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A careful and wide comparison between Al and Ga as substitutional dopants in the ZnO wurtzite

structure is presented. Both cations behave as n-type dopants and their inclusion improves the

optical and electrical properties of the ZnO matrix, making it more transparent in the visible range

and rising up its electrical conductivity. However, the same dopant/Zn ratio leads to a very

different doping efficiency when comparing Al and Ga, being the Ga cation a more effective

dopant of the ZnO film. The measured differences between Al- and Ga-doped films are explained

with the hypothesis that different quantities of these dopant cations are able to enter substitutionally

in the ZnO matrix. Ga cations seem to behave as perfect substitutional dopants, while Al cation

might occupy either substitutional or interstitial sites. Moreover, the subsequent charge balance

after doping appear to be related with the formation of different intrinsic defects that depends on

the dopant cation. The knowledge of the doped-ZnO films microstructure is a crucial step to

optimize the deposition of transparent conducting electrodes for solar cells, displays, and other

photoelectronic devices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803063]

I. INTRODUCTION

ZnO based materials have many potential applications in

several optoelectronic and spintronic devices such as flat panel

displays, light emitting diodes, solar cells, etc. Their extraordi-

nary structural, chemical, electrical, and optical properties, to-

gether with the large variety of preparation methods suitable

for the manufacturing of a high quality film make them one of

the most versatile materials in current technology.1 N-type

doped ZnO is probably the most promising transparent con-

ducting oxide (TCO) to be used as a transparent electrode in

many different applications.2 In particular, the optimization of

its role as current collector could be a fundamental step in the

fabrication of efficient and competitive thin film solar cells.3

ZnO n-type doping is achieved by substitution of Zn2þ

cations with group III elements (Al, Ga, In). The efficiency of

the dopant element is related with its electronegativity and dif-

ferences between ionic radii. The best option, regarding the

improvement in electrical and optical properties, seemed to be

In, at an atomic concentration of 1%.4 However, economical

and environmental arguments advice against this option, due

to the natural scarcity of indium and its toxicity. Al- and

Ga-doped ZnOs are currently the best candidates for use as in-

dium-tin-oxide (ITO) substitutes in the thin film transparent

electrode technology.5 Both of them meet the transparent

conducting oxide requirements in terms of high transmittance

in the visible region and large electrical conductivity values.

One of the open questions when comparing these cations as

dopants within the ZnO matrix is the limit of the effective

substitutional doping for each case. Most of the works

describing the properties of doped ZnO films simply quantify

the dopant concentration before the preparation of the film, as

a weight percentage in a solid target, or as a molar concentra-

tion in a liquid/solid solution. In many experimental reports,

the quantity of dopant cations compared to Zn cations in the

ZnO matrix remains unknown and so does the proportion of

doping elements which are in substitutional positions. It is

thus imperative to know the real concentration of substitu-

tional cations in the wurtzite structure in every case, in order

to do a proper comparison of the effectiveness of different

dopants. Since measuring the carrier density is also not con-

clusive due to charge compensation effects, in our study, the

dopant concentration has been measured directly in the sam-

ple and its value was chosen accordingly to the best perform-

ance results presented in other experimental reports.4,6,7

Magnetron sputtering has been one of the preferred

methods to grow ZnO films because of its low cost, simplic-

ity, and low operating temperature. The process parameters,

such as doping concentration, deposition temperature and

pressure can be easily modulated in order to get low resistiv-

ity TCO films.6,8 The preparation of high-quality single crys-

tal ZnO films is also achieved using the appropriate substrate

temperature-rf power combination.9 The use of relatively
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low temperatures during film preparation allows the imple-

mentation of a large variety of substrates and opens the pos-

sibility of using ZnO based materials as transparent

electrodes in flexible electronics.10,11

In this work, we present the comparison among ZnO,

Al:ZnO, and Ga:ZnO thin films prepared on Si (100) and silica

substrates under identical deposition conditions, correlating the

conductivity and changes in the optical properties with the

microstructure variations induced by doping. For a better com-

parison, both doped films have been prepared with the same

ratio [dopant]/[Zn]. A large number of characterization techni-

ques have been used in order to fully understand the differen-

ces between our sputtered Ga and Al doped ZnO films.

