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Physical properties of reactive RF sputtered a-1ZON thin films
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The physical properties of amorphous indium zinc oxynitride (a-1ZON) thin films, which were deposited at room temperature by reactive
RF magnetron sputtering, were investigated. The results of the investigations indicated that the a-IZON films possessed excellent qualities
high transparency with a very low resistivity from® 2 Q-cm to 10~* Q-cm, while the carrier concentration showed values avEf

cm~* with mobility between10 and 21 crd-V~'.s™'. The incorporated nitrogen reduces the typical crystallization of 1ZO and favors the
deposition of transparent thin films. These results show that the IZON is an ideal amorphous material for applications in transparent and
flexible optoelectronic devices.
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1. Introduction power and sputtering gas density, affecting directly to the
structural and physical properties of IZON thin films. In a
Novel physical properties of oxynitride thin films have beenprevious investigation [15, 18], it was found that by introduc-
the center of extensive investigations due to their propertiethg nitrogen (N) into the argon (Ar) plasma during the de-
and the potential applications in a wide range of electronigosition of the indium zinc oxide by RF reactive sputtering,
and optoelectronic devices. For example, monometallic anehe properties of the deposited IZON thin films were very
bimetallic oxynitrides have been investigated as catalysts [1jdependent on the amount of nitrogen in the plasma during
lithium phosphorus oxynitrides have been applied in thin filmdeposition.
lithium ion batteries [2], titanium oxynitride has been devel-  |n the present study, the influence of sputtering power on
oped for optical hard coatings [3], titanium niobium oxyni- the physical properties has been investigated in order to de-
tride has been applied in photocatalysis [4], indium and intermine the optimum physical properties of IZON films. The
dium tin oxynitrides have been used for specific applicationgieposition process and the optical, structural and electrical
like gas sensors and high temperature thin film thermocoucharacterization of the IZON thin films obtained by RF reac-
ples [5, 6], aluminum oxynitride has been applied as transtive magnetron sputtering are presented. The nitrogen incor-
parent and conductive layers in optoelectronic devices [7]poration in the films is also studied as a function of the sput-
and zinc oxynitrides have been conceded as a strong substering power used in the synthesis process. The refractive in-
tute to conventional semiconductor film such as silicon duajex and extinction coefficient were determined as a function
to high mobility value [8, 9]. In this context, as general rule, of the photon energy using spectroscopic ellipsometry.
amorphous oxynitrides have much higher charge carrier mo-
bility than a-Si [10-12]. At the same time, amorphous oxyni- . .
trides presents homogeneous uniformity and high structure@' Experimental Details.
stability even though simple binary oxides tend to crystallize; 1 Thin film deposition and characterization.
[13,14]. Moreover, the indium zinc oxynitride (IZON) is an
excellent semiconductor for band gap engineering applicamdium zinc oxynitride thin films were deposited on Si(100)
tions due to an easy tunable band gap [15,16]. Additionallysubstrates by reactive RF magnetron sputtering at room tem-
it was reported the use of a-IZON thin film on the channelperature and different sputtering powers. 1Z0,@3-Zn0O,
layers of thin films transistors [17], and highlighted that the90/10 wt.%, with a purity of 99.99%) was used as sputtering
introduced nitrogen can help reduce oxygen vacancy in thearget. For this purpose, the deposition chamber was evacu-
channel layer, suppress carrier concentration and make thaed to a base pressure lower tiar 10~* Pa and the de-
devices have a better threshold voltage. position processes were performed with Ar (99:995%) and
Reactive sputtering is the predominant deposition techN; (99:99%) as the reactive sputtering gases at a total pres-
nigue employed to fabricate these oxynitride thin films andsure of 0.8 Pa. These films were produced at a gas flow ratio
their properties are intimately dependent on the deposief 10 sccm of N and 5 sccm of Ar, for different sputtering
tion parameters including deposition temperature, sputteringowers, which were changed from 60 to 120 watts as follow-
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ing: 60 W, 80 W, 100 W and 120 W. The deposited filmsfacial effects and surface roughness, for this reason, it can
were characterized in a Jeol Scanning Electron Microscopdye applied to films having a thickness as small as monatomic
model JSM-6390LV. This microscope was attached to an Xto as large as several micrometers with high precision. The
Ray energy dispersive spectrometer (INCA X-sight Oxfordproposed IZON film structure used for SE analysis consisted
Inst. Model 7558). The crystalline structure of the IZON of a substrate and three sublayers: interfacial layer of, SiO
thin films was studied in a Siemens D-5000 diffractometeiZON bulk layer and roughness layer. The IZON bulk layer
using the Cu K line (A = 0.1541 nm).The X-ray diffrac- was simulated using the classical dispersion model. For the
tion patterns were obtained in a grazing angle modet roughness layer estimation, it was used a combination of the
The electrical resistivity, mobility, and carrier concentrationlZON bulk layer material and voids in different rates.

