
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Tynell, T.; Yamauchi, H.; Karppinen, M.; Okazaki, R.; Terasaki, I.
Atomic layer deposition of Al-doped ZnO thin films

Published in:
Journal of Vacuum Science & Technology. A: International Journal Devoted to Vacuum, Surfaces, and Films

DOI:
10.1116/1.4757764

Published: 01/01/2013

Document Version
Publisher's PDF, also known as Version of record

Please cite the original version:
Tynell, T., Yamauchi, H., Karppinen, M., Okazaki, R., & Terasaki, I. (2013). Atomic layer deposition of Al-doped
ZnO thin films. Journal of Vacuum Science & Technology. A: International Journal Devoted to Vacuum,
Surfaces, and Films, 31(1), 1-4. [01A109]. https://doi.org/10.1116/1.4757764

https://doi.org/10.1116/1.4757764
https://doi.org/10.1116/1.4757764


Atomic layer deposition of Al-doped ZnO thin films
Tommi Tynell, , Hisao Yamauchi, and , Maarit Karppinen, Ryuji Okazaki and , and Ichiro Terasaki

Citation: Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 31, 01A109 (2013); doi:
10.1116/1.4757764
View online: http://dx.doi.org/10.1116/1.4757764
View Table of Contents: http://avs.scitation.org/toc/jva/31/1
Published by the American Vacuum Society

Articles you may be interested in
Structural, electrical, and optical properties of atomic layer deposition Al-doped ZnO films
Journal of Applied Physics 108, 043504 (2010); 10.1063/1.3466987

Growth morphology and electrical/optical properties of Al-doped ZnO thin films grown by atomic layer deposition
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 30, 021202 (2012);
10.1116/1.3687939

Surface chemistry of atomic layer deposition: A case study for the trimethylaluminum/water process
Journal of Applied Physics 97, 121301 (2005); 10.1063/1.1940727

Atomic layer deposition of Ga-doped ZnO transparent conducting oxide substrates for CdTe-based photovoltaics
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 31, 01A120 (2012);
10.1116/1.4765642

Extremely low temperature growth of ZnO by atomic layer deposition
Journal of Applied Physics 103, 033515 (2008); 10.1063/1.2836819

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/2076783131/x01/AIP/Hiden_JVACovAd_1640x440Banner_01_2016thru12_2016/1640x440px-BANNER-AD-GENERAL-26582.jpg/47684e494e6c6d4a7a786b4141576a59?x
http://avs.scitation.org/author/Tynell%2C+Tommi
http://avs.scitation.org/author/Yamauchi%2C+Hisao
http://avs.scitation.org/author/Karppinen%2C+Maarit
http://avs.scitation.org/author/Okazaki%2C+Ryuji
http://avs.scitation.org/author/Terasaki%2C+Ichiro
/loi/jva
http://dx.doi.org/10.1116/1.4757764
http://avs.scitation.org/toc/jva/31/1
http://avs.scitation.org/publisher/
http://avs.scitation.org/doi/abs/10.1063/1.3466987
http://avs.scitation.org/doi/abs/10.1116/1.3687939
http://avs.scitation.org/doi/abs/10.1063/1.1940727
http://avs.scitation.org/doi/abs/10.1116/1.4765642
http://avs.scitation.org/doi/abs/10.1063/1.2836819


Atomic layer deposition of Al-doped ZnO thin films

Tommi Tynell, Hisao Yamauchi, and Maarit Karppinena)

Department of Chemistry, Aalto University, FI-00076 Aalto, Finland

Ryuji Okazaki and Ichiro Terasaki
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

(Received 1 August 2012; accepted 21 September 2012; published 10 October 2012)

Atomic layer deposition has been used to fabricate thin films of aluminum-doped ZnO by depositing

interspersed layers of ZnO and Al2O3 on borosilicate glass substrates. The growth characteristics

of the films have been investigated through x-ray diffraction, x-ray reflection, and x-ray fluorescence

measurements, and the efficacy of the Al doping has been evaluated through optical reflectivity and

