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The effect that the base pressure achieved prior to deposition has upon the electrical, 

optical, structural, and chemical properties of ZnO:Al (aluminum-zinc oxide, AZO) thin 

films was studied. The thin films were obtained at room temperature on glass substrates 

by direct-current (DC) magnetron sputtering with a power of 120 W (corresponding to a 

power density of 2.63 W/cm
2
) and a total deposition pressure of 4.0 mTorr (0.53 Pa) with 

only argon gas. It was observed that all AZO characteristics and properties varied with 

base pressure without following a simple tendency, although some correlation was found 

between the crystallinity and deposition rate, with the latter depending directly upon the 

achieved base pressure. However, three distinct vacuum zones were identified, each of 

which produced AZO thin films that exhibited similar characteristics and properties. 

Among the base pressures studied, the lower base pressure zone [best vacuum level: 

under ~5.7×10
–7

 Torr (~7.6×10
–5

 Pa); dark yellow zone] produced dark yellow AZO thin 

films with moderate transmittance, but the highest resistivity and the worst stability to the 

environment. The middle base pressure zone [~5.7×10
–7

 Torr (~7.6×10
–5

 Pa) to ~7.3×10
–
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7
 Torr (~9.7×10

–5
 Pa); opaque zone] produced dark gray or brown AZO thin films with 

good conductivity, but that exhibited the worst transmittance. The higher base pressure 

zone [bad vacuum level: higher than ~7.3×10
–7

 Torr (~9.7×10
–5

 Pa); transparent zone] 

produced highly transparent AZO thin films with moderate resistivity. The best AZO thin 

film was deposited after achieving this transparent base pressure zone, but specifically in 

the transparent–opaque border [~7.35×10
–7

 Torr (~9.80×10
–5

 Pa)]. It was found that the 

films deposited near this transparent–opaque border within a wide margin in the direction 

of the transparent zone (to higher base pressure) exhibited the best transmittance, 

conductivity, and stability to the environment. The use of this moderate vacuum level is 

therefore recommended for the deposition of AZO thin films.  
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Magnetron sputtering is a technique that currently dominates the industry of 

metallic and metal oxide film deposition. Similarly, at the laboratory scale, magnetron 

sputtering is the deposition technique of choice. Because this is a vacuum technique, 

researchers typically desire systems that achieve the best vacuum levels, which is a 

requirement that is justified in the “conventional” fact that residual gases (from air) are 

incorporated as contaminants and can deteriorate the properties of the sputtering-

deposited films. With this in mind, companies involved in sputtering equipment 

production have included pumping systems achieving even ultra-high vacuum (UHV) 

levels (˂10
–9

 Torr), which have become very popular both in industry and in research 

laboratories.  

However, it is not obvious that the UHV regime is essential for sputtering 

deposition. It is most likely that the need for UHV depends on the kind of material to be 

deposited and how the residual gases can affect them. This raises the even more 

important question of which vacuum levels are acceptable for the sputtering deposition of 

most common materials. Fortunately, some publications related to this subject exist, 

where the authors address the real effect of different levels of residual gases on the 

properties of a given deposited material.  

Most of these studies focused on the effect of controlled quantities of a specific 

known ambient gas—water vapor, H2, N2, or O2—on specific properties of the material in 

which they were interested. Although the study of the effect of controlled ambient gasses 

provides valuable information, the base pressure achieved prior to sputtering deposition 

of a given material must also be studied, since this constitutes a real deposition variable 

that, unfortunately, is sometimes not taken into account.  
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In these studies, the first interest of the effect of base pressure was on the 

properties of metallic films, specifically in the deposition of Al-Si alloys,
1
 Co/Cu 

multilayers,
2
 Mo/Si multilayers,

3,4
 Fe-Pt alloys,

5,6
 Sm-Fe alloys,

7
 Mo,

8
 and Al thin films.

9
 

In these works the authors generally concluded that a high base pressure (low vacuum) is 

detrimental to the desired properties of the deposited films, and especially in the 

reflectivity. Therefore, they recommended a maximum evacuation of residual ambient 

gases. Similar results were observed in the properties expected for AgInSbTe
10

 and 

B4C,
11

 but the change in base pressure did not seem to greatly affect the desired 

properties of nitrides such TiNxOy
12

 and AlN.
13

  

On the other hand, the study of the effect of base pressure on the properties of 

metal oxides deposited from ceramic targets such as Sn-doped In2O3 (In2O3:Sn), known 

as indium-tin oxide (ITO),
14,15

 and its better substitute as transparent conductive oxide 

(TCO), Al-doped ZnO (ZnO:Al), known as aluminum-zinc oxide (AZO),
16–18

 produced 

interesting results. In these cases, the authors presented different outcomes regarding the 

effect of the base pressure on the optical and electrical properties of the deposited films, 

because most of the properties were studied as a function of three or four points of base 

pressure. The most complete work was that reported by Zebaze-Kana et al.,
15

 who tested 

a moderate range of the base pressure and observed that the increase of this parameter, up 

to a certain value, leads to a decrease of ITO resistivity, which then increases with a 

further increase of base pressure. This behavior of the resistivity will be referred to in this 

work as the U-shaped tendency. Furthermore, it is also important to note that Zebaze-