were measured in an Ecopia HMS-3000 Hall Effect Measure-  The expression for the classical dielectric function is pre-
ment System, using the Van der Pauw configuration. The opsented in the Eq. (1), and it consists of four approaches
tical transmittance was measured in a Perkin Elmer Lambdg@nhich are the high energy dielectric constant, simple oscilla-
35 UV-Vis spectrophotometer in the wavelength range fromor model, the Drude model and the double oscillator model
300 nmto 1100 nm. Finally, SE measurements were acquiregls show in the following expression

in a Yobin Ivon Ellipsometer, model UVISEL, in an energy

range from 1.5 eV to 4.5 eV. The latter measurements were (€5 — €o0) WP w?

emp_loyed to find the refractive md_em)(an_d extinction co- €= €t Wl —w?+ilow | —w? +ilpw
efficient K) of the films by comparison with the theoretical

computer-calculated spectra of the films using the software 2 fngj 1
provided with the ellipsometer, (Psi-Delta 2.0). - Z W2, — w? + iyjw @)

j=1 0J

2.2, Spectral Ellipsometry Simulation. in this equatiore,, is the high energy dielectric constan,

A complete optical characterization of a semiconductor thins the static dielectric constani; is the single oscillator res-
film can be made by the technique of spectral ellipsometryonance frequency, is the single oscillator resonance width,
SE is a nondestructive and noninvasive technique for the revy iS the plasmon frequency aiig, is Drude broadening pa-
search on film structures and optical properties, including opt@meter in angular frequency.

tical constants, grading profile and film thickness. Itis par- The knowledge of optical constants suchraand is
ticularly attractive because it is extremely sensitive to inter-very important to determine the possible practical applica-
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FIGURE 1. Thickness variation as function of the grown parameters. a) Deposition rate, b) bulk layer thickness, c) interface layer thickness
and d) roughness layer thickness.
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tions of a semiconductor film; the classical dispersion model
is able to properly give the optical constants as well as some
other parameters of quite importance.

3. Analysis and discussion of results.

3.1. Structural properties

3.1.1. Thickness

In Fig. 1, the deposition rate and the thickness of the sublay-
ers components of the films structure are plotted. All these
data were obtained directly from the parameters in the SE
simulation. Figure 1(a) show the deposition rate. It can be
appreciated a linear increment of the deposition rate directly
proportional to the increase of sputtering power. The same 20 (°)

tendency is showed in Fig. 1(b), where is presented the bulk

layer thickness. When the sputtering power is increased, thEIGURE 3.. XRD diffractograms of the IZON thin film as function
ions in the plasma increase its acceleration, and as cons@t SPuttering power.

guence, at the moment of the impact with the target, as the . : i :

ionic species are more energetic, they transfer their momer\rjcreased, the amou_nt of nitrogen in the films was mcr_eased
tum and energy to the exposed surface, this process led it 0. At the same time, the perpentage of oxygen in the
sputter more material from the metallic target and resultin lm decreased, inversely proportional to the amount of ni-

in a higher deposition rate and a greater thickness films [15 _Logen ini:]olr(pora}ted.f 'I;]his beha\{ior can be explr‘laine(:] frzm
The interface layer (Fig. 1(c)) is a typically layer of native € growth kinetics of the sputtering process. When the de-

oxide (thickness lower than 38) formed on the substrate posit ion power is increased, the electric potential difference

due to the ambient exposition. Finally, the roughness is plotpetween the anade and the cathode increases tao, which in

ted in Fig. 1(d), and it is not presenting any notable changéum Causes an increase in the electric poIarllzat|on Of. e N

as effect of the increment of sputtering power. molecules, helping to excite them and putting the nitrogen
in a reactive state which facilitates its incorporation into the

3.1.2. Atomic composition. film. In addition, the sum BHOs (also plotted) is nearly con-
stant. These results directly suggest that oxygen ions are par-

X-Ray energy dispersive spectroscopy (EDX) analysis contially substituted by nitrogen ions in the film.

firmed the presence of In, Zn, O and N in all the deposited

films. The atomic concentrations are shown in Fig. 2. As

: i -  7°3.1.3. Crystalline structure
it was showed, the atomic percentages of indium and zinc in

the films remained practically constant independently of thq:igure 3 shows the XRD pattern obtained on the different
sputtering power used. However, as the sputtering power wagms - a| deposited films were amorphous, independently

80 of the sputtering power used in the deposition, and the re-

Intensity (arb. unit.)

