View metadata, citation and similar papers at core.ac.uk brought to you by X{'CORE

provided by Infoscience - Ecole polytechnique fédérale de Lausanne

» K
Hydrogen plasma treatment for improved conductivity in amorphous aluminum doped
zinc tin oxide thin films

M. Morales-Masis, L. Ding, F. Dauzou, Q. Jeangros, A. Hessler-Wyser, S. Nicolay, and C. Ballif

Citation: APL Materials 2, 096113 (2014); doi: 10.1063/1.4896051

View online: http://dx.doi.org/10.1063/1.4896051

View Table of Contents: http://scitation.aip.org/content/aip/journal/aplmater/2/9?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Room-temperature remote-plasma sputtering of c-axis oriented zinc oxide thin films
J. Appl. Phys. 112, 014907 (2012); 10.1063/1.4736541

Improved conductivity of aluminum-doped ZnO: The effect of hydrogen diffusion from a hydrogenated
amorphous silicon capping layer
J. Appl. Phys. 111, 063715 (2012); 10.1063/1.3692439

Deposition of aluminum-doped zinc oxide thin films for optical applications using rf and dc magnetron sputter
deposition
J. Vac. Sci. Technol. A 28, 515 (2010); 10.1116/1.3425640

Improved electrical transport in Al-doped zinc oxide by thermal treatment
J. Appl. Phys. 107, 013708 (2010); 10.1063/1.3269721

Role of oxygen desorption during vacuum annealing in the improvement of electrical properties of aluminum
doped zinc oxide films synthesized by sol gel method
J. Appl. Phys. 102, 043106 (2007); 10.1063/1.2772591

Gooofellow

metals * ceramics * polymers
composites * compounds ° glasses

Save 5% * Buy online
70,000 products « Fast shipping



https://core.ac.uk/display/148007099?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/aip/journal/aplmater?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1905342781/x01/AIP-PT/Goodfellow_APLMArticleDL_0914/New_Goodfellow_Banner0913.jpeg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=M.+Morales-Masis&option1=author
http://scitation.aip.org/search?value1=L.+Ding&option1=author
http://scitation.aip.org/search?value1=F.+Dauzou&option1=author
http://scitation.aip.org/search?value1=Q.+Jeangros&option1=author
http://scitation.aip.org/search?value1=A.+Hessler-Wyser&option1=author
http://scitation.aip.org/search?value1=S.+Nicolay&option1=author
http://scitation.aip.org/search?value1=C.+Ballif&option1=author
http://scitation.aip.org/content/aip/journal/aplmater?ver=pdfcov
http://dx.doi.org/10.1063/1.4896051
http://scitation.aip.org/content/aip/journal/aplmater/2/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/1/10.1063/1.4736541?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/6/10.1063/1.3692439?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/6/10.1063/1.3692439?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/28/4/10.1116/1.3425640?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/28/4/10.1116/1.3425640?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/1/10.1063/1.3269721?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/102/4/10.1063/1.2772591?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/102/4/10.1063/1.2772591?ver=pdfcov

@ CrossMark
€

APL MATERIALS 2, 096113 (2014)

Hydrogen plasma treatment for improved conductivity
in amorphous aluminum doped zinc tin oxide thin films

M. Morales-Masis, -2 L. Ding," F. Dauzou,' Q. Jeangros,?

A. Hessler-Wyser,'? S. Nicolay,® and C. Ballif'3

! Photovoltaics and Thin-Film Electronics Laboratory (PVLab), Institute of Microengineering
(IMT), Ecole Polytechnique Fédérale de Lausanne (EPFL), Rue de la Maladiere 71b,
CH-2002 Neuchatel, Switzerland

2Interdisciplinary Centre for Electron Microscopy, Ecole Polytechnique Fédérale de
Lausanne (EPFL), Lausanne, Switzerland

3Centre Suisse d’Electronique et de Microtechnique (CSEM) SA, Rue Jaquet-Droz 1,
CH-2002 Neuchatel, Switzerland

(Received 3 August 2014; accepted 8 September 2014; published online 18 September 2014)

