALD cycles and pressure of each chemical camepb during the process. Because of

time intervals between doses, precursors do na hay possibility to react in the volume of



the chamber and can meet only the reacted spedies surface. Therefore in ALD processes
very reactive precursors can be used and thus &pedgition temperatures are possible. For
this reason we can tell that ALD is a depositiontiod which is dedicated to low-

temperature-growth.

3.0

1 H H H H precursor B
2.5+
2.0 .

| N, purging
1.54

1 H H H precursor A
1.0

0 5 10 15 20 25 30 35 40 45 50 55
Time [g]

Prsesure [arb. units]

Fig. 1. The schematic view of the sequential pracedf the ALD process. Four ALD cycles are
shown. For simplicity, both precursor's doses andgmg times are shown the same, which is not
usually the case in real processes.

In fact, the growth temperature used for depositiba peculiar material depends on a kind of
chemical reactants applied in the ALD process. Galyespeaking, organic precursors have
temperature and the difference usually excees.20

Zinc oxide in the ALD method can be obtained inesall types of chemical reactions:
synthesis from elemental precursors, single andléoexchange. Because of high efficiency
the last one is the most frequently used in ALDcpsses. Inorganic precursors (like Zn and
O or ZnC} and water) require growth temperature 46 500C and result in a rather low
growth rate of about 0.5 A per cycle [23-24]. Thegamic precursor zinc acetate,
Zn(CHsCOO), when used with water, enables decreasing depogiémperature to 306-

380°C with a comparably low growth rate.
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Fig. 2. (left) The ZnO growth rate versus growtmperature when DEZn and water are used as
precursors for the ALD process. The ZnO films w20@ nm thick and deposited on Si substrate
[after 25]. (right) Hall free carrier concentrati@ersus growth temperature for series of 200 nm
thick polycrystalline ZnO films deposited on a glasibstrate and obtained by ALD with DEZn and

water precursors [28].

Only organic precursors containing methyl and ethsdups, like dimethylzinc (DMZn,
Zn(CHg),) or diethylzinc (DEZn, Zn(gHs)2), when used with deionized water, allow
reducing growth temperature to £@0and below. Moreover, the ALD process efficienay i
this case is much higher and inside the so-callddD‘ growth window” exceeds 1.8 A per
cycle [Fig. 2 (left)].

The growth window is a term characteristic of ALBdarelated to the self-limited growth. It
describes the temperature range where the balateedén chemical reactivity and physical
desorption is stable and thus a growth rate isteohsvith temperature [see Fig. 2 (left)]. The
limits of the growth window are a characteristiatige of the used precursors and for DEZn
and water they were established as’000 170C [26-28]. Although the ALD process can be
performed outside of the growth window it is coneen to maintain it inside these
temperature limits, because then thickness of #yerl does not depend on temperature

fluctuations and the film is perfectly uniform evanthe atomic scale.



This does not means, however, that physical prigserdf layers grown at different
temperatures from ‘the ALD window’ are the samer. &xample, free carrier concentration

of polycrystalline zinc oxide films scales with grih temperature even inside ‘the ALD
window’ as shown in Fig. 2 (right). This means thdien all parameters of the ALD process
like precursor’s doses, purging times and pressan@she same, the electron concentration is
lower in the ZnO film grown at lower temperatureervinside the growth window. On the
other hand, a change of growth parameters at the ggowth temperature results in different
free carrier concentration as can be seen for ap@BC series of samples in Fig. 2 (right). The
A, B and C series of ALD processes differed withAdEpulsing time, which was established
as 0.02 s, 0.04 s and 0.06 s, respectively. THerdifce in carrier concentration for ZnO
layers deposited at 180 is at the level of 6 cm® and is more than three orders of
magnitude lower tham for ZnO films obtained with the same ALD paramsjebut at
temperature of 20C (n J10%cm®).

The last finding is very important for applicationsecause it means that we can regulate
electrical properties of ZnO films in wide limitghanging them from insulating to
conductive, without any external doping, just byrgpaeters of the ALD process. We
thoroughly address this issue in the paragraphh&revwe show rectifying junctions based on

ZnO-ALD films obtained at low temperature limits.