Kana et al.
15

 observed that the transmittance of ITO, on the other hand, always increased 

with the increase of the base pressure.  
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To understand the above observations regarding the electrical and optical 

properties of ITO and AZO thin films, it is necessary to consider the results reported 

about the effect of controlled quantities of ambient gases on such properties, which is 

actually an issue widely studied. Curiously, the effect of the partial pressure of water 

vapor
19,20

 or H2
21–29

 on the resistivity of ITO films exhibits the same U-shaped behavior 

reported by Zebaze-Kana et al.
15

 concerning the effect of base pressure. The same U-

shaped tendency was observed in the resistivity of AZO films with the addition of H2 in 

the sputtering chamber.
30–36

 Although we failed to find any systematic study of the effect 

of water vapor on the properties of AZO, we suppose the same U-shaped behavior exists 

there as well. Therefore, because water vapor is the main residual ambient gas present 

when evacuating a sputtering chamber,
3,14

 and because water vapor produces hydrogen 

atoms in the plasma discharge, we can then associate the previously mentioned effect of 

water vapor and H2 with the effect of base pressure reported by Zebaze-Kana et al.
15

 on 

ITO properties. Thus, we can conclude the importance of testing a wide range of base 

pressures to form a solid conclusion about its effect on the properties of a given material 

and, more importantly, to identify the maximum base pressure that can be tolerated.  

For the case of TCOs, which are materials of particular interest, we can consider 

that the different properties reported in the literature for the same material under the same 

typical deposition parameters can be related also to the different base pressure values 

used in those works. Although we demonstrate in this paper, for the AZO case in 

particular, that there is a wide range of base pressures in which the properties of the 

deposited material are almost constant, there is also a narrow base pressure range in 

which the measured properties are the best. Furthermore, we demonstrate that, by 
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improving the vacuum level beyond this narrow interval, all of the properties change 

enormously. For this, we tested a wide range of values to observe the effect of base 

pressure achieved prior to deposition on the electrical, optical, structural, and chemical 

properties of AZO thin films deposited on glass substrates by direct-current (DC) 

magnetron sputtering at room temperature.  

II. EXPERIMENTAL 

A. Deposition methodology 

The deposition equipment used herein was a commercial ATC-ORION 8 HV 

sputtering system from AJA International, Inc. It consisted of a 34.7-cm diameter and 

39.8-cm height chamber with 3 different magnetron guns in a con-focal geometry. In this 

configuration, the magnetron sputter guns, which can host targets of 7.62 cm (3 inches) in 

diameter, are tilted at 3° and located 10 cm off-axis of the substrate.  

The AZO thin films were deposited at room temperature onto 5×5 cm
2
 1737F 

Corning glass substrates by DC magnetron sputtering from a 99.99% purity ZnO:Al2O3 

ceramic target composed of 98wt% ZnO and 2wt% Al2O3, which was purchased from 

Neyco.  Before each deposition process, the glass substrate to be used was washed with 

deionized water and liquid soap, and then rinsed first with abundant water and second 

with abundant isopropanol. Finally, it was dried with nitrogen gas and placed on the 

holder-plate inside the sputtering chamber.  

The distance from the center of the target to the center of the substrate was fixed at 

18 cm and a substrate rotation of 13 rpm was used to achieve good homogeneity. The 

films were deposited with a DC power of 120 W [which corresponds, when divided by 

the target area (45.60 cm
2
), to a power density of 2.63 W/cm

2
] and under a deposition 
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pressure equal to 4.0 mTorr (0.53 Pa), which was maintained solely with argon gas 

(99.99% purity) by employing a constant argon flow rate of 20 sccm.  

The effect of the base pressure was studied in the interval from 1.1×10
–5

 Torr 

(~1.5×10
–3

 Pa) to 4.0×10
–7

 Torr (~5.3×10
–5

 Pa). The vacuum was achieved using a dry 

primary pump and a high-vacuum turbomolecular pump (500 L/s), and it should be taken 

into account that no load lock chamber was used. The different base pressure values, 

which were measured with a Granville-Phillips 274 Bayard-Alpert type ionization 

vacuum gauge, were obtained by varying the pumping time before deposition. Thus, as 

shown in Figure 1, a longer pumping time achieved a lower base pressure (that is, higher 

vacuum level).  

