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_thin gl‘ms were - investigated for the sputtering

hosphoerus-deped ZnO thin films obtaining

from sputtering of pho ped Zn’@ target exhibit n-type conductivity which
is a main result of substit
doped ZnO thin films
mixture of N, and Ar
of N,O and Ar exhibit v rth;[gh resmtmtiyﬂn the order of 10° Q-cm and do not

exhibit p-type conductivity. Tﬁfs relates—tc .that most of nitrogen atoms cannot

of phoi)hprus into the zinc site. Most of mtrogen—
t n1ng- from! sputtering of pure ZnO target under a

..I'.""d'

e and fmm sp?ttermg of pure Zn target under a mixture

occupy oxygen s{@ and may appear as 1ntcrst1t1al mft,l}e films. Small amount of

nitrogen occupyiiéj'pxygen sites and acting as apcep_-irol's cannot compensate the
donors to exhibit p;;jype conductivity. Finally, prcpt;ration of intrinsic ZnO with
the insertion of the ulfra=thin Zn:N middle layer by sputtering with suitable post
annealing leads to p-type.ZnO films | The film érystailline structure was distributed
to quasi-stable states with p-type conductivity by short-time vacuum annealing and
ther.redistributéd to stable states with/n-type conductivity By|long-time vacuum
annealing. The temperature and time of annealing process after the end of
sputtering process are the main parameters leading to p-type conductivity. This

leads to the phase formation of Zn3N, and the diffusion of nitrogen and oxygen

atoms.
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CHAPTER I

INTRODUCTION

Zinc oxide (ZnO) is widely used iin :many applications, such as piezoelectric
transducers, varistors, phosphers, and  transparent conducting films [1]. N-type
transparent conducting oxide (TCO) film is‘Used in various photo-electronic devices
such as window layers of solar.cells [2] and flat panel displays [3]. In addition, p-type
TCO is required for fabrieations of complicated devices using together with n-type
TCO. Due to n-type properties of ZnO by nature [4] because its native defects such as
oxygen vacancies (Vo) and zin¢ interstitials (Zn;) act as donor states, it is easy to
fabricate excellent n-type semiconductors by doping with group-111 elements such as
Al, Ga, etc., and achieve high' carriér cd'[]t;éntration to.the order of 10?* cm™, and
resistivity in the order of 10* ©-cm [5]. Onh'the other hand, it is difficult to make
stable p-type ZnO with high carrier conce’d’tfati_on because of the oxygen vacancies,
zinc interstitials, and size mismaich betweéi} tﬁe dopants and oxygen sites. Oxygen
vacancies and zinc interstitials-contribute n—'"tybe'carriers. Size mismatch leads to the
low crystalline quality. Recently, many research groups-cempeted for p-type ZnO
fabrication with better electrical properties and stability. in principle, p-type ZnO may
be doped using group-V elements such as N, P, As and Sb'to occupy the oxygen sites.
These group-V, doped ZnGthin films can be-fabricated by several techniques such as
metal-organic vapor deposition (MOCYVD) [6], molecular beam.epitaxy (MBE) [7, 8],
pulsed laser deposition (PLD) [9 - 12], spray pyrolysis [13], and sputtering [14 - 21].
Among these growith techniques, sputtering is @ suitable technique which could be
applied to larger area deposition.

Future p-type ZnO material should be used in many applications such as an
ultraviolet electroluminescence device [22] and a tandem solar cell. The tandem cell
is suggested in order to improve solar cell efficiency. It consists of two or more units
of stacking solar cells. In order to connect electrical circuit of the upper unit to the
lower unit while keeping high optical transmittance, it requires p-type TCO thin films.

Generally, heavily doped n-type ZnO thin film is used as a window layer of the cell.
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Thus, if heavily doped p-type ZnO could be created, the tunneling junction would be
made. The lattice would be matched because both layers are made of the same kind of
material i.e. ZnO. The junction would act as a tunneling diode that leaves the carrier
to move in one direction. In addition, the n-type and p-type ZnO junction from n and
p TCO’s could be fabricated in the same system such as the sputtering. Thus, the
production time and number of fabrication tools could be decreased.

In this work, a sputtering techniguesis proposed to fabricate group-V doped
ZnO thin films on soda-lime glass substrates which are commonly used in many
industries. Objective of this-work is to-fabricate ZnO-thin film with group-V dopants
using the sputtering technique-and investigate key parameters in the process leading to
p-type TCO thin films. Insorder. to achieve p-type ZnO films, many conditions or
parameters such as types offelements, temperature and time of thermal treatment, and
composition of reactive gas were investi;géted. To avoid lattice mismatch, group-V
elements with small atomic radii stich as-nitrogen (period 1) and phosphorous (period
2) should be considered. Firstly, phosphoru's_-_dgped Zn0O (ZnO:P) was investigated for
p-type ZnO because phasphorus oxide (P2Q5) which 1s in a solid form can be easily
doped directly into ZnO targei: Secondly, nitrogen which is the smallest element of
group-V and commonly appears .as nitrogié_r_\;(l\lz) gas was used in the research.
Nitrogen-doped ZnQ (ZnO:N) was investigafed by sputtering with pure ZnO target
under the mixture:of N, and Ar gases. Thirdly, in order .io help nitrogen atom to
occupy oxygen site easier, pure metallic Zn target was used instead of ZnO target in
sputtering process under-N, gas. Various thermal treatments with oxygen filling were
investigated. Fhen, apart from N, gas, nitrous oxide (N,O) gas was used as sputtering
gas. Chemicalibond of N,O should be broken by dissociation collision under
sputtering process-easier.than.that of N,, Thus,.thesmixture,of N,O.and, Ar gases were
investigated. Finally, many failures of‘previous research procedures originated from
the high electronegativity of oxygen leading to the difficulty of nitrogen in occupying
oxygen site. To force nitrogen into the oxygen site, encapsulation of zinc-nitrogen
(Zn:N) layer between two ZnO layers with suitable thermal treatment for phase
formation and diffusion was investigated to achieve p-type ZnO:N.

The as-deposited films and thermal treatment films can be verified to have p-

type conductivity by Hall effect measurement. Nitrogen related defect complexes
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(NRDC) that incorporated in the nitrogen doped ZnO (ZnO:N) films could be verified
by Raman spectroscopy [23].

This dissertation consists of six chapters. In the following chapters, Chapter II,
the literature reviews are given. Chapter Il describes the theoretical background of
sputtering and characterization. The experimental procedures are given in Chapter IV.

Next, Chapter V describes the experimental results and the discussion. Finally,

AULINENTNEINS
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CHAPTER Il

LITERATURE REVIEWS

iscussing about zinc oxide, phosphorus-
&)O, and nitrogen-doped ZnO.
J

——

one ctor with wide and direct

The chapter begins with literature re

doped ZnO, arsenic-doped Z-., anti

2.1 Zinc oxide -

Zinc oxide (ZnO) o{

band gap of about e

ly appears in a form of
hexagonal wurtzite (s inc at site 2b) as shown in
1 A [24], respectively. Its

bulk ZnO [25] is depicted in

Fig. 2.1. Its values of
density is 5.675 g/cm
Fig. 2.2.

Figure 2.1: Wurtzite structure of ZnO.
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Figure 2.2: Calculated ba

Refractive index (n) o

2.1)

4=0.00711 pm?, and A is the
active index in the visible region

) is depicted in Fig. 2.3 The medium-value of refractive index is
LY

0.4 0.45 0.5 0.55 0.6 0.65 0.7
Wavelength (pm)

Figure 2.3: Refractive index of ZnO in the visible region.
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Typical ZnO exhibits n-type conductivity by nature because of it native
defects such as oxygen vacancy (Vo) and zinc interstitial (Zn;). Both defects act as

shallow donors. Hall mobility and carrier concentration of bulk ZnO are shown in
Figs. 2.4 and 2.5, respectively.

Hy (e s)

Figure 2.4: Experimental (( : d, ;,}_, -. (solid line) Hall mobility as a

function of temperature in bulk ZnC
P a Fabads

Figure 2.5: Experimental carrier concentration (triangles) and theoretical fit (solid
line) as a function of inverse temperature in bulk ZnO [4].
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Hall mobility of ZnO relies on scattering mechanisms including (1) optical-
mode lattice vibrations, polar potential; (2) acoustic-mode, deformation potential; (3)
acoustic-mode, piezoelectric potential; and (4) coulomb scattering from ionized
impurities or defects. In addition, these scattering mechanisms depend on (1) relative
low-frequency dielectric constant gy = 8.12, relative-high frequency dielectric
constant ., = 3.72 and polar-optical (Dehye) temperature, Ty, = 837 K; (2) acoustic-
mode deformation potential E; = 15 eV [[4]: (3) piezoelectric coupling P, = 0.21
(current is perpendicular to the c-axis); and-acceptor concentration, Na = 2.0 x 10"
cm® [4]. Look et al. [4] feported that the ratio of accepter concentration to donor

concentration Na/Np or compensation ratio of bulk ZnO equals to 0.02.

ZnO is easy torbe doped by group-IlI elements such as Al, Ga, and In into its
Zn site and obtain n-type Zn©. In contrasrt,féoping group-V elements into its O site for
p-type conductivity is Jdifficult.. In aa!dition, the problem also includes non-
repeatability, instability, low crystallinity*and_ low transmission of the p-type ZnO
films. Thus, p-type ZnO fabricatioh Is very-ii.n{éresting and challenging work done by
many research groups and is reviewed in tr;e- -ne_a;__gt sections. The promising candidates

group-V elements to achieve p-type ZnO are N, P, and As.

2.2 Phosphorus-doped ZnO films

Heo et al. [9)+prepared phosphorus doped. ZnO film on-sapphire substrates by pulsed
laser deposition (PLD) technique“at 400°C" in oxygen pressure of 20 mTorr. Solid
phosphorus doped ZnO targets aretfabricated using ZnO powderawith P,Os doping
level“gf 0'— 5%. Figure 2.6. shows the degradation in ZnO crystallinity with the

increment of phosphorus content.



1x10°
ZnO(002)
d=0.2600nm  ~__ ZnO:P
8x10° '
¢=0.2500nm _/"\_ ZnOP__
6x10°

d=0.2597

Intensity (arb.)

36

Figure 2.6: X-ray g é‘r the ZnO:P films with various phosphorus

contents, indicating a shi nacing vith increasing phosphorus content [9].

The films do not exhlbltgdm_ conductivity. But the films show n-type
conductivity wit ';B& obility of 18 — 20 cm“/V-s.. Fig. 2.7, the carrier
concentration inc

156 us content. The result
indicated that donor ;{i,

y substi@on of P on the Zn site. P*°
and P oxidation states were identified by thessplitting of binding energy of P 2s peak

i e BV AT B 29 o s

possible substitution of P on the O site, but not enough to compete against P
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Figure 2.8: X-ray photoelectron spectrum for as-grown ZnQO:Pg o, film [9].
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Xiu et al. [7, 8] prepared phosphorus-doped ZnO films on sapphire substrates
by molecular beam epitaxy (MBE) using Zn and GaP effusion cells with the oxygen
flow rate of 6 SCCM (SCCM denotes cubic centimeter per minute at STP). After the
growth, the as-grown films were annealed under vacuum at 800°C for 20 minutes to
activate phosphorus dopants. Growth conditions and electrical properties at room

temperature (RT) of the films are summarized in Table 2.1:

Table 2.1: Growth conditions'and RT electrical properties of phosphorus-doped ZnO
films [8].

i
1
Zn cell raPgcell” J°) - Carrier
temperature temperature " =Thiekness Conduetion concentration Mobility
Sample (°C) °@) — Y tvpe (em™) {cm?/V s)
EF) % e
a 320 Fioff o™ n 2.0% 10" 31.3
b 340 718 : 0.53_ Ambiguous N/A N/A
c 350 WO =4 44 (TR p 1.2 10'8 4.2
d 360 710 X 055 ) Ambiguous N/A N/A
e 370 710 4id 0624 n 2.3x 101 45.2
f 350 68T AN n 7.8 107 2.4
g 350 750 c=—==" 6.0% 10" 1.5
# - ¥ k. |'I’ Vo
S 160 |- Region | ?Regionll;Ragionii.I;__- g
e ntype | piype i n-typell |
£ 140 ; d ’ .
= o T
® 120} _ ; F
-t i :
& i i f
_-g 100 | 4
O B80f ® clear n-type E
Q) C cleagp-type
50k : _e ir_?d_eh?{mn_:a_fe_ J

360 320 340 360 380
Zn Cell Temperature (°C)

Figure 2.9: Phosphorus-doped ZnO growth rate as a function of Zn cell temperature.
Three regions were identified: Region I, oxygen-extremely-rich region (n-type);
region I, oxygen-rich region (p-type); and region Ill, stoichiometric and Zn rich

region (n-type) [8].
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The ideas to control p-type conductivity are the temperatures of Zn effusion
cell and GaP effusion cell. Figure 2.9 shows a narrow window to obtain p-type ZnO:P
at Zn cell temperature of 350°C. Low temperature (8.5 K) photoluminescence was
used to identify states in band gaps of the films. Donor-bound excitons (D°X),
acceptor-bound excitons (A°X), free electron to acceptor (FA), and donor-acceptor

pair (DAP) transition are identified. From Fig. 2.10, dominant A’°X peak was
observed for sample g with h{gl\\g( j uctivity. The PL spectra show the
existence of competitions ba@o&fﬁ : ‘the ZnO:P flms.