3. Structural and optical properties of ZnO-ALD filmsgrown at low temperature
regime
The results presented in this paper have beenngotaior ZnO films grown in the Savannah-
100 ALD reactor from Cambridge NanoTech with nigogused as a purging gas. ZnO films
have been deposited on a silicon, silicon dioxidé glass substrates at growth temperature

between 9C — 200C. Both precursors, diethylzinc and water, were tkap room



temperature. The films grown within above tempemlimits are polycrystalline as already
reported [29]. We performed a few series of ALDgasses with precursors’ doses between
0.015 s and 0.06 s and purging time ranging fromt8 20 s. Before the growth process
substrates were rinsed out in trichloroethylenet@ate and izopropanol and than cleaned in
deionized water.

The preferred crystallographic orientation depemasinly on growth temperature and
purging time. In order to achieve epitaxial growthO films have to be deposited on GaN or
Al,O3 templates and growth temperature should bé2%0 higher [30].

Polycrystalline ZnO films obtained at low temperattegime are atomically flat and the Root
Mean Square (RMS) value of the surface roughngssmis on growth temperature and layer
thickness and is between 0.5 and 4 nanometer2@5,

Polycrystalline ZnO films grown between f@0and 208C show both a band-edge and
defect related photoluminescence [25, 31] althahghformer one is more intensive for films
deposited at 13C and above. Anyway, the appearance of a blue bdgd-emission is a

fingerprint of good quality of obtained films.

4. Origin of electrical propertiesof ZnO-ALD filmsgrown at low temperatures

The origin of scaling of electron concentration eved for ZnO-ALD films obtained at
reduced growth temperatures is not clear. We expeattformation of defects like oxygen or
zinc vacancies can be suppressed because it reqgomee activation energy which is not
sufficient at low temperature regime.

The chemical reaction in the ALD process with DE&frd de-ionized water precursors can be
express as follows:

HBs—-27Zn-GHs + HO - ZnO + 2 GHe (2)



This reaction occurs in two stage, when the half-phemical reactions take place at the

surface during DEZn (phase 1) and water (phasel2gp [32]:

DEZn phase: surface — OH +Hg — Zn — GHs — surface — O — Zn —Els + GHg (2)

Water phase: surface — O — Zn,Hg + H,O - surface — O — Zn - OH +,85 3)

Efficiencies of these two half-reactions change nviemperature approaches to the water
boiling point. In fact, for ZnO films grown at 18D, higher concentration of -OH groups has
been found, which influences a film conductivity]3

Conductivity of zinc oxide is a subject of a hugemiber of publications that have been
appearing nowadays. Control of defects and assaciate carrier concentration is of great
importance for most of applications of this semubacting compound. For nominally
undoped ZnO a very high level of electron conceiatnan is commonly observed. Depending
on the growth method and parameters used in thesdgm process concentration between
10" cm® and 16° cm® has been reported [see 34 and references theBzisgd mainly on
theoretical works [35-36] this very high level obming has been attributed to zinc
interstitials, oxygen vacancies and hydrogen whiotrinsically involved in most of
deposition processes. However, the problem habew®t correctly addressed experimentally.
In particular, the are only few experimental stgdigat relate the O:Zn atomic concentration
in ZnO films with their electrical properties [3D4and none of them have a systematic
character.

In order to address this question we performedilddtaPS and RBS studies to determine
atomic zinc and oxygen content in ZnO films growrvarious temperatures. The problem is
difficult to address, because we look for smalfedgnces in atomic composition of elements

which total content in the material is high, cleés&0%.



a. XPSstudies

We have performed the XPS studies on a seripslgtrystalline ZnO films grown by ALD
with DEZn and water precursors. The films were @20 nm thick and deposited on silicon
substrate at different temperatures while the oégtrocess parameters (precursors’ doses,
pressures and purging times) were the same. Teneecial bulk ZnO crystal (MaTecK)
has been measured for comparison. Prior to XPS uremagnts the films were sputter-
cleaned by 500V Arions for 4 min. As a result, the XPS analysis wasied out on the
ZnO films after removal of 6 nm of the material rfrahe surface. The XPS spectra were
recorded on the PHI 5000 VersaPrBbscanning ESCA Microprobe using monochromatic
Al-K 4 radiation (lv = 1486.6 eV) from an X-ray source operating at gé® spot size, 50 W
and 15 kV. The high-resolution XPS spectra weréectédd with the analyzer pass energy of