Furthermore, because the dependence of the base pressure (especially the water 

vapor content) with pumping time can be affected by the time the sputtering chamber was 

maintained open and by the ambient humidity, and likely by how long the cleaned 

substrates were exposed to the ambient (and here the humidity again) before being placed 

in the holder-plate inside the sputtering chamber, these variables were attempted to be 

held under control, and especially the times for each process. By following this method, 

we tested 25 base pressure values chosen randomly within the range and without 

following a sequential increase or decrease of base pressure.  
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FIG. 1. (Color online) Relation between the base pressure achieved in the sputtering 

chamber and the pumping time for the 25 different samples studied in the present work. 

 

Although there was some difficulty arising from a variation of deposition rate 

(especially in a narrow range of base pressure, which will be discussed in the following 

sections), we intended to control the deposition time to achieving AZO thin films with a 

thickness of 200 nm. These films were fully characterized and the films thinner or thicker 

than 200±20 nm were only characterized for the electrical and chemical properties with 

the assumption that these properties do not largely depend on thickness.  

B. Characterization techniques 

The thickness of all of the deposited AZO thin films was measured with a Dektak 

3030 profilometer, for which a simple lift-off technique was used on the films. The sheet 

resistance of the AZO thin films was measured with a Jandel RM3 four-point probe 

system, and the resistivity was calculated by multiplying the measured thickness and the 

sheet resistance.  
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For the optical properties, the percent transmittance (%T) was recorded with a 

PerkinElmer Lambda 950 UV/Vis/NIR spectrometer using air as the reference, where the 

measurements were obtained with the AZO film facing the incident light. The measured 

%T was integrated in the interval of 400 to 1100 nm.  

For the analysis of the chemical composition of the material, the AZO thin films 

were measured by X-ray photoelectron spectroscopy (XPS) by using a PHI 

Multitechnique system (from Physical Electronics) with a monochromatic X-ray source 

from the Al Kα line possessing an energy of 1,486.8 eV. The measurements were 

obtained after an erosion treatment with an argon ion sputtering performed in the XPS 

system, and, due to the difficulty to identify the Ar 2p3/2 peak (which must be located at 

about 241.83 eV), the binding energies of the recorded spectra were charge-corrected by 

referencing the center of the whole Ar 2p signal to 242.05 eV, according to our previous 

observation on argon implanted in sputtering-deposited Al2O3.
37

   

The structure of the deposited material was analyzed by means of a PANalytical 

X’Pert PRO MPD Alpha 1 powder X-ray diffractometer. The crystallite size was 

calculated from the X-ray diffraction (XRD) patterns by using the Scherrer equation:
38–40

   





 cos2B

K
D  , (1) 

where D represents the mean dimension of the crystallite perpendicular to the diffraction 

plane; K is the shape factor, for which we employed the typical value of 0.9; λ is the 

wavelength of the X-ray used in the diffractometer, whose value is 0.15406 nm; B2θ is the 

full width at half maximum (FWHM) of the diffraction line in radians; and θ is the 

diffraction angle for the diffraction line position, for which the diffraction peak with the 

highest intensity was selected.  
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III. RESULTS AND DISCUSSION 

A. Color  

The first and most evident result of the experiments was the color of the deposited 

AZO thin films, which are shown in Figure 2. Using the colors observed in Figure 2, we 

divided the base pressure axis in Figure 1 and almost all the subsequent figures into color 

zones according to the approximate appearance of the corresponding produced film (we 

used the physical appearance when watching the light through the films). Here, we 

observed that all of the AZO thin films deposited at a high base pressure were very 

transparent to the eye (transparent zone). However, there exists a point of good vacuum 

(~7.3×10
–7

 Torr) in which the films appeared as dark grayish, which became darker (with 

a brownish appearance) as the vacuum level was improved (opaque zone). Finally, the 

thin films were moderately transparent, exhibiting a dark yellowish color, at the lowest 

base pressure values (under ~5.7×10
–7

 Torr: dark yellow zone).  

 

 

FIG. 2. (Color online) Digital photographs of the AZO thin films deposited at the most 

representative base pressure values, from 4.2×10
–7

 Torr (left) to 6.0×10
–6

 Torr (right). 

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 
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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.  

 

The observation of the color of the films was the first convincing indication of the 

great dependence of the AZO properties with the base pressure, which, as observed in 

Figure 3, do not show a simple tendency. In this figure, we present in pairs the main 

parameters measured or calculated for the deposited AZO thin films. For reference, at the 

top of the graphs, in Figure 3(a), the thickness of the films is plotted, and the different 

regions of base pressure are tinted according to the color of the resulted films. These 

regions (zones) are formally represented by the integrated %T [Figure 3(d)], which is 

discussed in following subsections.  

Because Figure 3 contains all of the results of the present work, the following 

points are very important for a better discussion of each experimental observation:  

a) The base pressure values were taken from the corresponding pumping time 

according to Figure 1, which was the real experimental variable used in this work. 