* 3 - !
Lim et al. [1
shown in Fig. 2.11

phosphorus dop

X a
&

phospho
ubstrate
P)-lay

\ sulated by ZnO top layer. In

us- nO multi-layer thin film as
Kmiser deposition (PLD). The
R

vere annealed under 400°C for 40
rtial pressures exhibited n-type

order to activate carri

conductivity. There e trated as Fig. 2.12. Due to a large
number of oxygen vaca conductivity. The resistivity
increases with the incre tial pressure corresponding to the

e

decrement of oxygen vacancies. —

-a;.a:_ :_-_,“: {. :-!_ -

—

Phoﬂoms doped ZnO (500 nm)

Pure ZnO (200 nm)

AR 1INY1QY

Figureqz.llz A schematic of ZnO/ZnO:P/Zn0O thin films [10].
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Figure 2.12: A plot of glectron cohcgntf‘gﬁon and resistivity versus oxygen pressure
as a result of Hall measurement of-'ZnO/ZijOfP/ZnO multi-layer thin films [10].
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2.3 Arsenic-doped ZnO filims 22

Ryu et al. [12] prepared arsenic-doped ZnO (ZnO:As) filmson (001) GaAs substrates

by pulse laser dep'_ostitlon (PLD). GaAs substrates were sie[écted as a p-type dopant
source because As a{to'ms could diffuse from the substrate i_nto the ZnO film. ZnO:As
films grown with substrate temperatures of 400°C and 450°C exhibited p-type
conductivity swith hole jconcentrations of<20% 1+ #0*~em?, mobilities of 0.1 — 50
cm?/V-s, and resisitivity of 10 - 10° O'cm. In"contrast, ZnO:As films grown with
substrate_ temperature of 300°C and ‘350°C exhibitéd-n-type conductivity with electron
concentrations of 10"+ 10" em?, .mobilities of 1 +50 cm?/V-s, and|resistivities of 10
— 10° Q-cm. Large uncertainties of these values may be a result of the contributions
from the interference layers between the ZnO film and GaAs substrate which are still

unclear.
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Figure 2.13: Dynamic SIMS reSults for a;b—type ZnO film doped with As, Zn, and O
intensities, in secondary ion intensity, are"plo.tted for reference [12].

The diffusion of As atoms for the ZnO:As fi,lﬁnj_aprepared at 400°C was examined by
secondary ion mass spectroscopy. (SIVS) a_s.fs,h_q\_/v‘n in Fig. 2.13. The depth profile of
each element was rmeasured from surface of the film and the As atom concentration

was in the order of 10" to 10** cm™®.

2.4 Antim@ny-doped ZnO films

Wang_ et al. [18] prepared Sb-doped.ZnO (ZnO:Sh).on (100). Si.substrate by radio
frequency (RF) magnetron sputtering technique. The as-grown films exhibited n-type
conductivity with resistivities of 1 — 10 Q-cm. The as-grown films were annealed at
various temperatures in nitrogen pressure for one hour. After annealing at 400°C, the
Zn0O:Sb film exhibited higher resistance. Furthermore, the film annealed at 800°C

became semi-insulating with a resistivity of 10* Q-cm as shown in Fig. 2.14.
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diethyﬂmc (DEZ) and nitric oxide (NO) precursors. The optical transmittances of
undoped ZnO and ZnO:N films are illustrated as Fig. 2.15. The ZnO:N film exhibits
yellow shading corresponding to the lower transmittance in the region of 400 — 600
nm because of the increased absorption near the band edge. Nitrogen concentration as
high as 2.60 x 10?* cm™ were achieved. The p-type conductivity was achieved in the

growth temperature of about 400°C. The electrical properties are shown in Table 2.2.
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The best carrier concentration was 8.36 x 10" cm™ with mobility of 4.55 cm?/Vs.
Carbon and hydrogen impurities from MOCVD process lead to several defect
complexes such as CHy, NHy, and NC which incorporate into the ZnO crystalline and
passivate nitrogen acceptor.

S
:
g
g

Figure 2.15: Optice
deposited on glass st °C [6 ')

Table 2.2: ﬂﬂ(}eﬁﬂﬁfﬂdjﬂw Ejﬂfd ﬁ glass substrate at

deposition temperature of 400°C

O:N films. Both films were

M ﬂ an ™~ D
w(em® V') Qem) ﬂ " [Conductivity type
-—- = -—
Undoped q L3353.2 —842x 10" 3.2 0.235 n
L4084.1 —8.38 % 10'® 6.3 11.8 n
N-doped L3357.2 2.90 % 10" 579 312 p
Ld098.2* 8,362 107 4.55 1.64 p

(For Hall measurement, the error bars are very small for carrier concentrations higher than 10" em™ and mobilities greater than 1 em®/V s. In this table,
the sample L3367.2 has a large error bar. Carrier concentration data was measured in the region between 2.9 10" and 4.8 x 10™cm
“Sapphire substrate.
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Kerr et al. [23] used Raman spectroscopy to analyze p-type ZnO:N films
prepared at 400°C by MOCVD technique. Raman features are summarized in Table
2.3. The formation of nitrogen related defect complex due to N incorporation in the
ZnO film is detected from the Raman peak broadening at 570 cm™ including the
addition peaks at 280, 510 and 642 cm™ as shown in Fig. 2.16.

Table 2.3: Summary of R@‘ / X
#
—

Sample LD. Fuo featuges (Zn Raman features Raman features
(scem) (oc') m f i ated) (cm ‘) (Carhon-related) (cm™ ') (unindentified) (em™ ")
Pure Zn0 powder " 1134
Undoped Zn0 @ 300 None
(with varied Ty) @ 28 None
@ 03 one
@ S50 1134
Nitrogen doped Zn0) (with 40 40 .54 g %51 A 1500 broad 773
varied NO gas [low) 36 0.4, - , 510, i, 1500 broad 773 (weak)
30 [ i [’ o 4 5 2 500 broad 773 (weak)
Nitrogen doped ZnO 20 400 0 o P, _,J %70 1500 broad 773 (weak)
(with varied Ty) 36 so0480.39 Mo ‘-,; 1361 and 1564
36 gl 0. il 570 None
Data in bold highlights the changing paramete ::ﬂ‘\ éa‘j:
ellel,
‘IJ’::' ¥ i "i
(PP -4
} .-ﬂ‘.g"-“‘:" b :‘ !"
45000
4' 570
z - (e)
c
3 3 4
§ 3000 m
=
% 25000 ¢ (d)
2 . : s (©)
l - b)
0
& 10000 (@)
0
1 ] 1% f l i b ¥ f =
0 ﬂ
q ) 0 2 ) 1000 1200 1400 16 0

Raman Shift (cm™)

Figure 2.16: The effect of NO gas flow rate on the Raman spectra of ZnO:N films
fabricated at 400°C with (a) Fno = 0 sccm, (b) Fno = 20 scem, (c) Fno = 30 scem, (d)
Fno = 36 sccm, and (e) Fno = 40 scem [23].
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Tu et al. [14] prepared ZnO:N films on Corning glass by RF magnetron
sputtering under the mixture of Ar and N, gases at room temperature. The target was
made of pure ZnO (99.99%) and the sputtering power was 200 W. Flow rate of Ar
was kept constant at 20 SCCM and the flow rate of N, was varied from 6 to 15 sccm.
The electrical properties are shown in Table 2.4. The best p-type carrier concentration
was 2.11 x 10'° cm™ with low mobili 0.092 cm?/V-cm. The Raman feature peaks
appeared at 275, 436, 508, 5 \@i as shown in Fig. 2.17. Zinc nitride
(Zn3Ny) phase also be obs e &a as shown in Fig. 2.18 of their

ZnO:N films.

Table 2.4: Hall me [ Zr i - RF magnetron sputtering

Mobility
(cm?/V's)

2.53

0.092
20.8
10.0

quginen mm%
ama@r Ay

’:6 scem

=1

200 400 600 800 ; 1000
Raman Shift (cm ™)

Figure 2.17: The micro Raman spectrum of ZnO:N films produced by RF magnetron

sputtering system with various N flow rates of sputtering gas [14].
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Figure 2.19: Typical !! ay diffrac pattern of the Zn; ," ilm [28].
UL INININGIN
Table 2.5: Summary of electrlca} properties of samples annealed at different

temwwzwﬂ‘mummmaa

y (Ohm em)  Mobility (cm*Vs)  Density (cm™)  Hall coeff. (cm*Coul) Carriers N concentration (cm®)

As grown 84.02 39.72 1.87 % 10" -33373 e

600 °C 14980 3.52 1.2 x10" +52768 h 6.87 x 10
700°C 153.05 0.098 4.16 x 107 +15.02 h 6.78 x 107!
800 °C 66 56.8 1.67 x 10" -3747 e 5.48 x 107!
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Zinc nitride (Zn3N,) is black or grey in color and has the anti-scandium oxide
structure (Sc,03) structure. This structure is also called anti-bixbyite structure (cubic)
with the lattice parameter a of 9.77687 A [27]. Polycrystalline zinc nitride film is an
n-type semiconductor. Its band gap is quite varied such as direct band gap of 3.2 eV
[28] and indirect band gap of 2.11 eV [29]. The space group of anti-bixbyite structure
is 1a3. The atoms which occupy sites in anti-bixbyite structure [30] are nitrogen
(anion) at sites 8d and 24d and zine (cation) at site 48e. From the work of Kuriyama et
al. [29], the Zn3N; films were prepared by.direet reaction between NHj3 and zinc
(99.999% pure). Zinc film-on-a guartz-subsiraie-was obtained from evaporation and
Zn3N; film was obtained by aanealing the Zn film in NH; flow for 4 hours. Typical x-

ray diffraction pattern'of ZansN,film is shown as Fig. 2.19.

Li et al. [31] prepared ptype ZnO thin films by thermal oxidization of Zn3N,
thin films. The ZnzN; films were grownxbn__.fused silica substrates by using plasma-
enhanced chemical vapor deposition from'!a\_ mixture of Zn(C,Hs), and NH; gases. The
film was annealed at 500°C or higher tempé_faﬁJre in O, atmosphere for one hour, the
Zn3N; transform to be ZnO. The electrical-'ér,'qperties of the films are summarized in
Table 2.5. The best p-type carrier concentra*.t'ro'r-;,':of 4.16 x 10*" cm™ with mobility of
0.098 cm?/V-s was, obtained at annealingj ft‘éfﬁbérature of  700°C. Due to thermal
energy, oxygen atoms-can-giffuse-into-the fiim-anad-iN-atoriis are replaced by O atoms.
As a result, the crystat structure of ZnzN, changed to be ZnO structure leading to the
ZnO:N films.

Yao et all [15] prepared ZnO:N film on quartz at 237°C by RF magnetron
sputtering of a'ZnO target under Nz gas. The as-grown ZnO:N exhibited very high
resistivity GAfter anneal 4ty 587°C for onethour-undercl0“:Pas theresistivity was 456
Q-cm, mobility' was 0.01 cm?/\/-s.” Their p-type ZnO:N films are not stable in the dark
and transform into n-type gradually. Furthermore, they can be reverted to meta-stable
p-type by irradiation of sunlight for a few minutes.

Among group-V elements, the two smallest elements are N and P which have
possibility in occupying O site of ZnO. For phosphorus doping, the p-type ZnO with

p-type carrier concentration in the order of 10'® cm™ achieved from MBE technique
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with annealing up to 800°C [7, 8]. But, disadvantage of MBE system is the limit of
substrate size that is not suitable for large area application. Occupying of P into Zn
site of ZnO leads to the failure of fabrication of p-type ZnO:P [9]. P-type nitrogen
doped ZnO can be obtained from MOCVD process [23] that can be applied to large
scale fabrication. But the disadvantage of the process is the carbon and hydrogen
impurities leading to the passivation of nitrogen acceptor or low p-type carrier

concentration in the order of 10" en ing which can be applied to large area

is also interested. Sputtering ,_:_‘ D cera t under the mixture of N, and Ar
Siaeneeniration of 10° cr® with low

gases provided the ma
mobility of 0.092 cm?/V/-

AULINENTNEINS
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CHAPTER Il

THEORETICAL BACKGROUND OF SPUTTERING AND
CHARACTERIZATION

The chapter begins with a brief description of sptittering and analysis techniques for

physical properties of the films.
3.1 Sputtering

Sputtering is an ejectionsprocess of ‘target atoms caused by a series of collisions
between atoms of the @@rget. An ionized atom of plasma impacts the target surface and
implants into the target material leading to tr;é series of eollisions. Sputtering which is
well known in many material industries or research laboratories is one of plasma

processes. i

3.1.1 Basics of plasma

In a simple picture; plasma_is defined as an ionized gas with equal numbers of
positive and negative-charges. It consists of charged particles (electrons and positive
ions) and neutral atems or molecules of gas. The coneentrations of negative and

positive charges are the same, n, =n,. The'ratio of electron concentration to the total

concentration is defined'as the'ionized rate [32].