23.5 eV, the energy step 0.1 eV and the take-affea#iS with respect to the surface plane.
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Fig. 3. (color online) Ols (left) and Zn2p (rightpre level spectra measured for a series of
polycrystalline ZnO films grown at 100 (bottom), 156C (middle) and X (top).
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Shirley background has been subtracted from thesuned XPS spectra. Binding energy (BE)
was referenced to the C1s core level (BE = 284.6Tdé¥ atomic concentration (AC) of zinc
and oxygen were evaluated using the Multiline paogf41], where integrated area of XPS
peaks associated with the Zn 2s, Zr,2@n 2p,,, Zn 3s, Zn 3p, Zn 3d and O1s core levels
were used for calculation. The most intensive Zna@d O 1s XPS spectra recorded on the

films grown at 108C, 150C and 308C are presented in Fig. 3.
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Fig. 4. The O/Zn atomic concentration ratio in ZAOP films grown at temperatures 100-3TD as
derived from high-resolution XPS measurements. Of#n values are normalized to the O/Zn value

(0.716) found on the commercial ZnO cry{tdiaTecK™).

The shape of both XPS peaks is very similar, butobeerve differences in the peaks
intensity. In order to show how the temperaturefiloh deposition influence the surface
stoichiometry of the ZnO films, we compared the Z®©/AC ratio, evaluated for the films
grown in various temperatures. Such a comparisgasigfied by application of the same
argon ion sputter-cleaning procedure prior to thBSXanalysis. We also assume that
destructive effects induced by the argon etchirg similar for all films. Values of the
experimentally determined O:Zn ratio were normaliz® the value obtained for the

commercial ZnO single crystal (MaTetX), which was also Arsputter- cleaned under the
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same experimental conditions. This calculation pdoce was necessary to perform to get rid
of influence of the sputtering process on the Qatio at the surface of the sample.

The sputtering is necessary to clean every surfssfere XPS measurements, because
photoelectron spectroscopy is surface sensitivlnigqae, so removal of impurities and
residual gases have to be done before the expdri@arthe other hand, when atomic masses
of measured elements are very different, whiclhésdase of Zn and O, the sputtering process
influences the ratio between measured componenligtder elements are more effectively
removed from the surface. In order to get ridhig artifact we compared the obtained values
with the O:Zn value found for the commercial Zn@ge crystal (MaTeck"). The results of
normalized O:Zn values are illustrated in Fig. 4.

The O:Zn AC ratio takes the highest value for lomevgh temperature of ZnO films. This
indicates oxygen content to be higher on samplesvigrat 100C and relatively lower at
growth temperatures closer to 800 As a result, the ZnO films prepared at the ldwes
temperature have the best Zn:O stoichiometry.

b. RBSstudies

A stoichiometry of zinc oxide layers was also amaty with the RBS technique using 1.7
MeV 4H€ ions from the Van de Graaff accelerator at thentheltz Zentrum Dresden-

Rossendorf (HDZR), Germany. The experimental gepnveas as follows: a scattering angle
16C, a solid angle 3.135 mSr, energy resolution FWHNB=keV. All spectra were collected
with the charge 40 pC and as rotating random irerotd avoid the channeling effect. The
SIMRA simulation code [42] was applied for specralysis.

We investigated a few series of polycrystallineczaxide films deposited on silicon which
differed with ALD deposition temperature. In Fig(I&ft) we show the typical RBS spectra of

polycrystalline ZnO films.
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RBS is a nondestructive technique which is usedquantitative depth profiling and aerial
concentration measurements, especially for semiatiod thin films and multilayers. The
method is based on elastic collisions betweenitjfi énergetic projectile (usually’tbr He
with energy up to several MeV) and target atomse €hergy loss of the ions gives depth

information.
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Fig. 5. Typical RBS spectra of a series of ZnO dilgrown by ALD at different temperatures (left),
the O:Zn ratio for ZnO-ALD films calculated fromdlRBS results (right).

