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In a previous paper, we reported that thin films of ZnO:Al [aluminum-zinc oxide (AZO)] deposited after achieving a very low base pressure
[from 4.0 x 1077 Torr (5.6 x 10™° Pa) t05.7 x 10~" Torr (7.6 x 10~° Pa)] result dark yellow in color and are resistive. These are
undesirable characteristics for the application of AZO thin films as front electrodes in solar cells. However, given the increasingly tendency
in the acquisition of equipment that allows us to reach excellent vacuum levels, it is necessary to find the deposition conditions that lead to an
improving of transmittance without greatly impacting the electrical properties of materials deposited after achieving these levels of vacuum.
In this way, the present work is focused on AZO thin films deposited after achieving a very low base pressurd.galué0~" Torr

(5.6 x 10™° Pa). For this, we studied the effect of the variation of the oxygen volume percent in the argon/oxygen mixture (by maintaining
the deposition pressure constant) and the effect of deposition pressure with only argon gas on the main properties of AZO thin films. The
depositions were done at room temperature on glass substrates by direct-current magnetron sputtering with a power of 120 W (corresponding
to a power density of 2.63 W/t As a result, we found that the variation of deposition pressure with only argon gas is a good option for the
control of optical and electrical properties, since the addition of oxygen, although improves transmittance, greatly impacts on the electrical
properties. Furthermore, an interesting correlation was found between the optical and electrical properties and the chemical composition of
the AZO films, the latter depending on the argon pressure (for this, a careful X-ray photoelectron spectroscopy analysis was performed).
Also, the inverse relationship between crystallinity and deposition rate was confirmed, in which deposition rate inversely depends on argon
pressure.

Keywords: Zinc oxide; transparent conductive oxide; sputter deposition; optical transmittance; electrical resistivity; argon pressure; base
pressure.

PACS: 72.80.Ey; 81.15.Cd; 88.40.H-.

1. Introduction ation of this real deposition parameter on the electrical, opti-
cal, structural, and chemical characteristics and properties of
The base pressure achieved prior to the sputtering depositidhin films of Al-doped ZnO [ZnO:Al thin films, commonly
of a given material is an important parameter that stronglyjknown as aluminum-zinc oxide (AZO)], a material that is
influences its final characteristics and properties [1-4]. Thesonsidered a good substitute of Sn-dopegOn[In,O5:Sn,
different vacuum levels achieved before the deposition procommonly known as indium-tin oxide (ITO)].
cess is especially important for transparent conductive oxides The variation tendency of the relevant parameters studied
(TCOs) [5-10], where it is necessary a high transparency tin such a research is summarized in Fig. 1, which was di-
the solar radiation (particularly to the radiation of interest forvided into color zones according to the approximate appear-
the device) and a very good conductivity to act as a front elecance of the corresponding produced AZO thin films. We can
trical contact for application in solar cells [11]. In this con- observe there the existence of three main vacuum zones, each
text, in a previous work [10] we studied the effect of the vari- of which produced thin films that exhibited similar character-
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FIGURE 1. Variation tendency of the (a) integrated percent transmittance and resistivity, and (b) peak intensity of the (002) plane and
deposition rate of the AZO thin films as functions of the base pressure achieved before the sputtering- deposition. See our previous work
about the effect of base pressure [10].

(a) Low base pressure zone  (b) Mid base pressure zone  (c) High base pressure zone

FIGURE 2. Digital photographs of the AZO thin films deposited after achieving representative base pressure values for each vacuum zone:
(a) low base pressure zone [dark yellow zone: frat x 10~7 Torr (5.6 x 10~° Pa) to5.7 x 10~7 Torr (7.6 x 10~° Pa)], (b) mid base
pressure zone [opaque zone: frérfi x 10~7 Torr (7.6 x 1072 Pa) to7.3 x 10~7 Torr (9.7 x 10~° Pa)], and (c) high base pressure zone
[transparent zone: from.3 x 10~7 Torr (9.7 x 107° Pa) to1.1 x 10> Torr (1.5 x 10~% Pa)]. The AZO thin films were placed on a

white paper sheet, which is the background color of the figure. Although the background looks gray to the eye owing to the digitalization
of the figure, it constitutes a reference for comparison: the AZO films deposited at higher base pressure (right) show a color similar to the
background, indicating its high transparency. For more details, see our previous work about the effect of base pressure [10].