: n
lonized rate =+——— (3.1)

n, +n,
where, n, = electron concentration, n, = ion concentration, and n, = neutral

concentration. lonization rate which relied on inelastic collision depends on electron
energy and type of gas used in the system. The three most important mechanisms in
plasma are the inelastic collisions between electron and neutral atom such as ionized

collision (which generates and maintains plasma), excitation-relaxation, and
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dissociation collision. The collision which impacting electron transfers enough energy
to the orbital electron of the neutral atom to be free from its confinement is called

ionization collision (as shown in Fig. 3.1):
e +A> A" +2e (3.2)

If the orbital electron receives not enough energy, it is excited to the higher energy

level. This leads to the excitation process (assshown in Fig. 3.2):
&+ A ATE (3.3)

Due to the instability of.the high-level, the orbital electron will return to the original
state with the emission ef elgctromagnetic wave with a frequency related to a type of

gas. This is call relaxation process/(as shown in Fig. 3.3):

Nt A Py (3.4)

Sometime, the chemical bonds 7of7a molécfplé can be broken by high energy. This

process is called dissociation (as-shewn in Flg:; §-_._,4):

'e"+CD—>C'¥'B+e‘, (3.5)

where, e is electron, A is neutral atom, A" is positive ion;’ A" is excited state of A,
hv is the energy of a/photon, h is Plank’s constant, and v is the frequency of the

electromagnetic wave, €D-is a molecule, and,C and D are free radicals.

The"mean“free path (MFP) or "4 “is defined aS the average distance for a
particle that can travel before it collides with another particle. It can'be expressed as
[32]:

1
NPUEE

A= (3.6)

where n is the particle density, and o is the collision cross section.
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Figure 3.4: Dissociationsprocess [32].

Higher particlg density / (or hig[.{er pressure as shown in Fig. 3.5(a))
corresponds to high collision or short MEP. In contrast, lower particle density (or
lower pressure as shown in Fig. 3.5(b)) corresponds to low collision or long MFP.
MFP depends on pressure and a-Kkind of_:,ggé (different cross section). The spiral
motions of electrons obtained. from.the applied:magnetic field as shown in Fig. 3.6
also increase the probability of collisions. Efqm_Boltzmann distribution as shown in
Fig. 3.7, most of eléetron has energy about 2 -_3 eV, but a small fraction of electron

has enough energy.offabout 15 eV for ionization.
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Figure 3.5: (a) High pressure short MFP and (b) low pressure long MFP [32].
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3.1.2 Sputtering process

Figure 3.8 illustrates the simple diagram of direct current (DC) sputtering system. The
system consists of a vacuum chamber, a vacuum pump, and electrodes with a target
on the negative side. The sputtering gas such as Ar and N is injected into the
chamber at suitable pressure i.e. 10° — 10 mbar. When the voltage is applied
between the electrodes, the positive Ions are obtained from ionization collision
between the accelerated electrons and the speﬁ'ering gas. After that, the positive ions
are accelerated by electrie field and i_rppact Oi-collide to the target surface at the
negative side. The incidentdens implant into the target and transfer momentum to the
target atoms leading to.aseries of collisions between atoms of the target and leading
to the knock-out of S}w(ermg atoms Isrom the target surface. Finally, the film is
deposited on a substratesoramenly” placmg in the opposite position of the target. In
addition, radio frequency (RF) sputterlng.t can also be employed to deposit dielectric
thin film by sputter theznon conductmg target In order to increase sputtering rate, the

magnetic filed is also applied to the sputte[;rig system.
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Figure 3.8: Simple diagram of DC sputtering system.
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3.2 Electrical Property

Electrical property of a semiconductor is considered as a carrier transport property.

The current density J passing through a specimen of conductor is defined as
J =nqv = nquE, (3.7)

where, n is the carrier concentration, g /is the charge of carrier and v is the drift

velocity of the carrier, x s the mobility of the-carrierand E is the electric field.

From Ohm’s law, the Curtent density is directly proportional to the electric field

(J =£E). Then, the resistivity o' can be written as
yo) .
1 4
Paod (38)
g

3.2.1 The linear four-point probe

Due to its convenience, the linear four-point probe is widely used in semiconductor
industries for measuring resistivity of materials [33]. Consider Fig. 3.9, the probes are
placed in line with current | passing through the outer two probes. The potential
V developed across thefinner two probes isimeasured. For probes placing on a semi-

infinite specimen, the resistivity o is [33]:

27V 1) 39)

RIS 180 —4U(S/+S,) - 1S, 5 81

where S;, S,, and S, are the probe spacing. If the probe spacings are all equals, then

Eq. 3.9 reduces to [33]:

p= zﬁs\li (3.10)
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In the case of a sample cannot be considered as infinite, the corrections summarized

in Table 3.1 are required.

Figure 3.9: Linear four-point prob

Table 3.1: Linear ou

B
e ma

Configdration ~ Corrections

Thick sample, boundaries > 10 lo correction required, p=2zS(V /1)

probe, & Y,

BTN 1Y) THE A G e

read as much as 100% high

v i b o) 1)
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3.2.2 The van de Pauw method

Van de Pauw method is also four-point probe measurement. The contacting points are

placed on the periphery of the sample as shown in Fig. 3.10. Its resistivity is

e

1, and d is the thickness of

calculated from [33]:

hetwe ~.\ contacts C and D per unit

current through the con ‘B,-and” potential difference between
the contacts D and | A §\ \ ts B and C. This method

T

‘with“ver contacts. A sample must be
gt v

iz

Figure 3.10: A sample of arbitrary shape used with the van der Pauw method.
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Figure 3.11: Correction

Figure 3.12: Configﬂt_ion for Hall effect measuremenﬂn a rectangular-shaped n-

AU INENITNYINT
RN T U0 Y

Consider an experimental configuration for a rectangular shaped sample shown in Fig.

3.12. The magnetic force F acting on a carrier with charge q is defined by

F=quxB, (3.12)
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where v is the velocity of the carriers and B is the applied magnetic field. Carriers
(or electrons) are accumulated on the lower side of the sample. The magnetic force in

the y-direction driving a carrier is

F, =qv,B,=qu,EB (3.13)

7

where 4, is the mobility of the electron. The electric field E, in the y-direction is

created by the effect of accumulated electrons. .ihe Hall field E,, is defined as:
EZEH:%g (3.14)

where d is the film#thickness and V. is the Hall voltage which is measured at

equilibrium such that the force resuliing from the Hall field cancels the effect of the

magnetic force.
OE; = auE,B, (3.15)
Then, the mobility can be calculaied from thé méasured Hall field,

— (3.16)
e '

Xz

In experiments, external, controlled parameters are J, and B,. The Hall coefficient

R, is definedds

Rl 4R/ (3.17)

When a sample which is in arbitrary shape as discussed in van der Pauw measurement
are placed under a magnetic field, mobility measurement can be obtained by feeding a

current from the contact A to C. The voltage is measured across the contact B and D.
The voltage is usually measured both with forward magnetic field (+B) and reverse

magnetic field (B ). Van der Pauw shows that the Hall coefficient is given by [34]



33

d
R =g MRuc.eo: (3.18)

where AR, g, specifies the change in resistance with the forward and reverse

magnetic fields. Therefore, the Hall mobility can be calculated from

R d
/Ll:?H:EARAC,BD' (3.19)

Then, carrier concentration can be calculated from Eq. 3.8.

3.3 Optical Properties

3.3.1 Interference and film thickness cai;:Lu;ation

When light transmits through @ film-as shc;Qvn-in Fig. 8.13, the path difference of two
beams is the cause of interference pattern which relates to refractive index and the
film thickness [35]. The film thickness can @ calculated from the interference fringes
of the optical transmission as shown in Fig‘r.r__-3;;l4 of the thin film. The interference

fringes correspond to the condition:

2nd =mA, (3.20)

where m=0;1;2;..] forn constructive dinterferencessandy m= ,... for destructive

N~
N w

interferences. Consider two maxima. (T

max

) or two minima (T,

min

) of the transmission
patterns ‘according to° wavelengths 4, ' and A,, the 'number |or oscillations (M)

between the two extrema is
M=m-m,. (3.21)
where my and m, are the numbers of maxima or minima.

Or
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1 1| 2nd
M=2nd|———|=—-[4, - 4. 3.22
" ‘21 Ll A4, MZ 21| (3.22)

Therefore, the film thickness (d ) can be calculated from

d =% (3.23)

: =

\\

e A Q\\\w |

777/ BN

% \"\ SLG < Nfilm
d ﬁ-
-Mi:i
Figure 3.13: Interference c"' eam nitted from a thin film is due to a

combination of beam 1 and beam 2
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Figure 3.14: Optical transmittant spectrum of the ZnO thin film as a function of

wavelength and the result shows the oscillations due to interference in thin film.
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3.3.2 Optical absorption properties

When light travels in the media (or films), its intensity will decrease as:
I =1, (3.24)

where |,is the initial intensity of light, x is the distance from surface, and « is the

absorption coefficient. In addition, absorption eoefficient is related to the imaginary

part x of the refractive index:
@ E (3.25)

where A is the wavelength 0f light. Abgorption property relates to the dynamic
behaviors of the electrons and ions n m;adia under the influence of electromagnetic
radiation. The electron absorbs energy of ifaddi-ation equal to or higher than band gap of
semiconductors for inter-pand (band-to-bédhd)a_transition from the maximum point of
valence band to the minimum point of cdrrijuction band. So, the absorption edge is
defined by the minimum energy-of radiatiorﬁét’;"mter-band transition of the electrons.

The inter-band transition can-be-divided intofthé;following:
allowed direct transition [36]
A 1
a=—(v-E))?, (3.26)
hy
forbidden diregt transition [36]
B 3
a=-—i(hvi-E,)?, (3.27)
hv

and, indirect transition [36]

« =%(hv— E,)?, (3.28)



36

where A, B, C are constants, hv is the photon energy and E, is the energy gap of
the semiconductor.
Consider normal incidence, as shown in Fig. 3.15, the absorption coefficient

can be calculated directly from the transmission of the films. The transmission (T) and

the reflection (R) can be expressed in terms of the intensity of incident wave I,

intensity of transmitted wave f reflected wave 1, as the following
[36];

(3.29)

(3.30)
If the film has a large and Eq. 3.29 reduces to

(3.31)

Iy
f==

AUESAdTTEINS
RN TAUIAINGINY

Figure 3.15: Transmission and reflection of the film.
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Generally, the change of photon energy of incident wave affects the reflection
(R) slightly. Then, the term (1-R)® can be approximated to a constant. Then, the

optical absorption coefficient is

a:lln[l—o}tc, (3.32)
d t

where C is a constant. Since the refleciion is approximated by a constant, the
absorption coefficient is higher than the reat-Vaiue:In experiments, the background

absorption coefficient (,)-eaused by the imperfection of thin film is subtracted for

the correct absorption.geeffigient determination.

3.4 Structural Propeftigs by X-ray diffraction (XRD)

The crystal structure of any mategial ca'n':bé'- identified from its x-ray diffraction
(XRD) pattern. X-ray is an electromagneﬁf:-__'ﬁv;e}\_./e that has high transmission through
the medium because of its short Wavelengthjafj!d.5 A to 3 A which is shorter than the
inter-planar spacing, (d)-in crystal. A samb'-lé-_'l“h_ a form of powder or in a form of
polycrystalline film ¢an-be seen-thatit1s-composed of the-arranged parallel planes of
atoms. Then, the incident beams of X-ray are reflected from these planes in crystal,
with each plane reflecting only a small fraction of the radiation. The angle of
incidence is equal to the angle,of reflection:-The diffracted-beams are found when the
reflections from parallel planes interfere constructively and destructively, as shown in
Fig. 3.16. The path difference for X-ray diffracted.from adjacent planes is 2dsiné,
where, @ called Bragg angle is measured from the plane. Constructive interference of
the radiation occurs when the path difference is an integer number n of wavelengths

(4) of X-ray, corresponding to Bragg’s law [37]

2dsind=nA (3.33)
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Figure 3.16: Diffractign 0 om parallel planes.in the crystal followed by

Bragg’s law.

The interference p term c ed by measuring intensities of
diffracted X-ray at varied-diffraction angl ¢), which are the angles between
reflected beams and |nC|dent‘ -same element or material, the XRD

e
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3.5 Raman effect

Raman effect is a phenomena which a photon is scattered inelastically by a crystal,

with creation or annihilation of a phonon with frequency Q [38]:

w=0'*tQ; +K, (3.36)

!I/ E refer to the scattered photon; and

e scattering event. Photons at

where @, k refer to the incid

Q, K refer to phonon
frequency @+ Q, whic a) Q which is called Stoke
line, can be emitted, co ' n or emission of a phonon of
frequency Q. A simpie di plcted asin Fig. 3.19. In the

thermal equilibrium e two lines is

(3.37)

amas@mm umaﬂma EI

Anti-Stokes

Figure 3.17: Raman scattering of a photon with emission or absorption of a phonon
[38].



CHAPTER IV

EXPERIMENTAL PROCEDURES

This chapter describes the experimental procedures including fabrication of ZnO

ceramic targets, ZnO thin film fabrication, characterizations.