The film thickness can be calculated using the Kadge about the material density.
Therefore the shape analyses of the emitted ioagggrspectrum yields information about the
concentration profiles. However, RBS is not equaknsitive for every element. The RBS
signal height depends on the scattering crosseseethich is proportional to the square of
atomic number of the element, so for the light &ata a signal is much lower than for heavy
ones [43]. Therefore it is quite difficult to septe the signal from such elements like
nitrogen, carbon and oxygen, especially on heatibstrates.

Therefore from the RBS spectra we were able touat@lthe zinc content in every ZnO layer
and we assumed that the remaining material is oxylée found that the O:Zn content
calculated in this way varies between 1.08 to @8@ending on temperature and parameters

of the ALD process. We also noticed that for ewsgies of ZnO-ALD films the layers grown
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at low temperature have a higher oxygen conteng. &ample of dependence between the
O:Zn concentration and deposition temperature swshin Fig. 5 (right). Temperature
dependence is very clear and similar for every nrealsseries. However, the exact numbers
of the O:Zn content might be slightly different,chese the analyses does not take into
account the contant of light elements like nitrogencarbon. This is also the origin of
differences between XPS and RBS results, althondioih cases the conclusion is the same:

oxygen content is slightly higher in ZnO layers ogped at low temperature.

c. Stoichiometry and electrical parametersof LT ZnO films

The XPS and RBS stoichiometry studies presentegteabontribute to understanding of the
origin of free electron concentration in zinc oxiides grown at low temperature regime. In
general, conductivity of zinc oxide crystals anling is strongly defect related and ranges
from metallic to insulating depending of the depiosi method and parameters used in the
growth process. A reported free electron concentrah ZnO films varies usually from 10
cm® to 10° cm®. The lower value of an electron concentration' {3010 cmi®) is typically
achievedor K and Li doped bulk ZnO crystals grown by a fotiermal method [44] or for
ZnO films grown or annealed in oxygen at elevawmperature (70C and higher) [45].
Problem of high level of background electron dopm@nO films and bulk crystals has been
widely investigated, but, although progress is ificgmt, there is still no definite answer,
what causes high-type conductivity in intentionally undoped ZnO. tiNa defects such as
oxygen vacancy () or zinc interstitial (Zr) were indicated as defects responsible for imigh
carrier concentration in this material. Howevegedtetical workd46] supported by electron
paramagnetic resonance experiments [47] indicatieakygen vacancy () is a deep donor,
while the formation energy of zinc interstitial (¥ms relatively high, which points out that

these defects cannot be responsible for a higlarrier concentration in zinc oxide [48].
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Theoretical studies indicate on unintended intréiducelectrically active dopants during the
growth process. It seems that hydrogen and camsbith are present in many processes of
crystal and thin films growth can be the dominaahats in this semiconducting material
[49]. However, experimental data do not fully comfi this picture, because some
experimental results indicate the presence of integstitials in ZnO layers. The discrepancy
between theoretical and experimental results emsefigen the fact that theoretical studies
relates to the equilibrium conditions, while theowgth processes are generally carried out
under conditions far from the equilibrium. Undengting the origin of background-type
conductivity of ZnO films would help control eleictal properties of the material and thus
would be important for future applications.

The XPS and RBS stoichiometry studies describetheénprevious paragraph show a clear
correlation between a free electron concentratsae (Fig. 2, left) and the O:Zn ratio (Fig. .
These results point out that a low electron correéioh observed for ZnO films grown at low
temperature regime is related to a higher oxygemet in this material. The stoichiometry
studies alone do not provide information on typedefects in the material, e.g. we cannot
determine whether at low temperature conditions sygen vacancies or zinc interstitials
are created. Low temperature photoluminescenceest{isi0], in which we observe a peak at
3.36 eV, indicate that rather the zinc interstitlab dominant donor in ZnO films grown at
low temperature, but we cannot exclude that foromatif oxygen vacancies is also suppressed
at low temperature.

The XPS and SIMS studies show that hydrogen amblonaimpurities are not dominant
donors in this material. The hydrogen content i ithvestigated ZnO layers does not scale
with electron concentration, and it is even lowerekvated temperature (see Tab.1). This
result suggests that hydrogen is not a dominantrdionthe ZnO material, at least when the

low temperature regime and the ALD process is corezte The ToF-SIMS analysis [33]
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shows that ZnO layers deposited at @@ontain about twice more of OH groups than such
layers deposited at 1%0. The mechanism that causes trapping of OH gratifisver growth
temperature may be based on an incomplete doubleaege reaction between terminal OH
groups and diethylzinc. Also at low temperatureimega small part of water molecules
introduced as oxygen precursor can be trapped gltin@ growth process. We suppose that
the residual OH entities efficiently suppress fotiora of oxygen vacancies and in this way

result in a low density of carriers.