II. EXPERIMENTAL

ZnO, Al:ZnO, and Ga:ZnO films were deposited on both

polished Si (100) and amorphous silica substrates using a RF

magnetron sputtering system. Three types of ceramic targets

(AJA International, Inc.) were employed: pure ZnO

(99.99%), ZnO with a Ga2O3 content of 2 wt. % (99.9%),

and pure Al2O3 (99.99%). The diameter of the targets was

5 cm, and the substrate-to-target distance was 3 cm. The base

pressure in the chamber was below 5� 10�4 Pa, and the

working sputtering pressure was maintained at 0.4 Pa with a

high purity Ar gas regulated by a mass flow controller. The

RF sputtering power was fixed at 150 W for the ZnO and

ZnO: Ga2O3 targets and at 45 W for the Al2O3 one. The sub-

strate temperature was kept at 300 �C, and the deposition

time was 20 min except for the films studied by Raman spec-

troscopy where longer deposition times were used in order to

get thicker films. With these deposition parameters, the dop-

ant concentration in the two doped films achieved a 2% dop-

ant/Zn ratio value, quite constant along the whole film

thicknesses as determined by X-ray energy dispersive analy-

sis (XEDS).

X-ray diffraction (XRD) patterns were obtained on a

Philips X’Pert Pro MPD automated diffractometer, equipped

with a Ge (111) primary monochromator (strictly monochro-

matic CuKa1 radiation) and an X’Celerator detector. The

overall measurement time was �1/2 h per pattern. This

recording time assures a good statistics over the 2h range of

10�-80� with 0.017� step size.

X-ray photoelectron spectroscopy (XPS) spectra were

obtained using a Physical Electronic model PHI 5700 X-ray

photoelectron spectrometer with Mg Ka radiation

(1253.6 eV) as excitation source. Measurements were done

on as-prepared samples deposited on silicon and amorphous

silica substrates and after 30 s of Arþ sputtering. This was

done to avoid the effect of contamination due to air exposure

of the samples. The core level spectra were fitted using the

XPS PEAK software package.12

Raman spectra were measured with a Renishaw

Ramascope 2000 microspectrometer and an ion argon laser

(emission wavelength 514.5 nm). A 100� microscope objec-

tive was used to focus the laser on the sample and to collect

the scattered light. Laser power on the sample was about

3 mW. ZnO films with a thickness of several hundreds nm

grown on silica were employed in order to reduce Raman

scattering from the substrate. The latter was subtracted

numerically as explained elsewhere.13

Cross-sectional samples were prepared for transmission

electron microscopy (TEM) examination by dimple-grinding

with Gatan 656 dimpler and ion-milling with a Fischione

1010 model until an electron transparent area was obtained

in the center of the sample. Transmission electron micros-

copy studies were done in a JEOL 3010 F TEM microscope

with a field-emission gun, 300 kV acceleration bias and with

about 0.17 nm structural size resolution.

Optical transmittance measurements were performed for

the films grown on amorphous silica substrate, using a UV-

visible spectrophotometer (Varian Cary 5000) within the

wavelength range from 300 to 800 nm.

Continuous wave photoluminescence (PL) measurements

were carried out at room temperature in the front face configu-

ration using a Horiba Jobin Yvon Fluorolog3 fluorimeter

equipped with a 450 W Xe lamp and two monochromators.

The excitation monochromator, located between the source

and the sample, was used to select the wavelength of the

pumping beam, which was set at 235, 240, and 280 nm for

ZnO, Ga:ZnO, and Al:ZnO, respectively. The light emitted by

the sample was collected by a photomultiplier (PMT) detector

through the emission monochromator. PL measurements were

performed by scanning the emission wavelength between

325 and 700 nm with a 5 nm monochromator step. The system

was equipped with filters in order to remove stray light effects,

and the measured spectra were corrected from variations of

the pumping intensity. All the films were measured in identi-

cal experimental conditions in order to be able to compare

quantitatively their PL intensities. Excitation spectra were

recorded by collecting the light at a wavelength of 393 nm for

ZnO and Ga:ZnO, and 370 nm for Al:ZnO.

