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Structural and stoichiometric defects play a crucial role in determining the electrical properties of
Zn0, and are strongly controlled by the growth method and conditions. In this study, the dynamics
between structural and electrical properties for various ALD growth conditions were analyzed to
identify the main contributors to n-type conductivity. / Yapusal ve stokiyometrik kusurlar, ZnO’nun
elektriksel ozelliklerinin belirlenmesinde ¢ok énemli bir rol oynar. Bu kusurlar ancak biiyiime
yontemi ve kosullart ile kontrol edilebilir. Bu ¢calismada ¢esitli ALD biiyiime kosullart igin yapisal
ve elektriksel ozellikler arasinda dinamikler, n-tipi iletkenligi etkileyen ana faktorleri belirlemek
amaci ile analiz edildi.
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Figure A: Representation of ZnO growth cycle by ALD
ISekil A:.Temsili ALD ile ZnO biiyiitme dongiisti

Highlights (Onemli noktalar)

»  Temperature and relative DEZ and DI pulse times were the strongest influencers of ZnO
structural and ,hence, the electrical properties./Biiyiime sicakligi ve goreceli DEZ&DI
atis siireleri ZnO'nun yapisal ve dollayisiyla elektriksel ozelliklerini en ¢ok etkilyen
biiyiitme faktorleridir.

» The contribution of hydrogen impurities, zinc interstitials and oxygen vacancies to
resistivity values were observed experimentally./ Hidrojen safsizlikjlarinin, ¢inko
arayerlerinin ve oksijen bosluklarimin diren¢ degerlerine katkist deneysel olarak
gozlemlenmistir.

»  The strongest correlation was observed in between hydrogen impurity concentration and
resistivity for various growth conditions./ En gii¢lii korelasyon, ¢esitli biiyiime kosullart
igin hidrojen safsizlik konsantrasyonu ile diren¢ arasinda gozlendi.

Aim (Amag): The main purpose of this study was to identify the specific defect/impurity contributors
to n-type electrical conductivity in different growth conditions for ALD grown ZnO films. / Bu
¢aliymanin temel amaci, ALD ile biiyiitiilmiis ZnO filmleri icin farkli biiyiime kosullarinda n-tipi
elektrik iletkenligine katkida bulunan spesifik kusurlari/safsizliklar: tammlamakt:.

Originality (Ozgiinliik): An experimental evidence is presented for defect/impurity concentration,
especially hydrogen impurity, contribution to n-type conductivity in ZnO. / ZnO n-tipi iletkenligine
kusur ve safsizliklarin, ozellikle hidrojen safsizliklarini,n katki saglayan mekanizma oldugunun
kaniti deneysel olarak sunulmugtur.

Results (Bulgular):

The contribution of hydrogen impurities, zinc interstitials and oxygen vacancies to conductivity was
observed at different growth conditions. Lowest resistivity and highest average % transmittance
were obtained as 6.8x10-2 chm.cm and 92% in visible spectrum (380-700 nm), respectively.

Conclusion (Senug): Main defect/impurity contributors to n-type conductivity in ZnO were
experimentally identified. / ZnO n-tipi iletkenligine baslica kusurlarin/safsizivklarin katkisi deneysel
olarak ortaya konulmustur.
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The mechanism behind n-type conductivity of undoped ZnO films are not understood well. One
and two dimensional defects (grain boundaries, dislocations), and zero dimensional
stoichiometric point defects (vacancies, self-interstitials and impurities) play a crucial role in
determining the electrical properties of ZnO. All defect mechanisms are strongly controlled by
the growth method and conditions. While it is more straightforward examining the one and two
dimensional defects, measuring and unveiling the mechanism behind the zero dimensional point
defect contribution and their sole effect on the electrical properties are challenging. This is why
there has been controversial discussion of results among experimental and computational works
relating physical and chemical properties of ZnO to sustainable electrical properties. In this study,
to correlate the dynamics in between structural and electrical properties of ZnO grown by thermal
atomic layer deposition (ALD); growth temperature, DEZ and DI water precursor pulse times,
DEZ/DI water precursor pulse ratio, and Nz purge time were varied. To obtain growth condition
specific structural and electrical properties; XRD, AFM, profilometer, ellipsometry,
XPS/CasaXPS, UV-VIS spectrometer, Hall-Effect measurements were utilized. Although, there
was no strong correlation for oxygen vacancies, the contribution of hydrogen impurities, zinc
interstitials and oxygen vacancies to conductivity was observed at different growth conditions.
Lowest resistivity and highest average % transmittance were obtained as 6.8x10-® ohm.cm and
92% in visible spectrum (380-700 nm), respectively.

Termal ALD ile Biiyiitiilmiis ZnO Ince Filmlerin Yapisal ve Elektriksel
Ozellikleri Arasindaki Dinamikler
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1. INTRODUCTION (GiRris)

In recent years, Al.O3, ZnO, SnO,, ITO, AZO, FZO,
FTO have been the most common metal oxides

Katkisiz ZnO filmlerin n-tipi iletkenliginin ardindaki mekanizma iyi anlagilmamustir. 1 ve 2
boyutlu kusurlar (tane sinirlari, dislokasyonlar) ve 0 boyutlu stokiyometrik nokta kusurlari
(bosluklar, kendi arayerleri ve safsizliklar), ZnO'nun elektriksel &zelliklerinin belirlenmesinde
¢ok 6nemli bir rol oynar. Bu kusur mekanizmalar1 biiyiime yontemi ve kosullar1 tarafindan giiglii
bir sekilde kontrol edilir. 1 ve 2 boyutlu kusurlar1 karakterize etmek ve incelemek daha basit olsa
da, 0 boyutlu nokta kusur katkisinin arkasindaki mekanizmay1 ve bunlarin elektriksel 6zellikler
tizerindeki tek etkisini 6lgmek ve ortaya ¢ikarmak zorlayicidir. ZnO'nun fiziksel ve kimyasal
ozellikleri ile elektriksel Ozellikleri arasinda iligki kuran deneysel ve hesaplamali ¢aligmalar
arasinda tartigmalt sonuglarin bulunmasinm nedeni de budur. Bu c¢alismada, termal ALD ile
biiyiitillen ZnO'nun yapisal ve elektriksel 6zellikleri arasindaki dinamikleri iliskilendirmek
amaciyla; biiyiime sicakligi, DEZ ve DI 6ncii atim siireleri, DEZ/DI 6ncii atim orani1 ve N2
temizleme siiresi degistirildi. Bilylime durumuna 6zgii yapisal ve elektriksel ozellikleri elde
etmek i¢in; XRD, AFM, profilometre, elipsometri, XPS/CasaXPS, UV-VIS spektrometresi, Hall-
Effect dlglimlerinden yararlanilmistir. Oksijen bosluklari i¢in giiglii bir korelasyon olmamasina
ragmen, farkli bilyiime kosullarinda hidrojen safsizliklarinin, ¢inko ara katmanlarinin ve oksijen
bosluklarinin iletkenlige katkisi gézlemlendi. Goriiniir spektrumda (380-700 nm) en yiiksek
ortalama % gegirgenlik %92 olarak ve en diisiik 6zdireng 6,8x10 ohm.cm olarak elde edilmistir.