istics and properties. The first evidence of the existence of.1 x 10~° Torr (1.5 x 1073 Pa)], that is, the bad vacuum
these three vacuum zones is the color of the deposited film¢gvels, lead to good enough transparent and conductive AZO
which is clearly different for each vacuum level, as shown inthin films. In this case, we found a wide range of high base
Fig. 2. pressure in which the residual gases are beneficial for the ob-
Thus, values in the highest base pressure zong.§ x  tainment of good TCO properties. On the other hand, lower
10~7 Torr (9.7 x 10~° Pa), up to the studied value of base pressure values, that is, good vacuum levels, lead to
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dark gray or brown AZO films with good conductivity in 2. Experimental details
the narrow mid-vacuum interval from 7.3 x 10~7 Torr -
(~ 9.7 x 1075 Pa) to~ 5.7 x 107 Torr (~ 7.6 x 10~° Pa),  2.1. Deposition methodology

and dark yellow and resistive AZO thin films if the base pres- N )
sure level is the best, that is, when the base pressure is low&h€ deposition equipment used for the present work was a

than~ 5.7 x 10~7 Torr (~ 7.6 x 10~ Pa). Also, the thin commercial ATC-ORION 8 HV sputtering system from AJA
films deposited after achieving this very good vacuum levefnternational, Inc. It consisted of a 34.7 cm diameter and

are very unstable to the ambient air, becoming more resistiva®-8 ¢m height chamber with three different magnetron guns
with the days. in a confocal geometry. In this configuration, the magnetron

sputter guns, which can host targets of 7.62 cm (3 inch) in

From the previous results, we concluded that the presencgameter, are tilted 3and located 10 cm off-axis of the sub-
of residual gases, at certain level, is beneficial for the propers ate.

ties of sputtering-deposited AZO thin films. In other words, The AZO thin films were deposited onfio< 5 cn? 1737F

good vacuum levels are not really necessary for TCOs, whicly o hing glass substrates by direct current (DC) magnetron
is advantageous for the experimenter in saving costs of pum%’puttering from a 99.99% purity ZnO 4D ceramic target

ing systems and time in pumping process. Nevertheless, the[:%mposed of 98W1% ZnO and 2wt% D5, which was pur-

is an increasingly tendency in the acquisition of better SPUtthased from Neyco. Before each deposition process, the

tering equipment with excellent pumping systems, thus al'glass substrate to be used was washed with deionized wa-

lowing experimenters the opportunity to reach very good vaCie, anq Jiquid soap, and then it was rinsed first with abundant
uum levels. However, as mentioned in the previous parageisnized water and later with abundant isopropanol. Finally,
graphs, the best vacuum levels achieved by us lead to dagke 4555 substrate was dried with nitrogen gas and placed on
yel!ow and reS|st.|ve AZO thin f|Irlns. (see Fig. 1 and Fig. 2), the holder-plate inside the sputtering chamber.
which are undesirable characteristics for TCOs. The distance from the center of the target to the center of
With the above in mind, the present work aims to im- the substrate was fixed at 18 cm, and a substrate rotation of
prove the transmittance of the AZO films deposited at roon.3 rpm was used to achieve good homogeneity during the ma-
temperature after achieving a constant and very good vacuuterial deposition. The films were deposited at room temper-
level. Also, the deposition process for improving transmit-ature with a DC power of 120 W, which corresponds, when
tance should not impact negatively on the electrical properdivided by the target area (45.60 &nto a power density of
ties. To simplify the process, postdeposition treatments to im2.63 W/cn?. For the study of the effect of deposition pressure
prove transmittance are discarded. In this way, we studied theith solely argon gas (99.99%), the AZO thin films were ob-
effect of the deposition parameters usually employed in theéained at 2.0 mTorr (0.27 Pa), 4.0 mTorr (0.53 Pa), 6.0 mTorr
sputtering technique on the main properties of AZO thin films(0.80 Pa), and 8.0 mTorr (1.07 Pa), which were manually ad-
when a very good vacuum pressure is achieved prior to thgusted while maintaining the argon flow rate with a constant
sputtering-depositiont.2x 10~7 Torr (5.6 x 10~° Pa). These value of 20 sccm. For the study of the effect of addition of
deposition parameters are (a) the oxygen volume percent ioxygen in the sputtering chamber, the oxygen volume per-
the mixture of argon/oxygen, and (b) the deposition preseent values of 1.5%, 2.0%, and 2.5% were studied by varying
sure with only argon gas. To properly explain the changeshe oxygen flow rate (details given in Table 1), while the total
observed with the variation of these parameters, we charadleposition pressure was maintained in 4.0 mTorr (0.53 Pa),
terized the deposited films by optical, electrical, structuralwhich was used in our previous work about the effect of the
and chemical techniques, and each result was thoroughly digase pressure [10]. In all these cases, the deposition time
cussed. Additionally, we tested the stability of the resultedwas controlled to achieving AZO thin films with thickness of
films to the ambient air. 260 4+ 20 nm.