Electrical properties of the films were measured from 10

to 300 K in a closed cycle refrigerator system. The electrical

contacts were made through a physical mask by an e-beam

evaporator in the sequence Ti (150 Å), Al (150 Å), Pt (150 Å),

Au (150 Å). The contacts, about 0.5 mm in diameter, were

placed at the film (10 � 10 mm2) corners since the Hall effect

system uses the four probe van der Pauw method,14 i.e.,

switching consecutively the adjacent current injection and

voltage measurement pairs, to reduce as much as possible

measurement artifacts. The magnetic field and electrical cur-

rent direction are both switched in the measurement sequence

at a given temperature, averaging out unwanted voltage sour-

ces. The ohmic character of the contacts was checked prior to

the cooling down/warming up measurement cycle. Typical

two probe resistances in a 10 � 10 mm2, 100 nm thick film

were of the order of kX. A 0.1 mA current and a magnetic

field of 2200 G were used for the reported measurements. A

mild annealing of 200 �C for 20 min in a nitrogen atmosphere

was used to improve the contact resistance. This treatment

only changed slightly (less than 2%) the reported transport

characteristics for the Al and Ga doped ZnO films, while for

the pure ZnO had a more drastic effect, �50% decreasing its

resistivity and increasing its carrier concentration, most prob-

ably due to a charge compensation effect. This is a conse-

quence of the complex chemical defect chemistry of ZnO, and

their high mobilities at room temperature.15

163709-2 Gab�as et al. J. Appl. Phys. 113, 163709 (2013)
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III. RESULTS

A. X-ray diffraction

The structural characterization of the sputtered films

was first accomplished using x-ray diffraction. Data were

obtained from samples deposited onto Si substrates during

20 min. The Si 100 substrate peak is used to calibrate the 2h
axis scale. The XRD patterns are very similar for all samples,

showing only the wurtzite ZnO 002 reflection in the 10�–80�

2h range. This confirms that the films crystallize in the hex-

agonal wurtzite structure and are highly oriented with their

crystallographic c-axis perpendicular to the substrate. This

growth habit has been observed repeatedly for undoped ZnO

and Al-, Ga-doped ZnO films, irrespective of the preparation

technique and substrate type.16,17 The position of the peak

shifts slightly to larger angles with Ga doping (Figure 1),

probably due to the smaller radius of Ga3þ ion compared to

that of the Zn2þ ion, which should promote a small decrease

of the cation–oxygen bond length along the c axis (1.92 Å

for Ga-O and 1.97 Å for Zn-O).18–20 On the contrary, the Al-

doped film peak appears 0.05� shifted to smaller angles

respect to the undoped film (Figure 1). This behaviour was

quite unexpected since the Al3þ ion is even smaller than that

of Ga3þ. Other authors have also found this shift in Al-doped

ZnO films and attributed it to the accumulation of residual

stress in the plane of the films.17

In our films, there was also a very small increase with

doping of the peak full width at half maximum (FWHM),

with values of 0.20� for ZnO to 0.22� for Ga:ZnO and 0.23�

for Al:ZnO. These higher FWHM values would be consistent

with some a small decrease in the particle size along the

growth direction.

B. X-ray photoelectron spectroscopy

XPS results obtained for films deposited onto a Si sub-

strate for a deposition time of 20 min are shown herein. The

spectra have not been corrected in energy. In a previous

work,13 we established the independence of the XPS results

on the film thickness and on the film substrate type. The XPS

survey spectra looked very similar for the three materials, in-

dependently of doping. All the films presented a weak C 1s

core level signal due to surface contaminants captured from

air. This contamination could be easily removed after 30 s of

Arþ sputtering.

Zn2p core levels were similar in the three cases, and all

the films exhibit single peaks centered at 1022.42 6 0.05 eV,

with a FWHM¼ 1.93 6 0.02 eV (not shown here). This

means that no extra phases involving Zn are formed during

film growth because of doping. Ga 2p3/2 as well as Ga 3s

core levels, and Ga LMM Auger peak, are visible as weak

signals in the Ga doped film spectrum. A detailed analysis of

these spectra was presented in Ref. 13. By contrast, no signal

from any Al core level could be detected in the spectra from

the Al doped film due to the small Al 2p core level cross-

section at the incident photon energy used.