studied and used for wide range of applications [1-
5]. Among all, zinc oxide (ZnO) distinguishes itself
from other metal oxides for being abundant,
available, cheap and non-toxic. Also, its high
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thermal conductivity [6], high electron mobility [7],
high radiation hardness [8], direct and wide bandgap
[9], high free-exciton binding energy [10], surface
chemical reactivity, and large piezoelectric
constants [11], makes it an ideal material choice for
various applications.

ZnO is an innate n-type II-VI semiconductor
material with covalent and ionic bonding
characteristics. ZnO can exist in hexagonal
wurtzite, zincblend and rocksalt crystal structure
forms. While wurtzite structure is
thermodynamically preferred at ambient conditions,
it can be transformed into rocksalt structure under
high pressure conditions. Metastable zincblend
phase can be obtained when grown over zincblend
substrates or it appears in wurtzite structure
seperated by defects when grown over highly lattice
mismatched substrates. [7] ZnO’s most stable
crystal form, wurtzite, is the same as GaN, but,
unlike GaN, ZnO is available in large bulk size
single crystals [10]. However, due to uncontrollable
electrical properties, the use of ZnO has been
limited in semiconductor industry.

The similarity in between ZnO and GaN is not only
limited by their crystal structures. ZnO (3.37 eV)
has very similar direct wide bandgap as GaN (3.4
eV), except with larger exciton binding energy (60
meV for ZnO vs. 25 meV for GaN) yielding a more
stable and higher emission efficiency at room
temperature and above [12]. ZnO has been studied
to complement GaN, providing substrate with its
large available crystal size [13] and functional
interlayers integrated in nitride device structures, or
to substitute GaN’s function. Large exciton binding
energies make ZnO a better candidate for UV/blue

light emitting applications (like LEDs and lasers).
However, it has been a challenge to achieve p-type
doping due to its high unintentional n-type innate
doping characteristics originated mostly from its
structural and point defects [14]. Due to its wide
bandgap, ZnO is transparent to visible spectrum.
Therefore, it can be utilized as transparent contact
(TCO) to any light emitting devices (diodes and
displays) [15-16], light collecting devices (like solar
cells, detectors) [17], or to touch screens/energy
saving windows. Another application area is its use
in transistors [18-19] as conducting channel. Its
high radiation hardness against MeV proton
irradiation levels, makes ZnO a good candidate for
space applications. Another property of ZnO is its
spontaneous polarization along c-axis in wurtzite
structure; this built-in field can be utilized in
acoustic wave and piezoelectric devices [20-21].

Different methods like MOCVD [21], MBE [22],
PLD [23], sputtering [24], ALD [5] have been
employed to grow ZnO films. ALD has many
advantages over the aforementioned alternative
growth methods. Due to its low processing
temperatures, large area uniformity and high
conformal coverage, it is economical, applicable
over low melting temperature materials like
polymers and textile, and compatible with large
area industrial applications and 3D device
architectures;  precise thickness control s
achievable with atomically smooth interfaces; and it
is easily integrable to other semiconductor
processes.

Although, ZnO has many potential application
areas, i) controlling and reproducibility of n-type
ZnO’s electrical properties, and ii) achieving p-type

Table 1. Density functional calculations summary for defects and H impurities in n-type as grown

Zn0 [25] (n-tipi ZnO filmlerde kusurlar ve H safsizliklari yogunluk fonksiyonel hesaplamalart zeti)

Defect/Impurity FoEr::;:m DefectL::'Iaerlmtlon Carrier Type Notes type

Vo Low Deep Donor Acts as compensator in p type ZnO
Vs, Low Deep Acceptor Acts as compensator in n type ZnO
o High Neutral NA Oxygen interstitial in tetrahedral sites
oy° High Deep Acceptor Oxygen interstitial in octahedral sites
Zn; Mid Shallow Donor More stable in octahedral sites, diffuse out easily
0,4, High Deep Acceptor Large off-site displacement, not many
Zn, Mid Shallow Donor Large off-site displacement

H; Low Shallow Donor Forms bond with ZnO as ZnOH

Highly mobile, diffuse out easily

Ho Low Shallow Donor More stable than interstitial H
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ZnO remain as a challenge. Therefore,
understanding the role of defects/impurities, growth
variables and material property dynamics are
indispensible for creating reproducible and
sustainable ZnO films for electronic applications.

Structural defects and stoichiometric point defects
play a crucial role in determining the electrical
properties of ZnO. The main stoichiometric point
defects that is considered to exist in ZnO are: Zn
vacancies (Vzn), O vacancies (Vo), Zinc interstitials
(Zni), Oxygen interstitals (O;), Zinc antisites (Zno),
Oxygen antisites (Oz,), and substitutional or
interstitial impurities like hydrogen or carbon. The
summary of defects and impurities present in as
grown ZnO is summarized in Table 1. If all of these
defects were energetically favored to exist, Vo, Zn;,
Zno would act like a donor, and Vz,, O; and Oz, act
like an acceptor. Zn rich growth regime favors
donors (Vo, Zni, Zno), and O rich growth conditions
support the existence of acceptors (Vzn, Oi and Ozn).
But not all these defects are energetically favored to
exist. Even when they are favored to exist not all
would participate in n- or p-type conductivity.
Based on computational results from density
functional theory (DFT) demonstrated; Vo and Vzy
are the lowest energy, Zn; and Zno next highest, then
lastly followed by O; and Oz, with highest formation
energies [25].

Oxygen vacancies (Vo), with lowest formation
energy, are expected to form readily. However, it
was calculated these defects are deep state donors
and can not add to n-type conductivity but they
compensate p-type carriers. Zinc vacancies (Vzn)
has the lowest formation energy among all point
defects, and they are deep state acceptors.
Therefore, they only act like n-type compensator.
Zinc interstitials (Zn;) prefers the octahedral sites.
They and zinc antisites (Zno) are shallow donors,
can participate in n-type conduction event,
however, have relatively higher formation energies
and unstable. Oxygen interstitials (O;) and and
antisites (Oz,) are both inactive or deep acceptors
and have the highest calculated formation energies.
They do not exist in significant amount [26-30].