As a main result, we observed that the control of argon !N the present study, the base pressure achieved prior
pressure, without the addition of oxygen, is better for provid-10 the sputtering-deposition was aroun2 x 10" Torr
ing a good compromise between transmittance and resistivity
of the AZO samples deposited when a high vacuum level is _
achieved. Furthermore, an interesting correlation was foundABLE |- Flow rates of oxygen and argon employed for studying
between the optical and electrical properties and the chem{l'® €ffect of oxygen volume percent in the argon/oxygen mixture,
cal composition of the AZO films, the latter depending on the
argon pressure. Also, the inverse relationship between crys- Oxygen volume  Oxygenflow  Argonflow  Total flow
tallinity and deposition rate was confirmed, in which depo-  percent (%) rate (sccm)  rate (sccm)  rate (sccm)
sition rate inversely depends on argon pressure. The overatt

y maintaining a total working pressure of 4.0 mTorr (0.53 Pa).

. ; . 0.0 0.00 19.96 19.96
results presented in this paper complement our previous work
about the effect of base pressure on properties of AZO thin . 0.30 19.96 zRas
films [10], and therefore the reader is referred to such a work 2.0 0.40 19.60 20.00
for more details. 2.5 0.50 19.50 20.00
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(5.6 x 10~° Pa) for all the cases, which was measured The quantitative analysis of the XPS spectra was done
with a Granville-Phillips 274 Bayard-Alpert type ionization via peak-fitting using the AAnalyz®&r software [17]. For
vacuum gauge, and it corresponds to a pumping time o&n accurate experimental data reproduction, the peak-fitting
1000 min [10]. The vacuum was achieved using a dry primaryprocedure required the use of the active background ap-
pump and a high-vacuum turbomolecular pump (500 L/s)proach [18,19], and the use of Voigt profiles. The Lorentzian
Also, it should be taken into account that no load lock chamwidths were used as fixed constraints; for theZgnand O

ber was used. 1s high-resolution spectra the widths were taken from data
reported by one of the authors of the present work [20],
2.2. Characterization techniques while for the Al2p core-level the widths are taken from data

reported by Campbell & Papp [21]. Also, the theoretical
The thickness of all the depOSited AZO thin films was mea-branching ratio [22] was emp|oyed as a fixed parameter_ The
sured with a Dektak 3030 profilometer, for which a simple peak position, Gaussian broadening, spin-orbit splitting, and
lift-off technique was used on the films. The deposition ratepeak areas were considered as free variables and the fitting

which was assumed constant along the film growing procesgyrocedure allowed for their accurate determination [23] us-
was calculated by dividing the measured thickness by the dgng a simultaneous fitting method [24].

pOSition t|me The Sheet resistance Of the AZO th|n f|ImS was The chemical Composition ana|ysisy on the other hand’

measured by using a Jandel RM3 four-point probe systemyas done using a method that takes into consideration physi-
and the resistivity was calculated by multiplying the mea-ca| parameters, that the films are homogeneous, and that the
sured thickness and the sheet resistance. peak areas are proportional to their respective atomic densi-

For the optical properties, the percent transmittancEX% ties according to the following equation [20,25-28]:
was recorded with a PerkinElmer Lambda 950 UV/Vis/NIR

spectrometer using air as the reference, where the measure- . Ii n1 @)

ments were obtained with the AZO film facing the incident pi dc;if,;z A\ sin e

light. The measured % was integrated in the interval from

400 to 1100 nm, which is the interval of interest te8i solar ~ wherep; is the atomic density of each chemical species in

cells. the material/; ,,; is the intensity of thex/ core-level for each
The structure of the deposited material was analyzed bglementi; do; ;/d<2 is the differential photoelectric cross-

means of a PANalytical X’Pert PRO MPD Alpha 1 powder X- section [29]; A; corresponds to the efficiency of the spec-

ray diffractometer. The crystallite size was calculated fromtrometer at the kinetic energy of the photoemission line for

the X-ray diffraction (XRD) patterns by using the Scherrereach element ); is the effective attenuation length; atd

equation [12-14]: is the photoelectron take-off angle. The input parameters are

taken from values reported elsewhere [30-32].