The effect of this dopant on the ZnO electronic structure

could only be detected in an indirect way. After 30 s of mild

Arþ sputtering, O1s core level spectra, corresponding to

undoped ZnO and Ga and Al doped films, depicted some dif-

ferences (see Figure 2). The peaks are clearly asymmetric,

but the peak shapes presented significant differences for

doped and undoped films. The deconvolution of the signals

yields three different contributions, which are assigned along

with the following arguments. The one centered at the lowest

binding energy corresponds to the oxygen ions in the ZnO

bulk wurtzite structure. The next one has its origin in the

contaminants at the film surface for the undoped one, but its

intensity is enhanced in the doped films. According to nu-

cleus screening arguments, for the Ga doped films, it was al-

ready established that the contribution of oxygen ions close

to dopant cations appears in the same binding energy range

than the oxygen linked to contaminants.13 For the Al doped

film, the lower electronegativity of Al (1.65) relative to Ga

(1.81) would favor a certain displacement towards the oxy-

gen anions of the electronic cloud of the cation-oxygen

bond. As an effect that would agree with the spectrum in

Figure 2, the peak corresponding to these oxygens appearing

FIG. 1. X-ray diffractograms corresponding to ZnO (grey), Ga:ZnO (or-

ange), and Al:ZnO (blue) films showing the 002 reflection.

FIG. 2. O1s core level fits corresponding to ZnO (top), Ga:ZnO (middle),

and Al:ZnO (bottom) films. Peaks are deconvoluted into three components,

from right to left: O linked to Zn cations, O linked to C þ O linked to dopant

cations (for the Ga: and Al:ZnO films), and O2�, O�, and O�2 at the film sur-

face and grain boundaries.

163709-3 Gab�as et al. J. Appl. Phys. 113, 163709 (2013)
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at lower binding energies than in the Ga doped film. The Al

inclusion in the wurtzite structure would affect the film sur-

face chemistry in a more significant way than the Ga inclu-

sion. The third contribution to the O 1 s signal, at the highest

binding energy, could have its origin in chemisorbed oxygen

species like O2�, O�, and O2
� placed at the topmost layers

of the film surface and at the grain boundaries.21,22 This con-

tribution is more intense in the Al doped film, being the con-

tributions in undoped and Ga doped film of similar intensity.

A possible explanation is that the wurtzite structure distor-

tion induced by doping is different for Al than for Ga, which

may favour the formation of different kind of intrinsic crys-

talline defects.

C. Raman spectroscopy

To complete the structural characterization of our films,

we have also studied the vibrational properties. Raman spec-

tra of the samples were obtained to see the differences. The

results are summarized in Fig. 3 for the undoped and doped

films. The spectra for the undoped and Ga-doped ZnO have

been published before,13 but are reproduced here to compare

with Al-doped samples.

The undoped film shows peaks at 98 and 439 cm�1,

which correspond, respectively, to the E2(low) and E2(high)

phonons of the ZnO wurtzite structure.1 No TO modes are

observed, indicating that the backscattered light is collected

along the c axis and confirming that the ZnO film grows

along the (001) direction.

For the Ga and Al doped samples (Figure 3), the E2

modes have the same frequency value as for the undoped

sample and very similar to the values reported for bulk

ZnO,1 indicating that stress effects are not important,22 with

or without doping, in the studied films. The FWHM of E2

(high) is about 6 cm�1 for all studied films. Since this param-

eter is very sensitive to crystal quality (being about 0.4 cm�1

for a good quality bulk crystal23), it indicates that the

crystallinity of the samples does not change appreciably with

Ga or Al doping.

Doping introduces new and well defined bands that have

been attributed in the literature either to local vibrations of

the impurity ions or to defect-induced forbidden modes of

the original ZnO lattice.24 Following these authors, the new

bands are assigned for Ga:ZnO (Al:ZnO) at 275 (275), 504

(508), and 620 (644) cm�1, respectively, to B1(low), 2

B1(low), and B1(high) þ TA. The peak at 371 (375) cm�1

for the Ga (Al) doped film has been assigned to the A1 (TO)

mode. It could appear because of a slight misalignment of

the c axis which has not been observed by XRD nor TEM.

The peak at 567 and 576 cm�1 obtained for the Ga and Al

doped films, respectively, is underneath the peak found for

the undoped film (585 cm�1). In the undoped film, it has

been assigned to the overlapping of the E1(LO) and A1(LO)

modes. In the doped films, different proportions of the con-

tributions due to A1(LO) and the forbidden B1(high) peaks

could be responsible of the observed energy shifts.25

However, additional theoretical calculations, which are

beyond the scope of this work, are needed to fully under-

stand the vibrational behavior of doped ZnO.