4.1 Fabrication of ZnO-Target

Ceramic ZnO target canJbe fabricated from raw material, i.e. 99.99% ZnO powder

including the required dopants'such as Al,Qs and P,Os. Then follow these procedures:

1. The compositions of raw materials of a target are calculated for the diameter of 50
mm and the thickness‘0f 6'mm., and then ealcined at 500°C for 5 hours in a furnace

shown in Fig 4.1 with a temperature profile §hdwn in Fig. 4.2.

2. The compositions are mixed-together and gfi’hded using a ball milling in a plastic
container to obtain smaller gratn-as shown 'ir-i'F'i‘g* 4.3. Moisten the mixture with de-
ionized water, and'stirin.a.container..then put the mixture in the mold (diameter = 50

mm).

3. Press and heat the target in the mold with the pressure up to 4,000 psi as shown in
Fig 4.4, and the temperature up to 1509C ‘Using the profile-illistrated in Fig 4.5. The
total time of the target pressing is seven hours. After that, remove the target from the

iron mold..Figure4.6 is an.example of.thetarget just remoyed from-the.mold.

4. Sinter the target at 1,200°C for one hour under atmospheric pressure as illustrate in
Fig. 4.7 and used the profile depicted in Fig. 4.8. The total sintering time is 12 hours.
Then, remove the target from the furnace, and measure the dimension of the target.
Polish the surface of the ZnO target for the desired thickness of 6.0 mm. Then, install

the ZnO target in the sputtering system as shown in Fig. 4.9.



Figure 4.1: Preparation @ials fo@on of ZnO target.
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Figure 4.3: Ball milling of the raw material in a plastic container.
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Figure 4.4: Pressing a t
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ming.

=

Setting Pressure (Ib/in?)

Figure 4.6: A ZnO ceramic target just removed from the mold.
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Figure 4.7: Sintering a target'in a furnace. E—

Setting Temperature °C)

L, =

y )

Figure 4.9: Installation of ZnO target in sputtering system.

43



44

4.2 ZnO thin film fabrications

The films in this work were deposited on 4.85 x 5.85 cm? soda-lime glass (SLG)
substrates by RF/DC magnetron sputtering. To avoid any contaminations on the
surface of SLG substrates, the substrates were cleaned as the following procedure.
Firstly, the soda-lime glass substrates were washed with soft sponge and detergent.
Secondly, they were cleaned with the mixture of detergent and de-ionized water in an
ultrasonic bath at 60°C for one hour. Thirdly,they were cleaned in de-ionized water in
the ultrasonic bath at 60°C for onejhoui-again and then dried with nitrogen

compressed air. Finally,they were kept in a humidity=eontrolled cabinet.

The typical stagiing imaterial for fabrication of ZnO thin films is the ZnO
ceramic target which is€asy 0 be ‘doped during its fabrication process such as
phosphorus. In additien, any gas dopant €an be used as the mixture of working gas
during sputtering process such as N, N2d‘; éhd O,. The targets which were made and
used in this research are summarized in Table 4.1. Since nitrogen may not compete
against oxygen to occupy oxXygen:site in Zﬁé; alternative idea that one should change
the starting material to be a pure metallic 211(’9999%) target as shown in Fig. 4.10
and use N, N,O, O, or the-mixiure of-,t'héh with Ar as the working gas. The
probability of nitragen to occupy the oxygen size should be increased. The diagram of

the sputtering used’in this research is shown as Fig. 4.11.

Table 4.1 Summary.of fabricated ZnO targets.

Target Code Compositions
LHKO02 25% Al,03+ 97.5% ZnO
LHKO06 2.5% P,05 + 97.5% ZnO
LHKO07 99.99% ZnO
LHKO09 99.99% ZnO
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Figure 4.11: Diagram of sputtering system.
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4.3 Characterizations

Characterization of the films consists of optical transmittance, x-ray diffraction

(XRD), linear four-point probe, Hall effects, atomic force microscopy (AFM), and
Raman spectroscopy.

4.3.1 Optical transmittance

As discussed in section 3.3, the optical transmittance is employed to investigate
optical band gaps and. thicknesses.tof the films. UV/VIS/NIR spectrometer
(PerkinElmer Lambda900) is~aa instrument for measuring optical transmission,
optical absorption and-optical reflection _Ibetween the wavelength of 200 nm and 2600
nm.

v

Optical transmittance is shown asFigJ._ 3.14 and the thickness can be calculated

from Eq. 3.23. For a ZnO thin film which fijaé direct band gap according to Eq. 3.26, a

graph ((« —ao)hv)2 verslis fiv or photon enprgy Was plotted as shown in Fig. 4.12.
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Figure 4.12: Graphical method to find optical band gap of a thin film.
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The «, is an absorption background due to an environment. In order to find an

absorption coefficient, Eq. 3.32 can be written as:

1 1

en a linear region in the graph is selected

is the intercept on energy axis.

4.3.2 X-ray diffraction

As a brief discussion i ectrometer is an effective tool

to identify the crystal s e of XRD spectrum of a ZnO

film scanning from ngth of 1.5405 A (K ,) is

shown in Fig. 4.13.

Intensity (a.u.)
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20 (degree)
Figure 4.13: An XRD spectrum of a ZnO thin film.

The XRD spectra should be compared to the powder diffraction file of Joint
Committee on Powder Diffraction Standards (JCPDS file). The standard ZnO is the
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card no. 36-1451. From Fig. 4.12, the positions of the peaks were compared and
identified for the crystal planes such as (100), (002), and (004). The positions of the
peaks can be fitted yielding important parameters such as peak center (position), full
width at half maximum (FWHM). Inter-planar spacing can be calculated form Eg.
3.33. Then the lattice parameters (a and c) can be calculated from Eq. 3.34 (hexagonal
structure of ZnO and Zn) or Eq. 3.35 1cubic structure of Zn3zN,). Next, the average

grain size t can be calculated

Ers;f&‘ %’ula:

— ) “
where A is the Wavag/

maximum, and @ is

|

B% B is the full width at half
crystal orientation peak.

ucture of the film under high
_configl D as shown in Fig. 4.14 is
required. It consists of int i ~on sample is placed within the

-t ..

cout ol -} St e e o9 b e i,

Phillips X’Pert, at Metallurgy and Material Science Research Institute,

Chulalongkorn University.
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The temperature of the platinum heater is monitored by a thermocouple (type-S). In
addition, precise surface temperature of the sample surface could be monitored by a

pyrometer.

4.3.3 Hot probe measurement

A hot probe is a qualitative technique to ideniifytype of carrier (n-type or p-type) in a
semiconductor. The setup consisis of ajheat reservoir such as a soldering gun and a
micro-voltmeter with tweprobes in contact to the.sample surface. The distance
between the two probes s aboui 1 ¢m. One probe is made to be hotter than another.
Consider Fig. 4.15, high temperaiure prolbe contacted the sample surface would drive
carriers in the samplesaway /from the.'—:p'irobe making the probe being negative
comparing to another. In.a case of n—type:semiconductors, electrons are driven away.

Holes are also driven away, by thermal enérgy in a case of p-type semiconductors.

"
il

2 dd

HOt e ‘ -!_-_:_ '- . HOt
© 0 o ogfiars ® ® 0 o g0
n-type p-type

Figure,4¢15: Hustration.of carriers drivemby het.probe:
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4.3.4 The linear four-point probe

From section 3.2.1, the linear four point probe is a non-destructive method to find
resistance or resistivity of a sample. The ends of the four probes are in contact with
the center of a sample (or film) shown in Fig. 3.9. A current source (Keithley 237)
supplies the current passing to the outer pair probes. A high impedance electrometer
(Keithley 617) is used to measur T! [/ Itage developed between the inner pair

probes. For a uniform flat samp\g as e5|st|V|ty could be calculated from:

(4.3)

of the thin sample.

least 20S, where S is

= aII effect measurement
setup is required. Figure 4.16 is a f|Im sam e of 8 x 8 mm? in van de

Pauw configuration Is‘éttached on a holder.

ﬂ‘HEJ’J‘VIEJV]’ﬁWﬂ']ﬂ’ﬁ

Figure 4.16: Sample with a size of 8 x 8 mm? prepared for Hall effect measurement.
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The holder is then placed under a magnetic field. As discussed in section
3.2.2 and 3.2.3, the current is applied to one pair, and the developed voltage across the
other pair is measured. Then the resistivity, mobility and carrier concentration can be

calculated from Eqgs. 3.11, 3.19, and 3.8, respectively.
4.3.6 The atomic force microscopy

Surface morphology of the film could he ' made to be a picture by the atomic force
microscope (AFM). An AFEM consists of .a cantilever with sharp tip or probe as
shown in Fig. 4.17. The end of its tip IS used to scan the surface. The force between
the sample and the surface leadsto a defection of the cantilever according to Hook’s
law. There are many Kinds of force used for AFM such as mechanical force, van de
Waal force, electrostatic.sforce; and etc. Then, the deflection of cantilever was
measured by using a laser spoi reflecied from the top surface of the cantilever into an

array of photodiodes. Finally, the piciure of surface morphology was created.

#
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Figure 4.17: Diagram of scanning probe microscope.
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4.3.7 Raman spectroscopy
From section 3.5, Raman spectroscopy is a spectroscopic technique used to study

vibration modes in a system. It relies on an inelastic scattering of monochromatic light

(such as laser) which interacts with phonons or other excitations in the system. As a

result, the scattering light will exhibit lower or higher frequency. Finally, it is

AULINENTNEINS
RINNIUUNIININY
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4.4 Research procedures

The research procedures of p-type ZnO were conducted using two kinds of starting
materials: a fabrication from ZnO ceramic target, and a fabrication from Zn metallic
target. The procedures are illustrated in a diagram shown in Fig. 4.18. In addition, the

diagram of research strategy is depicted in Fig 4.19.

Cleaning of soda-lime glass
substrates
Fabrication of ZnO ceramigtarget Fabrications of ZnO thin films
with various dopants ; which employed RF sputtering
(This step is omitted for Zn — L) with various conditions and
metallic target) ; various working gas
>

l

Characterizations
- Optical properties
- ~Siructural properties
- Electrical properties
- Other properties

Development of research
L procedure

Figure 4.18: A diagram of research procedure.



Fabrication of ZnO:P target.
And fabrication of ZnO:P films by sputtering under the pure Ar gas.

|

Fabrication of pure ZnO target.

And fabrication of ZnO:N films by sputtering‘under the mixture of N, and Ar.

l

Employment of pure Zn metallictarget.
Fabrication of Zn:N films by sputtering under the N, gas.
And thermal treatment with @xygen fitling to be ZnO:N film.

:

Employment of pure Zn metallic target. ,
Fabrication of ZnO:N films by sputtering under the N2O gas.

-

Employment of pure Zn metallic target.
Employment of multi-structure: Encapsulation.of Zn:N ultra-thin layer.
And thermal treatment for transformation/diffusion into ZnO:N.

Figure4.19: A diagram of research strategy.
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CHAPTER V

RESULTS AND DISCUSSIONS

This chapter begins with a reference n-type ZnO thin film. Then, a phosphorus doped
ZnO thin fim is discussed. Finally, nitrogen‘deped ZnO thin films, our main themes,

are discussed.

5.1 Aluminum-dopedZnO films: a reference of n-type ZnO

Aluminum doped ZnO (ZnQ:Al) thin film, a kind of transparent conducting oxide
(TCO) thin film, is<Used as window Ié_&/e[_ of thin film solar cells. If the target
fabrication procedure discussed in section"'d_4.i is applicable, the high quality ZnO:Al
thin film (good transmission, structure and éle’étrical properties) can be obtained. The
common conditions used for faBfication df‘ZnO Al are summarized in Table 5.1.
After fabrication, the as-grown tilms Wereﬁharacterlzed for their optical, structural,
and electrical properties and Summarized |anab1e 5.2, From Fig. 5.1, the high quality
optical transmittanee is-about-90%-at-the wavelength-0f-450 < 800 nm (close to visible
region of 400 - 700 nm). The lower transmittance at the-wavelength greater than 800
nm corresponds to free carrier absorption. From Table 5.2, the optical gap is 3.54 eV,
greater than that of 3.3 eV of the_intrinsic.ZnO, corresponding to the heavily doped
mechanism 0f | ZpQ:Al that lower. condueting ‘states are filled up by conducting

electrons and another electron will fill up the higher and higher states.
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Table 5.1: Common conditions for fabrication of ZnO:Al films.

Target ZnO (2.5wt% Al,O3)
Substrate 5 x 6 cm?, soda-lime glass
Orientation of Substrate 60° relative to target surface
Distance of substrate to target 6.5 cm (center to center)
Substrate temperature Ambient temperature
Base pressure < 6.0 x 10° mbar
Sputtering pressure 6.0 x 10 mbar
Sputtering-gas 99.999% Ar
Sputtering power RF 80 Watt
Sputtering time 75 minutes

100 T
80 +
60

40 +

Transmittance (%)

20 +

0 —_— T T e ——
0 500 1000 1500 2000 2500

Wavelength,(nm)

Figure 5.1: Optical transmittance of.the as-grown ZnO:Al film.