K

D=2
By cosf’

1)
3. Results and discussion

whereD represents the mean dimension of the crystallite per-
pendicular to the diffraction plandy is the shape factor, for If a TCO thin film that is deposited by sputtering under cer-
which we employed the typical value of 0.9;is the wave- tain conditions results with a low transmittance, the first so-
length of the X-ray used in the diffractometer, whose value idution taken into account for the next deposition process is
0.15406 nm;Byy is the full width at half maximum (FWHM) the addition of oxygen in the sputtering chamber. Because
of the diffraction line in radians; andlis the diffraction an-  the darkening is usually assigned to an excess of metal in the
gle for the diffraction line position, for which the diffraction TCO film (which maybe induce intragap states, and hence
peak with the highest intensity was selected. absorption in the visible spectral range), the addition of oxy-

For the analysis of the chemical composition of the ma-gen in the sputtering chamber during the deposition process,
terial, the AZO thin films were measured by X-ray photo- which oxidizes the material, is always beneficial for trans-
electron spectroscopy (XPS) by using a PHI Multitechniquemittance of most of TCO materials. However, the addition
system (from Physical Electronics) with a monochromatic X-of oxygen is detrimental for the electrical properties of the
ray source from the AlK line with energy of 1486.8 eV. The deposited material, because this decreases both the mobility
measurements were obtained after an erosion treatment wittnd carrier concentration (see, for example, that reported by
an argon ion sputtering performed in the XPS system, andZhu et al. [33] and Shihet al. [34]). In Fig. 3, for our
due to the difficulty in identifying the Ar2; , peak (which  case with the AZO films obtained by using a total deposition
must be located at about 241.83 eV, according to the averageessure of 4.0 mTorr (0.53 Pa), a clear increase of resistivity
value of data compiled by Mouldet al. for argon implanted with the increase of the oxygen volume percent in the mix-
in silicon [15]), the binding energies of the recorded spectraure of argon/oxygen is observed, which resulted completely
were charge-corrected by referencing the center of the wholdetrimental for the case of 2.5%, in which the film is highly
Ar 2p signal to 242.05 eV, according to our previous observaresistive. This observation is generally associated with the
tion on argon implanted in sputtering-deposited@{ [16]. decrease of both the oxygen vacancies and interstitial zinc
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charge [33,34]. Given this result, we decided to probe other
parameters to improve transmittance, and thus to find better
options than the addition of oxygen in the sputtering cham-

ber.

Thus, as plotted in Fig. 4, we observed that the increase
of the argon deposition pressure, without the addition of oxy-
gen, increases the transmittance of the AZO thin films, and
although an increase in the value of this deposition parameter
also worsens the electrical properties, this occurs in a lesser
extent compared to the use of oxygen during the film depo-
sition. (For a better optical comparison, the transmittance
spectra of these thin films are shown in Fig. 5). With this
experiment, we also observed a clear and abrupt darkening of
the AZO thin films when the argon working pressure is lower
than 4.0 mTorr (0.53 Pa), although thin films deposited under
this condition are more conductive (we indicate this argon
pressure zone with a gray area in this and in the following fig-
ures). We partially conclude here that the use of higher argon
pressure [higher than 4.0 mTorr (0.53 Pa)] under the deposi-
tion conditions previously described for this work (Sec. 2.1)
is beneficial for the transmittance without greatly impacting
on the electrical properties of the AZO thin film when good
vacuum levels are achieved prior to the sputtering-deposition.

Given that the vacuum level used in this work prior to the
film deposition was constant and very low [good vacuum lev-
els: ~ 4.2 x 10~7 Torr (5.6 x 10~° Pa)], the explanation of
the results is less difficult than our previous work about the
cases including the effect of residual gases [10]. Thus, the
following text deals on the main parameters that we found to
affect (more or less) the transmittance and resistivity of the
AZO thin films.

To begin, Fig. 6 shows the XRD patterns of the AZO thin
films deposited at different argon pressures. It is observed
that all of the recorded diffractograms exhibit an intense peak
at around 34.3 which corresponds to the (002) crystalline
plane of the ZnO hexagonal wurtzite structure, according to
PDF # 36-1451. This indicatescaaxis preferred orientation

due to the incorporation of oxygen in the deposited matepPerpendicular to the substrate surface. Furthermore, it can be
rial as the oxygen content is increased in the plasma disobserved other diffraction peaks showing lower intensity.
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FIGURE 5. Percent transmittance spectra of the AZO thin films sputtering-deposited at different argon pressure values.