Improving the conductivity of earth-abundant transparent conductive oxides (TCOs)
remains an important challenge that will facilitate the replacement of indium-based
TCOs. Here, we show that a hydrogen (H,)-plasma post-deposition treatment im-
proves the conductivity of amorphous aluminum-doped zinc tin oxide while retaining
its low optical absorption. We found that the H,-plasma treatment performed at a sub-
strate temperature of 50 °C reduces the resistivity of the films by 57% and increases
the absorptance by only 2%. Additionally, the low substrate temperature delays the
known formation of tin particles with the plasma and it allows the application of the
process to temperature-sensitive substrates. © 2014 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4896051]

Due to their compatibility with low-temperature deposition methods and their high mobility
compared to amorphous silicon (a-Si), amorphous transparent conductive oxides (TCOs) have been
widely studied in the past 10 years for application in flexible and transparent thin-film transistors.'~*
The amorphous nature of these TCOs also ensures very smooth surface morphologies useful for
electrodes in polymer and organic light-emitting devices (OLEDs).> Amorphous zinc tin oxide
(a-ZTO) compounds are interesting oxide materials since zinc (Zn) and tin (Sn) are inexpensive,
abundant, and non-toxic, however this compound presents the disadvantage of low conductivity.
Enhancing its conductivity remains a challenge in the TCO community and represents a significant
step towards the replacement of scarce indium-containing oxides, like indium tin oxide (ITO).
Additionally, a-ZTO compounds present extremely high thermal and chemical stability.®® Their
high resistance to wet etching processes is an advantage over zinc oxide (ZnO), and their insolubility
in acid solutions commonly used for patterning is an advantage over, e.g., indium-gallium-zinc oxide
(1GZ0).

Hydrogen is known to act as a shallow electron donor in several conductive oxide materials,
either in interstitial positions (H;) or on an oxygen site (H,).'%'* Specifically for a-ZTO, it has
been proposed that hydrogen introduction during the sputtering deposition increases the carrier
concentration of the films.'* Korner et al. proposed that hydrogen doping suppresses deep band
defects improving the optical properties of ZTO films.!> Hydrogen (H,) plasma treatments have
already been applied to a-TCOs,'®!” however, mainly in solution-processed TCOs this treatment
is usually accompanied by a high temperature annealing step, making it unsuitable for flexible
substrates.'® In Sn- and In-based TCOs, it is also known that the H, plasma leads to the formation
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FIG. 1. (a) Composition profile of an as-prepared a-ZTO:Al layer determined by STEM EDX. (b) BF and HAADF plan-view
of the films. The SAD pattern indicates that the layers are amorphous.

of metal particles which deteriorate the optical transmittance and therefore, an additional etching
step is required to remove these particles.'®!° In this paper, we show how controlling the H, plasma
process parameters we increase the free-electron concentration of amorphous aluminium-doped zinc
tin oxide (a-ZTO:Al) while delaying the formation of Sn particles, avoiding with it the additional
process step to remove the particles. In addition, this process is performed at substrate temperatures
lower than 200 °C making it compatible for applications on low cost plastic flexible substrates.

The studied a-ZTO:Al films were co-sputtered from SnO, and ZnO:Al (2 wt. % Al,O3) tar-
gets by RF magnetron sputtering in an Oerlikon Clusterline System. The rf power density was
5.1 W/cm? for the SnO, target and 1.9 W/cm? for the ZnO:Al target. The co-sputtering deposition
was performed at a process pressure of 5.5 x 10~3 mbar with an oxygen to total flow ratio, 1(O,)
= Oy/(Ar + O,), of 0.34%. All samples were deposited at 60 °C onto glass substrates (4 x 8 cm).
The deposition rate was of 0.5 nm/s and the sputtering time was adjusted to obtain films with a
thickness of 300 £ 10 nm. The structural properties of the layers were characterized by X-ray
diffraction (XRD) and transmission electron microscopy (TEM). For the TEM examination, the
cross-sections were prepared by a conventional focused ion beam (FIB) lift-out technique (Zeiss
Nvision) and for the top-view imaging dedicated 150-nm-thick layers were grown on carbon grids.
The crystallographic properties of the films were determined using selected area diffraction (SAD),
while the structural assessment of the films involved the acquisition of scanning TEM (STEM)
bright-field (BF) and high-angle annular dark-field (HAADF) images. The chemical composition of
the films was determined by Rutherford backscattering (RBS) and STEM energy-dispersive X-ray
spectroscopy (EDX). The chemical composition depth profile was also measured by secondary ion
mass spectrometry (SIMS) with a Cs™ primary ion source, negative secondary ion detection for H
and C and positive secondary ion detection for Zn, Sn, and O. Hall mobility (uga), free-carrier
concentration (&V,), and resistivity (o) were determined by Hall-effect measurements using the van
der Pauw configuration. Optical transmittance and reflection spectra in the range of 320 to 1750 nm
were measured using a UV-Vis-NIR spectrophotometer equipped with an integrating sphere. The
absorptance was calculated from the total transmittance and reflectance spectra.