Growth T 100°C 110°C 130°C 160°C 200°C
Hydrogen
content 0.58 0.46 0.38 0.34 0.33
[%]

Tab. 1. The hydrogen content in 400 nm thick Zngta deposited on a silicon substrate.
The measurements were done by Secondary lon Massr&gcopy (SIMS).
The carbon content in the ZnO films varies betw@eh% to 2.1 % (see Tab.2) and is not
correlated with electron concentration as showrat. 2. The electron dispersive X-ray
(EDX) analysis [51] leads to similar results.
Conclusion from the extensive chemical analysissgméed above is as follows. Neither
hydrogen nor carbon contaminations are dominanbidoin ZnO films grown by ALD at low
temperature regime. Low temperature deposition rensconditions for the more
stoichiometric growth, therefore zinc interstitiand oxygen vacancies formation is
suppressed, which result in ZnO films with low @arrconcentration. Such films are a very

good material for electronic devices as will bevghan the next paragraph.

Growth 100°C 120°C 130°C 150°C 240°C
temp.fC]
Electron
concentsration 4.10° 1.5-107 4.10° 3.10° 1-10°
[cm™]
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Carbon 1.3 2.1 0.3 0.8 0.4
content

Tab. 2. The carbon content (measured by XPS) amceléctron concentration in 190 nm
thick ZnO films grown on a silicon substrate.

5. Electronic applications

The correlation between free electron concentratimhgrowth temperature observed for zinc
oxide films grown by ALD with DEZn and water presars is of great importance from the
application point of view. This relation means tlaa can control electron concentration of
ZnO films without any external doping but only blyoosing appropriate parameters of the
ALD process. In fact, different types of applicasorequire various electrical parameters of
the ZnO films. Theoretical calculations show [5B&tt electron concentration of zinc oxide
film dedicated to Schottky junction should not ee@e2-16” cm® while electron mobility
should not be lower than 10 &Ww-s. When ZnO is dedicated topan junction, electron
concentration at the level of focm® is needed, and for ZnO films used as a transparent
electrode for solar cells a very high even at the level of ¥bcm?® is required.

Below we present examples that zinc oxide obtamtettmperature of 168G by ALD can
really work as an active element of rectificatiamgtions, so that this material can be
successfully applied in microelectronics.

Rectification junctions based on ZnO depositedoat temperature are elements that can be
used as selectors in highly integrated non-volatiemories based on 3D cross-bar
architecture [15-17, 33, 53-54]. Low temperaturecpssing has to be implemented for both
selector and storage elements in order to alloegnation the Back-End-Of-the Line (BEOL)

[20].
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a. Schottky diode

The selector element in the 3D cross-bar memorgsée fulfil specific requirements such
as a high rectification ratio and a high forwardrent. The rectification ratio should be high
enough to ensure proper selection of the apprapnemory cell without disturbance due to
leakage current flowing through the remaining mgnualls. A high forward current density
is necessary to perform various operations (readimwriting) within the storage element.
According to theoretical calculations [52] electroancentration in ZnO dedicated for a
Schottky junction should not exceed %n™, so taking into account temperature
dependencies described in the paragraph 2 and shovag. 2 (right), ZnO-ALD film

dedicated for a Schottky junction was grown at terapure 10€C.

10°
10°F Ag/ZnOJAl 1 Ag/ZnOJITiAu |
NE t| —— Ag/ZnO/TiAu — 10°k
S 10% E |
< f 2 10
- 3 < 3
2 10° = 3
2 10 r ? 107
S 107} &k
€ ° 10%
£ 107} S F
3 5 10°F
10-6 i T — T T T T - 1 1 i
2 1 0 1 2 2 -1 0 1 2
Voltage [V] Voltage [V]

Fig. 6. The |-V characteristics of the Ag/ZnO-ALRI®ttky junction obtained at 180: contact
optimization (left) and optimization of ALD growttarameters (right).