From Fig. 5.2, the XRD spectrum can be identified for the (100), (002), and (004)
planes. After fitting the preferred orientation peak (002), the ¢ parameter as shown in
Table 5.2 is 5.2072 A, 0.01% (low tensile strain) greater than that of the standard ZnO
[24]. Due to the narrow width of peak (002), the average grain size is 52 nm. Low

tensile strain and large grain size refers to high structural quality.
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(002)

Intensity (a.u.)

(004)

65 70 75 80

Table 5.2: Physical properties  the - O:Al film.

Film thickness 1.40 um (at center)

ja .J:i #

..lf.-‘.! ‘ z..-’

18.7 nm/minute
3. 4 eV

Deposition rate

Optical gap

Lattice parameter-c . 2 :,J‘ ger than normal [24]
Average gra nsi 52 nm
Resistivi 2.42°%10°% Q-cm
ﬁﬁl 'mzmﬁws e
Carrler concentration a’ 3.55 x 1020 cw

The films exhibit low resistivity, high mobility, and high carrier concentration of 2.42

x 107 Q-cm, 7.31 cm?/V:s, and 3.55 x 10%° cm™®, respectively. These are the good
electrical properties for application. It can be concluded that ZnO target fabrication
procedure is applicable.
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5.2 Phosphorus-doped ZnO films

Theoretical prediction was that p-type ZnO can be obtained by occupying of group-V
elements into the oxygen site in ZnO crystal structure. Phosphorus, one of group-V
element, can be easily used in a form of phosphorus oxide (P,Os) as a dopant in target
fabrication process. Then, a P-doped ZnO (ZnO:P) thin film was obtained by rf
sputtering. The common conditions used ;for fabrication ZnO:P film are summarized
in Table 5.3. In order to enhanee its optical; structural and electrical properties, the

film was annealed at 200°C in vacuum for 50-minutes.

Table 5.3: Common conditions<or fabrication of ZnO:P films.

Target ZnO (2.5wt% P,0s)
Substrate A 5 %6 cm?, soda-lime glass
Orientation of Substrate _ 60° relative to target surface
Distant of substrate to target 6.5 em (center to center)
Substrate tempgrature 4 Room temperature
Base pressure dda 7 < 6.0 x 10°® mbar
Sputtering pressure 6.0 x 10 mbar
Sputtering gas YT 99.999% Ar
Sputtefing-power RF 80 Watt
Sputtering time 75 minutes

Consider Figure 5:3, the optical transmittarice of the as-grown-film is about 90% in
the wavelengths between 450 — 1,000 nm and degreasing toward about 40% at 2,600
nm. Annealing process in vacuum _leads to slightly increasing lof transmittance near
the band edge. The strong decreasing of transmittance in the long wavelength regions
is typically due to the increasing of free carrier absorption. One can also see the shift
of the cut-off wavelength which corresponds to the increase of optical gap as the

physical properties of the ZnO:P are summarized in Table 5.3.
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Consider Figure 5.4, the XRD patterns of the as-grown and vacuum annealed ZnO:P

films exhibit low crystalline quality. Only preferred orientation (002) peaks are
observed with low intensities.
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Table 5.4: Physical properties of the ZnO:P films.

Film thickness 1.34 um
Deposition rate 17.8 nm/minutes
3.44 eV (as-grown)
3.56 eV (vacuum annealed)
5.2528 A (as-grown), 0.89% larger than normal [24]
5.2439 A (vacuum anpealed), 0.72% larger than normal [24]

18.am (as-grown)

Optical gap

Lattice parameter: ¢

Average grain size
24 nm (vacuum annealed)

1.03 x 10 Q-cm (as-grown)

Resistivity
6.22 x 10° ©-em (vacuum-annealed)
- : 4.21 cm?/\V-cm (as-grown)
Mobility -
6.59 cm™/\V/:cm (vacuum-annealed)
Type of carrier n-type

_ _ 3.47'% 10" em™ (as-grown)
Carrier concentration -
1.55%40™ cm* (vacuum-annealed)

From Table 5.4, the lattice parameter-c ;)btained from the XRD measurement
of the as-grown and vacuum annealed ZnO:P film are 52528 A (0.89% larger than
normal at 5.2066 A) and 5.2439 A (0.72% larger than normal), respectively, which are
caused by the tensile stain. The average grain size was 18 nm and 24 nm, respectively.
The result suggests ‘that” the /large atomic Size ‘of phosphorus leads to the low
crystalline quality of the sputtered ZnO:P films. Thus, other group V elements with
larger.atomic.size.than that.of phospharus.also ‘lead.to warst, results, due to higher
tensile: strain. The "electrical (properties-obtained from the.Hall ‘effect.measurement
based on the van der Pauw configuration are shown in Table 5.4. We find the all the
ZnO:P film exhibited n-type carrier. This suggests that the randomly incoming
phosphorus atoms in the sputtering process do not occupy oxygen sites, but rather the
zinc sites with more stability. As a result, accepter states from P cannot be obtained.
Moreover, thermal energy from annealing process leads to the distribution of more

donor states or more n-type carriers.
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5.3 Nitrogen-doped ZnO films using ZnO target

With the ZnO:P obtained as strong n-type carriers as discussed in section 5.2, another
choice of group-V element whose atomic size is smaller than phosphorus is nitrogen
(N). The target for used in the sputtering process is a pure ZnO target (99.99% purity).
The nitrogen dopants with unknown content are expected from the mixture of
nitrogen (N2) and argon (Ar) gases used during the sputtering. The ratios of the
mixture are varied. The sputtering conditionsiused for fabrication nitrogen-doped ZnO
are summarized in Table 5.5 Intrinsic ZnO (1=ZnO) films are fabricated under pure Ar
or under the mixture of Oz and Ar gases for a reference. The films are annealed at 500
°C in vacuum for 20 minutes-for'comparison. The thickness of the samples are about
400 - 500 nm.

Table 5.5: Common eonditions for fabrication of ZnO:N films.

Target 4 Zn0 (99.99%)
Substrate f ' 5% 6 cm?, soda-lime glass
Orientation of Substrate - 74 Planar
Distant of substrate to target . 4.5cm (center to center)
Substrate temperature e Room temperature
Base. pressure < 6.0 x 10° mbar
Sputtering pressure 6.0 x 10° mbar

N, and Ar with the ratios of
10:90; 25:75,50:50, 100:0, and
0:100 for intrinsic ZnO (i-Zn0O)
(Including 29%03+ 98%Ar)
Sputtering powern RF 100 Watt

Sputtering time 10 minutes

Sputtering gas

The average optical transmission spectra of all the ZnO films are about of
90% with high transmission in the infrared region, as shown in Fig. 5.5, due to
extremely low free charge carrier and thus resulting in high sheet resistance. In the

narrower wavelength regions between 350 — 500 nm, the optical transmission spectra
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are different depending on the content of nitrogen gas during the sputtering, i.e. the
transmittance spectra decrease with the increase of nitrogen partial pressure. Due to
the decrease of the optical transmission spectra in the UV, violet, blue, and green
regions (370 — 500 nm), only yellow, orange, red, and NIR waves can transmit
through the films, thus most films show yellow shading. Consider Figure 4.6, when
the films are annealed in vacuum at 500°C for 20 minutes, all the optical transmission
spectra in the region of 350 — 500 nm ingreased a little resulting in slightly yellow
shading. We note that the optical transmission._spectra of the intrinsic ZnO films
before and after annealing-remain the-same. This-suggests that nitrogen gas during
sputtering is added to the Tilms and contributes to defects in the ZnO films and it can
be removed or redistributed during, vacuum annealing. The optical gaps of the as-
grown ZnO:N films increase from 3.25 eV {o 3.28 eV with the increasing of N partial
pressure from 0% to 100%¢@as/shown in Ei'g. 5.7, while the optical gaps of annealed
ZnO:N films are mostly constant -at 3.26-:,ev7 except at 100% N partial pressure, the
optical gap decreases to 3.22 V. These sUfg:ger_t that the vacuum annealed ZnO films
are more stable, except:the ZnO:N Film Wii;e_hi 100% N film which perhaps contains

excess amount of N,. The stability-of-the ﬁc"rﬁs;_ﬁtal structure of the ZnO:N films are

verified by the XRD spectra of all the as_-_@_r_(_)'\_Iyr_l and vacuum annealed ZnO:N as
shown in Fig. 5.8.
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Figure 5.5: Optical transmittances of the as-grown ZnO:N films.
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vacuum annealed films with i increasing nitrogen pressure from 0% to 100%.

It can be noticed that the only peak of (002) plane of the annealed films shift

toward larger values of 26 corresponding to smaller lattice spacing ¢ as shown in
Table 5.6.
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Figure 5.8: X-ray diffraction patterns of the vacuum annealed ZnO:N films

comparing to intrinsic ZnO films.
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The peak positions of vacuum annealed ZnO:N films are stable at about 34.42°
which is the plane (002) of ZnO. The lattice parameter c of the as-grown ZnO:N films
are larger than that of vacuum annealed ZnO:N films which is the result of tensile
strain along c-axis. In addition, the grain sizes become larger after annealing. This
indicates that the crystalline of as-grown ZnO films are naturally disorder and contain
many defects leading to larger lattice size than normal and small grain size, but it can
be improved under vacuum annealing. Thermal.energy stabilizes the crystal structure
and minimizes defects leading to normal lattice_size and larger grain size. We note
that the ZnO film fabricated with 2% O, partial-pressure has highest crystalline
quality than the others:"The_lattieé parameter ¢ increases and the average grain size
decreases with the “increment: of  nitrogen partial pressure corresponding to the

incorporation of nitrogen into theZnO films.

The resistivity of the as-grown and vacuum annealed ZnO:N films are all high
in the order of 10° Q-cm asSummarized inTable 5.7, thus, cannot be characterized for
type and concentration of carfiers by the exiétiﬁg Hall effect measurement set up. We
not that the ZnO film grown with 100% A?:_jﬁasl its resistivity decreased dramatically
when annealed in vacuum because the oxygehfatoms could be driven out to create

oxygen vacancies centributed to the increase of n-typescarriers.

The surfaces‘morphologies over the area of 5 x 5 um? of all the as-grown and
vacuum annealed ZnO and ZnO:N films obtained from AFM are shown in Fig. 5.9
and the graph of roughness, versus nitrogen.partial pressure are shown in Fig. 5.10.
The surfaces” of | both 'the as-grown' and. vacuum annealed.ZnO films showing
protrusions remain the same, Figs. 5.9 (a) — (d). It can be notice that the surfaces of
the as:grown “and) vacuum~annealed: ZnO:N film ‘with" 10% 3 paftial pressure
dramatically change showing a sponge-like surface shown in Figs. 5.9 (e) and (f)
consistent with lower crystalline quality. The surfaces with rounded shape of the as-
grown and vacuum annealed ZnO:N are observed with 25% - 50% N partial pressure
as illustrated in Figs. 5.9 (e) — (j). However, the surface morphology of the as-grown
film fabricated with 100% N partial pressure significantly change after annealing in

vacuum, as can be seen in Figs. 5.9 (k) and (1).
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Table 5.6: Lattice parameter ¢ and average grain size of the as-grown and vacuum

anneal ZnO:N films including i-ZnO films.

Lattice % difference from | Average grain
Sample parameter () normal size (nm)
(A) (5.2066 A) [24]
2% O, as-grown 5.2738 +1.29 25
2% O, vacuum annealed 9. 2101 +0.10 47
100%Ar as-grown 5.2701 +1.22 20
100% Ar vacuum annealed 5.2040 -0.05 44
10% N, as-grown 5.2633 +1.09 22
10% N, vacuum annealed 5.213? + 0.13 44
25% N as-grown £.3026 4 +184 21
25% N, vacuum anngaled 5.2150; +0.16 40
50% N as-grown '-.5.2973I{’_ ; +1.74 24
50% N, vacuum annealed : 5.72209 ‘ ¥ + 0.27 37
100% N as-grown 53195 T +2.17 17
100% N, vacuum annealed | -~ 5.2290 T +0.43 29
Table 5.7: Thickness and resistivity of the ZnO:N films.
Calculated thickness | Resistivity of the“as- Resistivity of the
Sample of the as-grown.film grown, film (Q:.cm) vacuum annealed
(nm) film (Q-cm)
2% O, 494 1.14:x 10° 1.89 x 10°
100%A 419 3.25 x 10° 81.7
10% N, 567 6.18 x 10° 5.20 x 10°
25% N, 394 4.05 x 10° 3.40 x 10°
50% N, 418 5.67 x 10° 5.54 x 10°
100% N, 490 8.06 x 10° 3.76 x 10°
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Figure 5.9: Comparison of 5 x5 zm? images from AFM of the as-grown ZnO films
and vacuum annealed films with various partial pressure of reactive gas: (a), (b) 2%
O2; (c), (d) Pure Ar; and (e), (f) 10% No.
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Figure 5.9 (continued): Comparison of 5 x5 xm? images from AFM of the as-grown

ZnO films and vacuum annealed films with various partial pressure of reactive gas:
(9), (h) 25% No; (i), () 50% N2; and (k), (1) 100% N.
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In addltlon when observed the vacuummannealed filmal00% N, partial
e A o oo i 1 Breh of 150 50, (. 5.10), e
burstin% of the film including bubbles created inside the film is observed with the

average diameter and density of about 10 um and 3,200 mm?, respectively.