Rev. Mex. Fis64(2018) 566-576




MODULATION OF ARGON PRESSURE AS AN OPTION TO CONTROL TRANSMITTANCE AND RESISTIVITY OF ZNO:AL FILMS... 571

10000 ——————————————————————— T T T T T 10000
8000 | . 8.0 ‘me"l‘| ] 8.5 |-=Peak i‘nfensity of the (002) plane [ 9500 é
: Deposition rate= 1 - —o— Deposition rate 4 8
6000 5.27 nm/min— E 80 9000 <
A I I £ " T 2
N & g 2 = —
4000 o\@ 0}“202@ § ‘ s - z 7.5 / 8500 &
2000 4 A d S k= = 7.0 8000 &
s ; R < // T S
0 g6s \\ 77500 2
ZnQ (002 6.0 mTorr | | = =
8000 ! mTor g 6.0 s 7000 3
5.55 nm/min = __— T z
6000 255 — 6500 z
I = & > + 3
— 4000 @O \»\ & RO @s\ < S s 5.0 6000 =
ﬁ O”o °0\ 00\\ & io\\ oo\ é 5 ] 4.5 1 5500 %
£ 2000 e S g . ==
3 3 B P ]
2 — 4.0 ——————r . 5000
z Zn0 (003) BERS 0 1 2 3 4 5 6 7 8 9 10
% 8000 . 4.0 f“TOfr ] - Deposition pressure, Po (mTorr)
= 6.11 nm/min 1
= 6000 T FIGURE 7. Variation of deposition rate and peak intensity of the
% » oo = £ g] (002) crystalline plane of the AZO thin films as a function of argon
4000 > S NI d iti
% S e o 1 eposition pressure.
2000 R RN Z 2 g P P
— d — variation of the peak intensity was enormous due to the ob-
I R 2.0 mTorrl | tainment of deposition rates of even between 3 and 4 nm/min,
prommr il a range Fhat greaFIy affects the peak intensity of t.he (002)
6000 plane, this according to our previous paper [see Fig. 1(b)].
- ¢S° S OP @@ § 2] In such a paper, we reported that the deposition rate was
© 000 v% X& S S strongly decreased by the presence of residual gases (that is,
b ~ s . .
2000 4 1 [: - A N in bad vacuum levels), whose presence and subsequent dis-
- — ’ sociation probably exhaust the electron energy in the plasma,
& - 82 = ||Hexagonal ZnO, zincite | ] which results in a suppressed ionization of argon and, hence,
:;’ ] o= o 2 |EDE#6145 ) in the decrease of deposition rate (as based on conclusions
S Sltiig o8 o PPy
g 50 S Totijige ZE_,:;:CIQS g by Wanget al. [35] about the effect of water vapor on ITO
] = HISE|T SRS OeF RS s S ; i
2 [l S R S-S S, films). For the present case, where the base pressure is con-
10 20 30 40 50 60 70 80 90 100 110 120 stant, the phenomenon affecting deposition rate is distinct.
20 (% Here, the increase of argon pressure increases the number of
FIGURE 6. X-ray diffractograms of the AZO thin films sputtering- particles in the plasma discharge and thus increases the prob-
deposited at different argon pressure values. ability of collision, resulting in a reductionn ofn then mean
The most important of them are located at around 36.3, 62.8, 295
67.9, and 72.2 which correspond, respectively, to the (101), [ 1 T I
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will be discussed below, lies in the intensity of the XRD £ / L g
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Figure 7 shows the change of deposition rate and the £ e [ 2
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the XRD patterns of the AZO samples sputtering-deposited 5‘ 30 / 0.050 ~
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of deposition rate with the increase of argon deposition pres- _— [ 0.000
sure is observed. Furthermore, the intensity of the peak cor- )
responding to the (002) crystalline plane seems to inversely 0

depend on the deposition rate at which the AZO thin films 01 2 3 4 5 6 7 8 9 10
. . . . Deposition pressure, Po (mTorr)

grow. This latter correlation was also observed in our previ-

ous work about the effect of the base pressure achieved prigicure 8. Variation of crystallite size and resistivity of the AZO

to the sputtering-deposition [10], although in such a case thehin films as a function of argon deposition pressure.