Figure 1 presents the STEM EDX, HAADF, and BF analyses of as-prepared ZTO layers. As
can be observed in Fig. 1(a), the Sn/Zn atomic ratio was constant across the thickness of the layer
and equals to Sn/Zn = 4.2. In agreement, RBS measurements indicate that the film composition
(Zn(at. %), Sn(at. %), and O(at. %)) is 6.3%, 27.8%, and 65.9%, respectively. The Al content was
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FIG. 2. Free-carrier concentration (N,) and Hall mobility (iga) as a function of Hy plasma exposure time for substrate
temperatures of 50, 100 and 200 °C. The lines are only guidance for the eyes.

not detected with RBS, however, its presence in the film was confirmed with SIMS (supplementary
material, Fig. S1).2! The SAD pattern (Fig. 1(b)) clearly shows that the material is amorphous,
showing no more structure than broad first and second nearest neighbor peaks. The amorphous
phase was also confirmed by XRD measurements.

The as-deposited a-ZTO:Al thin films present a p of 9 x 107° Qcm, N, of 5 x 10" cm™3 and
Wran of 13 cm?/V's. The optical transmittance of the films averaged over the range of 390-800 nm
is 80%. The average absorptance over the same range is 4%.

A H, plasma treatment was applied to the a-ZTO:Al films using a RF source with a power
density of 0.12 W cm~2. The base pressure was set to 0.5 mbar under a constant flow of H, gas.
Figure 2 presents the changes in p, N,, and g,y after Hy plasma treatments with different substrate
temperatures (7) and exposure times.

As the H, plasma treatment time increases, N, increases for all 7 (50, 100, and 200 °C). The
plasma treatment at 50 °C presents a slower rate of increase than the treatments at 100 and 200 °C.
After 1 min of exposure to the H, plasma, the N, of the samples treated at 100 and 200 °C reaches
values higher than 1 x 10?° cm~3, while for the sample treated at 50°C, N, is 8 x 10! cm™ after
1 min and close to 1 x 10?° cm ™ after 5 min. The lowest p reached is of 3.9 x 1073 Q cm for the
sample treated at 100 °C. g,y drops slightly, mainly for the sample treated at 200 °C.>°

In order to verify that the strong increase in N, observed after the H, plasma treatment can be
ascribed to the ionized H" and not to the plasma in general (for example, exposure to ultraviolet
light), we also performed the plasma treatment at 50 °C using argon (Ar) as the working gas. As
observed in Fig. 2, after 5 min of treatment, N, does not present any significant increase as compared
to the H, plasma treatment.

In terms of optical properties (Fig. 3), we observe an increase in free-carrier absorption for
wavelengths higher than 800 nm, associated with the increase in N,. In the visible range, we observe
the appearance of a feature at around 550 nm which amplitude progressively increases and is red-
shifted with exposure time and 7. We ascribe this feature to a plasmon resonance peak, due to
the formation of Sn metallic particles at the surface of the film.?! We further ascribe its red-shift
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FIG. 3. Absorptance spectra of the untreated and Hy-plasma treated a-ZTO:Al films as a function of H,-plasma exposure

time and 7. The absorptance of the Ar-plasma treated a-ZTO:Al (not shown) at 50 °C remains equal to that of the untreated
film.