In the ALD process we used DEZn and deionized watecursors and we obtained a
polycrystalline ZnO film with an intrinsic free a#@r concentratiom = 10"‘cmi® and mobility

of 17 cnf/V-s.
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A few possibilities of Schottky and ohmic contaatsre been tested. Pt, Au and Ag have been
checked as a Schottky contact and Al and Ti/Au asolmic contact. The choice of
appropriate metal for a Schottky barrier is an ingo@t issue in a ZnO based Schottky
junction, because the barrier height at the ZnGidimetterface does not follow the work
function values [55]. This is because of ZnO swefatates that strongly modify the barrier
height. The best results we obtained for Ag as laotsky and Ti/Au as an ohmic contact.
Aluminium does not work properly as an ohmic cotjthecause it leads to a high leakage
current as it is shown in Fig. 6 (left). Al is adwn donor dopant in zinc oxide [56], so
probably Al diffuses from the contact into a ZnOyda leading to a higher electron
concentration and thus to a high leakage curreattduncreased tunnelling through a thinner
barrier. The change of an ohmic contact from AITitAu leads to decrease of a leakage
current by almost two orders of magnitude and symet increase of the junction
rectification ratio from 3- T0at 2V to 18 (Fig. 6, left). The oxidation of silver at the Ag/O
interface causes raised series resistance. In toderinimize this effect a rectification Ag
contact was deposited at the bottom of a strucncean ohmic contact at the top. Both |-V
characteristics presented in Fig. 6. are obtaimedsfich a structure. Details of the contact
optimization has been described elsewhere [57-58].

Further improvement of the leakage current has laetneved by optimization of the ZnO
ALD growth parameters. As it is presented in Rdright) for the same growth temperature
various electron concentration can be obtained rit#pg on the used ALD parameters like
pulses and purging times. The optimization procedsrbased on an unique approach that
relies on the correlation of optical and electripabperties. For the ZnO deposition process
we choose growth parameters that lead to ZnO filmth wery low defect-related

photoluminescence [28].
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Optimization of ZnO parameters results in a furtthecrease of a leakage current. In this way
a rectification ratio at the level of 4@t 2V has been achieved as is presented in Kiig!).
Such a very highol\/lorr value fulfils requirements for a switching elemeledicated to a
cross-bar memory. It assures the proper functiomhdhe crossbar array at very large
integration scale. Moreover, the diode exhibit ghhturrent density of f0A/cm? This
Schottky junction properties are among the bestliteepublished so far for diodes obtained at
low temperature regime [59]. The 10 kbyte crosshamory array with a NiO based MIM
(metal-insulator-metal) memory element and a Ag/Zx/TiAu switching element was
successfully constructed and showed appropriaiectsnwg properties [58]. It should be
noted that the high rectification ration might hettier increased by deposition of a thin 2-3
nm thick HfG, layer which positively influence theW/lors ratio as was recently reported

[60].

b. p-type ZnO and ZnO-based homojunction

Obtaining p-type ZnO is a very challenging taskcéwese this semiconductor compound is
naturally n-type and self-compensation phenomemaliely to occur nullifying doping
effect. To achieve p-type ZnO we explored sevemdr@aches, but the most successful
procedure was the in-situ nitrogen doping during &LD growth followed by annealing.
Nitrogen was introduced into the ZnO film by chamgythe oxygen precursor from deionized
water to ammonia water, while the rest of depasiparameters were the same. The samples
were grown at 10, pulsing and purging time were 0.015 s and 20rssvater (ammonia
water) and 0.06 s and 8 s for the DEZn precursothi way concentration of nitrogen in the

ZnO layer was significantly enhanced as it is shawfig. 7.
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Fig. 7. SIMS depth profiles of undoped ZnO filmsf() and ZnO film N-doped during the growth
process (right).

After 4 minutes annealing at 3%D in nitrogen atmosphere ZnO films reveal p-type
conductivity with a carrier concentration at thedeof 10® cm® as was observed in the
commercial Hall measurement system (RH2035 Physh TambH). However, the obtained
p-type ZnO films suffer from temporal instabilityo avoid this effect the p-type ZnO layer
was deposited as at the bottom of the junctiorthe p-type ZnO layer was coated by n-type
ZnO films, also grown in the low temperature ALDpEess.