Although the base pressure values are not exact, in this paper they will be 

considered as real and strict values. For example, the values inserted at the top of 

Figure 3 [7.3×10
–7

 Torr (~9.7×10
–5

 Pa) and 5.7×10
–7

 Torr (~7.6×10
–5

 Pa)] are 

rigidly considered in this paper as real vacuum zone borders. However, the reader 

is asked to remember the flexibility of such values and the difficulty to measure 

the base pressure values with accuracy.  
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b) We tested 25 base pressure values. Among them, 10 values are in or near the 

narrow opaque zone. Because all of the base pressure values are studied 

randomly, without following a sequential increase or decrease of base pressure, 

the observed abrupt change of the measured or calculated parameters in the 

opaque zone is a real observation.  

c) The measured or calculated values for the different parameters studied were 

connected with a solid line in the plots of Figure 3 only with the aim of guiding 

the eye.  
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FIG. 3. (Color online) Variation of the (a) thickness, (b) intensity of the (002) plane peak 

and deposition rate, (c) aluminum atomic percent content and resistivity, and (d) 
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integrated percent transmittance and crystallite size of the AZO thin films as a function of 

the base pressure achieved before the sputtering deposition.  

 

B. Deposition rate and structure 

The first parameter measured was the thickness of the samples [Figure 3(a)]. 

From the thickness and the deposition time, which was not the same for all samples, we 

calculated the deposition rate by assuming that it was constant during the film growth. In 

Figure 3(b) it should be noted that the thin films deposited in the highest base pressure 

zone (from ~1.1×10
–5

 to ~7.4×10
–7

 Torr: transparent zone), which produces transparent 

AZO thin films, grow with a low deposition rate, which is almost constant with values 

between 3.7 and 4.0 nm/min. We observe that the lowest base pressure value identified 

within this transparent zone, ~7.4×10
–7

 Torr, constitutes a real vacuum border, since 

simply by lowering the base pressure to ~7.3×10
–7

 Torr the AZO thin film grow with a 

deposition rate of 4.4 nm/min and appear greyish. Notably, before this last value we 

identify a base pressure point to which we assign the intermediate value of 7.35×10
–7

 

Torr, which produces a deposition rate of 4.1 nm/min and belongs to the transparent 

zone. This further delimits the transparent-opaque border. By further lowering the base 

pressure, the deposition rate exhibits a sharp increase along the narrow opaque zone of 

base pressure (from ~7.3×10
–7

 to ~5.7×10
–7

 Torr) until it reaches the value of 6.2 

nm/min. This value is maintained at almost a constant level in all the lowest base pressure 

zone (from ~5.7×10
–7

 to ~4.0×10
–7

 Torr: dark yellow zone), although the AZO thin films 

produced appear dark yellowish, but more transparent. 
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FIG. 4. (Color online) X-ray diffractograms of the 200±20-nm AZO thin films deposited 

at the most representative base pressure values. See Figure 5 to see more detail of the 

low-intensity peaks.  
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Figure 4 shows the XRD patterns of the AZO thin films deposited at the most 

representative base pressure values. All of the recorded diffractograms exhibit an intense 

peak around 34.3°, which corresponds to the (002) crystalline plane of the ZnO 

hexagonal wurtzite structure. This indicates a c-axis preferred orientation perpendicular 

to the substrate surface. A second low-intensity peak is observed around 72.3°, which 

corresponds to the (004) plane of the same hexagonal structure. It is clearly observed 

from the (002) plane peak intensity that at higher base pressure (that is, at a bad vacuum 

level) the AZO thin films exhibit a better degree of crystallinity. Also, it is observed that 

the (002) peak intensity exhibits a strong inverse dependence on deposition rate, which is 

clearly observed in Figure 3(b). In the transparent zone, where the AZO thin films grow 

with a slow deposition rate, the (002) plane peak exhibits the highest intensity. As the 

base pressure reaches the transparent-opaque border, the deposition rate slightly increases 

and the intensity of the (002) plane peak significantly decreases.  

As seen in Figure 3(b), the most interesting base pressure values, from the higher 

to lower ones, begin with the point at the transparent-opaque border (7.35×10
–7

 Torr, 

mentioned previously), in which the deposition rate is 0.2 nm/min faster and the (002) 

plane peak intensity is reduced by 40% compared with the previously tested base 

pressure point (7.4×10
–7

 Torr, with a difference of only ~0.5×10
–8

 Torr). The next 

measured value is 7.3×10
–7

 Torr, being the first measured point of the opaque zone, 

producing a film with a dark grayish appearance. Here, again, the deposition rate is 0.2 

nm/min faster and the (002) peak intensity is reduced again by 40% compared with the 

previous measured point (7.35×10
–7

 Torr). However, at this base pressure value we begin 

to detect, although very slightly, the peak of the (101) crystalline plane of the ZnO 
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hexagonal structure. This peak is more appreciable in Figure 5, where it is plotted to 

more clearly show the low-intensity peaks of these samples.  