D. Transmission electron microscopy

High resolution transmission electron microscopy

(HRTEM) images of the films prepared during 20 min on Si

substrates are presented in Figure 4. X-ray energy dispersive

analysis measurements on the TEM prepared cross sections

give a dopant cation/Zn ratio of around 2%, throughout the

whole doped films. Similar analysis in a scanning electron

microscope set up were performed on a thick Ga doped film,

give the same result for the [Ga]/[Zn] ratio. Figures

4(a)–4(c) show low magnification images of the films, while

Figures 4(d)–4(f) present a higher magnification view of the

interface area. In the low magnification images, the whole

thickness of the ZnO film can be assessed, being of 70-80 nm

for ZnO and Ga:ZnO films and slightly thicker (110-120 nm)

in the case of Al:ZnO. Again Al dopant promotes a more

pronounced change than Ga in ZnO sputtered films.

Another difference that can be distinguished from the

low magnification images is the roughness of the surface.

The pure ZnO surface presents a remarkable surface rough-

ness with almost 10 nm between peaks and valleys. The indi-

vidual ZnO grains seem to be very crystalline and with an

“obelisk” prismatic shape. Al:ZnO films show an intermedi-

ate roughness. However, the Ga:ZnO films show very flat

surfaces, likely indicating a different surface termination of

the grains: (1-102) for the undoped and Al doped films vs.

(0001) for the Ga doped one.

HRTEM images of Figures 4(d)–4(f) show the forma-

tion of a thin amorphous layer between the ZnO and the sili-

con films. The thickness of this layer increases from pure

ZnO (2 nm) to Al:ZnO (4 nm), being Ga:ZnO intermediate

(3 nm). The soft contrast gradation from dark grey ZnO to

light grey suggests a gradual transition Zn1�xSixO2/SiO2 in

the interface that depends on doping. Besides, a dopant

enrichment is quite plausible at the interface between doped

FIG. 3. Room temperature Raman spectra of undoped and doped ZnO films

grown on silica. The background has been removed, and the spectra have

been vertically offset for clarity.

163709-4 Gab�as et al. J. Appl. Phys. 113, 163709 (2013)
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films and substrate, as it has been already observed in Al and

Ga doped ZnO films.26,27

On the other hand, no difference is observed in the con-

tinuity of the (0002) ZnO lattice planes, which run parallel to

the ZnO/Si interface through the different ZnO grains, inde-

pendently of doping. In all three cases, the planes show a

wavy trajectory due to a large amount of edge dislocations

present at the grain boundaries. Our experimental results dis-

card the formation of spurious phases and extended defects

probing the good quality of the sputtered films.

E. Optical transmittance

The optical characterization of the films has been

accomplished through optical transmittance and photolumi-

nescence experiments. Optical transmittance measurements

were done within the wavelength range 300-800 nm, thus

covering the full visible spectrum. The spectra from films de-

posited onto silica substrates exhibit a sharp ultraviolet

absorption edge independently of doping and a transmittance

of less than 80% for the ZnO and about 85% for the Ga:ZnO

and Al:ZnO films in the visible region. Hence, doping rein-

forces the transparency of the films, an important result con-

sidering their potential applications as TCOs.

From these measurements, the band-gap values can be

directly calculated. The optical bandgap energy Eg was

determined using the equation (ah�)2 ¼ C(h� � Eg), where

C is a constant that depends on the electron-hole mobility,

and h� is the photon energy. The bandgap (Eg) was esti-

mated by extrapolating the linear portion to the energy axis

in the (ah�)2 vs. h� graph (see Figure 5).

The obtained results were 3.21 eV for the undoped film

and 3.25 and 3.63 eV, when ZnO is doped with Al and Ga

(1 at. %), respectively. The blue shift in the band gap of the

n-type doped ZnO films has been widely observed, and it has

been attributed to the Burstein-Moss shift due to the increase

in carrier concentration,4 although some authors mention the

presence of enhanced stress in Al-doped films as a possible

origin of this shift.28 The more pronounced shift for the

Ga-doped film would make it more suitable for TCO

applications.

