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Atomic layer deposition relies on surface chemical reactions which implies that the order of the

precursor pulses (so-called “sequence”) impacts the growth, especially for multinary compounds.

In the case of Al-doped zinc oxide (AZO) thin films, the sequence of introduction of precursors tri-

methyl aluminum (TMA)/diethylzinc (DEZ)/H2O has been reported to impact their growth and

some of their properties. Here, five different Al sequences for doping the AZO films in Al have

been tested at a constant deposition temperature of 160 �C and a TMA:DEZ ratio of 1:10, and the

film growth and properties are investigated by in situ quartz crystal microbalance (QCM) measure-

ments and ex situ characterizations. This paper provides evidence of the impact of the Al sequence

on AZO material and proposes an explanation of the macroscopic properties based on the nature of

chemical surface reactions evidenced by QCM. The growth rate, composition, electrical and optical

properties, and, to a lesser extent, structural properties are affected by the TMA/DEZ/H2O pulse

sequence. In particular, better electrical properties are obtained by reducing the Al content incorpo-

rated per cycle when the TMA pulse follows a DEZ pulse and, second, the optical band gap size is

increased when the TMA pulse is between two DEZ pulses. Mass variations during surface reac-

tions of TMA on hydroxyl and zinc-alkyl surface groups have also been proven to be temperature

dependent when comparing growth mechanisms at 160 and 200 �C. It is also observed that the

increase in temperature has a similar impact on the mass variations as the increase in the

TMA:DEZ ratio. This is probably because of an improved intermixing between Al species and

ZnO layers. Published by the AVS. https://doi.org/10.1116/1.5030990

I. INTRODUCTION

The wide direct band gap low-cost semiconductor ZnO,

composed of nontoxic and abundant raw materials, is a

promising transparent conductive oxide1–4 that particularly

retains attention in the solar cell field.

A main advantage of ZnO is the possibility to tune its

optoelectronic properties by doping (band gap size can be

widened and resistivity lowered). Various dopant atoms

have already been tested, including Al, B, F, Ga, H, In and S

(Refs. 3–5) that must be controlled in concentration and dis-

tribution. Among them, aluminum is one of the most used

n-type dopant which generates a n-type semiconductor, usu-

ally called Al-doped ZnO (AZO). However, some challenges

remain such as preventing damages on the bottom layers

upon deposition6 or the slow diffusion of aluminum in oxide

at a low temperature7 that deteriorates the electrical proper-

ties. Thus, the deposition method must be chosen carefully

to obtain the desired film quality under conditions compati-

ble with the substrate. Until now, many fabrication methods

have been employed to prepare AZO including sol-gel pro-

cesses,8 spray pyrolysis,9 magnetron sputtering,4 pulse laser

deposition,4 metal organic chemical vapor deposition,4

atomic layer deposition (ALD),10 and molecular beam epi-

taxy.11 Among them, magnetron sputtering is mostly used as

it is fast (0.01–2 nm/s) and leads to low resistive AZO films

(2� 10�4 X cm for 425–650 nm films). Nevertheless, it can

damage the bottom layers and the film conformality on high

aspect ratio structures is poor. To avoid this, ALD method is

promising, not only because conformal, pinhole free and

dense materials can be obtained, but also because low resis-

tivities are reported (5–6� 10�4 X cm).12–16 In ALD, in

comparison to CVD, gases called precursors are injected

successively, rather than simultaneously, inside a reactor anda)Electronic mail: harold.le-tulzo@chimieparistech.psl.eu
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react with the substrate or upon the already deposited film.

As the reaction stops when the surface is saturated, these

self-limiting surface chemical reactions allow a controlled

growth at the angstrom scale. By exploiting the unique prop-

erties of ALD, specific ultrathin film deposition on 3D struc-

tures is possible.17 Moreover, as a relative low temperature

deposition method (T< 250 �C), it is suitable for organic

based devices fabrication.18 ALD is also particularly well-

adapted to synthesize doped materials as it allows a precise

control of the doping level.

ALD is increasingly investigated to deposit ZnO thin

films or nanostructures. Typically, diethylzinc [DEZ,

Zn(C2H5)2] and deionized water (H2O) are used as precur-

sors of Zn and O atom sources. In the case of AZO deposi-

tion, Zn-O cycles are often combined with Al-O cycles and

tri-methyl aluminum [TMA, Al(CH3)3] is commonly used as

the Al source. The usual order of precursor introduction

alternates an organometallic pulse (DEZ or TMA) with a

water pulse, such as DEZ/H2O/TMA/H2O/DEZ/H2O.