Seebeck coefficient measurements. The Al doping is found to affect the carrier density of ZnO up to a

nominal Al dopant content of 5 at. %. At nominal Al doping levels of 10 at. % and higher, the

structure of the films is found to be strongly affected by the Al2O3 phase and no further carrier doping

of ZnO is observed. VC 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4757764]

I. INTRODUCTION

Zinc oxide is an n-type semiconductor that has great

potential for use in many optoelectronic applications, partic-

ularly when doped with aluminum. The interest in Al-doped

ZnO is due to its improved electrical conductivity without

compromising the transparency of the material in the visible

region of light,1–4 which makes the material applicable as a

transparent conductive oxide. Aluminum-doped ZnO has

also been found to exhibit unusually good thermoelectric

properties for an oxide, reaching a figure-of-merit value as

high as 0.3 at 1000 K.5,6 For both optoelectronic and thermo-

electric applications, the accurate control of the charge car-

rier density is a priority; it directly affects not only the

electrical conductivity but also the Seebeck coefficient and

thermal conductivity, i.e., the three properties that define the

figure-of-merit for a thermoelectric material.

Many of the applications proposed for Al-doped ZnO

require the material to be prepared in thin film form, and the

advantage of the atomic layer deposition (ALD) technique in

producing uniform and conformal films with accurately con-

trolled layer sequences makes it an ideal choice for realizing

thin films with optimized carrier concentration values. The

ALD technique has been successfully used in the past to de-

posit undoped and Al-doped ZnO thin films using diethyl

zinc (DEZ), trimethyl aluminum (TMA), and water as the

precursors.7–14 In this work, we have investigated in detail

the ALD process for depositing thin films of Al-doped ZnO

and determined the extent of doping achievable using x-ray

fluorescence, Seebeck coefficient, and optical reflectivity

measurements.

II. EXPERIMENT

A. Thin film depositions

Thin films consisting of ZnO interspersed with regularly

spaced single layers of Al2O3 were deposited in an appropri-

ate pulse ratio to achieve ZnO films with a nominal Al dop-

ant content of 0–20 at. %. A Picosun R-100 reactor was used

for the depositions, and the precursors were DEZ and H2O

for the ZnO growth cycles and TMA and H2O for the Al2O3

growth cycles. Borosilicate glass, which had been cleaned

beforehand by ultrasonic cleaning in H2O (twice) and etha-

nol (once), as well as Si were used as the substrates in all

depositions. The precursors were unheated, and the substrate

temperature was 220 �C for all the depositions. All deposi-

tions consisted of 600 cycles of DEZ/H2O and TMA/H2O in

total with pulsing times of 0.1 s for DEZ and H2O and 0.3 s

for TMA. All precursor pulses were followed with N2 purges

of 4.0 s for DEZ and H2O and 6.0 s for TMA.

B. Sample characterization

The crystal structure and thickness of the films deposited

on borosilicate substrates were determined with the PANa-

lytical X’Pert Pro x-ray diffractometer (Cu Ka radiation)

using the grazing incidence x-ray diffraction (GIXRD) and

x-ray reflection (XRR) techniques, respectively. A Philips

PW 1480 x-ray spectrometer was used to perform x-ray fluo-

rescence (XRF) measurements on the films deposited on Si

substrates to determine their metal composition.

Optical reflectivity measurements were carried out at

room temperature for the films deposited on borosilicate sub-

strates using a Jasco IRT-5000 Irtron Infrared Microscope in

the energy range of 0.06–1.3 eV. Two measurements were

performed for each sample to acquire the reflectivity data:

one for the near-IR range (0.27–1.3 eV) and one for the mid-

IR range (0.06–0.97 eV). A halogen lamp was used as the

light source for the near-IR range measurements, while a ce-

ramic light source was used for the mid-IR range measure-

ments. To determine the absolute value of the reflectivity, a

silver mirror was used for measuring the reference spectrum.