Theoretically, undoped ZnO exist as unintentionally
n-type doped. Among all stoichiometric defects
only Zn; and Vo can be the reason for it. However,
as mentioned, calculated Vo donor levels are deep,
can not be ionized, and Zn; have relatively high
formation  energies.Therefore, hydrogen (H)
impurity was suggested to be the source for n-type

conductivity in ZnO. H behaves amphoteric in
almost all semiconductors, i.e. acts as positive
charge in p-type and as negative charge in n-type..
But based on density functional calculations, H acts
as a shallow n-type donor in ZnO, and have a low
formation energy. Also, H is the smallest atom in
periodic table and can easily diffuse into ZnO
lattice. In addition, H exist in all growth
environments. Interstitial H binds to oxygen atom in
ZnO forming Zn(OH). [7, 31]. Experimental results
do not always agree with the theoretical
calculations. For example, with calculated
formation energy of 3.9 eV for oxygen vacancies,
the concentration of Vo is implied to be on the order
of 108 cm™ while the experimental value is in the
range of 10% to 10'® cm™®. The debate on what
contributes to ZnO n-type conductivity still exists.
[32-35]

Either the H impurities or O vacancies, etc., all of
the point defect/impurity presence can be strongly
controlled by the growth type and growth
conditions. To obtain reproducable conductivities
for ZnO, the mechanism and its relation with
structural property should be addressed well. Within
the scope of this study, after relating processing
conditions with ZnQO’s structural properties, the
electrical properties are correlated with structural
properties and growth variables to shed light on the
n-type conductivity mechanism. A special attention
was paid on analyzing the presence of mentioned
defects and their correlation with resistivity.

2. MATERIALS AND
(MATERYAL VE METOD)

METHODS

2.1. Experimental Design (Deney Tasarimi)

Both (100) silicon and quartz were used as
substrates to deposit ZnO films. Substrates were
cleaned with acetone, isopropyl alcholol DI water in
US bath prior to growth. Silicon substrates were
dipped into HF:DI (1:10) to remove the natural
oxide. ZnO films were deposited by OkyayTech
thermal atomic layer deposition (ALD). Diethylzinc
(DEZ-Zn(C2Hs)., (Sigma Aldrich) was used as Zn
precursor and deionized water (DI) was used as
oxygen source. Both precursors were kept at room
temperature. Nitrogen (>99.99%) was utilized as a
carrier gas with 20 sccm flow rate. The chamber
base pressure was kept at 640 pbar. The ZnO thin
films were optimized by changing growth
temperature (between 125- 200° C), DEZ and DI
pulse times (as 15, 50, 100 ms) at DEZ/DI ratio of
1, DEZ/DI ratio (from 0.25 to 2), and nitrogen purge
time (as 2, 5, and 10s) as summarized in Table 2.
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Table 2. Experimental parameters (Deneysel parametreler)

Sample | Temperature Cycle DEZ Pulse DI Pulse DEZ/DI Purge time
# (°C) (ms) (ms) Ratio (s)
1 200 400 15 15 1 10
2 175 400 15 15 1 10
3 150 400 15 15 1 10
4 125 400 15 15 1 10
5 175 400 100 100 1 10
6 175 400 50 50 1 10
7 175 400 50 50 1
8 175 400 50 50 1
9 175 400 50 100 2 10
10 175 400 100 50 0.5 10
11 175 400 200 50 0.25 10

The number of ALD growth cycle was kept at 400
cycles for all growth conditions yielding 70-90 nm
thickness variation for all conditions.

The process optimization parameters were set into
four groups. The temperature variation was
identifed as Group 1; the variation in DEZ and DI
pulse times was identified as Group 2; the change
in purge time was named as Group 3; and the
change in DEZ/DI ratio was identified as Group 4.
Each group variable change was correlated with
structural properties (thickness-growth rate, crystal
quality, surface roughness, stoichiometry), and with
electrical (resistivity, carrier density and mobility)
and optically%transmittance in visible range to
analyze the impact of various ALD growth
conditions on potential electrical and optical
application performance.

2.2.Characterization (Karakterizasyon)

dimensions. In Figure 2, the dimensions of the
workpiece and tool, and the processing principle are
shown. The experiments were carried out on the
Furkan compact 1 Z-NC type die-sinking electro
erosion bench. Belone EDM F liquid with high flash
point and low viscosity was used as dielectric fluid.

The film thicknesses were determined using V-
VASE spectroscopic ellipsometer and Dektak-8
surface profiler. Surface roughness values were
measured utilizing Veeco MultiMode V atomic
force microscopy (AFM) in tapping mode. The 26
scans in between 30-70° were taken with Rigaku
Ultima 1V X-ray Diffraction (XRD) (Cu-Ka
radiation with a wavelength of A= 1.5406 A)
operated at 40 kV and 40 mA. The electrical and
optical characterizations were carried out with

samples grown on quartz substrates; structural
characterization were done on silicon substrates.
The transmission values of all samples were
analyzed with Cary 100 UV-VIS Spectrometer in
between 300-700 nm wavelength range. ZnO
stoichiometry and binding energies were measured
with Phi5000 Versa Probe X-Ray Photoelectron
Spectroscopy (XPS). CasaXPS software was used
to analyze binding energies. The resistivity, carrier
density and mobility values were characterized by
ECOPIA HMS-3000 Hall Effect system using Van
der Pauw patterns. All characterizations were
carried out at room temperature.

3. RESULTS (BULGULAR)

3.1.Structural and Chemical Properties (Yapisal
ve Kimyasal Ozellikler)

Thickness, Growth Rate and Surface Properties
(Kalinlik, bitytime hiz1 ve yiizey 6zellikleri)

There is an optimum growth window in which the
surface is saturated and all precursors used
effectively to obtain a better quality film [36-40]. As
summarized in Table 3, growth rates on Si substrate
(2-2.31 Alcycle) were higher than growth rates on
quartz substrates (1.6-2.1 A/cycle) due to higher
thermal conductivity of Si substrates. A better fit
was obtained with the ellipsometry measurements
for the thickness values taken from ZnO films with
underlying quartz substrates, therefore, growth rate
discussions can be carried over the quartz substrate
data. With increasing growth temperature, the
growth rate on quartz substrates reaches to
maximum value of 2.84 Alcycle at 175°C, as the
ethyl ligands were effectively removed by water
with increasing temperature, then it starts to drop
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again with increased desorption rates. Therefore,
ALD growth window for ZnO was determined to be
approximately 140°C-180°C. When discussing

structural and chemical properties this window will
be utilized for further analysis.