The reported optimal Al atomic doping ratio varies in the

[2; 5] % range.10 This optimal range value is not always

determined by elemental analytical techniques, but rather

corresponds to the expected doping level of Al calculated

from the ratio of the growth per cycle or the number of

cycles of Al2O3 and ZnO which may differ from the experi-

mental Al doping level. Controlling the Al doping level can

be achieved by varying the Al-O/Zn-O ratio,10 the deposition

temperature,10,19 and the pulse20 or purge21,22 duration

times, by coinjecting the Zn and Al precursors,23 or by using

an alternative Al precursor such as Al(CH3)2(OiPr)24 or

Al(OiPr)3.25,26 Another solution is to use different orders of

precursor introduction for doping the film in Al (referred

to as “Al sequence”), such as DEZ/TMA/H2O sequence for

which DEZ and TMA pulses are only separated by a N2

purge step13,27–29 versus the usual TMA/H2O sequence. This

latter solution can improve the distribution of Al atoms,

reduce the formation of nanolaminate structures, and lead to

better optoelectronic properties of AZO films. However, thus

far, only a few articles compare the influence of the Al

sequence on the film growth and properties. For example, Na

et al. reported in situ quartz crystal microbalance (QCM)

results for three Al sequences with three different [pulse

number of TMA]:[pulse number of DEZ] ratios (T:D

ratio).30 They highlighted that the chemical interactions

between Zn and Al species depend on the Al sequence as

well as on the T:D ratio. In addition, film growth and overall

final properties were also proved to be impacted by the Al

sequence. Pollock and Lad mainly focused on the structure

and resistivity of the resulting AZO films grown with three

Al sequences for 1:11 or 1:12 T:D ratios.31 One of these

three Al sequences was evidenced as leading to the lowest

resistive film independent of the thickness, the crystallo-

graphic texture, and the grain size. In this paper, we explored

the influence of the Al sequence on the film properties for a

deposition temperature of 160 �C. For this, five Al sequences

(detailed in Fig. 1) were tested at a fixed T:D ratio (1:10)

and their effects on the growth and properties of AZO films

were discussed by means of in situ QCM measurements and

ex situ films characterizations. The selected 1:10 ratio in this

comparative work is more appropriate than lower ones as it

enables an increase in the difference of properties between

films based on an enhanced impact of the doping.

Correlations between these properties are highlighted to

understand the growth mechanisms.

II. EXPERIMENT

A. Thin film synthesis and in situ growth
characterization

1. Atomic layer deposition of AZO thin films

AZO thin films were prepared at deposition temperature

Tdep ¼ 160 �C using a BENEQ TFS-200 ALD reactor. High

purity nitrogen 99.9999% (Air Liquide) was used as carrier

and purge gas. The carrier gas flow rate was set at 600 sccm.

In the reaction chamber, the pressure was kept around 1

mbar. DEZ (EpiPure, SAFC), TMA (Optograde, Rohm &

Haas), and deionized water were used as Zn, Al, and O pre-

cursors, respectively, at room temperature. Thin films were

deposited simultaneously on borosilicate glass (SCHOTT

Borofloat 33) and on n-doped Si (100) wafer with native

oxide top layer. Prior to deposition, borosilicate glass sub-

strates were washed at room temperature by sonification in

acetone and iso-propanol (2� 5 min), and Si (100) substrates

washed in a detergent solution (RBS 35 concentrate, 2% in

water, 5 min) at room temperature and rinsed with deionized

water. A O-Zn growth cycle was achieved via the following

procedure: H2O pulse/N2 purge/DEZ pulse/N2 purge with

pulse times of 0.1 s and purge times, respectively, equal to 1

and 0.7 s. Five different Al sequences, defined as the order

of the precursor pulses during the Al doping cycle, were

grown and correspond to TMA/H2O (n1 sequence), TMA/

DEZ (n2 sequence), H2O/TMA/DEZ (n3 sequence), H2O/

TMA (n4 sequence), and TMA (n5 sequence) (see Fig. 1).

During these Al doping cycles, DEZ pulse/purge times and

H2O pulse time were kept at 0.1/0.7 and 0.1 s, TMA pulse/

purge times set at 0.15/0.5 s. H2O purge time was either 1 s

(when pulsed before TMA) or 0.75 s (when pulsed after

TMA). In one supercycle, the Al doping cycle was inter-

spersed with 9 or 10 O-Zn growth cycles to keep constant

the [pulse number of TMA]:[pulse number of DEZ] ratios

(referred as “T:D ratio”) to 1:10. The number of cycles (n)

FIG. 1. (Color online) Schematic representation of the five Al sequences

investigated. Films were grown with a TMA:DEZ ratio of 1:10.
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was set to have a constant number of metal pulse leading to

n¼ 440 for sequences n1, n4, n5, and n¼ 400 for sequences

n2, n3. To refer to the film grown by one of the Al sequence,

“nx-film” is employed with x the sequence number, such as

n1-film is the AZO film grown with the sequence n1.

2. In situ QCM measurements

In situ QCM measurements were acquired with a

Colnatec Eon-LT monitor system, using a HT quartz crystal

covered by an alloy (6 MHz initial oscillation frequency)

located on the cover lid of the reactor. The signal was

recorded every 0.2 s, and the lowest thickness step precision

was 0.04 Å. Measurements were done after a stabilization

time in order to reach a uniform and constant temperature in

the whole reaction chamber (DT 6 1.5 �C). QCM experi-

ments were conducted at Tdep¼ 160 �C for the five Al

sequences and at Tdep¼ 200 �C only for n1 and n3 sequen-

ces. To account for the larger reactor volume in QCM con-

figuration and to ensure an effective saturation state, longer

pulse (0.5 s) and purge times (5 s) were chosen. Each deposi-

tion was performed on a 10 nm Al2O3 thick film used as the

substrate layer for the growth of each AZO films. An average

over five AZO supercycles were done in order to improve

the measurement precision. In situ measurements for the five

Al sequences have been normalized in order to obtain a simi-

lar ratio [GPC(AZO)]:[GPC(ZnO)] than with ex situ analy-

sis. Mass were calculated from the thickness value by

considering a density of 5.61 g/cm3 (typical density of ALD-

ZnO films).32

B. Thin film characterization

Film thicknesses were determined from samples depos-

ited on glass substrates by x-ray reflectivity using a

PANalytical Empyrean equipment. Fitting of the experimen-

tal curves were performed with X’PERT REFLECTIVITY software.