It can be inferred from the experimental results that nitrogen can be
incorporated into the ZnO film in the form of diatomic molecules (as N;) and merely
substitute Zn or O sites resulting in high resistivity which will be further discussed. In

other words, N, molecules mixed with Ar gas barely break up in the sputtering
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process in order to give N as dopants, neither n-type nor p-type. The exact locations
of N2 molecules cannot be verified with existing apparatus. The results lead us to
believe that the excess N, molecules are trapped in the gaseous form in the ZnO since
it can be driven out of the the film when given the thermal energy during vacuum
annealing causing the bursting of the ZnO film. Note that the bursting is only

observed in vacuum annealing films.

5.4 Nitrogen-doped ZnO using pure Zi-metallic target

5.4.1 N, sputtering gas with.©2 filling in post-annealing process

With the difficulty of nitrogen atoms in occupying oxygen sites in ZnO structure as
discussed in section 5.3, another idea to help N to compete with O in forming ZnO:N
is using a pure Zn metallie target. Firstlyfihe Zn:N compound is forming as thin film
when sputter Zn metallic target using niti:ggen as sputtering gas. The oxygen atoms
are later introduced into the erystal structuf(_é By post-annealing under the mixture of
O, and Ar gases. The growth condition-s"z'tis,e,c_i in the fabrication Zn:N films are
summarized in Table 5.8, and-the post aﬁné;i'-ling conditions and their electrical

resistivities are summarized in table 5.9:

Table 5.8: Common conditions for fabrication of Zn:N films.

Target Zn (99.99%)
Substrate 5'x 6 cm?, soda-lime glass
Orientation of Substrate Planar
Distant of substrate to target 4.5 cm (center, to center)
Substrate temperature Ambient temperature
Base pressure < 6.0 x 10°® mbar
Sputtering pressure 6.0 x 10”° mbar

Sputtering gas 99.999% N,
Sputtering power RF 100 Watt

Sputtering time 10 minutes
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Table 5.9: Post-annealing conditions and resistivities of the Zn:N films.

Annealing conditions Resistivity (€2-cm)
As-grown (468 nm) 6.52 x 10°
Vacuum annealing at 500°C for 20 min. 3.62 x 10°
10% O, + 90% Ar (6.0 x 10 mbar) at 500° for 20 min. 1.08 x 10°
2-stage annealing:
(a) Vacuum annealing, 500°C for 20 minutgs.and then 3.62 x 10°
(b) 10% O; + 90% Ar (6.0 10 mbar), 500°C for20 minutes
]
)
100 7
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g ,_;two-stage_a!nnealed film
40 7 fntrinsic ZnOfilm!
1 Ssvacuum annealed Zn:N film
20 1 ‘- =
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Figure 5.12: Optical transmittances of the Zn:N films.

The as-grown.Zn:N eompound-thin films have broewn shadingiand changed to
lighter brown shading after annealing under various procedure as can be seen from the
change in optical transmission spectra in Fig. 5.12. All the spectra show the average
optical transmittance of about 90% above the cut-off. The high transmission spectra in
the near infrared region (>700 nm) corresponds to the nature of extremely low free
charge carrier resulting in high resistivities as summarized in Table 5.9. The films

exhibit brown shading because of the low optical transmittances in the visible (VI1S)
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region of 400 to 700 nm as shown in Fig. 5.12. With the various annealing conditions
described in Table 5.9, the optical transmission spectra in the VIS region of the
oxygen annealed film (OA film) and two-stage annealed film (2SA film) increased to
be about 70 to 90%. The optical transmittance of vacuum annealed films (VA film)
increases about 40 to 70%. Both optical spectra of OA film and 2SA film look like
qualitatively similar to that of intrinsic ZnO thin film which was obtained by
sputtering pure ZnO target under pure Ar gas; discussed previously. This suggests that
annealing process can redistribute and/or reduce _defect states in the Zn:N compound

thin films, and leads to the-fermation ofZnO.

XRD spectra of the'as-arown film (AG film) and various annealed films are
shown in Fig 5.13(a) — (€) shewing peaks Zn, ZngN,, and ZnO based on the JCPDS
files, summarized in"Table"5.22 The XRD spectrum of the AG film exhibits the low
intensity of (102) peak'dug‘to the amorphous like and low crystallinity of the Zn film
with excess N,. The XRD pattern of the VA film reveals both Zn peaks and Zn3N,
peaks. This result suggests that the crystalline’ZnsN, can be improved by the thermal
energy in annealing process in vaeuum wheresthe excess N, is repelled out of the VA
film. The peaks corresponding-to Zn, Zn3N£, aﬁd ZnO in the OA film are obsverved,
while only the sharp peaks of Zn© are observed in the 2SA film. These indicate that
the thermal energy: can activate oxygen to replace the nitrogen in the compound and
then covert to ZnO.*However, the residual Zn and ZnsN; are observed in the OA film.
The OA process is nat effective to form ZnO because the-remained unstable nitrogen
atoms of which ionic size.of 1.46 A in the AG films will hinder the incoming oxygen
atoms of which lionic 'size of 1.38 A. In contrast, two-stagé annealing has two
mechanisms: (1) removing of unstable nitrogen defects off the film in first stage and
(2) filling‘oxygen to‘the filmsin the second stage. The'calculalad grain sizes via
Scherrer’ formula are ~ 4 nm for OA film and ~10 nm for 2SA film. The XRD result
indicates that the VA film is likely to be ZnzN, of which energy gap is indirect [29].
Then we used the relation of indirect band-gap from the Eq. 3.28. Then we plotted
(ahv)*? versus photon energy (hv) as shown in Fig. 5.14 and yielded the energy gap
of 1.74 eV.
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Figure 5.13: Identification of phase in the as-grown and annealed Zn:N films by
comparing the XRD spectra to the standard ZnO, Zn, and Zn3N, from JCPDS files.
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Table 5.10: Observed peaks of Zn:N films under various annealed conditions

(comparing to JCPDS files).

Observed peaks

Zn:Ny Sample Zn Zn3N, ZnO
(JCPDS: 4-831) (JCPDS: 35-762) | (JCPDS: 36-1451)
As-grown
(As-g _ ) (102) ] ]
AG film
Vacuum 222
( (02) (222)
annealed) (321) -
_ (102)
VA film (600)
Oxygen 100
(Oxyg (222) (100)
annealed) (@02) (101)
. (600)
OA film (112)
100), (002
(Two-step (100), (002)

annealed) 2SA film

(101), (102)
(112)

100 .2
80 -
60 -
[ ]
s
40
20 - ‘ |
] 1.5 2.5 3
g Photon energy (eV)
O rrrrrr r r [ o+ r [ &+ 1 &+ 1+ [ 1 T
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Wavelength (nm)

Figure 5.14: Optical transmittance of the vacuum anneal Zn:N film and determination

of the optical gap as indirect gap of Zn3N..
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Figure 5.15: Compaxison sufrface/im 1 AEM in the area of 2.5x2.5 um? of ()
AG film, (b) VA film, 2 "

Figure 5.16: Microscopé pictures in the area.of 100x100 zm? of (a) AG film and (b)
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are shown in Fig. 5.15. The surfaces AG and VA films in Fig. 5.15(a) and (b) are
somewhat similar with the average roughness of about 5.5 nm. The surface of the OA,
Fig. 5.15(c) film looks more dense with about the same roughness. Oxygen atoms
during annealing may likely to form ZnO from the outside while the inside of the film
contains the remained unstable nitrogen atoms. Figure 5.15 (d) show the surface of

2SA film with the average roughness of about 6 nm. This is the result of the reaction
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between oxygen atoms and zinc atoms forming ZnO throughout the film of which the
unstable nitrogen atoms were already removed. In addition to what previously
described in section 5.3, the bursting of the films is also observed in vacuum
annealing, oxygen annealing, and two-stage annealing with approximately the same
density about about 500 mm™. This indicates that annealing removes unstable
nitrogen and slightly changes the microscopic surfaces of annealed films and

dramatically changes the macroscopic surfaces.

From the obtained results, in order te“obtain ZnO films, annealing under
oxygen is inadequate because it will give residual Zn and Zn3N,. We suggest that to
obtain pure crystalline ZnO«filma; the films should be annealed under vacuum to firstly
remove unstable nitrogeprand/then they should be annealed under oxygen pressure.
Due to the low intensity of XRD spectrawith high resistivity in the order of 10° - 10°
Q-cm, the procedure desciibed here could not provide high crystalline ZnO:N films
with p-type conductivity. It suggests that én extremely small fraction of single N
atoms can be obtained from dissociation collision process of N, molecule that will be
described in the next section. - 7
5.4.2 N,O sputtering gas with ZnsN, phase iﬁ_fhe films
It is expected that.the chemical bond of N,O molecule can be broken easier in the
dissociation collision of the sputtering process than that of N, molecule. That will
help N atom to occupy the O sites of ZnO easier giving rise to the p-type carriers. In
this part of the work, pure’Zn target was used as the sputteringtarget and the N,O : Ar
ratios of are waried In order to obtain p-type ZnO. The sputtering parameters are
summarized.in. Table 5.11, The substrates are pre-heated to 100°C befare sputtering in
order to improve the crystalline quality~of the films: The samples‘are fabricated using
dc sputtering on the Zn metallic target, and the working pressure decrease to 4 x 107
mbar in order to obtain high energy electrons. All films are annealed at 500°C for 20
minutes in vacuum. Due to the yellow shading of the as-grown ZnO:N films and the
superposition peak in the XRD results as Fig. 5.20, it can make an assumption that the

films contain Zn3N; phase and ZnO phase.
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Table 5.11: Common conditions for fabrication of ZnO:N film.

Target Zn (99.99%)
Substrate 5 x 6 cm?, soda-lime glass
Orientation of Substrate Planar
Distance of substrate to target 4.5 cm (center to center)
Substrate temperature 100°C
Base pressure < 6.0 x 10° mbar
Sputtering pressure 4.0 x 10 mbar

N»O and Ar with the ratio of
15:85,720:80, 25:75, and 30:70
Sputtering power DC 50 Watt

Sputtering gas

Sputtering time L 4 15 minutes

The spectra can be identified asithe superposition of two different peaks
consisting of ZnO (002)peak and -anNz-:(éi.Zi-) peak on the lower angle. Due to the
defect of the crystalline leading to the Iarg-ef:_ftéglsgile strains, their inter-planar spacings
are greater than normal, leading to the left smftof the peak positions (20 for standard
Zn0 (002) at 34.422° [24] and 20 standard for ZsN, (321) at 34.280° [27]). The
fitted spectra are also Shown in Fig 5.20: It indicates that Zn;N, has low formation
energy at quasi-stabie phase in Zn-O-N system, after annéaling Zn3N; transform to be
the more stable ZnO phase. So, zinc nitride (321) peak decreases for the vacuum
annealed films{and disappearfor the annealed:ZnQ:N films-that prepared under 20%

N.O partial pressure ormore.
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Table 5.12: Fitted peak parameters of XRD spectra of the as-grown (AG) and vacuum

annealed (VA) ZnO:N films. (Note that lattice parameter c=2xd,,)

Peak Peak Inter-planar Peak Average
ea
Sample ) o position | spacing doo2 Area | crystallize
identification )
(degree) (A) (%) | size (nm)
Zn3N; (321) 33.650 2.6611 68 38
15% N0 AG
ZnO (002) 34,080 2.6285 32 18
Zn3N, (321) 33.675 2.6592 49 40
15% N,0 VA a3
ZnO (002) 34.150 2.6233 51 24
Zn3N,(321) 33.730 2.6550 62 33
20% N,0 AG
Zn0(002) 34.170 2.6218 38 17
20% N,O VA | ZnO (002) 34.325 2.6103 100 42
ZnsN,(321) 33.710 2.6565 62 25
25% N0 AG A A
Zn@'(002) 34,370 2.6070 38 16
25% N,O VA | ZnO (002) 34.320" 2.6107 100 40
Zn3N; (321) 3358 2.6534 67 20
30% N.O AG 202 b
ZnO (002) 34.420~ 2.6033 33 16
30% N,O VA | .ZnO (002) — 34.375 | 2.6066 100 44
Standard ZnsN, || ZhsNo(32%) 34.280 2:6136 - -
Standard ZnO 34.422 2.6032 - -

ZnO (002)

We summarize the peak.parameters, for various-N,Q. partial pressures in

Table 5.12 with average ciystallite-size' obtained by Scherrer’s formula. From the

fitted XRD result, Zn3zN, phase along with ZnO phase in the as-grown ZnO:N films

preferred 1@ formJow. temperature (100°C). The ratios of peak area of ZnsN, (321) to

that of ZnO (002) are about the same value of 2 because the ratio of N to O obtaining

from N,O sputtering gas is fixed. Average crystallite sites of ZnO are about the same

of lower 20 nm. This should be the temperature limit of the ZnO formation with larger

crystallite site. In contrast, average crystallite site of ZnzN, is reduced from 38 nm to

20 nm with the increase of N,O partial pressure from 15% to 30%. This should be the

effect of oxygen to ZngN; crystalline. After annealing the as-grown ZnO:N films at

500°C in vacuum, ZnO phase is more stable, so the quasi-stable zinc nitride phase
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decrease or re-crystallize to be more stable ZnO phase. The average crystallite sizes of
ZnO phase of all vacuum annealed films increase to be about 40 nm which are larger
than that of the as-grown films. This refers to the oxygen sufficiency which leads to
the improvement of ZnO crystallinity by the thermal energy. Most of the films, except
for 15% N,O partial pressure or oxygen deficient case, show the absence of Zn3N,
phase after annealing. For the film grown at 15% N,O partial pressure, the remainder
of ZnO (321) peak of vacuum annealed film refers to the remainder of ZnzN, phase
after annealing. The Zn3N> phase of this‘vaeuumrannealed film shows the average
crystallite of 40 nm whigh-is-about the same value-of its as-grown film referring to
that the heat treatment'does net increase ZnsN; erystalline quality. Due to keeping the
working pressure constantgthedower N3O partial pressure corresponds to the higher
Ar quantity leading terhigher Znsputtered atoms. Because of low N,O quantity, O is
deficient to catch Zn te'form whole Zno;:t:he reminder of Zn atoms catch N atom to
form Zn3N, with high crystallite size referring to high crystallinity which still remains
after annealing. For higher NoO partial pfé_s_sgre or lower Ar pressure, Zn sputtered
atoms is lower leading t0 oxygen sufficien_ﬁ_ causing that the system prefers forming
only ZnO after annealing instead- of the mix 0f:ZnO and ZnsN,. The Zn3zN3 could be
formed in the as-grown film, but it.should b_;aj_q/gasi—stable state that was destroyed by

the thermal energy.