 

FIG. 5. (Color online) X-ray diffractograms of the 200±20-nm AZO thin films deposited 

at base pressure values near the transparent-opaque border, plotted in the y-axis up to 

3,000 counts to more clearly show the low-intensity diffraction peaks. 

 

It may be that the observed great progressive reduction in the crystalline fraction 

in the AZO material, denoted by the reduction of the peak intensity of the (002) plane and 

the rise of other diffraction peaks, is indirectly related with the darkening of the AZO 

films, which begins, in our case, with a dark grayish appearance. This reduction in 

crystallinity is accentuated with the slight appearance of other ZnO peaks corresponding 

to the (103) and (112) crystalline planes in the AZO film deposited at the next measured 

value (6.7×10
–7

 Torr), which also shows the lowest integrated %T. Similar results were 

observed by Chou & Liu on ZnO thin films,
41

 who attributed the dark appearance to the 

presence of some zinc excess. They observed that as some zinc excess is included in the 
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ZnO films, the XRD patterns change from a highly oriented (002) ZnO structure to a 

weakly crystallized and randomly oriented ZnO polycrystals. They also observed that 

when the intensity of the (002) peak of ZnO decreases due to the presence of excess of 

zinc, the (101) peak appears immediately. These observations coincide with our results; 

however, in our case, it was difficult to find a good correlation with the excess of zinc.  

At this point, we partially conclude that the intensity of the peak corresponding to 

the (002) crystalline plane inversely depends on the deposition rate at which the AZO 

thin films grew. A low deposition rate leads to the formation of a low nuclei density 

resulting in a better crystallinity; while a high deposition rate culminates with the 

formation of a high density of defects, thereby reducing the crystalline fraction. The 

deposition rate of the AZO thin films, on the other hand, seems to depend on the base 

pressure. This last dependence on base pressure has been observed by Huo et al.,
18

 who 

explained the reduction of deposition rate of the AZO films as an effect of residual gases. 

They posited that the presence of residual gases in the argon plasma discharge causes 

more collisions and thus decreases the mean free path of the particles. An alternative 

explanation was given by Wang et al.
20

 for the effect of the particular case of water vapor 

on the deposition rate of ITO films. They suggested that the deposition rate decreased in 

the presence of water vapor because the dissociation of the water molecules exhausted 

the electron energy in the plasma, which resulted in the suppressed ionization of argon 

and, hence, in an affected deposition rate.  

C. Electrical properties and chemical composition 

In Figure 3(c) we plot the resistivity and the aluminum content, expressed as 

atomic percent, of the AZO thin films as a function of the base pressure. The variation of 
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resistivity with base pressure is one of the most interesting results of this study because 

we observe a tendency similar to the U-shaped behavior observed by Zebaze-Kana et al. 

on ITO films,
15

 but in a more extensive range (plotted in logarithmic scale) of base 

pressure. The best consensus on the explanation of this U-shaped behavior was given by 

researchers who studied the effect of the addition of H2 gas during the deposition of the 

films. Because the resistivity (ρ) is proportional to the reciprocal of the product of the 

carrier concentration (n) and the carrier mobility (μ), according to  




ne

1
 , (2) 

(where e is the elementary charge) the expected resistivity must mainly depend on the 

carrier concentration naturally given by the known components of the material, such as 

concentration of the intentionally added dopant, and on the mobility obtained with the 

structure and the crystallinity resulting from the usual sputtering deposition conditions 

(all of which are given by the optimized conditions of each research group). However, 

based on the calculations by Van de Walle,
42,43

 that were also confirmed by Cox et al.
44

 

and Hofmann et al.,
45

 some authors suggested that the addition of H2 gas in the sputtering 

chamber incorporates hydrogen atoms into the deposited material (both ITO and AZO), 

which acts as a shallow donor. This results in an increase of carrier concentration and, 

according to Eq. (2), in the reduction of resistivity.
31,33,35

 Also, because hydrogen is a 

strong reducing species, it affects the incorporation of oxygen into the deposited film, 

which produces oxygen vacancies and thereby further reduces the resistivity.
21–28,31,33,35,36

 

This is the lowest point in the observed U-shaped behavior. Then, a further increase of H2 

gas over-saturates the H-doping stage and/or generates a large density of oxygen 

vacancies. This produces a reduction of crystallinity and mobility, which is translated into 
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an increase of resistivity and, owing to the oxygen deficiency, into a decrease of 

transmittance. This is the right-hand side of the U-shaped behavior of resistivity.  