Homogeneity of the samples has been verified on a

10� 10 cm glass substrate. Thickness differences less than

2% relative were measured. The structural properties were

monitored on the same equipment in the grazing incidence

x-ray diffraction (GIXRD) condition with Cu Ka radiation.

The electrical properties of the films deposited on glass were

determined with a Hall effect measurement system (Ecopia

HMS-3000), by van-der-Pauw method at room temperature

in a magnetic field of 0.55 T. The values given for carrier

concentration, mobility, and resistivity is an average of five

measurements. The resistivity values were confirmed by a

four-point probe measurement (Microworld Pro4). Optical

transmittance and reflectance were obtained with a

PerkinElmer Lambda 900 ultraviolet-visible-near infrared

(UV-Vis-NIR) spectrophotometer system. The Al and Zn

contents of the AZO thin films deposited on Si (100) wafer

were investigated with energy dispersive X-ray spectroscopy

(EDS) (Bruker Xflash 6130) installed on a field-emission

scanning electron microscopy (ZEISS Merlin VP Compact).

The electron beam acceleration voltage was set at 15 kV.

The relative %Al/(%Alþ%Zn) ratio is compared among the

AZO films with the five different Al sequences. TEM/STEM

studies were performed on a FEI Titan Themis 200 working

at 200 kV with a geometrical aberration corrector on the

probe (STEM mode). The probe resolution is about 0.1 nm

and the probe current 85 pA. The microscope is equipped

with a Ceta 16M camera for the TEM images and also with a

SuperX system with four detectors for EDS analysis and the

detected solid angle is 0.8 steradian (detection limit about

0.1 at. % for heavy elements such as Si or Zn). The TEM

thin foils have been prepared by Ga focused ion beam (FIB)

milling and their zone axes were aligned following

a h110i direction of the silicon substrate. The surface of the

samples have been protected by an amorphous carbon coat-

ing before the local platinum deposition in the FIB.

III. RESULTS

To explore the influence of the Al sequence on the film

growth mechanism and properties, AZO thin films obtained

from five different Al sequences (as depicted in Fig. 1), at a

constant T:D ratio (1:10) and metal pulse numbers in their

supercycles, were synthetized. Each growth process was fol-

lowed in situ by QCM measurements, and the films were

characterized.

A. Growth of AZO films

1. Study of growth with ex situ thickness
characterization

To study the influence of the Al sequence on the film

thicknesses, two distinct variables can be considered and are

presented in Fig. 2. One is the growth per cycle (GPC, in Å/

cycle), obtained by dividing the measured thickness by the

number of ALD cycles. However, the number of TMA pulse

(Al source) differs from one sequence to another: 400 for n2,

n3 versus 440 for n1, n4, and n5. Moreover, according to

previous studies, metal pulses (TMA or DEZ pulse) enable

the more significant mass gain during ZnO and AZO

growth.30,33 Thus, we introduced another parameter, the

growth per metallic pulse (GPMP, in Å/metallic pulse),

which is the film thickness divided by the total number of

metal pulses.

The Al sequence has an influence on both GPC and

GPMP values. Those values are typically in the range of

1.45–1.7 Å/cycle for GPC, and 1.3–1.7 Å/cycle for GPMP

and are all smaller than the ones of pure ZnO films (1.8 Å/

cycle). Finally, GPMP and GPC values can be ranked for the

five Al sequences as follows:

(1) GPMP: n4 > n1 � n5 > n3 > n2,

(2) GPC: n4 > n3 > n1 � n5 > n2.

2. Study of growth with in situ measurements

The mass variations relying on molecules adsorption and

desorption during the AZO film depositions have been evi-

denced by recording in situ QCM measurements. Figure 3(a)

displays the mass uptake variations over a whole supercycle

for the five Al sequences. Average mass uptakes of [950;

1250] ng/cm2 per supercycle are recorded depending on the
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Al sequence that correspond to an equivalent thickness com-

prised in [1.9; 2.2] nm. These thickness variation values

obtained for one entire supercycle are higher than those

obtained by ex situ characterization over the whole film as

they do not take into account the nucleation phase on the

quartz crystal covered by Al2O3 during which the growth

rate is often smaller than during the steady growth phase.

Figure 3(b) illustrates the mass gained during each cycle

of one AZO supercycle. The five curves are approximately

superposed except for n2 curve which is lower than others

that denotes a smaller mass uptake after each cycle of the

supercycle. The upper and lower dotted lines correspond to

the average mass uptake of undoped ZnO (120 ng/cm2 per

cycle or 2.13 Å/cycle) and Al2O3 (40 ng/cm2 per cycle or

1.00 Å/cycle) films observed when grown at 160 �C whose

values are consistent with the literature.30,33 The mass

uptake is not constant over the entire supercycle since the

first O-Zn cycles show a reduced mass gain compared to the

average mass uptake of undoped ZnO: 120 ng/cm2 per cycle.