In addition, with-increasing the N2O partial pressure, this ZnO (002) peak shifts to
the right hand side corresponding to the decrement of inter-planar spacing of plane
ZnO (002) or dggo. Theirsinter-planar spaging decrease and close to 2.6032 A of
standard ZnO:. Comparing.to inter-planar spacing of JCPDS file, all the as-grown
films exhibit tensile strains in c-axis.for ZnO phase (hexagonal) and a-axis for Zn3N;
(cubiC). These should'be- the-result lof defects in film crystalline. It suggests that the
defects, could be all possible atoms or molecules yielding from the decomposition of
N2O gas such as NO, Nz, N and O during sputtering process, and occupying in
possible locations such as oxygen site and interstitial. The defects or possible nitrogen
defects should be reduced by vacuum annealing corresponding to the decrement of

tensile strains.
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Figure 5.22: Optical transmittances of the vacuum annealed ZnO:N films.
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Table 5.13: The Calculated thicknesses and the optical gaps of the as-grown (AG)

films and vacuum annealed (VA) ZnO:N films.

i Thickness Heat Treatment Optical gap
ilm
(nm) (eV)
As-grown 3.18
15% N0 839
Vacuum annealed 3.23
As-grown 3.25
20% N,0O 738
Vacuum annealed 3.27
. 4 As=grown 3.26
25% N,O 531
Vacuum annealed 3.27
\ As-grown 3.27
30% N,O 428
: & Vacuum annealed 3.27

— st

Table 5.14: Resistivity,Mopility and.Carrier coneentration for as-grown (AG) films

and vacuum annealed (VA) ZAON j‘ilms. (ﬁli‘été;that * refers to slightly p-type by hot

Al ¥ Y
probe measurement and ** refers {0 ambiguous type.)
d | ymad _'"."uj“'

———— - Carrier
) | Resistivity. [ Mobility )
Film Heat.Treatment | T ~  Type | concentration
(©Q-cm) (cm/NV:s) .|, 3
- -3 (cm™)
As-grown 13 59 n 14x 107
15% N,O Vacuum 2 - 15
49x10 1.3 n 1.6 x 10
annealed
As-grown 1:2 x 10° - * -
20% N,O Vacuum
1166 10° 0.67 n 9.6 x 10
annealed
As-grown 3.3 x 10° - *x -
25% N,O Vacuum
2.7 x 10° - *x -
annealed
As-grown 2.6 x 10° - *x -
30% N,O Vacuum
2.0x10° - *x -
annealed
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Figure 5.23: Resistivityerstis N,O partial bressure of the as-grown and vacuum
annealed ZnO:N films.

The optical transmittance'ef the asi:gfown 15% N,O partial pressure ZnO:N
film exhibits lower transmittance in the reg'[on"'ij'f 370 — 600 nm, corresponding to its
yellow shading while all othef films with’ZZO%'- 30% N,O partial pressure have
relatively higher transmission in the same region of wavelength corresponding to
clearer color as the'spectra are shown in Fig. 5.21. After annealing, the film with 15%
N,O partial pressure-shows slightly increase of the optieal transmittance as seen in
Fig. 5.22. The as-grown ZrO:N films grownwnder low N,O partial pressure generally
exhibit yellow shading c¢orresponding to the mixture of crystalline of ZnsN, and ZnO.
The increase of optical transmittance, when the N,O partial pressure is increased
corrésponds to the,decrement-of the unstable Zn3N, phase is drivef.outafter obtaining
addition thermal energy. The transmittances of 20% to 30% N,O partial pressure
films are close to the same cutoff wavelength. The calculated thicknesses and optical
gaps are illustrated in Table 5.13. The optical gaps of the as-grown and vacuum
annealed film for 15%N,0 exhibit lower value than the other. It suggests that the
optical gap may be the mixed value of the optical gap of i-ZnO (3.27 eV) and that of
Zn3N; (2.12 eV [29]). That should be the result of the distribution of ZnO grain and
Zn3N, grain throughout the as-grown ZnO:N film surface. For 20% N,O partial
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pressure or more, the calculated optical gaps of vacuum annealed ZnO:N films are
close to the optical gap of i-ZnO or 3.27 eV. This result is significant difference from
the work of Fusuhara et al. [39], sputtering ZnO target under the mixture of N, + Ar
gases, leaded to the decrement of optical gap down to 2.30 eV [39] and cannot be
observed the superposition peaks of their zinc oxynitride (Zn,OyN,) films. It suggests
that Zn,OyN, films should contain more unwanted nitrogen defects that should
possibly be nitrogen interstitial (N2); than our ZnO:N films that contain ZnzN, phase.
In order to obtain nitrogen doped ZnO, spuitering.Zn target under N,O should reduce
the unwanted nitrogen defects in ZnO:N film-comparing to sputtering ZnO target
under N, however, ZnsN, phase‘in ZnO:N film is obtained. By using linear four-
point-probe and Hall" effect smeasurement, the some electrical properties e.g.
resistivity, mobility,«€arrier eoncentration and type of carrier are obtained and
summarized in Fig. 5.28 and Table 5,16. 7

The increase of N,OQ'partial presstre Iea&s to the increase of resistivity of the as-
grown films indicated as‘the circle up to 10% Q-em. For 25% and 30% N,O, their
resistivities exceed 10° Q-cm. This indicatés‘fthe compensation of p-type carrier to the
native n-type carrier. Thus, their types of c;ai'r'fier cannot be exactly identified or
slightly p-type detected by hoi-probe measurement..In addition, their resistivities of
vacuum annealed ZnO:N_films indicated as the iriangle slightly decreases. After
annealing, the resistivity of 15%N.0 increase to the order of 10° Q-cm corresponding
to the formation of ZnO phase. For the as-grown and vactuum annealed films for 25%
or more N,Q_ratio, their_resistivities are_too high to measure for correct carrier
concentrations., It.suggest that, for_more; amount of N-Q orengugh oxygen quantity
leads to a small amount of nitrogenoccupying oxygen site (No) and thermal energy
leadsyto the formation of unwanted Stable defects that exhibit n=fype conductivity.
These tould be substitutional diatomic molecules (SDM) such as (N;)o [40, 41]. In
addition, possible defects which provide p-type carriers among SDM’s is (NO)o, but
it is unstable because of higher formation energy than (N;)o [40]. As a result,
annealing process leads to the decrease of p-type carrier. The thermal energy reduces
the quasi-stable stage of acceptor in ZnO. From the results of high resisivities with no
distinct p-type conductivity in the as-grown films and the ratios of peak area of ZnO

phase to that of ZnzN, were about 2:1 in the as-grown films, this is due to the higher
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chemical activity (electronegativity) of the oxygen than that of nitrogen leaving a very

small fraction of nitrogen to occupy oxygen sites.

In order to increase p-type carrier, nitrogen or its compounds should be
trapped in the i-ZnO films and then be chemically distributed by suitable thermal
treatment which will discussed in the next section.

5.4.3 Encapsulation of ultra-thin Zn:N layer

In this part of the work a method to trap nitrogen‘in the structure ZnO is designed. A
3-layer encapsulation of ultra-thin Zn:N layer-beiween the ZnO films is used to trap
and redistribute nitrogen and-filnatly substitute oxygen in the films in order to obtain
p-type conduction. Theschematic diagram of encapsulation including thermal
treatment used in the fabrication 0f ZnO:N are summarized in Table 5.15 and Table

5.16, respectively.

Table 5.15: Common eonditions for fabrication of ZnO:Nfilms.

Target ¥ Zn (99.99%)
Substrate i 9x6 cm?, soda-lime glass
Orientation of Substrate e " Planar
Distance of substrate to target L 4.5.cri (center to center)
Substrate temperature Room Temperature
Base pressure < 6.0 x 10° mbar
Sputtering pressure 1.0 x 102 mbar
3-layer|structure Consider:table 4.18
Sputtering power RF 200 Watt

Ultra-thin Zn:N (UTZN)
mi1d|e layer (5 nm)

L Top layer (TL) (250 nm)
Bottom layer (BL) (250 nm)

SLG Substrate

Figure 5.24: Schematic of the ZnO/Zn:N/ZnO film coated on SLG substrate.
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Fig. 5.25: Optical transmittances of thefilms.

Sample Spuitering condition. © Treatment condition
A 8596A+ 16%0,, 4 min. . | Up to 400°C in 3 min. or short time
(No middle Iayef orf UTiN)? vacuum (STV) annealing
B BL: 85% Ar + 15% 05,2 mm As-grown
UTZN: 50% Ar + 50% N2, 2 Se't
TL: 85% Ar + 15% 07,2 mtEL— 4
C Same as B G _ STV
D —Upt0°500°C in 20 min. and

R —

dwellith for 20 min. or long time

vacuum (LTV) annealing

Table 5.17: Thicknesses, optical gaps, inter-planar spacings, and average grain sizes

of the films.
Sample Calculated Optical gap Inter-planar: 1 | LAverage grain
thickness (nm) (eV) spacing (A) size (nm)
A 505 3.27 2.6262 20
B 510 3.26 2.6458 15
C 487 3.27 2.6103 32
D 497 3.27 2.6011 48
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Fig. 5.27: Raman spectra of the films.
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The optical transmission spectra of the samples summarized in Table 5.16 are
illustrated in Fig 5.25. The optical transmittance of sample A is relatively high about
85% in the VIS region. Sample B exhibits very low transmittance with dark gray
shading due to the property of the ultra-thin Zn:N compound (UTZN ) layer. Sample
C exhibits intermediate transmittance of about 60% in the VIS region with the
appearance of gray shading, while sample D exhibits higher optical transmittance
close to that of sample A. The results indicate that the thermal energy in both
annealing processes increases the optical transmittance by the re-crystallization of the
UTZN layer and the ZnO-layers. The gray shading of sample C comes from the
distribution of nitrogen related defect complex (NRDC) in the film. The calculated
thicknesses from the interferenge patterns are about 500 nm and their optical gaps are
about 3.27 eV closing'to that of sample A or intrinsic ZnO. Due to the initial UTZN
layer being consideredias defects, the optical gap of the as-grown film (sample B,
3.26 eV) is slightly less than the others as summarized in Table 5.17.

The crystal structures of the films 'obtqined from the XRD are shown in Fig.
5.26. Sample B exhibitslowest crystalline.gy_ality with wider peak of the (002) plane
of ZnO. After the STV annealing, so called sample C, its crystalline quality was
improved in terms of the decrement of intéfrp!anar spacing and increment of grain
size as summarized in Table 5.17. For the LTV énnealing, namely sample D, the film
exhibits the highest: crystalline quality with average grain size of 48 nm. The
stabilized inter-planar 'spacing of 2.6011 A is close to that of 2.6032 A [24] of
standard ZnO powder. Fhe shift of (002) peaks in both sample C and D (compared
with samplésB) corresponds 'ta. the ' decrease " of * inter-planar spacing by re-
crystallizationawith the decrement of any interstitial atoms leading to the quasi-stable
positions.of N.substituted.in O.sites (No) or stable.positions of.Zn and O.