With this procedure the ZnO based homojunction alatained with adn/logr ratio close to
10° at 2V as it is presented in Fig. 8. The curremtsity was 16 A/cm?. This parameters are
not so perfect as for a Ag/ZnO-ALD Schottky junctidescribed above.

However, these parameters are among the best parameeported for ZnO based

homojunctions published so far [61-63].
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Fig. 8. ZnO homojunction obtained in the low tengtere ALD process with both Ti/Au contacts
(left) and Pt-p-ZnO and Au/Ti to n-ZnO contactg/it).

c. Other electronic applications

[I-VI semiconductors are nowadays studied as prdspecandidates for thin film transistors
(TFTs) dedicated for applications that require [mwcessing temperature, such as transparent
electronics or active matrix displays where thecsil based technology becomes less
popular. Polycrystalline ZnO presents a few advgagaover amorphous silicon such as much
higher electron mobility and transparency. ALD &nbficial in this case, as not only ZnO
films, but also the best quality dielectric layesspecially high-k oxides, can be obtained by
this method. In that way the a few parts of fielfée transistor, channel, gate dielectric and
gate can be deposited using the same technology.

High quality films of high-dielectric oxides like fB, and ALO3; can be grown by ALD at
temperature that does not exceed’@fG4]. The ALD method provides unique possibitiy
control thickness of the films at the nanometelesc@his is especially important for gate
dielectrics used in MOSFET dedicated for highlyegrated circuits where dielectric
thickness is 3 — 5 nm. The average surface roughofesuch thin dielectric films is at the

level of 0.2 nm as it is shown in Fig. 9.
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Fig. 9. AFM surface morphology of Hi({left) and ALO; (right) 40 nm films deposited on silicon
substrate. The RMS value of the surface roughse@2inm in both cases.

The MOSFET transistor with ZnO-ALD as a channelemat and A}O3; as a gate dielectric
has been reported [33The ZnO layer deposited by ALD which acts as a okathere, was
obtained at 10T and has carrier concentration below®1€m*. The device features a high
lon/l ok ratio of 10.

Transparent thin film transistor (TTFT) where gajate dielectric and channel were obtained
by ALD at low temperature regime was also repofi&]. Transistor structure was deposited
on a glass substrate and two ZnO films with variomsductivity were used as a gate and as a

channel whereas a dielectric composite laygDAHTO./Al ;O3 acts as a gate dielectric.

6. Summary

It has been shown that zinc oxide films deposited &iow temperature ALD process with
DEZn and water precursors are naturallyype with electron concentration that can be
regulated without any external doping only by chag@ALD process parameters. Achievable
values of electron mobility and concentration arpprapriate for applications in
microelectronic devices like Schottky diodes anid fiims transistorsP-type doping is also

possible within the ALD process by replacing an gety precursor from deionized water to
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ammonia water. Nitrogen rich ZnO films obtainedhis way showp-type conductivity after
post-grown annealing. The exemplary applicatioswafh ZnO films has been presented. The
rectification ratio of the ZnO-based homojunctiandlose to 1Dat 2V with the current
density 16 A/cm®. The Schottky junction based on the Ag/ZnO-ALLusture reveals even
better characteristic. Excellent parameters of tfe= lon/lore ratio and a current of 10
Alcm? at 2V have been achieved, which are among therbsslts presented for diodes ever
obtained for a polycrystalline material obtainedoat temperature regime. These parameters
fulfil requirements for the switching element deated for a 3D non-volatile memory.

The very important point is that all devices préedrhere have been obtained at very low
temperature regime (100) that is a crucial issue for many novel applmasi as 3D non-
volatile memories and for temperature sensitiveanig electronics. Moreover, zinc oxide
films are transparent, therefore they can be useattive elements of transparent electronics.
The ALD method has also been found as giving thet kessults for deposition of very thin
high-k dielectric layers used as a gate dieleatri€ET, so all the transistor structure (a gate, a
gate dielectric and a channel) can be obtainedyusi@ only one deposition technique. The
first results in this field were also mentioned.

To conclude, the ZnO grown at low temperature by &LD technique is a prospective

material for many novel electronic applications.
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