Rev. Mex. Fis64(2018) 566-576



572 J.A. GARAA-VALENZUELA etal,

free path and therefore in a diminution of deposition rate, thushat the darkening was also observed in the present research,
increasing the peak intensity of the (002) crystalline plane. but at low argon deposition pressures, in a sample with slight
It is important to note that the crystallinity showed by lower crystallinity as compared with the others deposited at
these AZO thin films deposited under different argon preshigher deposition pressures. However, our opinion was not
sure values when a constant and very low base pressuretisat the darkening is a result of the low crystallinity of the
achieved f 4.2 x 1077 Torr (5.6 x 10~ Pa)] is still very  films, but that the darkening is probably a result of a zinc ex-
low compared to those AZO thin films deposited in our pre-cess in the film composition. In fact, the excess of zinc was
vious work at higher base pressure [10], that is, in the preseorrelated by Chou & Liu [36] with both the darkening and
ence of residual gases. For example, for the case of depdecrease of crystallinity of ZnO films. Although in our pre-
sition pressure equal to 4.0 mTorr (0.53 Pa), the AZO thinvious work the darkening of the AZO films coincided in al-
film deposited after achieving a base pressuré.®f< 10~7 most all the cases presenting low-crystallinity (although, un-
Torr (5.6 x 10~° Pa, which corresponds to the present work)fortunately, this correlation was not completely conclusive),
shows a peak intensity of the (002) plane of almost nine time#& was difficult to find a good correlation with the excess of
smaller than the thin film deposited after achieving< 10~ zinc (there was no obvious tendency between the base pres-
Torr (1.1 x 10~* Pa) of base pressure. As mentioned in thesure and content of zinc, oxygen, and aluminum, which made
previous paragraph, this difference in crystallinity is a conse<lear the need for a careful chemical analysis of XPS data).
guence of the different deposition rates at which the AZO thinincluding, due to the complexity of the effect of base pres-
films grow. Furthermore, since in the previous work we ob-sure, maybe other parameters also affected the transmittance
served that the films with low crystallinity also presented lowof the films studied in our previous research. However, and
transmittance, we tried to correlate both characteristict#e  fortunately, the correlation between the darkening and zinc
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FIGURE 9. Resolved high-resolution photoemission spectra of the AZO thin films sputtering-deposited at different argon pressure values.
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TaBLE II. Energy positions for each component presented in the photoemission spectra, which were determined using AAnalyzer [17] (as
described in Sec. 2.2) by a simultaneous fitting method [24]. The values are self-consistent for the four studied deposition pressures.

Photoemission

peak Zn 2p,, O 1s Al 2p
Component Zn Zng Oc¢2 Oc1 Oy O, O, Al 2p doublet
Position (eV) 1022.98 1021.90 533.26 532.21 531.28 530.38 529.23 74.15
42.0 T ] !

excess (in terms of defects) results evident when they are
studied at different deposition pressures with a constant base 41.5
pressure, which constitutes a good finding of the present

—— Lattice oxygen (peak Os) .

41.0
work. This correlation is thoroughly discussed below.
405 X
However, before discussing the chemical analysis, it is 400 \
necessary to discard the parameters related with the structure ) @ \ _
of the AZO thin films as transmittance-determining factors. 395 N~

Thus, we also measured the crystallite size of the samples 39
deposited by varying the argon pressure. For this, the Scher- 385
rer equation [Eq. (1)] was applied using the peak of the (002) ’ Lattice zinc (peak Zns) |
plane. As a result, in Fig. 8 we plotted the variation of crys- 38.01 ’ ' '
tallite size with deposition pressure, in which it is observed 375
that the variation of crystallite size is not very large (for the

deposition pressure interval studied), and therefore it cannot &
be associated with the transmittance of the films. In fact, the
magnitude of crystallite size seems not to be strongly related
lated with other important parameters, like resistivity (as also
shown shown in Fig. 8). Thus, as partial conclusions, when N
varying the argon pressure (in the interval studied), the ob- ] i Ol o ia 00 | |
tained crystallite size does not largely define the optical and 8.5 ; ——
electrical properties. ]