The nucleation periods following the Al doping cycle is

accounted for approximately 4–5 cycles meaning that 4–5 O-

FIG. 2. (Color online) Influence of the Al sequence on the growth per cycle

(GPC in Å/cycle, full circles) and GPMP (in Å/cycle, empty squares) of

AZO films. The values obtained for ZnO films are plotted in dashed line.

GPMP and GPC symbols are superposed for n1, n4, and n5 sequences.

FIG. 3. (Color online) Mass uptake (a) as a function of the time over the entire supercycle; (b) as a function of the ALD cycle number; and (c) with a zoom on

the Al doping cycle for AZO films grown with five sequences with a T:D ratio of 1:10 using in situ QCM measurements.
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Zn cycles are necessary to recover a mass gain larger than

120 ng/cm2 per cycle before a stagnation for the following

cycles.30,33 For all the Al sequences, the mass uptake is

highly reduced during the Al doping cycle. For n3 and n4

sequences, it is closed to the average mass uptake of Al2O3

40 ng/cm2 per cycle while for n1, n2, and n5, the net mass

gain is negative, closed to �90 ng/cm2 per cycle.

Variations during the five Al doping cycles have been

emphasized and are shown on Fig. 3(c). During the O-Zn

cycles, the mass is dominantly modified by DEZ pulses

while H2O pulses has only a small influence on the net mass

change. All the Al sequences show similar mass uptake val-

ues until the beginning of the Al doping cycle except n2

sequence for which the mass uptake is lower. During the Al

doping cycle, mass uptake relies on the pulse order and thus

differs from one sequence to another. When the TMA pulse

follows a DEZ pulse (n1, n2, and n5 sequences), a mass

decrease in �90 6 1 ng/cm2 is observed that is lower than

the mass increase obtained during the previous DEZ pulse

(þ133 6 3 ng/cm2). When the TMA pulse follows a H2O

pulse (n3 and n4 sequences), a mass increase is recorded that

corresponds to a [22; 24] ng/cm2 gain that is inferior to the

approximatelyþ40 ng/cm2 noted by Na et al.30 A slight

increase in mass is shown during the H2O pulse following

the TMA pulse for n1 sequence:þ7.5 ng/cm2 per cycle, and

during the DEZ following the TMA pulse (n2 and n3

sequences):þ2.8 ng/cm2 per cycle for n2 andþ2.5 ng/cm2

per cycle for n3.

B. AZO film properties

1. Structural properties of AZO films

The structural properties of the films have been analyzed

using GIXRD and their diffraction patterns and the main

peak positions of AZO and ZnO films are presented in Fig.

4(a). All AZO films have similar diffraction patterns, which

correspond to ZnO wurtzite phase. They appear as polycrys-

talline with (100), (101), and (110) crystallographic orienta-

tions. In comparison to the ZnO film of similar thickness, the

diffraction peak at (002) is barely visible on AZO patterns,

as reported at similar deposition temperatures21,34 while its

presence has already been evidenced for ALD processes at

higher temperatures.19,31

Substitutional Al atoms are expected to induce a change

in the lattice parameter. With GIXRD measurements, aver-

age distance between planes, d-spacing values, cannot be

compared as all plane orientations are detected and not only

the planes parallel to the surface.35,36 Thus, to compare the

Al incorporation, a discussion on peak positions was chosen

and is presented in Fig. 4(b). The peaks on the AZO patterns

that correspond to (100) and (110) diffraction planes show a

shift compared to the peak positions on the ZnO pattern

while the (101) peaks are closed to the same position. For

the (100) and (110) main peaks, the ranking of peak position

is the following from lowest to highest angular position:

100ð Þ ! n1 < n5 ¼ n2 < n4 < n3;

110ð Þ ! n1 < n2 < n5 < n4 < n3:

2. Compositional properties of AZO films

The atomic contents of all AZO films were determined by

SEM-EDS measurements and the relative value of %Al/

(%Alþ%Zn), referred as aluminum fraction (AFSEM) is pre-

sented on Fig. 5(a). All AFSEM values except for n4

sequence differ from the value that can be expected from the

T:D ratio [T:D¼ 1:10; %Al/(%Alþ%Zn)¼ 9.1%]. Clear

dependency of Al fraction on the sequence is observed, and

AFSEM can be ranked as followed: AFn3�AFn2>AFn4

>AFn5>AFn1.

EDS coupled with a TEM has been employed to deter-

mine the exact Al and Zn contents for two AZO films (n1

and n3), to assess the effective amount of Al and quantify

the O content (Table I). Al, Zn, and O atoms are homoge-

neously distributed in the bulk of the films [see Fig. 5(b)],

but a rich Al content is detected at the interface with Si.

n3-film is oxygen rich and do not correspond to a Zn(Al)O

stoichiometry [%O/(%Znþ%Al)¼ 1.17] while n1-film

approximately respects the stoichiometry. In general, AFTEM

FIG. 4. (Color online) (a) GIXRD patterns of AZO (Al sequences n1–n5) and ZnO films (Tdep¼ 160 �C), along with the ZnO diffraction pattern (ICDD 00-

036-1451). (b) Peak position difference between AZO and ZnO (in degrees) for the three main diffraction planes.
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values are significantly higher than AFSEM ones, which

means that they were underestimated from SEM-EDS. Still,

in accordance with EDS-SEM measurements, the Al concen-

tration exhibits a higher value for n3-film (6.1%) versus the

n1-film (5.2%), and AF values comprised between 10 and

13% can be expected for the n2, n4, and n5 films.