Table 3. Summary of thickness, growth rate and surface roughness values (Kalinlik, biiyiime hizi ve

yiizey plirlizliiligii degerlerinin 6zeti)

Surface . .
Sample . . Roughness (Rms) Th|ckne.ss Growth Rate over si | | Tickness Growth Rate over
Variable sets | Variable 2 over Si over Quartz
# for 1 oam? area (nm) (A/cycle) (nm) Quartz (A/cycle)
(nm)

- 1 200°C 2.62 84 2.1 73.61 1.84

% 2 Increasing 175°C 1.4 92.3 2.31 75.27 1.88

Q 3 Temperature | 150°C 1.82 85.9 2.15 73.45 1.84

O 4 125°C 2.87 79.8 2 64.3 16

&1 5 |increasing 100 ms 1.91 85.4 2.13 78.08 2

8 6 DEZ & DI 50 ms 1.66 85.9 2.22 78.01 2

G| 2 |pulseTime 15 ms 1.4 92.3 2.31 75.27 1.88

2 6 . 10s 1.66 85.9 2.22 78.01 2

S| 7 |Mncreasing 5s 1.95 89 2.22 80 2

= Purge Time

[C] 8 2s 2.82 85 2.12 82.1 2.1

< 9 2 1.8 90.26 2.25 79.75 2

% 5 Increasing 1 1.91 85.4 2.13 78.08 2

8 10 |DEZ/DI Ratio 0.5 2.29 82.38 2.06 78.78 1.97

v 11 0.25 2.73 87.24 2.18 78.65 1.97

Table 4. Summary of XRD results for (100) and (002) peaks, and calculated average grain size for

(100) and (200) reflections ((100) ve (002) pikleri XRD sonuglar ve (100) ve (002) pikleri igin hesaplanmis

ortalama tane biitiikliikleri)

Surface Thick Thick
Sample . . Roughness (Rms) ICKNeSS | Growth Rate over Si ickness Growth Rate over
Variable sets | Variable 2 over Si over Quartz
# for 1 ocam? area (A/cycle) Quartz (A/cycle)
(nm) (nm)
(nm)

- 1 200°C 2.62 84 2.1 73.61 1.84
% 2 Increasing 175°C 1.4 92.3 2.31 75.27 1.88
Q 3 Temperature | 150°C 1.82 85.9 2.15 73.45 1.84
& 4 125°C 2.87 79.8 2 64.3 1.6
2 5 |ncreasing 100 ms 1.91 85.4 2.13 78.08 2
8 6 DEZ & DI 50 ms 1.66 85.9 2.15 78.01 2
&| 2 |PulseTime 15 ms 1.4 92.3 2.31 75.27 1.88
: 6 . 10s 1.66 85.9 2.15 78.01 1.95
3[ 7 |Increasing 5s 1.95 89 2.22 80 2
= Purge Time

[C] 8 2s 2.82 85 2.12 82.1 2.1
< 9 2 1.8 90.26 2.25 79.75 2
% 5 |ncreasing 1 1.91 85.4 2.13 78.08 1.95
8 10 DEZ/DI Ratio 0.5 2.29 82.38 2.06 78.78 1.97
© 11 0.25 2.73 82.24 2.05 78.65 1.97

As expected, the growth rate was stabilized at 2
Alcycle for varying precursors pulse time lengths
after 50 ms. For shorter pulse times, it is most likely
that the surface saturation time was not sufficient.
The purge time did not have any observable
influence on the growth rate, just an insignificant
drop most likely due to desorption of species under

longer purge times. Meanwhile for DEZ/DI pulse
time ratio of 1 and above, the maximum growth rate
was achieved and stabilized at 2 A/cycle. For lower
DEZ/DI pulse time ratio the growth rate was lower
due to insufficient DEZ pulse duration. Surface
roughness rms values were in the range of 1.4-2.87
nm for 1 um x 1 um area. As will be discussed in
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detail along with XRD results in the “Crystallinity”
section, the surface roughness is a strong function
of the surface precursor dynamics and growth
modes (the preferred polycrystalline orientations).

Crystallinity (Kristalinite)

The final film quality is determined by the surface
reaction dynamics and these reaction dynamics are
highly growth temperature dependent. For ALD
ZnO growth utilizing DEZ and DI water, there are 3
gorwth zones:

Zone 1: Up to around 120°C. The temperature is not
high enough to get over the energy barrier to remove
the ethyl-ligands with water, monoethyl zinc (MEZ)
groups supersaturates the surface. Ligands prefer to
attach to lowest energy surface sites, which is (002)
[41]. So (002) oriented growth dominates other
orientations. The ethyl ligands persists on the
surface so the growth rate is low, but it increases
with increasing temperature.

Zone 2: Around 120°C to around 180°C. This is the
so-called ALD growth window. The growth rate
becomes constant at self-limiting rate. (002) peaks
are suppressed and (001) are mixed more
dominantly. Due to built-in polarity of ZnO wurtzite
crystal along <0001>, (002) surface can be charged
positively when Zn atoms terminated and charged
negatively when O atoms terminated after each
cycle [39]. These highly charged surfaces are not
favored for ligand exchanges suppressing (002)
oriented growth and enhancing (001) oriented
growth. The prematurely dissociated ethyl anion
fragments saturates (002) positive Zn polar surfaces
and suppresses its growth, while (100) orientation
growth relatively enhenced.

Zone 3: Above 180°C. The reactants either desorbs
from the surface (mainly DEZn). Growth rate
decreases with increasing temperature. The positive
or negative anions saturating (002) polar surfaces
and suppressing its growth, break down further
creating a charge neutral surface, not blocking (002)
growth anymore. Therefore enhencing (002)
oriented growth along c-axis. The more Zn rich
(oxygen defficient) growth higher the stability of
(002) orientation.

Due to growth temperature range (125°C-200°C)
used in experiment sets, the growth mechanisms are
Zone 2 and Zone 3 dominated. Based on XRD,
AFM and ellipsometry results the zone ranges are
determined to understand the surface reaction

dynamics leading to specific defect/impurity
composition and finally related to electrical
properties. Table 4 summarizes the XRD (100) and
(200) orientation results for different growth
variable sets. From these XRD results, average
grain sizes for (100) and (002) orientations were
calculated utilizing Debye Scherrer relation.