Because we observed neither a decrease of transmittance nor a decrease of 

crystallinity in the AZO thin films with the increase of the base pressure (the same was 

observed by Zebaze-Kana et al.
15

 when they studied the effect of the base pressure on 

ITO), the previous explanation seems to be partially operating in our case. Here, it is 

important to mention that the main residual gas in the sputtering chamber is water 

vapor,
3,14

 which also produces oxygen atoms after dissociation. Therefore, there may be 

other factors also participating in the mechanism behind the observed results. The only 

systematic information regarding the effect of water vapor was given by Eisgruber et al.
19

 

and Wang et al.,
20

 and it is related to ITO. Although they did not fully explain their 

results, they observed the same U-shaped tendency when studying the effect of water 

vapor on the resistivity of ITO films. However, Eisgruber et al.
19

 also pointed out that the 

addition of water vapor improves both the resistivity (by following the U-shaped 

behavior) and transmittance, as well as leading to a progression in the crystalline 

structure. Furthermore, they highlighted that the addition of water is not equivalent to the 

addition of O2 gas into the sputtering chamber, since oxygen, although improving 

transmittance, always increases the resistivity of ITO. Therefore, a good explanation of 

these results must include the effect of both hydrogen and oxygen atoms. So, it may be 

that while hydrogen reduces resistivity by acting as a shallow donor on the one hand, 

oxygen atoms incorporate into the deposited film (confirmed by Wang et al.
20

) and 

compensate for the reducing effect of hydrogen, on the other hand. This avoids the 

further lack of oxygen discussed in the previous paragraph, and thus avoids both the loss 
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of crystallinity and the worsening of transmittance. This better fits, to a certain extent, 

with our observations.  

Regarding to Figure 3(c), there is another important factor that should not be 

missed: the base pressure affects the aluminum content of the deposited AZO thin films. 

This ranges from 1.1 to 2.9% without following an obvious tendency. The variation of 

aluminum content was also observed in AZO films by Addonizio et al.
30

 and Liu et al.,
31

 

but as a function of the addition of H2 in the sputtering chamber. They observed 

aluminum content variations of 2.0–2.8% and 1.9–2.2%, respectively. Because the Van 

de Walle theory
42,43

 was not yet developed when Addonizio et al.
30

 reported their 

observations, they related the electrical changes owing to the H2 addition with the 

effectiveness of the aluminum doping in terms of the atom position in the lattice. Liu et 

al.,
31

 who observed a negligible variation of aluminum content, opted for the Van de 

Walle theory and the formation of oxygen vacancies, where the latter may be owing to 

the reducing effect of hydrogen.  

Because we observed a large variation in aluminum content with the change of 

base pressure, the explanation of the resistivity behavior becomes enormously 

complicated. Any explanation of the resistivity behavior with base pressure, according to 

Eq. (2), must include the variation of carrier concentration owing to aluminum doping, 

hydrogen doping, and oxygen vacancies on the one hand, and the variation of mobility 

owing to crystallinity and crystallite size on the other hand. For example, the observed 

relation between resistivity and aluminum content is maintained only in short sections of 

base pressure range (discussed below), but not along the entire base pressure interval 

studied, which indicates the importance of the other parameters. Because all of the 
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parameters were affected by the base pressure, as observed in Figure 3, it is very difficult 

to give a full explanation of the U-shaped behavior of resistivity.  

In this paragraph, we mainly consider the effect of aluminum content, for which it 

is convenient to begin from the lowest base pressure studied; that is, where the effect of 

residual gases is minimal. Here, the reader is referred to Figure 6 to clarify the relation 

between resistivity and aluminum content for only those samples presenting a thickness 

of 200±20 nm, which were fully characterized with all of the techniques (indicated in the 

Experimental section). First, the worst resistivity values were exhibited by those thin 

films deposited after the lowest base pressure was achieved (dark yellow zone), which 

can be related (at least) to the low crystalline fraction of the AZO films [Figure 3(b)] and 

the low content of aluminum. Interestingly, one AZO thin film among the group 

possessed an aluminum content of 1.9% (4.05×10
–7

 Torr) and exhibited the lowest 

resistivity, which indicates that, although this value deviates from the series, in this base 

pressure section the relation between both parameters exists (an aluminum content of 2% 

is assumed as optimum). By increasing the base pressure until the opaque zone is 

reached, the AZO thin films exhibit an improved conductivity. In this region (the upper 

and lower red boxes in Figure 6), where the films still exhibit low crystallinity, the 

content of aluminum is between 1.3% (7.3×10
–7

 Torr) and 1.6% (6.7×10
–7

 Torr), where 

the film with 1.6% aluminum content (6.7×10
–7

 Torr) exhibits the better conductivity. 

Since these films are electrically superior to the thin film mentioned with 1.9% aluminum 

content (4.05×10
–7

 Torr) deposited with minimal residual gases, we suggest that the small 

increase in crystallinity and doping with residual gases (possibly mainly with hydrogen 

atoms) take importance. The next interesting base pressure point corresponds to the 
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transparent–opaque border (7.35×10
–7

 Torr, also enclosed in the red boxes in Figure 6), 

where the crystallinity significantly rises and the content of aluminum is almost 2.0%; 

here, the resistivity is the lowest among the samples studied. In the next base pressure 

point (7.4×10
–7

 Torr) the resistivity increases, possibly owing to an excess in aluminum 

content (although slight), which was determined to be 2.2%. For the following points, 

when the aluminum content exceeds 2% the resistivity is moderately high, but always 

better than the resistivity of the AZO thin films deposited with the lowest content of 

residual gases.  