3. Morphological properties of AZO films

High-resolution TEM and STEM images have been

acquired on n1 and n3-films. As the results for both samples

are similar, only n3-film images are shown here [Figs.

6(a)–6(c)]. Cross-sectional HRTEM images confirmed the

polycrystalline structure of the film. The crystallite size dis-

tribution is wide with values comprised between a few nano-

meters to 25 nm, and their shape is irregular. Some layers of

disordered atoms can be seen separating the neighboring

crystallites of different orientations that correspond to grain

boundaries, but no nanolaminates structure can be distin-

guished such as in Wu et al. (T:D ratio¼ 1:85)7 or Viter

et al. [T:D ratio¼ x:x with x¼ (3;5;13;25;50)] works.37 As

the crystallite size is small, many grain boundaries are

observed. The Fourier transform patterns obtained from the

high angle annular dark field (HAADF) image shows ZnO

(100), ZnO (101), ZnO (110), and ZnO (114 and/or 211) in

agreement with GIXRD results.

4. Electrical properties of AZO films

The electrical properties as determined by Hall measure-

ments are presented in Fig. 7. The Al sequence influences

the carrier concentration (from 1 to 2� 1020 cm�3), the

carrier mobility (from 2.5 to 4.1 cm2/V s), and the overall

resistivity (from 8.3 to 24.1� 10�3 X cm). Those results are

congruent with the reported values of ALD films of similar

thicknesses and T:D ratio.34,38

5. Optical properties of AZO films

The transmittance spectra of the AZO films grown on

borosilicate glass from the five Al sequences are presented

in Fig. 8(a). The films are relatively transparent, with trans-

mittance values comprised in the range [77; 87]% in the visi-

ble light region and as high as 89% in the NIR region,

modulated by interference effects. The five curves are nearly

superposed over a large wavelength range from 500 up to

1300 nm but differ in the NIR region with a relative order

transmittance (% in NIR): n3> n2, n4> n5> n1.

Absorption coefficients (a, in cm�1) of the films were

determined from the transmittance (T) and the reflectance

(R) spectra using the formula a¼�(1/th)� ln(T/(1 � R))

with T¼TF/TG and R¼RF – T�RG, where th is the film

thickness, TF and RF the transmittance and the reflectance of

the film, and TG and RG the transmittance and the reflectance

of the borosilicate glass substrate. Optical direct band gaps

(Eg) were determined using the Tauc formalism39 from the

slope of (a�E)2 as a function of E as depicted in Fig. 8(b).

Band gap values between 3.54 and 3.64 eV are observed

with the relative order n2> n3,n5> n1> n4.

In summary, the main film characteristics from each Al

sequences are reported in Table II.

IV. DISCUSSION

A. Impact of the Al sequence on the growth

Growth mechanisms occurring during the AZO deposi-

tion of the five Al sequences can be discussed based on

GPMP and GPC values (Fig. 2), and in situ QCM monitoring

[Fig. 3(c)]. Main reactions are ligand exchange between

adsorbed metal-alkyl group and water or between adsorbed

metal-hydroxyl group and metal alkyl precursor that both

release alkane molecules. Two other phenomena, described

in details elsewhere,30,33,40,41 are in play: (1) the etching of

FIG. 5. (Color online) (a) Al fraction determined with SEM-EDS (AFSEM)¼%Al/(%Alþ%Zn) for all AZO films (thickness¼ [57; 75] nm). Al fraction

expected from the ratio T:D (AF¼ 9.1%) is represented by a dashed line on the graph. (b) Al distribution on EDS map of n3-film acquired by scanning TEM

(EDS map on n1-film is similar).

TABLE I. Zn, Al, and O contents for n1 and n3 films determined from TEM-

EDS measurements with an absolute error of 1 at. % (for O and Al) or

smaller (for Zn) but with a relative precision of 0.1 at. % when comparing

the two samples.

Samples %Zn %O %Al %O/(%Znþ%Al) AFTEM (%)

n1 44.3 50.5 5.2 1.02 10.5

n3 39.9 53.9 6.1 1.17 13.3
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the Zn-alkyl surface species by the TMA (Refs. 30, 33, and

40) with the release of Zn(CH3)2 (Ref. 41) leading to a mass

loss; (2) the relative stability of Al methyl group under DEZ

exposure leading to a minor mass change.30,40 Phenomenon

1 occurs when the TMA pulse follows a DEZ pulse (n1, n2,

and n5 sequences), while phenomenon 2 is expected when

the DEZ pulse follows a TMA pulse (n2 and n3 sequences).

According to Fig. 3(c) and mass ratio calculations, the mass

lost during the phenomenon 1 (�90 ng cm�2) is high enough

to consider the desorption of C2H6 specie in addition to the

Zn(CH3)2 released. The minor mass gain observed for phe-

nomenon 2 [Fig. 3(c)] may be ascribed to the passivation of

surface defect sites31 or to the saturation of the last free

hydroxyls terminated groups. These phenomena influence

the film growth and thus explain the growth differences

between the five Al sequences.