F. Photoluminescence

The fluorescence characterization of the films, reported

in Figure 6, show the excitation and photoluminescence

spectra plotted in a normalized scale after recording as

described in Sec. II. The excitation spectra reported in

Figure 6 (left) show that the wavelength of the emission

maxima is ordered according to ZnO>Ga:ZnO>>Al:ZnO.

The last film, Al:ZnO, also differs in the width of the spec-

trum, much larger than in the other two cases.

Significant differences can be also found when looking

to the luminescent spectra reported in the same figure (right).

Although a straightforward quantification of luminescence

spectra is not possible, the considerable differences in inten-

sity found between the three thin films permits to carry out a

qualitative assessment based on this parameter. Thus, a first

remarkable difference when comparing these spectra is the

FIG. 4. HRTEM images of ZnO (a) and

(d), Ga:ZnO (b) and (e), and Al:ZnO (c)

and (f) films on polished Si (100).

FIG. 5. Estimation of band-gaps for the films ZnO (grey), Ga:ZnO (orange),

and Al:ZnO (blue).
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much higher intensity emission found for pure ZnO in com-

parison with the doped thin films. When comparing the two

doped films, it is apparent the very small emission found for

the Al:ZnO film. In addition, another significant difference is

the position of the PL maximum in Al:ZnO (i.e., 370 nm), in

comparison with ZnO and Ga:ZnO (i.e., 393 nm).

The UV PL band of ZnO is usually attributed to radia-

tive excitonic recombinations,29 and at room temperature, it

results from the convolution of a pure exciton component

appearing at higher energy and phonon replicas at lower

energy that merge together into an unresolved peak due to

thermal damping. The PL band of a perfect crystal is gov-

erned by the exciton peak, whereas those of a defective and

polycrystalline material usually present stronger contribu-

tions from the phonon replicas.30 Thus, differences in the PL

spectra shapes presented in Figure 6 (right) would reflect the

different role that phonon contribution plays in the fluores-

cence process in the Al-doped film, compared to undoped

and Ga-doped ones. The rather broad shape of the PL exciton

curve extending into the visible region in ZnO and Ga:ZnO

sustains a substantial contribution of phonon replicas in the

spectra of these two thin films. PL spectra are very similar,

which would be an indication of the similarities between the

ZnO and the Ga:ZnO lattices. In Al:ZnO thin film, even if

very small, the phonon replicas contribution to PL spectrum

is very different from the other films, so that its convolution

with the exciton peak would shift the observed PL maximum

towards higher energies.

In previous studies with Al:ZnO thin films prepared by

sol-gel and an aluminum concentration ranging between 2%

and 6%, it was found that the intensity of the PL spectra

increases with Al doping.31 The almost negligible intensity

of PL found in our case suggests that the Al:ZnO thin film

has a high concentration of recombination centers producing

a drastic decrease in the formation of long life excitons.

Comparing ZnO with Ga:ZnO, the former has a more intense

PL peak, while none of them present a significant PL emis-

sion in the visible. In other ZnO systems, visible PL bands

are attributed to radiative recombinations involving defect

states located in the band gap.29,31 The good crystallinity of

these thin films supports the absence of a high concentration

of such type of electronic states in the undoped and Ga

doped films.

G. Hall effect measurements

Finally the improvements on the suitability of doped

ZnO films as transparent conductors have been explored

through their electrical characterization. The transport char-

acteristics of the ZnO films have been determined through

Hall effect measurements. The resistivity behavior as a func-

tion of temperature is shown in Figure 7. ZnO and Al:ZnO

films have the typical semiconductor behavior, with decreas-

ing values as temperature increases. On doping with alumi-

num, the resistivity decreases one order of magnitude as a

consequence of the increase in charge carrier number.

Meanwhile, on doping with gallium, quite a different tem-

perature tendency is observed. The resistivity behavior turns

metallic in the whole measured temperature range and

diminishes to values on the order of 9� 10�4 X cm. Previous

results in literature report a metal-semiconductor transition

at low temperatures in Ga doped ZnO films.32,33 However,

according to these experimental results, in our Ga-doped

film, this transition should occur below �10 K, which is a

quite unexpected result since it means a really good effi-

ciency of Ga cation as dopant in the ZnO matrix.

The carrier densities and mobilities for doped films are

shown on Figure 8. One order of magnitude separate carrier

densities corresponding to Al doped film (�3 � 1019 cm�3)

and Ga doped film (�5 � 1020 cm�3). They are both quite

well defined and constant with temperature. Besides the

larger quantity of charge carriers in the Ga:ZnO film, its mo-

bility has also improved when compared to the Al:ZnO film.