37.0 +————————————————1
10.5 —

10.0 N //
9.5 \\ /

Atomic percent (¢

At this point, it is now convenient to address the chem- 5.0 | |
ical analysis. To begin, the resolved high-resolution XPS 1 ~—
spectra of the AZO thin films deposited at different argon

pressures are shown in Fig. 9, and the positions for each de- 4.0 i —1 \ .
termined component are presented in Table Il. TheZ, 3.5 — >‘4></' ]
spectra show a signal, the peaksZiocated at 1021.90 eV, 1 — ~

which can be attributed to lattice zinc in crystalline ZnO 307 ' ]
[20,37,38]. Additionally, a signal labeled as peaki4s 2.51 - o Interstitial zinc (peak Zni) | .
found to appear consistently in all the spectra, with an en-  , ] :::“l:‘l'l'l:‘e‘;":)i'y’;’e"; &':ak B3 ]

ergy position of 1022.98 eV, and which is possibly related

to an interstitial defect and in direct connection to interstitial

zinc [39]. On the other hand, the G &pectra show several 1.0 T T T
.0 1 2 3 4 5 6 71 8 9 10

photoemlsspn lines corresponding to distinct oxygen chemi- Deposition pressure, Po (mTorr)

cal states. First of all, the peaksCocated at 530.38 eV, can

be ascribed to lattice oxygen in the ZnO crystalline struc-FiGure 10. Variation of the chemical composition of the AZO

ture [38,40,41]. The peakQ located at 531.28 eV, can be thin films as a function of argon deposition pressure.

associated to oxygen in oxygen-deficient regions of the ZnO

crystal, thus, it is maybe related to the presence of oxygen va&zompletely remove the adsorbed carbon, especially that from

cancies [38,41,42]. The peaks centered at 532.21 and 533.26e samples obtained at high deposition pressures). Further-

eV, labeled as @, and Q-;, respectively, are related to ad- more, the analysis interestingly shows a photoemission sig-

sorbed oxygen at the surface [38,39,41]; these types of oxynal, labeled as peak,Qcentered at 529.23 eV, where its pres-

gen are possibly bonded to carbon because, even after to tkace is probably related to an oxygen linked to aluminum.

erosion treatment, it was found that their intensity increase3 he rationalization for the latter considers a predominantly

alongside the carbon signal (G ot shown) with increasing ionic bond and a simple theory for chemical shift, where the

deposition pressure (the erosion treatment was not enough txygen near to aluminum, or maybe even near to interstitial
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L oxygen components affecting the lattice of ZnO. These types
of defects are discussed below.
1 / A notable observation in Fig. 10 is the variation of the
interstitial zinc content with increasing deposition pressure;
/ the interstitial zinc content (represented by the peal #n
0.1 / ~ : = found to decrease at higher deposition pressures, and this, in
% turn, results in a more transparent film with a higher resis-
tivity. This means that the interstitial zinc content may have
7/ a direct effect on the optical and electrical properties of the
/ —a— Measured after 1 day AZO thin films. The crystallinity slightly increases with the
1E-3 |—e— Measured after 1 month decrease of interstitial zinc, which suggests a possible corre-
3 lation between them. The oxygen associated to oxygen va-
cancies (represented by the peak)Qlso shows an inter-
1E-4 AR R R esting behavior; it shows an inverse tendency that has strong
Deposition pressure. Po (mTorr similitudes to the variation of the crystallite size as a func-
position p > Po ( ) . " : X
tion of argon deposition pressure. It is possible to observe
FIGURE 11. Change of resistivity of the AZO thin films measured that when the crystallite size is the largest, at a deposition
one day and one month after the sputtering-deposition, expressegressure equal to 4.0 mTorr (0.53 Pa), the amount of oxygen
as a function of argon deposition pressure. vacancies is the lowest, which then increase with increasing
deposition pressure and decreasing crystallite size. Another
zinc, experience a different effective charge potentialimportant aspect observed, is that when the AZO films are
that leads to a lower binding energy when compared talark, it presents a large atomic percent of oxygen vacancies,
the other oxygen chemical states. Finally, the Al 2 which suddenly decreases when the AZO films turn transpar-
photoemission spectra show a single doublet peak cerent. Consequently, it is possible that the formation of more
tered at 74.15 eV (the Al % ,,, which for simplicity  oxygen-deficient regions within the ZnO matrix, alongside
is not shown in Fig. 9, is located at 73.85 eV) with with the increase of interstitial zinc, may result in an abrupt
a spin-orbit splitting of 0.60 eV. The energy location of darkening of the AZO thin films. Possibly the nature of
this aluminum can be related to aluminum occupying zincdefects and their content in the AZO thin films can induce
ion sites in the crystalline lattice, which coincides with the defects-related transitions (intragap states, similarly to the
positions identified by Cheat al. [38] and Daset al. [43] commonly accepted effect of the excess zinc) that enhance
concerning substitutional aluminum in AZO films. the electrical properties and a darkening of the films due to