In Figure 1, 26 scans show the preferred orientations
of polycrystalline ZnO films. The first peak at 31.8°
belongs to (100) plane perpendicular to nonpolar
orientation of ZnO wurtzite cell, the second peak is
the (002) plane perpendicular to main c-axis polar
orientation at around 34.7°. These are the main
peaks that demonstrates the preferred growth
orientation of ZnO films based on growth
conditions. ZnO  polycrystalls have mixed
orientations of (100) and (002). Relative amounts of
each orientation is determined based on relative
peak intensities and FWHM values.

As can be seen on Figure 1.a, With increasing
growth temperature, (002) peak dominates (100)
peak. The growth orientation (002) is preferred due
to altered surface dynamics forming Zn rich ZnO
films with increased growth temperature.

Growth temperature is the most important
parameter determining the final film quality and
preferred crystal orientation as described Zone 1, 2
and 3. So, in tune with XRD data, at 125°C (001)
orientation was preferred, while still some (002)
crystallites were aligned along c-[0001] growth
direction. In Figure 2.a AFM topography image, it
is possible to see fewer columnar grains aligned
along growth direction. These irregular (002) plane
ondulations in combined with (100) plane growth
creates relatively rougher surface. As temperature
increases to 200°C, c¢-[0001] direction growth
perpendicular to (002) planes dominates more,
creating a balanced mixture between (100) and
(002) planes. As a result, the surface roughness
values diminishes as the temperature goes up to
175°C. Above 175°C, the surface species starts to
desorp creating relatively rougher surface. The
AFM surface topography images show the granular
surface nature due to columnar growth in preferred
direction. At 125°C the surface roughness is the
highest (2.87 nm), and decreases to 1.82 nm at
150°C and to 1.4 nm at 175°C as bimodal
orientation distribution averages out to smoother
surface features. Then at 200°C, surface desorption
dynamics caused 2.62 nm surface roughness valu
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Figure 1. XRD spectrum of ZnO films for changing: a)growth temperature (Group 1), b)DEZ and DI
pulse times for constant DEZ/DI ratio of 1 (Group 2), c)nitrogen purge time (Group 3), and d)DEZ/DI

ratio (Group 4). (Representative peak positions are given in b))(ZnO filmlerin XRD spektrumlari a) biiyiime

sicakligi, b) DEZ ve DI atim siireleri, c) nitrojen temizleme siiresi, ve d) DEZ/DI oranina gore)
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a

d)

Figure 2. AFM scans of ZnO films at various temperatures; rms values: a) 125°C; 2.87 nm, b) 150°C;
1.82 nm, C)175°C; 1.4 nm, and d) 200°C; 2.62 nm. (ZnO filmleri AFM taramas1 piiriizliiliik degerleri)

To find the size of the (100) and (002) grains,
observed in XRD patterns and AFM images, the
technique of X-ray line broadening was utilized.
The Debye Scherrer equation D(26)=KM\/ [-cos0
was used to calculate the average grain sizes for
(100) and (002) crystallites. Where D being the
grain size, 0 is the diffraction angle, A the X-ray
wavelength (A= 1.5406 A), K represents the
Scherrer constant (0.98) and B denotes the full width
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at half max (FWHM) in radians. The crystallite
sizes varied between 15-18 nm for (100) and 13-20
nm for (002) orientations depending on the growth
condition. These values are in agreement with
values obtained in literatire [44]. As can be seen in
Figure 3.c, with increase in temperature, both (100)
and (002) crystallites grow larger. The (002)
crystallites grow with higher rate due to high-
temperature preferred Zn-rich growth mode
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Figure 3. Effect of temperature on: a)(100) peak height and FWHM, b) (002) peak height and FWHM,
and, ¢)(100) and (200) orientation grain size (Sicakligin a) (100) pik yiiksekligine ve FWHM’e, b) (002) pik

yiiksekligine ve FWHM’e, ¢) (100) ve (200) oryantasyonunda tane biiyiikliigiine etkisi)
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To analyze the XRD and AFM results further, it is
important to understand the surface reaction,
adsorption and desorption dynamics well. When
DEZ is pulsed on to a hydroxylated surface (with -
OH group), one of the ethyl groups in DEZ takes the
H atom from -OH group and purged out as ethane.
This process leaves a surface oxygen attached to
monoethyl zinc ligand (MEZ), the process followed
with nitrogen purge and DI water pulse maintains
the ALD growth cycle. Single MEZ-water exchange
is low barrier (exothermic), however, MEZ
saturated surface have a high ethyl-water exchange

x10*

barrier. Therefore, adsorption of water with high
MEZ covered Zn surface is inhibited by steric
effect, so the growth favors (100). Some ethyl
groups stay on surface even after DI water purge.
Sufficiently long purge times and long DI water
pulse times relative to DEZ pulse times creates
higher ZnO formation, better stoichiometry and
better surface features due to removal of ethyl
ligands helping (002) growth. Similarly, short DI
water purge leads to (100), and short DEZ pulse
times favor (100) growth [42-43,31].
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Figure 4. a) Representative XPS result for ZnO films, b)screenshot of CasaXPS analysis for O1s peak
integrated binding energies distribution, and ¢) screenshot of CasaXPS analysis for Zn2p3/2 peak
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analizi)
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As the DEZ and DI water pulse times increase
(Group 2), surface roughness increases, and for
increasing nitrogen purge times (Group 3), surface
roughness decreases with a common reason: due to
removal of ethyl ligands surface gets more saturated
creating better stoichiometry ZnO formation with
better surface features. Based on XRD scans, for
Group 2, no significant change in (100) and (002)
growth preference was observed for increasing
purge time. And for the increasing DEZ/DI ratio
(Group 4), XRD data shows (002) gets less intense
up to ratio of 1 then the domination switches back
to (002) crystallite formation. This trend is very
similar to what was observed when increasing
growth temperature (Group 1). The crystallites
starts of with O-rich (100) orientation and it slowly
switches back to Zn-rich (002) orientation. The
decrease in surface roughness with increasing
DEZ/DI ratio values also followed the same trend.