Different tendencies with temperature are observed, being

the Ga doped film mobility slightly decreasing with tempera-

ture while the Al doped film one increases.

FIG. 6. Excitation (left) and normalized photoluminescence (right) spectra

recorded at room temperature for the investigated films: ZnO (grey),

Ga:ZnO (orange), and Al:ZnO (blue). Note the multiplication factor used to

bring all the spectra to a common scale.

FIG. 7. Resistivity behavior of the ZnO (top, grey circles), Al:ZnO (middle,

blue circles), and Ga:ZnO (bottom, orange circles) films as a function of

temperature.
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It is worth noticing here that both doped films have the

same dopant/Zn ratio and in spite of that fact, we have meas-

ured noticeable differences between the electrical properties

of Al:ZnO and Ga:ZnO films. From our results, it is evident

that not all the extra-electrons introduced by Al cations

become charge carriers in the ZnO matrix. On the contrary,

the higher carrier density in the Ga-doped film is another

proof of the efficiency of Ga cations as substitutional dop-

ants, while Al cations seem to be placed in both, interstitial

and substitutional sites, within ZnO lattice. This comes out

of a simple calculation that shows that about 1% Al or Ga

substitutional doping of ZnO would produce carrier concen-

trations of the order of the measured ones for the Ga doped

film �5 � 1020 cm�3.

IV. DISCUSSION

When comparing the behavior of undoped ZnO, Ga-

doped and Al-doped films, there are several uncommon ex-

perimental findings that deserve attention: the abnormal shift

in XRD Al:ZnO film peak, the photoluminescence results

with a similar behavior for the undoped and Ga doped film

vs. Al:ZnO film, and the reduced electrical doping efficiency

of Al:ZnO film when compared with that of Ga:ZnO.

The last result is probably related with the Ga cations

preference to substitute Zn ones in their original positions

within the crystalline lattice, at least at our concentration

level, while the Al cations would occupy both available sites,

substitutional and interstitial. The small Al ionic radius could

be the origin of this ability. In agreement with our experi-

mental results, the inclusion of Al cations in interstitials sites

would have an immediate growing effect on the unit cell

size. On the contrary, if we assume that Ga cations would

only be placed in substitutional sites, the different ionic radii:

0.60 Å (Zn2þ(IV)) vs. 0.47 Å (Ga3þ(IV)),34 (IV indicates

that the ionic radii are given for coordination number IV),

would induce a small reduction of the unit cell parameters,

as observed in the X-ray diffractogram. Moreover, due to

their different cationic radii, Al and Ga would not produce

the same distortion when included in a substitutional site in

the ZnO matrix. Our experimental results suggest that dopant

inclusion would affect the concentration of the different

intrinsic defects in the ZnO structure, and this alteration

would depend on the dopant cation. Cationic substitution of

Zn2þ by a cation M3þ must have important consequences on

the atomic lattice of the ZnO matrix. From a structural point

of view, two different mechanisms can occur to accommo-

date the substitution of the Zn2þ by a trivalent cation. The

first one would consist on the creation of cationic vacancies

according to the following reaction:

3Zn2þ ! 2M3þ þ Vcat: (1)

According to this reaction, in order to maintain the charge

balance, 2 cations M3þ must substitute 3 cations Zn2þ, and

therefore, cation vacancies should be created in the cationic

sublattice.

Another possible mechanism might proceed according

to the following reaction:

Zn2þ ! M3þ þ 1=2O2�
int; (2)

i.e., the charge balance is maintained by introducing O2�

interstitials in the anionic sublattice. Since the most common

defect found in pure ZnO consists of oxygen vacancies,35 it

is quite reasonable to assume that the interstitial oxygens

generated by the mechanism of reaction (2) would occupy

the original oxygen vacancies in ZnO. Therefore, mechanism

(2) would not introduce an extra quantity of intrinsic defects

in the ZnO structural lattice and the induced variations in the

mean unit cell size would obey to the ionic radii change. Our

experimental results point to the fact that Ga doping in our

sputtered films is ruled by mechanism (2). The unit cell dimi-

nution and the evidences of a very small lattice distortion

reflected in PL spectra would support this hypothesis.