As expected and mentioned in the previous paragraph@bsorption in the visible region.
the explanation for the variation of optical and electrical ~ With this study, we found that the variation of deposition
properties of AZO films deposited at different argon pres-pressure, with only argon as working gas, affects the optical
sures was found after the chemical analysis of the sampleand electrical properties of the AZO thin films deposited in
The results of this chemical analysis, as calculated fronlow content of residual gases. The use of deposition pressure
Eq. (2), are presented in Fig. 10. Here, we observed a deequal and higher than 4.0 mTorr (0.53 Pa) under the condi-
pendence of the chemical composition, especially in terms dfions described in Sec. 2.1 leads to transparent and moder-
structural defects, with the change of argon pressure. For thately conductive AZO thin films. Furthermore, the impact
discussion of data plotted in this figure, it is convenient toon the electrical properties is lesser when increasing the ar-
begin with the aluminum case, whose variation with depo-gon pressure than when introducing oxygen in the sputtering
sition pressure does not seem to show a significant changehamber. Also, an interesting explanation of the results was
so its variation can be considered negligible, which simpli-done based on the chemical composition analysis.
fies the interpretation of the results. Therefore, the electri-  Finally, we want to include in this paper an additional pre-
cal and even the optical properties of the AZO material werdiminary experiment performed on the discussed AZO thin
affected mainly by the change of zinc and oxygen compo{ilms with the aim of finding a rough indication of their sta-
nents as the deposition pressure is varied. Regarding to thebéity to the environment. For this, we measured the resistiv-
components, it is also interesting to observe that the chenmity of the AZO thin films again after one month of aging in
ical composition assessment of peakss 2amd O yields a  the ambient air (under uncontrolled humidity and light). The
Osl/Zns ratio that is almost the same (between 1.05 and 1.02)esistivity of the films measured one day and one month after
independently of the deposition pressure employed. Noteheir deposition are plotted in Fig. 11. We observed here that
however, that the peak Zris lower in the film deposited at 2 thin films deposited at higher argon pressure do not only show
mTorr (0.27 Pa), as compared with the rest of deposition prediigher resistivity, but also show more instability to the envi-
sures. This decrease is explained with the formation of zinconment. Among the deposited films, the dark gray AZO thin
defects at low argon pressure. Similarly, the erratic change dflm deposited at 2.0 mTorr (0.27 Pa) shows no change in re-
the peak of @ can be explained with the presence of defectsistivity, which indicates a high stability to the environment.

N
N
™

0.01

Resistivity, p (Q-cm)
N
a
w
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The instability to the environment of the films deposited at The change of resistivity and transmittance was associ-
high deposition pressures may be related to the neutralizated with the chemical composition of the AZO material: the
tion of oxygen vacancies by oxygen provided by the environ{ower the deposition pressure, the higher the interstitial zinc
ment during the days. In contrast, the film deposited at loncontent in the AZO thin film. The increase in the content of
deposition pressure (the dark zone) shows excellent stabilitinterstitial zinc, alongside with oxygen vacancies, conferred
probably due to the relatively high content of zinc interstitialsto the films good electrical properties but poor transmittance.
that strain the lattice restricting the incorporation of ambientOn the other hand, the aluminum content was almost constant

oxygen. (~ 3.4%) along the studied deposition pressures.
Furthermore, we observed that the increase in deposition
4. Conclusions pressure decreased the deposition rate at which the AZO thin

films grow. Also, with the decrease of deposition rate the

We deposited by DC magnetron sputterdtg+-20 nm AZO  peak intensity of the (002) crystalline plane was slightly in-
thin films after achieving a low base pressure-of.2 x 10~ creased (as compared with the effect of the base pressure).
Torr (5.6 x 10~° Pa), which show a moderate integrate@% However, in the present study, we did not find a strong di-
of 81.0% and a resistivity equal to 23htm when they are rectinfluence of these parameters on the optical and electrical
obtained at a deposition pressure of 4.0 mTorr (0.53 Pa) witproperties, although the increase of the interstitial zinc con-
only argon gas. Although it is known that the addition of oxy- tent at low deposition pressure is probably related with the
gen gas during the sputtering deposition of AZO thin films isobserved slightly decrease of crystallinity.
beneficial to the transmittance, we observed that the electrical
properties are enormously affected. For example, an increase
in resistivity from 23 to 247 f-cm was observed when the Acknowledgments
oxygen volume percent is increased from 0% to 1.5%. A
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