. 50°C, 1 min

FIG. 4. Top-view SEM micrographs of a-ZTO:Al samples treated for 1 min in a Hy-plasma at T = (a) 200, (b) 100, and (c)
50°C. The numbers 1 and 2 indicate spots measured by EDX. The results in at. % are: Area 1: O 27, Zn 1.6, Sn 71; Area
2: 0 65,Zn 6.5, Sn 28.7. (d) a-ZTO:Al samples treated for 30 min in a Hy-plasma at Ts = 50 °C. The surface of the layer
shows the same morphology as the sample treated at 100 °C for 1 min.

to the increase in size of the Sn particles. This was confirmed with SEM micrographs of the films
before and after H, plasma exposure. Figure 4 shows the clear formation of Sn metallic particles
with diameters in the range of 100 nm on the surface of the samples treated at a 7 of 200 °C. For
the samples treated at 100 °C for 1 min and at 50 °C for 30 min only the onset of particle formation
is visible, and for the samples treated at 50 °C for 1 min the particles are not detectable with SEM.

Similar optical effects caused by surface plasmon resonances at metallic nanoparticles have
been reported for other oxide materials. Albrecht er al. reported surface plasmon resonances at
metallic indium nanoparticles embedded in In,O5 films.?? For the specific case of Sn nanoparticles
107 nm in diameter and 52 nm in height embedded in SiO,, a rather broad resonance peak at around
620 nm was reported.”?

To increase the conductivity of the a-ZTO:Al films while retaining low optical absorptance, the
films were exposed to the H, plasma at 50 °C for longer times. As presented in Fig. 5, after 30 min
of exposure, N, reaches 1.3 x 102 cm~3. This is the same value achieved with 5 min H, plasma
at 100 °C. However, the treatment at 50 °C still presents an advantage in optical absorptance: 6%
for the 50 °C 30-min H, plasma compared to 9.5% for the 100°C 5-min H, plasma, both values
averaged in the range of 390-800 nm. The surface morphology of the films after 30 min of plasma
treatment is presented in Fig. 4(d).

We measured the electrical and optical properties of the H,-plasma-treated a-ZTO:Al up to
several months after the treatment, and no changes were found, confirming that the effects of the
treatment are highly stable.
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FIG. 5. Free-carrier concentration (N, ) and Hall mobility (1tg4) as a function of Hp exposure time at a T of 50 °C. The red
curve represents the exponential decay fit with Eq. (6).
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FIG. 6. SIMS depth profiles for Zn, Sn, O, and H measured in the Hp-plasma-treated and untreated a-ZTO:Al thin films.

SIMS measurements were performed on the untreated and on the H,-plasma-treated samples to
investigate possible changes in the chemical composition depth profiles before and after treatment,
as well as to check the possible introduction of H ions into the a-ZTO:Al films. The depth profiles
for Zn, Sn, O, and H are presented in Fig. 6.

The depth profiles of the untreated samples and of the samples treated at 50 and 100 °C show
a uniform distribution of Zn, Sn, and O across the thickness of the layers (the first 10 nm of the
measured profiles are not considered in the analysis because of possible side effects induced by the
ions used for the sputtering during SIMS). The sample treated at 200 °C shows a clear depletion of
oxygen that increases towards the surface of the film. The same sample also shows an increase in
the Sn signal close to the surface of the a-ZTO:Al. This corresponds well with the high density of
Sn metallic particles present on the a-ZTO:Al after the treatment at 200 °C.

The H concentration profiles of the untreated and H,-plasma-treated samples also show a
relatively uniform distribution across the thickness of the layers. Only a slightly higher content of H
is measured for the samples treated with the H,-plasma, as compared with the untreated sample. This
suggests a very limited introduction of H into the layers or a relatively similar rate of H absorption
and desorption (as O-H radicals or H,O) during the H, plasma treatment. The source of the H
already present in the as-deposited films could be attributed to H-species introduced directly from
the deposition, for example, residual H in the sputtering target or sputtering chamber.”* “Hidden” H
is also known to be present in ZnO and SnO, samples.>’

From the SIMS measurements we do not observe a significant increase of H content after the
H, plasma treatment, suggesting that interstitial hydrogen (H;) or hydrogen at oxygen vacancies
(H,), are unlike to be the cause of the increased N,. In addition, the high stability over time of the
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FIG. 7. Schematic diagram illustrating the proposed mechanism responsible for the formation of oxygen vacancies at the
a-ZTO:Al surface during H, plasma exposure.