Seebeck coefficient measurements were performed in a

temperature range of 5–300 K for the films deposited on bor-

osilicate using a homemade system. The measurements were

done by fixing the sample between two copper plates using

silver paste and applying a temperature gradient of 0.5–

1.5 K over the sample by heating one of the plates. Cooling

of the measurement system was achieved by slowly lowering

the system into a tank of liquid helium.a)Electronic mail: maarit.karppinen@aalto.fi
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III. RESULTS AND DISCUSSION

A. Growth characteristics

All the depositions produced uniform films. The appear-

ance of the as-deposited ZnO films was blue for the samples

deposited on Si and bluish for the ones deposited

on borosilicate substrates. As the number of TMA/H2O

pulses in the deposition program was increased, the color of

the resulting films stayed approximately the same for low

dopant concentrations but shifted toward a darker blue for

the 10 at. % Al-doped films and brown for the 20 at. %

Al-doped films.

X-ray diffraction patterns of the as-deposited films are

shown in Fig. 1. All the diffraction peaks could be indexed

according to the wurtzite structure of ZnO. From Fig. 1, it

can be observed that at low dopant concentrations the Al

doping has little effect on the XRD pattern of the parent

ZnO phase. At higher levels of Al doping, the film is more

amorphous in character as can be seen for the 10 at. % film

in Fig. 1, which shows only the (100) and (110) peaks of the

ZnO wurtzite structure clearly, with only traces of the other

peaks remaining. The film with nominal 20 at. % Al doping

is already completely amorphous, and no sign of the ZnO

wurtzite structure can be seen in the XRD pattern.

The growth per cycle (GPC) values for the depositions with

different pulsing ratios are shown in Fig. 2. The GPC values

for the lower Al-content films fluctuate around 1.5 Å/cycle

until the film with nominal Al doping of 10 at. %, but the film

with 20 at. % Al shows a growth rate that is clearly lower than

the rest. The difference is so large that it cannot be explained

merely by a slower growth rate of Al2O3 compared to that of

ZnO, especially since the nominally 10 at. % Al-doped film

has a similar growth rate to the pure ZnO and the films with

low Al contents. Therefore, the frequent TMA/H2O pulses in

the growth sequence must be hindering the growth of the

parent ZnO phase, thus resulting in a considerably thinner film

compared to the other depositions. The observed GPC values

of 1.5–1.6 Å for ZnO and the films with low Al dopant concen-

trations are in good agreement with values from previous

studies.8,15,16

The XRF measurements revealed a nonlinear relation

between the nominal dopant concentration and the actual

atom percentage of Al observed in the films (Fig. 3). The

increase in the Al content of the films is fairly consistent

with the nominal dopant concentration at low levels of dop-

ing, but the 10 at. % Al-doped film already shows an actual

Al content of more than double the intended amount, and at

the 20 at. % level, the observed Al content is over 70 at. %.

The extremely large difference between the intended and

actual Al content also supports the hypothesis that the ZnO

growth is being hindered by the frequent Al2O3 layers. The

FIG. 1. XRD patterns for the ZnO films with different nominal Al contents.

The indices are for the wurtzite structure of ZnO.

FIG. 2. GPC for the ZnO films with different nominal Al contents.

FIG. 3. Actual Al content of the variously doped ZnO films (measured with

XRF) compared to the nominal Al content.
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observed high Al content is in line with previous results by

Banerjee et al.,9 where the actual Al content was also found

to be unexpectedly high at larger dopant concentrations.

Elam et al.17 have suggested a mechanism by which the

TMA precursor can etch Zn from the film, which would

explain the reduction in the Zn content of the film.

Taken together, the XRD, XRR, and XRF measurements

reveal that the ALD process works well in doping ZnO with

Al until the 5 at. % level, the measurements showing no

changes in the crystal structure, a fairly constant growth rate,

and a linear Al content response to doping. At the nominal

Al content of 10 at. %, the XRD pattern shows little sign of

the wurtzite structure and the relatively high Al content of

over 20 at. % from XRF indicates that the ZnO growth is al-

ready being hindered and the amorphous structure of Al2O3

is starting to become dominant. The film with the nominal

20 at. % Al doping is completely amorphous and has a very

high Al content. Also for this film the growth rate was

greatly reduced. All these factors indicate that the Al2O3

phase has become dominant and hindered the growth of ZnO

so much that the resulting film is more Al2O3 than ZnO.