The n4 sequence, which alternates water pulses with metal-

lic pulses, shows the highest GPMP, GPC, and mass uptake

values. During the O-Zn cycles, the mass uptake of n4

sequence is similar to ZnO average mass uptake while during

the Al doping cycle, the mass uptake is similar to Al2O3 aver-

age mass uptake. The Al doping cycle of n3 sequence con-

tains an extra DEZ pulse that occurs after a TMA pulse. Mass

uptake similar to n4 and slightly lower GPC are observed.

This evidences that the impact of phenomenon 2 on the

growth is indeed minor. N2 sequence displays the lowest

GPMP, GPC, and mass uptake values. A large mass loss is

observed during the TMA pulse (�90 ng/cm2), and only a

small mass gain occurs during the following DEZ pulse

(þ2.8 ng/cm2). This value is similar to the ones observed in

n3 sequence during the DEZ pulse of the Al doping cycle

(þ2.5 ng/cm2). That may indicate that the Al species adsorbed

during the TMA pulse cover the same surface area whatever

the preceding precursor pulse or that it generates a similar

number of surface defect sites. In comparison with n1, n2

sequence has a DEZ pulse rather than a H2O pulse after the

TMA exposure that leads to lower GPC, GPMP, and mass

uptake values. While the H2O pulse for n1 is mostly adsorbed

on Al species with a mass gain (þ7.5 ng/cm2) similar to what

is obtained for Al2O3 deposition (þ6.1 ng/cm2), the DEZ

pulse for n2 only adsorbed on remaining hydroxyl groups.

Finally, n2 has less O-Zn cycles between each Al doping

cycle. This explains the relative lower GPC (versus n1 and

n5). Indeed, a lower mass uptake is observed during the five

O-Zn cycles following an Al doping cycle compared to

steady-state ZnO ALD.30,33 This impacts more the overall

GPC than the minor mass uptake that can be expected from

phenomenon 2 (n2 versus n5). In situ QCM data of n1 and n5

sequences exhibit similar mass loss during the TMA pulse

which was attributed to phenomenon 1. The additional H2O

pulse in n1 sequence allows an overall mass gain that is not

high enough to lead to different GPC or GPMP values.

The influence of the deposition temperature on the mass var-

iations was also investigated by conducting similar QCM stud-

ies for n1 and n3 sequences at Tdep¼ 200 �C [Figs. 9(a) and

9(b)]. The mass variations in the Al doping cycle, and especially

for phenomena 1 and 2 were examined. At Tdep¼ 200 �C, for

n1 sequence, phenomenon 1 shows a higher etching rate while

for n3 sequence, phenomenon 2 leads to a similar mass uptake

than what is observed at 160 �C. Moreover for n3, during the

FIG. 6. (Color online) (a) Cross-sectional HRTEM image for n3-film. (b) Cross-section HAADF image for n3-film. (c) Corresponding lattice plane of the

HAADF image determined by Fourier transform with their d-spacing value (Image J).

FIG. 7. (Color online) Carrier concentration, electrical mobility, and resistiv-

ity from Hall effect measurements as a function of the Al sequence. The

dashed curves are a guide to the eye.
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TMA pulse which follows a H2O pulse, the mass uptake is

slightly negative at 200 �C rather than positive. It was found

that the mass variation differences during these phenomena

observed from 160 to 200 �C are analogous to the tendency

observed in other studies when the T:D ratio is increased.30,33

Indeed, the 1:4 ratio compared to 1:10 and 1:19 T:D ratios

shows a particularly higher mass loss during phenomenon 1

while it shows a mass loss rather than a mass gain when TMA

pulse follows H2O pulse30 evidencing that when the T:D ratio

increases, the etching phenomenon can also occur in this Al

sequence case.33 Na et al. have suggested that Al species are

readily mixed in the ZnO layers by observing a switch of the

dominant bonds from Zn-O to Zn-O-Al when the T:D ratio was

increased.30 The similarities of the results suggest that this inter-

mixing improvement of Zn and Al species can also occur at a

higher temperature. Indeed, the TMA precursor may be faster to

react with the film when acquiring more energy from the sub-

strate, leading to a substitution of a larger amount of Zn species.

This intermixing has been demonstrated to be beneficial

for improving the electrical properties of AZO films13,19 and

in our case the n1-film shows a lower resistivity (3.5� 10�3

X cm) when grown at 200 �C.

B. Influence of the Al sequence on the film properties

The Al sequence has only a small impact on the film crys-

talline properties as GIXRD patterns display only small dif-

ferences (Fig. 4). It can be explained by the similar or only

weakly distinct values of the parameters that have been

reported to impact the ALD-AZO patterns: deposition tem-

perature as it determines the amount of residual alkyl groups

into the film19 and Al doping content.34 A shift of the dis-

turbed (100) and (110) planes positions versus undoped ZnO

was observed for all films, and depends on the Al sequence.

This lattice plane distance modification is related to Al

incorporation in the cell because of its smaller atomic radius

compared to Zn atoms.34 The highest angular peak positions

are observed for n3 sequence while peaks for n1 sequence

have the lowest angular positions. Thus, it can be assumed

that n3 sequence leads to the highest Al incorporation rate

per metal pulse while n1 has the lowest, which is corrobo-

rated by EDS measurements.