The'electrical propertiestofithe 'sample A <D fare 'summarized.in Table 5.18.
The results show that the ZnO:N film using UTZN middle layer followed by STV
annealing, namely sample C, exhibits low resistivity in the order of 102 Q-cm with
the p-type carrier concentration in the order of 10'° cm™. However, this nitrogen-
doped ZnO (ZnO:N) film should still contain ZnzN, phase obtaining from UTZN
layer with STV annealing. The annealing temperature up to 400°C should provide a

chemical reaction of Zn and N, to be more stoichiometric ZnzN, [20]. In other words,
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Zn3N, is the key substance to obtain ZnO:N with substitution of O into N site of
Zn3N; and the conversion of oxygen-doped ZnsN; to be ZnO:N [21]. During the STV
annealing, Zn3N; phase forms simultaneously with the occupying of O into its N sites,
and continuously with the formation of ZnO:N. As a result, there is no explicit ZnzN;
structure observed from XRD spectra. In contrast, the films without UTZN layer
(sample A) and/or without any post annealing (sample B) exhibit extremely high
resistivity in the order of 10° Q-cm with ambiguous type of carrier. Due to the non-
distribution of film crystalline structure, thetep _layer of sample B (with UTZN layer)
still exhibits high resistivity-Furthermore, the LT\ -annealed film (sample D) leads to
the n-type conductivity with-catrier concentration of 10" cm™ and higher mobility.
When the films are annealed at t0o high temperature as 500°C for a long time, the
quasi-stable nitrogen“defeets such as No which provide p-type carrier should be
redistributed by the excess thermal eriefgy. In addition, substitutional diatomic
molecules (SDM) [40, 4] which provide h-type carriers such as (N2)o are expected to
form with more stability and compensate the remained p-type carriers. Finally, the
film exhibits n-type conductivity with higher mability corresponding to the high
crystalline quality in the XRD result: LA

The ZnO:N film using UTZN mi'd’dlé- fayer followed by STV annealing
would have N or NRDC occupying in the O site. Then, NRDC would exist and could
be detected by Raman spectroscopy as illustrated by Stoke Raman lines in Fig. 5.27.
The positions of Raman shift are identified based on our-best fitted peaks (not shown
in the figure). Comparing tosthe works of LiL¢ Kerr et al. [23] and M.L. Tu et al. [14],
their most daminant peaks.n Raman shift of their p-type ZnO:N are of 570 and 581
cm™, respectively, which were interpreted as LO phonon mode [14]. The as-grown
film‘withl UTZN dayer without annealing ‘(samplé B)‘exhibits the'llighest intensity at
574 cm™. It may be inferred as a result of NRDC containing in the film. With the STV
annealing, sample C shows the main peak at 572 cm™ corresponding to the existence
of NRDC. In contrast, sample A (no UTZN) exhibits only small peak at 439 cm™. The
Raman shifts at 433 - 439 cm™ correspond to the intrinsic ZnO film [23]. Finally,
sample D which contains UTZN layer with the LTV annealing exhibits similar Raman
shift result similar to the intrinsic ZnO. It implied that excess thermal energy from the

LTV annealing would cause the redistribution of NRDC in quasi-stable state to the
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more stable state leading to the compensation from the p-type carrier to the n-type
carrier. The low intensity of Raman shift at 578 cm™ of sample D reveals the small
NRDC residue but not enough contribution to the p-type conductivity. Annealing in a
high temperature and/or for a long time should remove unstable nitrogen related
defect complexes and form more stable defects which exhibit n-type conductivity.
Finally, post annealing is the mechanism to improve more optical transmittance and
higher crystalline quality of the ZnO:N thin films but more thermal energy would

destroy nitrogen related defect complexes leading.ie the n-type conductivity.

5.4.4 Evolution of crystalstrueture of Zn:N films in vacuum under high
temperature

From section 5.4.3, ipforder to describ‘gzthe mechanism of the middle layer, we
demonstrate a systematig study. of the temperature effect on the structural properties
of the Zn:N thin film Under vacuum that Wo_ul__d transform to be ZnsN, thin film. The
sputtering conditions discussed in "Table 5.15 were used, but this Zn:N film was
fabricated for 4 minutes and the thickness of the as-grown films was about 0.5 um.
XRD measurement was used o examine and ‘compare both lattice parameters and
grain size of crystalline structure of pure Zn énd Zn:N films, High temperature x-ray
diffraction (HTXRD) measurement using Philips X*pert from ambient temperature
(25°C) to 554°C, and scanning from 20 of 30° to 60° was used to examine the
evolution of structural properties of the Zn:N film under vacuum. The Zn:N film was
heated by platinum heatef under vacuum of\107 mbar. The temperatures of platinum
heater and Zn:N film were measured by an in-contact thermocouple (type-S) and non-
contaet pyrometer-at 1:55-um;-respectively: Theiobsenved peaksiin’XRD patterns were
fitted using Gaussian distribution for-the ‘calculation "of structural parameters of the
films.

The room temperature XRD spectra of the pure Zn and Zn:N films are shown
in Fig. 5.28. The planes (002), (100), and (101) of Zn structure were similar observed
similary in both spectra. Because the peak positions are close to Zn standard [42], the
films are identified as zinc films. The larger peak width of Zn:N corresponds to the

smaller average grain size calculated from Scherrer’s formula as shown in Table 5.19.
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Figure 5.28: XRD spectraof pure Zn film and Zn:N film at ambient temperature.

it

Table 5.19: Lattice parameters (a & ¢of Hexégonal strueture) of pure Zn film and

Zn:N film at ambient temperature, and average grain size.

#

Difference | Difference Average
Films a(A) fromnormal _c(i&) from normal grain size
(26650 A) /[ (4.9470 A) (nm)
Purezn | 2.6634 | -0.06% | 4.9346 | £:0.25% 58
Zn:N 2.66;36 +0.13% 4.9459 £0.02% 28

The lattice parameters a and ¢ calculated from Zn peaks (100), (002) and (101)

of Zn:N film also larger than those.of pure Zn film. It suggests that nitrogen could

incorporaté  into 4he, Zn film:in- the fform of defects without explicit [Zn;N, phase

observed from the XRD spectrum. These defects could be in the forms of interstitials

of nitrogen or Zn-N related compounds. The XRD patterns of the Zn:N film under

vacuum at various temperatures are illustrate in Fig. 5.29. The lattice parameters of

hexagonal structure of Zn from various XRD patterns or different temperatures were

fitted, where the calculated lattice parameters a and ¢ base on the least square fitting

were depicted as Fig. 5.30(a) and (b), respectively. Average grain sizes of the Zn:N

film from the transformation of Zn phase to ZnzN, phase were also shown as Fig.
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5.31. At the higher temperature from 124°C to 269°C, the left shifts corresponding to
the increment of lattice constants of Zn were observed. The lattice parameter a from
all temperatures is about 0.15% — 0.25% greater than 2.6650 A of standard Zn [42].
In addition, at 269°C, the lattice parameter c increases rapidly to 0.7% greater than
4.9470 A of standard Zn [42]. This corresponds to the large increase of tensile strain
along c-axis of the Zn structure of the Zn:N thin film with the increase of temperature.
The average grain size of the Zn phase is approximately 29 nm from ambient
temperature to 203°C, then increase to about 33 nam from 269°C to 320°C followed by
the change from Zn to ZinsiN2 phase with the average grain size about 15 nm as shown
in Fig 5.31. At temperature 0f820°C, the decrement in amplitude of Zn (002), (100),
and (101) peaks also'was ebserved. In contrast, small peaks, e.g. (222) and (321) of
Zn3N, were also observed This should be typical phase of Zn3N, or ZnkNy created by

the chemical reaction between Zn'and N at. high temperature under vacuum.

713N N2 s (ao0)
Zn (002) s f
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Figure 5.29: XRD spectra of the Zn:N film under various temperatures.
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Table 5.20: Lattice parameter a of ZnzN, phase and average grain size of the Zn:N

film at 481°C and 554°C.

Difference from

Average grain size

Temperature (°C a(A
P (©) ) normal (9.7769 A) (nm)
481 9.7503 -0.27% 14
554 9.7532 -0.24% 16

At temperature of 481°C and 554°C; the planes (222), (321), and (400)
(overlaps with the peak(002) of Zn) of ZnsNs structure were observed with the
decrement of Zn peaks. This can be |identified as the formation of ZnszN, phase

leading to incomplete phase‘transition from Zn:N to ZngNy.

The calculated latiice parameter @ of a cubic structure of Zn3N; phase and its
average grain size isssummarized in"Table 5.20. The lattice parameter a is less than
standard ZnsN, [27] by approximately 03% The residual Zn phase is due to the
nitrogen deficient of the Zn;Nj filmi at high:-tern'perature. The result revealed that some
of nitrogen could be removed under vacuﬁﬁ; by thermal energy during the formation
of ZnzN, phase. Thus, the phase fransitioni}éﬁ Zn:N to Zn3N; is not a completely

chemical reaction. -

From the resuits;-from-ambient temperature to-approximately of 270°C, the
Zn:N film exhibits Zn phase in hexagonal structure. The fattice parameters a and c of
in Zn:N film are greater than those of of pure Zn film due to the nitrogen distribution.
At higher temperature, than, 320°C; the /film-should, rather.be .in- the ZnsN, or ZnyN,
phases because of‘the-large’ increment of lattice parameters a and ¢ of Zn phase and
the observation of the (222), (321), and (400) planes of Zn3N, phases. The result
suggésts that the, Zn:N 'film_exhibits the /phase transition [from.Zn:N to Zn3N; at
temperature higher than 320°C. At temperature above 500°C, the film exhibits ZnzN,

phase with the residual phase of Zn due to the nitrogen deficiency in the system.



CHAPTER VI

CONCLUSIONS

In order to obtain p-type ZnO, it requires the effort to dope group-V element into the
O sites in ZnO structure. Due to large atomie size of P, the as-grown ZnO:P film
exhibits low crystalline quality with tensile strain which cannot be improved by post-
annealing. With the random_incoming atoms in sputtering process, the incoming P
atoms prefer to occupy ZarSites with more stability instead of the expected O sites.
Thermal annealing should deve additional P into its stable sites, thus the n-type
carriers increase. The n.type cagrier concentrations of the as-grown and vacuum
annealed ZnO:P filmsdre of 347 10" and 1.55 x 10°° em™®, respectively.

Nitrogen which has atomic site sm’alier than that of P is suitable in occupying
the Zn site. Starting from:ZnQ target with N> Sputtering gas (mixed with Ar) leads to
the N interstitials in the film whieh can beremoved by annealing in vacuum. The
films also exhibit very high resistance correébéﬁ’ding to the low carrier concentration.
The problem is that nitrogen- cannot compéte/égainst OXxygen in occupying oxygen
sites. In order to help nitrogen, other material or Zn metallic target was selected. Fill
N to the film firstly-in the form of Zn:N film and then anneal under oxygen. Then, the
ZnO:N films were obtained. The complete ZnO structure without Zn or Zn3gN, was
obtained by two-step annealing; firstly with’ vacuum annealing and secondly with
oxygen annealing. .The prohlems are that the structural properties were low and their
resistivities were high without p-type conductivity. The problem of this method is that
the nitrogen bond.cannotbebroken. Other gas used instead of N2.Js N,O. Sputtering
Zn target under N,O partial pressure exhibits interested results of XRD spectra. The
XRD spectra exhibit a superposition of ZnsN, (321) peak and ZnO (002) peak. The
ratios of peak area are the same for various N,O partial pressures. Some of the as-
grown film exhibit very low p-type conductivity by hot probe measurement. Most of
them including the vacuum annealing, exhibit very high resistivities in the order of
10° Q-cm with ambiguous type of carrier. The problem is that oxygen is more active

than nitrogen. Another idea is that mechanically trap N or its compound in i-ZnO and
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chemically distributes by suitable thermal annealing. Nitrogen doped zinc oxide
(ZnO:N) could be obtained from the insertion of ultra-thin Zn:N (UTZN) middle layer
with the thickness of 5 nm into the ZnO film with the short time vacuum (STV)
annealing (up to 400°C in 3 minutes). The key process to enhance hole carriers in
ZnO:N film is to distribute the crystalline structure into quasi-stable states acting as
acceptors. The use of STV annealing, in the mean time, creates ZnzN, from the UTZN
layer, contributes O into N sites of ZnsNp and creates ZnO:N with p-type
conductivity. Resistivity, mebility, and carrier.coneentration of the STV annealed film
are of 2.3 x 10 Q-cm, 8:6-V-s/m?, and 5.2 % 10*-em™, respectively. Due to quasi-
stable state of p-type conductivily, they can be redistributed by the long time vacuum
(LTV) annealing (upto 500°C+in 20 minutes and dwelling for 20 minutes) to stable
states with n-type comductivity. It can be cgncluded that the key parameters to obtain

p-type ZnO film are temperature and time_of post-annealing.

The suggestion for further invesﬁ‘[jgdation of p-type ZnO thin film is to use
different methods such as co-deping, groﬂp‘-l'-‘doping, and annealing at the satisfied
pressure. Co-doping could pe use to tune ééc_epf[er and donor levels of ZnO. Group-I
doping leads to the occupied grotp-1 elemeni;ai’lfhe Zn site. As a result, group-1 doped
p-type ZnO could be possibly -@btained. An-heéﬁng pressure effects the formation of
Zn:N to Zn3N,. So, the p-type ZnO:N films which emptoy.Zn;N, formation should be

tuned by the optimizing of annealing pressure.
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