effects of the H, plasma on our a-ZTO:Al samples (i.e., the increase in N,) supports the fact that H;
(a non-thermally stable defect) is not the source of increased N,.'%23

Hydrogen is a highly reducing agent and can therefore easily reduce O from the a-ZTO:Al
following the chemical reaction,

0, + 2H — Vo> 4+ 2e~ + H,0. (1)

Consequently, as represented in Fig. 7, an alternative explanation of the increase in N, is that oxygen
vacancies may be created by the assisted reduction of O following reaction (1). The ionized Ht
reacts with oxygen atoms of the a-ZTO:Al to form OH radicals. These groups are highly reactive
and therefore immediately find another free HT to form a H,O molecule, which then desorbs to the
gas phase. We suggest that this process is responsible for the removal of oxygen from the a-ZTO:Al,
forming doubly charged oxygen vacancies (Vo?*). The creation of Vo2* liberates two electrons,
therefore increasing the overall N,.*20-28

Due to the formation of Vo2t, Snt* is destabilized and reduced to its metallic state. This
represents the possible second chemical reaction occurring during the H, plasma treatment,

Sn** +4e~ — Sn. )

Following Albrecht et al.,”> we propose that this second reaction occurs only after a critical con-
centration of Vg is formed in the film. The formation of Sn metallic particles is responsible for the
deterioration of the optical properties of the films. Note that the reduction of Zn is ignored in this
discussion based on the fact that ZnO is known to be more stable under reducing atmospheres than
Sn0,2%3% and based on the EDX analysis of the samples treated at 200 °C presented in Fig. 4.

Following reaction (1), the rate of formation of Vo>* would then depend on the rate of O,
reduction and desorption from the a-ZTO:Al. This process can be described by a first-order reaction
kinetics expressed as

—d[0,] _d[V}]
dt dt

Considering that the measured increase in N, is proportional to [ng],

= k[V}?. A3)

d[V}?1  dIN!]
[ a —_—

= k[N]]. 4
dt dt vl @

This differential equation has the solution
N, = N)jexp(—kt) (5)

with k the reaction rate constant. Using, N, = N, finat — Nemeas, With N, ineqs the measured N, and
N, fina the maximum N, of 1.3 x 102 ¢cm—3,

Ne,meax = Ne, final — Ne/() CXP(—kt)~ (6)

Using Eq. (6), we fit the data presented in Fig. 5 of N, versus t (red curve). The fit shows excellent
agreement with the experimental data. This exponential decay behaviour indicates that the increase
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in N, reach a steady state with the exposure time. We hypothesize that this steady state is reached
before reaction (2) starts taking place in the oxygen depleted a-ZTO:Al. Then, the free electrons
produced in reaction (1) are used for the reduction of Sn and do not contribute anymore to the
increase in N,. The description above would apply for the samples treated at 50 °C or 100 °C. The
rate constant values obtained from fitting are 3 x 1073 s~! and 1.8 x 102 s~! for 50 °C and 100 °C

T, respectively. For the samples treated at 200 °C the contribution from the second reaction occurs
d[N,]
dr

almost immediately after reaction (1) and therefore cannot be solely described by first-order

reaction kinetics.

We have shown that a H, plasma treatment effectively improves the electrical properties of
a-ZTO:Al by increasing the free-carrier concentration of the films. Controlling the reduction reaction
rate by, for example, reducing the substrate temperature allows for this increase in free-carrier
concentration while delaying the formation of large Sn metallic particles. The H,-plasma treatment
at 50°C reduced the resistivity of a-ZTO:Al films from 9 x 1073 to 3.8 x 1072 Qcm, with an
increase of only 2% in optical absorptance.

The authors acknowledge the financial support from the European Union Seven Framework
Program (FP7-ICT-2012, project number 314362) and from the Swiss National Science Foundation
(SNSF) for partial support on equipment acquisition. M.M.-M. is grateful to B. Niesen, E. Moulin,
and F. J. Haug for helpful discussions.
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