The electrical properties are mainly influenced by the

deposition temperature and the Al content in the films.10,42

For high T:D ratio 1:10, the solubility limit of Al in the ZnO

matrix, i.e., AlZn
þ, is probably exceeded,10 as the Al

sequence leading to the film with the highest Al content does

not exhibit the highest carrier concentration, and the five Al

sequences cannot be ranked in the same order for Al content

and carrier concentration. Thus, the carrier concentration in

the n1-film is higher than that in the n3-film while the Al

content has been shown to be 1% smaller by TEM-EDS. The

atoms that are not acting as dopants are assumed to act as

traps for free carriers when segregating from the bulk in the

grain boundaries,7,43 which could partly explain the resistive

behavior of n3. However, direct TEM observations could not

FIG. 8. (Color online) (a) Transmittance spectra of AZO films deposited on borosilicate glass for the five Al sequences with corresponding thicknesses. (b)

Tauc plots. The dashed lines are a guide to the eye.

TABLE II. Main characteristics of AZO films grown using the five Al sequences.

Al sequence

Thickness

(nm) 6 1

GPMP

(Å/metallic pulse)

Resistivity

(10�3 X cm)

Carrier concentration

(1019 cm�3)

Band gap

(eV) 6 0.03 AFSEM

n1 TMA/H2O 69 1.57 8.3 19 6 0.2 3.58 8.1

n2 TMA/DEZ 58 1.31 14.1 14 6 0.3 3.64 9.8

n3 H2O/TMA/DEZ 66 1.50 24.1 9.7 6 0.3 3.59 9.8

n4 H2O/TMA 74 1.69 17.9 12 6 0.4 3.54 9

n5 TMA 68 1.54 11.3 15 6 0.1 3.59 8.2
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confirm that hypothesis. The temperature dependent Hall

effect measurements would allow determining trapping state

density and energy barrier height.44 Films with atomic con-

tents O/(AlþZn)> 1 can suggest the presence of other

phases such as insulating AlOx clusters, but as those were

not observed by TEM, extra O atoms may be in interstitial

sites Oi and act as traps (acceptor-type) for carriers. It would

both explain the low carrier concentration and relative high

electrical resistivity of the n3-film.

The resulting films of n3 and n4 sequences were already

shown to have similar thicknesses and Al/Zn ratios (for

T:D¼ 1:19 ratio).30 Our growth study suggests indeed com-

parable Al incorporation as the mass uptake is similar during

their respective Al doping cycle, yet an higher AF ratio was

measured by SEM-EDS for the n3-film [Fig. 4(b)] and may

be explained by a reduced amount of Zn concentration in the

film. Indeed, the extra DEZ pulse in the Al doping cycle

does not affect significantly the growth for the n3 sequence,

and so only a low amount of Zn atoms may be incorporated

during this step. In contrast, for the n4 sequence, metallic

pulses are not affected by growth phenomena 1 and 2 and,

according to EDS measurements, lead approximately to a

film composed of one Al atom for 10 Zn atoms [Fig. 5(a)],

which can be explained by an equal contribution of TMA

and DEZ pulses to the amount of deposited atoms. n2-

AFSEM is as high as n3-AFSEM [Fig. 5(a)] and can also be

explained by a lower [Zn] than in films grown with other Al

sequences (especially n4) due to phenomena 1 and 2 that

either etch Zn species or prevent their adsorption. N5-film

has been observed to have a lower Al concentration than n3

and n4-films when grown at 125 �C.30 In our study, n1-

AFSEM is even lower than n5-AFSEM [Fig. 5(a)] which

means that the second H2O pulse following the TMA pulse

may either reduce the Al adsorption in the film or improve

the adsorption of the next DEZ molecules. The second

assumption is highlighted by the fact that n1-film contains

more free carriers than n5-film. As already mentioned, for a

high T:D ratio like in this study, a reduced [Al] improves the

electrical properties. Thus, the film grown by the n1

sequence may have a higher [Zn], due to an improved DEZ

adsorption during the first O-Zn cycles enhanced by the two

successive H2O pulses. According to QCM measurements,

GPC of the n1 sequence is however not higher for the first

O-Zn cycle but is for the second O-Zn cycle compared to

n5 sequence with a mass gain of 101.7 ng� cm�2 vs

95.7 ng� cm�2. Two following identical precursor doses

have already been used in ALD to improve GPC of the

binary materials.45,46 N1 sequence shows a similar GPC/

GPMP, while having an improved conductivity, mobility

and free carrier concentration compared to the n5 sequence.

Thus, the n1 sequence may also be considered as an Al

sequence of interest for depositing films similar to n5-films

which are already used for some applications.13,27,28 When

grown at 160 �C, the n5-film has a lower resistivity than the

n2-film. Pollock and Lad have shown the contrary for films

grown at 200 �C, with a closed T:D ratio (1:12) and similar

thicknesses.31 They reported an increase in the (002) orienta-

tion with the n2 sequence compared to n4 and n5 sequences

at 200 �C and presumed that DEZ molecules from the DEZ

pulse following the TMA etching step fill surface defect

sites. The Zn species adsorption might also prevent the AlOx

cluster formation by creating a Zn-Al-O intermixed and con-

tribute to the larger (002) grain growth of the n2-film as

observed by Pollock and Lad, which are beneficial for its

electrical properties and so would explain why n2-film is

less resistive than n5-film when grown at 200 �C.