On the other hand, although substitution of Zn2þ by

Al3þ with an ionic radius Al3þ(IV) of 0.39 Å should further

decrease the unit cell parameters, the apparent increase of

the c parameter observed in the X-ray diffractogram could

be explained with the presence of Al cations in interstitial

sites, and it would be enhanced by the creation of cation

vacancies according to mechanism (1). The presence of these

FIG. 8. Carrier densities (triangles) and mobilities

(circles) as a function of temperature for the doped

films. Full symbols (orange) correspond to Ga:ZnO

film, and open symbols (blue) correspond to

Al:ZnO film.
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vacancies in the crystal would cause a relaxation of the struc-

ture in the immediate environment of the vacancy, i.e., the

atoms surrounding the vacancy will relax outwards. This

relaxation could compensate the introduction of smaller

atoms such as Al3þ in the ZnO lattice. This effect has been

already observed in some other lattices. For example in the

rutile phase SbVO4, when oxidizing V3þ to V4þ, the intro-

duction of cation vacancies compensates the substitution of

V3þ by a smaller cation V4þ.36,37 In the present case of Al3þ

doping, the addition of cation vacancies in ZnO would

increase the unit cell size in Al:ZnO film.

These structural modifications and the concomitant vari-

ation in the intrinsic defect type distribution can explain

some of the measured property differences between Al:ZnO

and Ga:ZnO films. Photoluminescence results point to a very

similar behavior between undoped and Ga-doped films,

while Al-doped film spectrum shows a shift in the photolu-

minescence band maximum and a different shape. These ex-

perimental findings could be associated to the presence of

charge compensating defects in the ZnO lattice when Al cati-

ons are introduced in both substitutional and interstitial sites.

Though the extrapolation of experimental results got

from some other samples prepared by different preparation

techniques is quite difficult and not obvious, we would like to

mention here two previous works that have explored the posi-

tion of Al and Ga cations in the ZnO lattice using different

characterization techniques. In the work of Brehm et al.,38 the

local structure of Ga and Al doped ZnO powders is investi-

gated using XRD and extended X-ray absorption fine structure

(EXAFS). Their results are not conclusive on the location of

Ga cations and its presence as substitutional as well as intersti-

tials defects is compatible with their experimental findings.

However, it should be noted that their samples were more

heavily doped ZnO powders than our 1% at. Ga:ZnO films.

They do find a six-fold coordination in interstitial sites as the

more probable configuration for a 2% at. (nominally) doped

Al:ZnO powder. The nuclear magnetic resonance (NMR)

results presented by Noriega et al.,39 also point to the incorpo-

ration of most of the Al cations in a six-fold coordination

neighborhood, even at low dopant concentration.

V. CONCLUSIONS

A careful and complete comparison between undoped

ZnO films and ZnO films doped with Al or Ga cations (1%

at.) has been carried out. Both dopants improve the film opti-

cal and electrical properties compared to undoped ZnO,

showing the Al:ZnO and Ga:ZnO possibilities as alternative

TCOs for several optoelectronic devices. The films’ electri-

cal properties reveal that Ga is much more effective as

n-type dopant than Al at our dopant concentration level. This

in spite that the number of dopant ions introduced is similar

in both cases as indicated by the equivalent dopant/Zn ratio.

Our experimental findings evidence significant differences

between the Al- and Ga-doped films that could be explained

if the Al inclusion in the ZnO wurtzite structure places these

cations in both substitutional and interstitial sites, while Ga

cations only would occupy substitutional sites. The Al cati-

ons placed at interstitial sites are ruled out as charge carrier

donors, since the carrier concentration of Al:ZnO is basically

1/10 of that of Ga:ZnO. This establishes the different Al effi-

ciencies as substitutional dopant with respect to Ga. The sub-

stitution of the Zn2þ by a trivalent cation would follow two

different charge compensation mechanisms depending on the

dopant. The creation of a different type of intrinsic defect in

each case would be the immediate consequence: oxygen

interstitials when Ga doping, and cation vacancies if Al is

used as dopant. In this last case, there would be an increase

of intrinsic defects. Since the doping efficiency is directly

related with the improvement of the film electric properties,

the optimization of the doping process is one of the keys to

achieve better and competitive transparent electrodes for

many applications.
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