 

 

FIG. 6. (Color online) Relation between aluminum content and resistivity of the 200±20-

nm AZO thin films expressed as a function of base pressure.  

 

A definitive explanation of the observed resistivity behavior is a difficult task. 

However, the observed results are very interesting for selecting those ranges of base 

pressure that lead to better electrical properties, and even better transmittance. There are 

three obvious base pressure zones which each result in a similar resistivity, and also 
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nearly coincide with the physical appearance of the films (the color zones). The first zone 

(dark yellow zone), characterized by the good vacuum levels, always results in dark 

yellowish films with the worst conductivity. The use of mid-vacuum levels, in the second 

zone (opaque zone), results in dark AZO thin films with an improvement of the electrical 

properties as the transparent–opaque border is reached. A very low resistivity is obtained 

in the transparent–opaque border, which results in a transparent AZO thin film. However, 

this border is extremely narrow, and it is very difficult to maintain this vacuum level 

because a small change in the pumping time leads to a dark and good-conducting film on 

the one hand, or a moderately-conducting and transparent film on the other hand, 

depending on the direction of this deviation from the narrow border. The third zone 

(transparent zone) results in transparent AZO thin films with moderate resistivity. The 

vacuum levels of this transparent zone are easily achieved with short pumping times, 

which is an advantage. Therefore, for depositing TCOs we suggest the use of vacuum 

values lying in the transparent zone, and especially near the transparent–opaque border.  

D. Crystallite size and optical properties  

In Figure 3(d) we plotted the crystallite size and the integrated %T of the AZO 

thin films with a thickness of 200±20 nm (the reader is referred to Figure 7 to observing 

the %T spectra of the 200±20-nm AZO films deposited at the most representative base 

pressure values). It is observed from Figure 3(d) that the values of the crystallite size are 

almost constant for each color zone, and that any slight variations in each zone are better 

related with the thin film thickness, which was not exactly 200 nm. Also, we observed a 

small correlation of the crystallite size with the resulted integrated %T , which, as 

discussed in previous subsections, seems to be mainly correlated with the peak intensity 
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of the (002) plane and the appearance of other crystalline planes. We observed that at 

lower base pressures (the opaque zone) the AZO thin films produced were darker, which 

coincided with the observed lower crystallinity. However, at the lowest base pressure 

zone (dark yellow zone) the integrated %T rises to moderate values while the crystallinity 

worsens. This means that maybe both %T and crystallinity are products of one 

determinant factor not yet well identified in this work. However, the small dependence 

observed between crystallite size and the integrated %T probably constitute another 

influential factor, because although the dark yellowish films deposited with the lowest 

content of residual gases exhibit the lowest crystalline fraction, as indicated by the lowest 

peak intensity of the (002) crystalline plane, they also present the biggest crystallite size.  

 

FIG. 7. (Color online) Percent transmittance spectra of 200±20-nm AZO thin films 

deposited after achieving different base pressure values. 

 

We also attempted to correlate the optical properties with the chemical 

composition (for example, an excess of zinc content), but the distribution of zinc and 

oxygen as a function of base pressure did not exhibit any obvious tendency. Therefore, in 
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the present study we do not explain the real mechanism defining the absorption in the 

visible range as a function of base pressure. However, to find a good correlation a careful 

chemical analysis is required, and this will be better addressed in a subsequent paper (as a 

general comparison, Figure 8 shows the survey spectra of three AZO samples 

representative of each base pressure zone).  

 

FIG. 8. (Color online) Survey X-ray photoelectron spectra of three AZO thin films taken 

as examples for the (a) transparent zone, (b) opaque zone, and (c) dark yellow zone. 

 

E. Stability to the environment 

In the body of this paper we mentioned that the best zone in which to work 

without technical difficulties is the transparent zone, which gives properties that are 
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almost constant within the zone. Furthermore, the pumping time in this zone is short. The 

transparent–opaque border is even better, but the control of this base pressure value is 

very difficult. However, we conducted another experiment to assist further in the 

selection of the optimum base pressure in which to work: the stability of the deposited 

AZO thin films to the environment. For this, we again measured the resistivity of the thin 

films after one month of aging in the ambient air (under uncontrolled humidity and light). 

The resistivity of the films measured one day and one month after their deposition are 

plotted in Figure 9. Here, we can observe that the AZO thin films deposited at the lowest 

base pressure zone are the most unstable to the environment. The films exhibiting 

superior stability are those deposited around the transparent–opaque border, with a wide 

margin to the transparent zone (red box in Figure 9). We conclude therefore that the best 

vacuum zone in which to deposit TCOs is the transparent zone, and especially near to the 

transparent–opaque border, and particularly in the range from 7.35×10
–7

 to 1.5×10
–6

 Torr. 