Stoichiometry: Point Defects and
(Stokiyometri: Noktasal kusurlar ve safsizliklar)

Impurities

Ols and Zn2p3/2 peaks were identified by XPS scan
(Fig. 4.a). Each peak is composed of three Gaussian
distribution revealing an information about the
presence of each element (Zn or O) at different
position and states. Using CasaXPS software each
of these three distributions were identified.
Accordingly, as depicted in Figure 4.b, Ols was
compposed of O, (centered at 5305 eV)
representing oxygen binded with metal (Zn), Oy
(centered at 531.8 eV) representing oxygen
deficiencies, and Oy (centered at 532.8 eV)
representing oxygen chemisorbed on the surface
with other species such as H-0, O,, COs, Zn(OH).
[26, 49, 50]. For Zn2p3/2 peak, as shown in Figure
4.c, the distribution centered around 1021.4 eV
represents Zn metal (either interstitial or antisite,
more likely being the interstitial due to lower
formation energy), the state centered around 1022.3
eV representing ZnO, and the peak centered around
1023.2 eV belonging to Zn(OH); [51, 52]. As an n-
type conductivity mechanism oxygen vacancies,
zinc interstitials and hydrogen impurities were
considered as the probable n-type carriers. The
relative formation energies, ionization energies and
diffusion barriers were discussed previously in
introduction. Therefore, ZnO (O;) and oxygen
vacancy-Vo (Ou) distributions were taken into
consideration for electrical property analysis. O
distribution was disregarded, as the peak represents
more than one species (H20, O,, COs, Zn(OH),)
chemisorbed with hydrogen mostly on the surface.
For Zn2p3/2 XPS peak, ZnO distribution, Zn(OH)>

distribution (as representative of hydrogen carriers),
and Zn metal distribution (as representative of zinc
interstitials) were counted in the electrical analysis.
All point defects and impurities (Vo, H, Znj)
distributions were normalized with respect to
measured ZnO distribution. The summary of %
binding energy distribution of ZnO
defects/impurities based on CasaxXPS analysis is
given in Table 5. The normalized oxygen vacancy
area distribution from O1s, Zn(OH); and Zn; area
distribution from Zn2p3/2 with respect to each ZnO
area distribution are also given in the same table.
The dominant n-type carrier defects for Zn-rich
ZnO films are oxygen vacancies and zinc
interstitials. Oxygen vacancy concentration
(Vo/ZnO) was increased, as the stoichiometry
shifted toward zinc rich phase with increasing
temperature. The Zni/ZnO ratio was much higher at
175°C compared to rest of the temperatures. The
reason for Zni/ZnO ratio getting a sharp decrease at
200°C, has to do with interstitial Zn atoms diffusing
out easily as the temperature gets higher. There was
no significant effect of DEZn and DI water pulse
times and of DEZn/DI ratio on Vo/ZnO. The
Vo/ZnO was increased as the unreacted surface
ligands pushed away and surface desorption rate
increases with the increased purge time. The trends
in Z; was affected with growth dynamics that
saturates stoichiometric Zn. As the Zn sites were
saturated with O more, Zn; formed less. In terms of
hydrogen incorporation into the film, Zn(OH)./ZnO
ratio did not change significantly with change in
temperature. Increase in DEZn and DI water pulse
times Zn(OH)2/ZnO ratio, having more hydrogen
incorporated in to film with increasing precursor
pulse times due to increased rate of zinc oxygen
combination.The more oxygen incorporated into
films more hydrogen will be able to make bond with
them. This is the same reason why Zn(OH)»/ZnO
ratio gets higher as the temperature is increased up
to 175°C, but above this temperature oxygen will
start to desorb from surface leaving less number of
oxygen atoms to bond with hydrogen. Similar
relationship discussion can be extended to increased
DEZ/DI water ratio. Having these
defects/impurities chemically incorporated into
ZnO films does not necessarily mean that they are
participating in the n-type conductivity. To figure
out their role in conductivity, the normalized Hall
resisitivity values will be correlated with the
physical presence of these defects/impuritites to
find a direct evidence.

875



Imer | GU J Sci, Part C, 11(3):867-884 (2023)

Table 5. The % distribution of ZnO defects/impurities based on their binding energy levels

calculated by CasaXPS from XPS measurements (XPS él¢iimlerine dayanarak CasaXPS ile hesaplanan ZnO

kusurlary/safsizliklar: baglanma enerjileri % dagilimi)

0,, area
Sample . . 0,area| 0O, area Vo/ZnO |  (surface 0 area | ZMOH): Zn(OH),/Zn0 Zn (Zn,o) In; o/Zn0
4 Variable sets | Variable| (M-0) (Vo) ratio | chemisorbed) (%) area ratio metal area I:atio
(%) (%) (%) (%) (%)
L1 200°C | 557 | 3083 | qsg 13.47 87.06 | 12.14 0.14 0.79 0.01
& 2 |increasing 175°C | 65.7 32.11 0.49 2.19 80.67 10.2 0.13 9.14 0.11
g 3 Temperature 150°C 62.16 31.97 0.51 5.86 80.33 13.49 0.17 6.18 0.08
YIa 125°C | 57.5 26.81 0.47 15.69 8507 | 11.44 0.13 3.49 0.04
S| 5 lincreasing 100 ms | 65.19 28.7 0.44 6.11 77.7 21.15 0.27 1.15 0.01
3| 6 |pezapi 50ms | 65.09 | 28.85 0.44 6.06 8238 | 14.48 0.18 3.14 0.04
5 2 Pulse Time 15ms 65.7 32,11 0.49 2.19 80.67 10.2 0.13 9.14 0.11
: 6 i 10s 65.09 28.85 0.44 6.06 82.38 14.48 0.18 314 0.04
2l 7 :‘ma:_',"g 5s 57.79 | 3291 0.57 9.3 7694 | 20.83 0.27 2.24 0.03
urge Time

& = E 2s 63.83 29.97 0.47 6.2 84.13 14.85 0.18 1.02 0.01
<« 9 2 61.19 33.39 0.55 5.42 84.4 11.58 0.14 4.03 0.05
% 5 Increasing 1 65.19 28.7 0.44 6.11 77.7 21.15 0.27 1.15 0.01
Q| 10 |DEZ/DIRatio | 0.5 65.46 | 28.14 0.43 6.4 80.15 15.53 0.19 432 0.05
AT 0.25 | 65.56 28.73 0.44 5.71 79.13 15.05 0.19 5.81 0.07

Table 6. Summary of Hall measurement data and average % transmittance in the visible spectrum

(380-700 nm) results (Hall l¢iimii ve goriiniir bélgede ortalama % gegirgenlik degerleri)

Average
Sample . . Transmittance in | Thickness on | Hall Resistivity | Carrier Density Mobility
# Variable sets | Variable |~ ;10 Range | Quartz (nm) (ohm.cm) (/emd) (cm?/V.s)
(380-700 nm)

R 200°C 743 73.61 0.047 1.23x107 10.82
s 2 |increasing 175°C 82.1 75.27 0.0074 3.43x10% 245
e 3 |Temperature | 150°C 78.8 73.45 0.059 1.23x10%° 8.63
o