At Tdep¼ 160 �C, n1, n2, and n5 sequences have the best

electrical properties compared to n3 and n4: lower resistivity

and higher mobility. As mentioned by Na et al., with a

1:10 T:D ratio at 125 �C, DEZ introduced previous to TMA

pulse leads to a reduced number of adsorption sites for Al.30

Thus, the relative better electrical properties for n1, n2, and

n5 are likely due to a lower Al content, closer to the optimal

one, i.e., preventing the formation of resistive Al2O3 phases.

In other words, reducing the Al doping packing by inhibiting

Al adsorption is a powerful method to improve conductivity.

FIG. 9. (Color online) Mass uptake as a function of time during the Al doping cycle (a) for n1 sequence and (b) n3 sequence grown at 160 and 200 �C with a

T:D ratio of 1:10 using in situ QCM measurements.
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Indeed, n5 sequence has been demonstrated to improve Al

doping uniformity and to avoid metallic Al cluster formation

in the nanolaminate structure compared to the n4 sequence.29

This explains the recent improvement in terms of AZO film

quality reported by authors choosing the n5 sequence.13,27,28

Similar strategies have been reported by Yanguas-Gil et al.
that employed alkyl alcohol previous to TMA pulse to par-

tially inhibit Al adsorption47 or Kim et al. that used the pas-

sivation effect of titanium tetra isopropoxide toward the

chemisorption of TMA to reduce the Al/Ti average ratio for

Al-doped TiO2 thin films.48

From the optical properties of the films [Fig. 8(a)], using

the Drude model49 for free-carrier absorption, it can be con-

firmed that the transmittance values in the NIR range are con-

sistent with the electrical properties of the films. While having

the highest transmittance in the NIR, n3 and n4 sequences pre-

sent the lowest carrier concentration in contrast with n1 and

n5 sequences which present the lowest transmittance in the

NIR but the highest carrier concentration.

According to the Burstein-Moss effect50 in the UV range,

the shift of the transmittance in the UV absorption edge is

proportional to the optical band gap size as determined using

the (a�E)2 plot [Fig. 8(b)]. The n2 sequence led to the wider

band gap, n4 to the lowest while n1, n3, and n5 band gaps

are similar within the error. Comparisons with 1:20 and

1:40 T:D ratios (not depicted here) also clearly show that the

n2-film has the largest band gap among the five films while

they have similar thicknesses, and on the contrary, the n4-

film has one of the lowest band gap for the three ratios. In

summary, the band gap value depends on the Al sequence

since it has an effect on the carrier concentration and on the

film composition. However, a direct correlation between the

band gap and carrier concentration is not observed here for

the five films of the same 1:10 T:D ratio. Vegard’s law gives

values of the same order of what is obtained: 3.53 eV for n1

and 3.59 eV for n3, confirming the global correlation

between Al content and band gap but it does not explain the

small discrepancies between the Al sequences. A possible

explanation is the local formation of a large band gap meta-

stable phase, such as (ZnO)3(Al2O3) in the environment of

the Al atoms in the supersaturated solid as reported by

Yoshioka et al.51 According to Wu et al., for AFEDS> 7%,

the optical band gap shift has a larger variation than the

Fermi level shift suggesting the presence of AlOx clusters

inside the films that impact the optical bad gap7. Al2O3 phase

having a large band gap (Eg� 6–7 eV) compared to ZnO so

that it might cause the increase in the optical band gaps of

AZO films. Thus, the n2 sequence (DEZ-TMA-DEZ pulse

order) might enhance the local formation of one of this large

band gap metastable phase which might have a strong effect

on the band gap size and be absent from the n4-film.

V. SUMMARY AND CONCLUSIONS

ALD is a thin film deposition technique based on self lim-

ited surface reactions. This study has highlighted the impact

of the pulse order during the Al doping cycle on the AZO

film growth and overall final properties.

Five Al sequences were tested for a given [pulse number

of TMA]:[pulse number of DEZ] ratio (T:D¼ 1:10) at a

deposition temperature of 160 �C. Aside from ligand

exchanges/loss mechanisms, two phenomena explaining the

mass variations during the growth could be identified by in
situ QCM measurements. When a TMA pulse follows a

DEZ pulse, the observed mass loss was attributed to the

etching of the Zn-alkyls surface species. When DEZ follows

TMA, similar etching reactions are not thermodynamically

favorable and the minor mass gain was attributed to the satu-

ration of free hydroxyl groups or to the passivation of the

surface defect sites. Surface reactions of the TMA precursor

on the favorable –OH surface groups and on –Zn-(C2H5)*

were shown to be temperature dependent when comparing

growth mechanisms at 160 and 200 �C for two Al sequences.

The increase in temperature was shown to have a similar

impact than when the T:D ratio is increased, probably

because of an improved intermixing between the Al species

and ZnO layers. Better electrical properties were obtained

when the DEZ pulse precedes the TMA pulse, by reducing

the Al incorporation per cycle. The composition and optical

properties also appeared to be highly dependent on the Al

sequence while the structural properties are less impacted. A

higher band gap size was obtained when the TMA pulse is

between two DEZ pulses but no correlation with Al incorpo-

ration was revealed suggesting the presence of cluster depen-

dency that would widen the optical band gap.

In summary, the sequence precursor introduction for the

ALD deposited multinary films is a parameter that must be

carefully chosen, as it dictates the chemical surface reactions

and influences the final properties of the thin films.
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