One of the objectives of the present study is to demonstrate to other research groups the 

importance of the base pressure achieved prior the material deposition, and to motivate 

them to identify the base pressure range that produces TCOs with the best and most 

reproducible characteristics and properties for their particular systems.   
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FIG. 9. (Color online) Change of resistivity of the AZO thin films measured one day and 

one month after the deposition, expressed as a function of base pressure.  

 

IV. CONCLUSIONS 

We deposited 200±20-nm AZO thin films by magnetron sputtering using a DC 

power of 120 W and a deposition pressure equal to 4.0 mTorr (0.53 Pa) with only argon 

gas, after achieving different base pressure values. We tested a random distribution and 

order of 25 points of base pressure in the interval from 1.1×10
–5

 Torr (1.5×10
–3

 Pa) to 

4.0×10
–7

 Torr (5.3×10
–5

 Pa), and we observed a strong influence of this real deposition 

parameter on the deposition rate, peak intensity of the (002) crystalline plane, resistivity, 

aluminum content, crystallite size, and transmittance of the deposited AZO thin films, 

though no simple tendency was observed.    

The first indication of the effect of the base pressure was the color of the 

deposited AZO thin films. Based on this, we divided the studied interval of base pressure 

into three zones, that each produced thin films exhibiting similar properties and 
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characteristics. These zones were labeled the dark yellow zone, opaque zone, and 

transparent zone. The dark yellow zone [good vacuum level: 4.0×10
–7

 Torr (5.3×10
–5

 Pa) 

to 5.7×10
–7

 Torr (7.6×10
–5

 Pa)] produced dark yellowish AZO thin films with a moderate 

transmittance (%T of 78.6–82.3%) and presenting the lowest crystalline fraction (but the 

largest crystallite size), the highest resistivity (20–36×10
–3

 Ωcm), and the worst stability 

to the environment. The opaque zone [mid vacuum level: 5.7×10
–7

 Torr (7.6×10
–5

 Pa) to 

7.3×10
–7

 Torr (9.7×10
–5

 Pa)] produced dark AZO thin films (with %T up to 56.8%) with 

low crystallinity and good conductivity (resistivity up to 4×10
–3

 Ωcm). The transparent 

zone [bad vacuum level: 7.35×10
–7

 Torr (9.80×10
–5

 Pa) to 1.1×10
–5

 Torr (1.5×10
–3

 Pa)] 

produced AZO thin films with the highest transmittance (with %T of 85.8–88.2%), the 

highest crystalline fraction, and presenting moderate resistivity (between 5×10
–3

 and 

20×10
–3

 Ωcm).  

We observed that the best AZO thin film was deposited at the border between the 

opaque and transparent zone [7.35×10
–7

 Torr (9.80×10
–5

 Pa), in the transparent zone], 

presenting a resistivity of 5×10
–3

 Ωcm and an integrated %T of 87%. However, this base 

pressure value was very difficult to obtain because a small change in the pumping time 

produced a dark and good-conducting film (in the opaque zone) on the one hand, or a 

transparent but moderately-conducting film (in the transparent zone) on the other hand, 

depending on the deviation from this narrow border. We found, however, that the values 

around this narrow border and especially in the direction of higher base pressure up to 

1.5×10
–6

 Torr (2.0×10
–4

 Pa), produce highly transparent AZO thin films with adequate 

resistivity and high stability to the environment. Therefore, the optimum base pressure 
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range at which to deposit AZO thin films is from 7.35×10
–7

 Torr (9.80×10
–5

 Pa ) to 

1.5×10
–6

 Torr (2.0×10
–4

 Pa). 

We also observed that the intensity of the peak corresponding to the (002) 

crystalline plane inversely depends on deposition rate, where the rate increases as the 

achieved base pressure is lower (that is, when the vacuum level is higher). Therefore, the 

residual gases at a high base pressure, whose presence probably affects the energy of the 

particles in the plasma, work to reduce the deposition rate and thereby lead to an increase 

of the (002) plane peak. A low base pressure, on the contrary, leads to a low-crystallinity 

material, an observation that coincides with the darkening of the films. Furthermore, we 

observed an increase of transmittance (with a dark yellowish color) of the films deposited 

in the lowest base pressure zone, which also coincides with the increase of the crystallite 

size. Maybe both crystallinity and transmittance in the visible range depend on another 

factor not identified in the present work. 

On the other hand, the dependence of resistivity with the base pressure followed a 

tendency similar to the U-shaped behavior observed by other authors but mainly as an 

effect of the addition of water vapor and H2 gas into the sputtering chamber. The 

tendency observed in this work when the base pressure is varied is the total result of the 

change of hydrogen content (not determined), aluminum content (1.1–2.9%), oxygen 

vacancies (not determined), interstitial zinc (not determined), crystallinity, crystallite 

size, and possibly other parameters.  
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