4 125°C 75.6 64.3 NA 9.15x108 NA

19
N[5 increasing | 100ms 86.5 78.08 0.0075 3.43x10 24.4
é 6 |DEzaDi 50 ms 90 78.01 0.0068 4.79x10° 19.17
G| 2 |PulseTime 15 ms 82.1 75.27 0.0074 3.43x101° 24.5
: 6 10s 90 78.01 0.0068 4.79x10%° 19.17
Increasing

= 7 5s 92.3 80 3.43x10%° 24.5
e Purge Time D
G| s 2s 82.1 82.1 0.0254 8.08x10%° 3.05
« 9 2 89 79.75 0.0112 2.89x101° 19.24
2| 5 |increasing 1 86.5 78.08 0.0075 3.43x10%° 24.4
g 10 |DEZ/DIRatio | 0.5 79.8 78.78 0.0152 1.88x101% 21.76

11 0.25 76.3 78.65 0.0266 2.06x10% 11.39

3.2.Electrical Properties (Elektriksel 5zellikler)

The summary of Hall measurements (Hall
resistivity, carrier concentration and mobility) taken
from ZnO films on quartz substrates utilizing Van
der Pauw pattern at room temperature; thickness of
ZnO films on quartz substrate; and average %
transmittance measured in visible spectrum (380-
700 nm) are given in Table 6. The c-[0001] direction

grown polar (002) planes have higher bandgap (3.37
eV) than perpendicular non-polar (001) planes, and
it contributes to conductivity more than (001)
planes.

Mobility and carrier densities increased and so the
resistivity values decreased with increase in growth
temperature.DEZ and DI water pulse times, varying
nitrogen pulse times did not affect the resistivity
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values subtantially. The lowest resistivity value was
obtained at 175°C as 0.0074 ohm.cm. Resistivities
were lowest at all purge times, DEZ/DI ratio of 1,
and all DEZ and DI water pulse times. The carrier
densities ranged in between 1-8x10%° /cm?, and the
mobility values were 3-24.5 cm?/Vs. These carrier
density, moblity and resistivity values are
compatible with highest literature values [53,54].

Electrical Property-Structural Property Dynamics
(Elektriksel 6zellik-yapisal 6zellik dinamikleri)

The effect of zero dimensional defect/impurity
concentrations on  resistivity values  were
investigated to see which candidate defect/impurity
makes contribution to n-type conduction. The
physical presence of these defects/impurities were

measured by XPS and alayzed with CasaXPS.
However, if their ionization energies are high or if
they are compensated, there would not be any
contribution to conductivity.

All defect types (including grain boundaries,
dislocations) and impurities are the factors affecting
the resistivity values. Grain boundaries act like
scattering centers for free carriers. These boundaries
are also the source of dislocations and accumulation
centers for n-type ZnO compensator zinc vacancies.
So there is a strong correlation in between the size
of the grains and resisitivity. Zinc vacancies
concentration increases with increase in grain
boundary area, so increase in resistivity with grain
size reduction is observed for all experiment groups.

Table 7. The summary of relative amounts of normalized ZnO defects, weighted average grain size

of (100) and (002) peaks, and their effect on normalized resistivity data (zZnO kusurlarinin, (100) ve (002)

tanelerinin agirlikli ortalamasi alian tane boyutunun ve 6zdirencin normalize edilmis degerleri)

Weighted .
Sample Variable sets | Variable VO/Z.nO Zn(OH)%/Zn Zni,o/.ZnO average grain Norfnéh.ZEd
# ratio O ratio ratio . resistivity
size (nm)
- 1 200°C 0.55 0.14 0.01 17.36 0.8158
% 2 Increasing 175°C 0.49 0.13 0.11 16.94 0.1254
e 3 Temperature 150°C 0.51 0.17 0.08 16.27 0.9601
© 4 125°C 0.47 0.13 0.04 14.13 NA
N1 5 lincreasing DEz | 100ms | 044 0.27 0.01 16.54 0.1241
3| 6  |&Dipulse 50 ms 0.44 0.18 0.04 14.66 0.0997
5 2 Time 15 ms 0.49 0.13 0.11 16.94 0.1254
2 6 ! i 10s 0.44 0.18 0.04 14.66 0.0997
3| 7 |nereasine 55 0.57 0.27 0.03 15.48 0.1161
= Purge Time
G} 8 2s 0.47 0.18 0.01 15.19 0.3859
< 9 2 0.55 0.14 0.05 18.18 0.2036
g 5 |Increasing 1 0.44 0.27 0.01 16.54 0.1241
8 10 DEZ/DI Ratio 0.5 0.43 0.19 0.05 17.08 0.2596
© 11 0.25 0.44 0.19 0.07 19.15 0.5094

The average crystalite sizes can be correlated to
change in electrical behaviour for polycrystalline
ZnO films due to the grain boundary scattering and
dislocation effect on free carriers. The crystallite
size also can be related with dislocation density [45-
48], as the dislocations are located on the grain
boundaries. Smaller the grains larger the grain
boundaries, so higher number of dislocations.
Therefore, the calculated average grain sizes for
(100) and (002) crystallites were utilized in
combination with (100) and (002) relative XRD
peak intensitities to obtain a weighted average grain

size (WAGS) of ZnO films for each growth
condition. Therefore, to single out the effect of grain
boundary potential barrier effect on resistivity
values, all Hall resistivity values were normalized
with  respect to the calculated WAGS.
Mathematically, these WAGS values were
multiplied by Hall resistivity values to obtain
normalized resistivity values. So that an anlysis in
between point defects/impurities and resistivity can
be carried out while ruling out the other defect
effects.
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The values obtained as a result of these calculations
are presented in Table 7. The change in each
specific candidate defect/impurity level and
normalized resistivity values were plotted against
each varying growth condition in Figure 5 (for
Group 1), Figure 6 (for Group 2), Figure 7 (for
Group 3) and Figure 8 (Group 4). To have a certain
defect contribution, the evidence should suggest
inverse relationship between the change in certain
defect/impurity type concentation versus resistivity,
i.e. if a certain defect concentration increases, the
resistivity values should decrease with it. Although,
there was no strong correlation for oxygen
vacancies, the contribution of hydrogen impurities,
zinc interstitals and oxygen vacancies to
conductivity was observed at different growth
conditions.The data sets that were a direct evidence
of inverse relationship between the changes in
defect/impurity concentration and resistivity are: Zn
interstitial at varying temperatures, OH/ZnO
(hydrogen impuritiy) at varying DEZn/DI water
ratio, and all types of defect/impurities when purge
time was varied, especially up to 5 seconds.