] lated spectra showed a broad band (bump) in the diffracted
70+ 3 « 4 intensity associated with the amorphous phase in the range of
] —=—N 30°-35° with the maximum approximately 32.4This band
60 4 —e—0 . . o .
& A & on is related to the amorphous 1ZO matrix, so it is not possi-
:"»_f 50 - —v—In ble to observe evident effect of nitrogen for these cases how-
S °\o\k\+“‘+o ever, it is well known that typically the 1ZO thin films tend
S 407 to crystallize and the XRD pattern shows an intense, sharp
S 304 peak at 2=33.2 related with the orientation (222) of pure
= *:,,/—/‘ilf/"/ —% In,O3 [10-12], but in this case the IZON films showed a
§ 20~ marked suppression of the typical crystallization of 12O, in-
10_‘ clusive for the film deposited at 120 W.
1l a4 2 A
8 60 ' 20 ' 100 ' 120 3.2. Optical properties
Power (W)

From spectroscopic ellipsometry data and applying the Clas-
FIGURE 2. Atomic percent of indium, zinc, oxygen and nitrogen sical dispersion approximation, it was possible to determinate
in the thin film as function of sputtering power. the complex refractive indeft = n + ik, where the real part
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FIGURE 4. Continuous line indicate the refractive indexey &nd 80
the points correspond to the extinction coefficierks f 1IZON

thin films deposited under varied sputtering powers, these values
were determined from spectroscopic ellipsometry data applying the

Classical model.

80 |
40 |

of the complex refractive indexis related to important phys- 20 |
ical properties of the semiconductor, and the complex part of
the index of refractive coefficieri is directly related to the 0 : .
absorption coefficient), from which it is possible to obtain 300 400

the forbidden band gap.

In Fig. 4, the values obtained for the complex refrac-
tive index are shown as a function of energy for the differentricure 5. (a) Tauc’s plots and (b) optical transmittance for IZON
sputtering powers. The real part of the complex refractivefiims as a function of sputtering power.
index (n) presents values above 2.0 for the initial energy of
1.5 eV and this value increases as the power of deposit irthe film. The optical band gagE,) was determined accord-
creases. Additionally, the value presents a positive slope iing to Tauc's equation expressed @ = A(hv — E,)!,
the range of 1.5 to 3.2 eV.e., as the energy of the incident whereA is a constanthv is the photon energy and the expo-
light grows the value of. increases to take a maximum value nentisl = 1/2 for allowed direct] = 2 for allowed indirect,
close to 2.4 for energy of approximately 3.2 eV. From this! = 3/2 for forbidden direct and = 3 for forbidden indirect
energy the slope is inverted and the value of the refractive intransitions [18]. Thus, th&, can be determined by extrapo-
dex decreases. On the other hand, the extinction coefficietating the linear portion of the curves to zero absorption. In
k shows a constant value, very close to zero, in the energthe case of IZON films, direct allowed transitions were se-
range between 1.5 eV and 2.0 eV and from this energy théected { = 1/2), and this is related with previous reports
extinction coefficient begins to increase almost linearly un-of IZON [15-18] and precursor oxides, such as ZnO [19],
til a value of 0.515 for energy of 4.5 eV. This behavior is In;O3 [20] and 1ZO [21].
repeated for all films, regardless of the storage power; how- The Tauc’s plots of IZON films (Fig. 5(a)) showed that
ever, as power increases, the slope of the curve increaseswgth the incorporation oN into the 1ZO host matrix clearly
reach higher values for the coefficient of extinction. leads to a red shift on the optical response and a concomi-

The extinction coefficient is related with the absorptiontant reduction of the band gap energy, as shown inset fig-
coefficient by the equation = 47k/)\, wherea is the ab-  ure. These red shifts or band gap narrowing observed in ab-
sorption, k denotes the extinction coefficient aridis the  sorption spectra can be attributed to the nitrogen incorpora-
wavelength associated to the photon energy. Using this equéen; however, howN incorporated atoms change the band
tion is possible to determine the optical properties, whichstructure of the metal oxide host is still undetermined. Ad-
have been plotted in Fig. 5. The absorption spectra obditionally, from the absorption spectra, if the multiple re-
tained from the SE data with the classical model are showetlection of thin film is neglected, the optical transmittance
in Fig. 5(a). For all films, the optical absorption coefficient is given byT = Tye(~*9 wherea andd represent the
showed a similar behavior, however, for energies near toptical absorption coefficient and the film thickness, respec-
3.8 eV the linear portion of the curves shifted systematicallytively. Figure 5(b) presents the optical transmittance in the
towards a lower energy, indicating a continuous decrease afiavelength range from 300 nm to 800 nm for IZON films de-
the optical gap as an effect of the increment of nitrogen inposited as a function of sputtering power. The transmittance

Transmittance (%)

T T T E T T
500 800 700 800

Waveleght (nm)
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for 1IZON thin films showed a red shift in the optical response
for the Uv-Visible region. However, for wavelengths greater
than 550 nm the transmittance values increased substantially
reaching values greater than 90% of transparency, which can
be explained by a decrease of oxygen vacancies in the film.