B. Physical properties

The Seebeck coefficient data measured for the films in the

temperature range of 5–300 K are displayed in Fig. 4. There

is a clear shift in the Seebeck coefficient values of the films

that is dependent on the dopant concentration and is consist-

ent with a rise in the carrier density. As the dopant concen-

tration increases, the absolute value of the Seebeck

coefficient decreases, reaching a minimum in the nominally

5 at. % Al-doped film. The 10 at. % Al-doped film displays

no further decrease, indicating that a limit has been reached

in the solubility of Al into ZnO and thus no decrease in the

Seebeck coefficient is observed. The measurement could not

be performed at all for the film with nominal Al content of

20 at. %, presumably because of the high electrical resistiv-

ity of the film, which interferes with the measurement. The

observed absolute values of Seebeck coefficient are some-

what low compared to reported values for bulk samples18

but correspond well to those reported for thin films.19

The reflectivity spectra for the Al-doped ZnO films are

shown in Fig. 5. Upon the Al doping a so-called Drude edge

(indicated in Fig. 5 with arrows) appears. It is moreover seen

that the position of the edge shifts to higher energies with

increasing Al dopant concentration. The Drude edge, i.e., a

minimum in the reflectivity spectrum, determines the plasma

frequency, xp, of the electron gas in the film, and thus, it can

be used to estimate the charge carrier density of the films

according to the following equation:

xp ¼
ne2

m�e1

� �1
2

; (1)

where n is the carrier density, e is the electron charge, m* is

the effective mass of the charge carriers, and e1 is the high-

frequency permittivity. The shift of the Drude edge to higher

energies with higher Al content observed in Fig. 5 thus cor-

responds to a rise in the carrier density of the films. This car-

rier density increase can be observed up to a nominal Al

content of 5 at. %, after which the position of the Drude

edge remains the same for the film with 10 at. % Al, indicat-

ing that no further carrier doping has been achieved. No

Drude edge can be seen at all for the nominally 20 at. %

Al-doped film, which would be expected for a film consist-

ing mostly of Al2O3.

The Seebeck coefficient and optical reflectivity measure-

ments both indicate that the charge carrier density of the

ZnO films can be increased with the inclusion of TMA/H2O

pulses in between the DEZ/H2O pulses of the deposition pro-

cess. The limit for this carrier doping is around a nominal Al

content of 5 at. %, as can be seen in both the Seebeck coeffi-

cient and reflectivity data.

IV. SUMMARY AND CONCLUSIONS

In this work, we have demonstrated the viability of using

ALD to dope ZnO films with relatively large amounts of alu-

minum. X-ray diffraction patterns of the films confirmed that

the wurtzite crystal structure of ZnO remained intact up to a

nominal Al content of 5 at. %. X-ray fluorescence measure-

ments revealed that the actual Al content of the films greatly
FIG. 4. (Color online) Seebeck coefficient data for the ZnO films with differ-

ent nominal Al contents.

FIG. 5. (Color online) Reflectivity spectra for the ZnO films with different

nominal Al contents, where the arrows point out the positions of the Drude

edge for the 2 at. % and 5 at. %-doped films.
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increases once the nominal Al content is increased above 5

at. %, and x-ray reflectivity measurements showed a corre-

sponding decrease in the film growth rate. This indicates that

the ZnO growth is hindered if the ratio of TMA/H2O pulses

in the deposition process is increased above 1:20.

Optical reflectivity and Seebeck coefficient measure-

ments showed an increase in the charge carrier density of

the films as the dopant content was increased, which con-

firms that the inclusion of Al into the films resulted in car-

rier doping of the ZnO structure. This effect was observed

up to a nominal dopant content of 5 at. %, suggesting that

the limit for homogeneous doping of Al into ZnO lies

somewhere around 5 at. %
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