Playing with DEZn/DI ratio to obtain a balanced
ZnO stoichiometry at sufficiently long purge times
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(more than 5 second) and sufficiently high growth
temperatures in ALD growth window yields
hydrogen carrier dominated lowest resistivity
values. Figure 6 suggests, to obtain a meaningful
relationship between resistivity and defect/impurity
contributions, DEZn and DI water pulse times
should be at least 50 ms and more. The surface
saturation can be accomplished at sufficiently long
pulse times.

Zinc interstitial contribution to conductivity at
changing growth temperatures was observed. As the
temperature increased ZnO films gets Zn rich and
some of the Zn atoms takes the interstitial sites,
known to be a shallow donor. The number of Zn
interstitials increase up to 175°C, then decreases
dramatically at 200°C. Most likely increased
chances of Zn atoms diffusing out of interstitial
sites. The dramatic decrease in Zn interstitials also
translated into dramatic increase in resistivities
(Figure 5.c). This strong correlation suggests

depending on the growth temperature zinc
interstitials can be a contributor to n-type
conductivity.
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Figure 5. The effect of growth temperature on a) normalized concentration of Vo and its correlation with
normalized resistivity, b) normalized concentration of OH and its correlation with normalized resistivity,
¢) normalized concentration of Zn; and its correlation with normalized resistivity. (Biiyiime sicakliginin, a)
normalize edilmis oksijen bosluklar1 konsantrasyonu ve normalize edilmis 6zdireng iliskisine, b) normalize edilmis OH
konsantrasyonu ve normalize edilmis 6zdireng iligkisine, ¢) normalize edilmis atomlar arasi ¢inko konsantrasyonu ve normalize
edilmis 6zdireng iliskisine etkileri)

878



Jmer 1 GU J Sci, Part C, 11(3):867-884 (2023)

° 0,60 0,13 - 0,30 0,130 g—
‘é 0,55 0,12 % © 0,25 0,120 B
O 0,50 2 ® o ‘n
z O o1y E° o110 @
& oa5 ® 215 3
E 0108 & 0,100 g
g 0,40 & Fow N
g 035 O.OSE © o05 0,090 E
O 9,30 0,08 S 0,00 0,080 g
0 20 a0 50 80 100 120 0 20 40 60 80 100 120 =
DEZn and DI flows (ms) DEZn and DI flows (ms)
-0 vac/ZnO ratio -#—Normalized Resistivity -#-0H/Zn0 -#-Normalized Resistivity
a) b)

8 012 0,130 &

- >

g 0,10 0,120 ‘é

£ 0,08 n

[ o110 2

= 0,06 -

= 0,100 @©

£ 0,04 ]

& =

g 0,030 ©

2o T E

c 0,00 0,080 ©

N 2

0 20 a0 60 80 100 120

DEZn and DI flows (ms)

—-7ni/In0 -e—Normalized Resistivity

<)
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normalized I’ESiStiVity. (DEZ ve DI atis siirelerinin (DEZ/DI orani sabit olarak 1 iken), a) normalize edilmis oksijen
bosluklari konsantrasyonu ve normalize edilmis 6zdireng iligkisine, b) normalize edilmis OH konsantrasyonu ve normalize
edilmis 6zdireng iliskisine, c) normalize edilmis atomlar arasi ¢inko konsantrasyonu ve normalize edilmis 6zdireng iligkisine
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The strongest correlation was observed for
hydrogen (as Zn(OH).) at varying DEZn/DI water
ratios. After temperature, the most influential
growth parameter on structural properties was
DEZn/DI water pulse time ratio. At 175°C growth
temperature and 10 second purge time, as DEZn/DI
ratio was increased (50/200, 50/100, 100/100) from
0.25 to 1, ZnO films went from O-rich to Zn-rich.
At the ratio of 1 the lowest resistivities were
obtained along with highest hydrogen concentration
as can be seen in Figure 8.b. The 100/100 ratio led
to saturated Zn sites and stoichiometrically
balanced ZnO films. XRD data also suggested a

balanced mix between (100) and (002) orientations.
After DEZn/DI ratio of 2, XRD data and XPS data
suggested that ZnO films are in Zn-rich/O-
defficient with increased oxygen vacancies.
Therefore, the number of hydrogens existed as
attached to OH decreased and the resistivity values
increased. This is a strong direct evidence that
hydrogen impurities are the main contributors to n-
type conductivity in ZnO. There was no correlation
between the oxygen vacancy concentration nor zinc
interstitials, and resistivities for change in DEZn/DI
ratio.
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Figure 9. % Transmittance in visible spectrum of 11 samples with various ALD growth parameters (Farkl:

ALD biiyiitme parametreleri ile bilyiitiilmiis 11 numunenin gériiniir bolgede % gegirgenligi)
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3.3. Optical Property: %Transmittance
(Optik ozellikler: % Gegirgenlik)

In addition to electrical properties, average %
transmittance values in visible wavelength range
was taken as shown in Figure 9 and Table 6.
Accordingly, these values ranged from 74.3% for
200°C grown sample to 92.3% for 5 second nitrogen
purged sample. The same values ranged from 74%
to 90% in literature [55]. Therefore the data
obtained in this work is in agreement with literature
data and can be used for TCO applications.

4. CONCLUSIONS (SONUCLAR)

The influence of different type of defects and
impurities on the electrical behaviour of ZnO has
long been debated. DFT calculations theoretically
suggested hydrogen is the main carrier for n-type
conductivity in ZnO [7,25-26, 28-31]. While many
experimental  researchers  suggested oxygen
vacancies or the zinc interstitials as the source of n-
type conductivity [32-35]. In this study, these
defect/impurity formations based on growth
conditions and their contribution to electrical
conductivity was expermentally investigated.

According to structural studies, the most important
growth parameter that controls the surface reaction
dynamics was temperature. The second most
important parameter was DEZ to DI ratio. Once the
purge time was kept at sufficiently long times (5 sec
and above) and the DEZ and DI water pulse times
kept at sufficiently long times to saturate the surface
(50 ms and above), playing with gorwth temperature
and tuning in the DEZ/DI ratio would give the
lowest resistivity values. There was a strong
evidence that hydrogen impurities in the form of
Zn(OH), contributes to n-type conductivity.
Another correlation suggested depending on the
growth temperature zinc interstitials can be a
contributor to n-type conductivity. This correlation
should be investigated for longer (50 ms and longer)
DEZ and DI water pulse times. There was a little
evidence that oxygen vacancies can be a contributor
to n-type conductivity in ZnO films.

The lowest resistivity value was obtained at 175°C
as 0.0074 ohm.cm. The carrier densities ranged in
between 1-8x10%° /cm?3, and the mobility values
were 3-245 cm?Vs. The highest average %
transmittance value obtained was 92.3%.
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