F=—Hall measure

-e- SE analysis

|
)

m
—

[X]

i
L=

3.3. Electrical properties

Within the characterization of semiconductor materials, one
of the most important is undoubtedly the analysis of the elec-
trical properties. The density of charge carriers, mobility,
type of electrical conductivity and resistivity are fundamen- 10° 1 i
tal properties in terms of technological applications. There ] wmo- SE analysis
are direct and indirect techniques for measuring the carrier b)

density, in direct techniques we can mention the Hall Effect
measurement, which consists of the measurement of a volt-
age transverse to the direction of the current flowing through
the thin film. This voltage is a result of the interaction of the
current with a magnetic field perpendicular to it. On the other
hand it is also possible to determine the electrical properties
of a thin film by means of the interpretation of the parameters
obtained from the model of Drude. o

10 . : . : . . .
The carrier concentratioiN] is related to the plasma fre-

guency by the equation: 1074 c) —=— Hallmeasure

] w0 GF analysis

Carrier Concentration (cm

10 4 ==

Mobility (e’ s)
|

N (wgm*eooeo) @

e2
similarly, the mobility (z) of the charge carriers is related to 10° -
the Drude resonance width from the equation:

Resistivity (0.cm)
1§
H

e

I 3)

N FDm*

1 I:l.-. T g T b T h T

) o . . 80 50 100 120
and finally, the resistivity[) that is the inverse of the conduc-

tivity is expressed in terms of mobility and the concentration Power (W)

of carriers by means of the following relation: FIGURE 6. Electrical properties of IZON films, directly measured

by Hall Effect technique (open circles) and the calculated values
< 1 > from the obtained SE parameters (full square).
p =

Nep (4)

the average value reported for IZON films under similar con-
ditions [15]. All of the films presented n-type conductivity,
which is the typical conductivity reported for IZON films.
Moreover, all the 1ZON films presented a high carrier con-
centration with values ovelr0?° cm~2, independently of the
The carrier _concentration, the mobility and the resistivity of ;g sputtering power; the highest value obtained correspond
the IZON thin films were analyzed as a function of the sput-g the film deposited at 80 W and the film deposited at lower
tering power. Figure 6 shows the dependence of the electricalttering power (60 W) had the lowest carrier concentration,
properties as function of the sputtering power used for the deme values calculated from Drude parameters were consistent
position. In each picture are plotted the values directly meagih the directly measured by Hall effect technique. Sim-
sured by Hall Effect technique and the calculated values fronﬂa”y' the lowest mobility with a value of 14 chv—1. s
the obtained SE parameters. was measured for the film deposited at 60 W, however, for the
For the calculation of the electric properties, an effectivefilms grown at 80 W and 100 W the mobility increased until
mass of 0.3 times the mass of the electron was used, which te reach a value maximum of 21 éav . s~1; finally, for

3.3.1. Hall Effect Analysis
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the sample deposited at 120 W the mobility decreased until iand optical properties of the IZON films were investigated as
reached avalue of 19 v —!.s~1. Finally, itis seenthatthe function of the sputtering power used in the deposition. All
resistivity of the IZON films decreases as a function of sput-the films presented a high transparency upon 500 nm in wave-
tering power and the best value was obtained for the IZONength and the near infrared region; however, the nitrogen in-
films deposited at 80 W with a value Bf4 x 1073 -cm. As  corporation in the 1ZO matrix produces important changes in
a function of the deposition power the resistivity improvesthe physical properties of the 1ZO. The 1ZON films showed
sufficiently for the film deposited at 80 W, reaching valuesan amorphous structure and as effect of the incorporation of
almost equal to those reported for 1ZO films, however thisN into the IZO matrix, a red shift on the optical response was
tendency is not conserved and the resistivity of the films deebserved. The resistivity measured in the film presented val-

posited at 100 and 120 W increased slightly due to the dedes from10~—2 Q-cm to10~* Q-cm, while the carrier concen-
crease shown in carrier concentration even when the mobilitjration showed values ove62° cm—2 with mobility between

practically remains constant.

4.

Conclusions

10 and21 cm?- vV~ 1. 571,
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