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Formic acid-hydrogen peroxide and buffered hydrogen fluoride-hydrogen peroxide solutions were used
to etch single-crystal strontium titanate to remove carbon contamination and increase hydroxyl group
density to improve atomic layer deposition onto these materials. X-ray photoelectron spectroscopy indi-
cated that both are effective for carbon contamination removal. However, for increasing hydroxyl group
density on the strontium titanate surface, the buffered hydrogen fluoride-hydrogen peroxide is more
effective. Transmission electron microscopy and x-ray photoemission show enhanced platinum deposi-
tion on the etched strontium titanate surface. These results provide the basis for optimizing atomic layer
deposition for other technologically relevant materials.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Atomic layer deposition (ALD) is widely employed for the
growth of atomically smooth, conformal thin films [1,2] and
metal nanoparticles [3,4] on nanoparticle support for applications
in catalysis [4-6] and sensing [7-12]. ALD on single crystalline
(SC) substrates such as SrTiO3 (STO) has applications in dynamic
random access memory [13,14], field effect transistors [15,16]
and ferroelectric devices [17,18]. SC substrates are also ideal for
quantification of catalytic performance and precursor-substrate
interactions (e.g. photocatalytic water splitting [19-21]) as they
provide a relatively more controlled surface than a nanoparticle
support.

However, deposition of ALD material on bulk SC substrates is
challenging due to the limited surface to volume ratio. Precursor
sticking coefficient on large surfaces is also deteriorated by surface
contaminants such as carbon [22]. Ratio of C to Sr X-ray photoelec-
tron spectroscopy (XPS) [23] peak intensity has indicated a uniform
coverage of C on STO (001) surface owing to atmospheric exposure.
Standard cleaning procedures such as ion sputtering and annealing
[24,25] induce radiation damage [26] and significantly reduce sur-
face hydroxyl concentration which is a prerequisite for many ALD
recipes. It is therefore imperative to design alternative approaches
that provide clean hydroxyl enriched surfaces.
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Wet chemical etching is commonly used for the preparation of
atomically flat crystalline substrates. For instance, both BHF and
Arkansas [28] etching solutions yield an atomically smooth TiO,
terminated surface on (001) STO [29,30]. In this study, we propose
the use of formic acid-hydrogen peroxide (FA-HP) and buffered
hydrogen fluoride-hydrogen peroxide (BHF-HP) etching solutions
for the surface treatment of SrTiOs prior to ALD. TEM and XPS
characterization indicate BHF-HP solution to be more effective in
reducing carbon contamination and increasing surface hydroxide
density, thereby enhancing ALD growth.

2. Methods

SC STO (001) substrates with one side Epi [31] polished were
purchased from MTI Corp. (Richmond, California), and cut into
3 mm discs, mechanically polished and ion beam milled to elec-
tron transparency. Initial ion milling was done with high energy Ar
ions (~6 keV)and gradually reduced to 2.5-3 keV for final polishing.
Transmission electron microscopy (TEM) analysis was performed
using a JEOL-JEM 2100F operated at 200 kV.

One as-received Epi polished and one mechanically polished
substrate was used to study the surface compositional changes as
a function of treatment. Two other samples were subjected to wet
chemical etching: one with buffered hydrogen fluoride-hydrogen
peroxide (BHF-HP, 70% commercial buffered HF, 30% H,0, by vol-
ume) and the other with formic acid-hydrogen peroxide (FA-HP,
60% formic acid, 30% H,0;, 10% Deionized water by volume).
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Fig. 1. (a) O 1s core level XPS peaks of SC-STO with Gaussian profiles denoted as O1s (~530eV) and OH (532.2 eV), respectively; (b) C 1s (285eV) and Sr 3p1/2 (279.5eV),
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Fig. 2. Evolution of surface (a) hydroxyl and (b) carbon concentration with BHF-HP, FA-HP etching at room temperature, (c) hydroxyl and (d) carbon concentration with

BHF-HP etching at elevated temperature on SC-STO (001) surface.
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Fig. 3. (a) HRTEM with inserted diffraction pattern, (b) bright field and (c) dark field image of as-prepared SC-STO TEM sample and (d) HRTEM with inserted diffraction
pattern, (e) dark field and (f) bright field image of BHF-HP etched SC-STO TEM sample. XPS spectra of (g) C1s (h) O1 s peaks of as prepared and BHF etched TEM samples.

Quantification of carbon contamination and surface hydroxyl
density was done using XPS (Thermo-Scientific EXCALAB 250 Xi),
equipped with a monochromated, micro-focused Al K-Alpha source
of spot size 300 wm and energy resolution of 0.5eV. An Ar flood
gun was used for charge compensation. The binding energy shift
due to residual charging was corrected with respect to the Ti 2p3/2
peak referenced at 458.8eV. XPS peaks were deconvoluted fol-
lowing a background subtraction using the Shirley algorithm with
constrains on the peak positions.

Pt ALD was accomplished via alternating exposures to methyl-
cyclopentadienyl trimethylplatinum (MeCpPtMes, Sigma-Aldrich
99%) and water. All reactions were carried out in a viscous flow
reaction chamber at 250 °C by passing 120 sccm of ultrahigh purity
(99.995% pure) N, at a steady state pressure of 1Torr. Each ALD
cycle was comprised of a 300 s exposure to MeCpPtMe3 (heated to
50°C) under 5sccm flow of Ny, a 600s N, purge, a 120 s exposure
to H,O(Room Temperature), and a 600 s N, purge.

3. Results

The concentrations of surface hydroxyl groups and carbon con-
tamination were measured via the ratio of intensities of the OH

shoulder to the O 1 s peak (Fig. 1a) and the C 1 s peak to the Sr3p1/2
peak, respectively (Fig. 1b). The results from annealing and different
chemical treatments are given in Fig. 2. Annealing of an as-receive
Epi polished sample at 700 °Cin air for 240 min removed 17 atomic%
carbon contamination and 16 atomic% surface hydroxyl. (Here-
after we will use% for atomic%.) Mechanical polishing increased the
surface carbon contamination (+%12) and hydroxyl density (+51%)
simultaneously (Fig. 2), similar annealing of these samples reduced
30% carbon and 23% surface hydroxyl.

Two wet chemical etching experiments were also performed at
room temperature on two different samples: a 20 min (min) etch
in BHF-HP removed 32% carbon contamination and 64% surface
hydroxyls, and a 20 min FA-HP etch removed 40% carbon and 59%
hydroxyls. In either case, simultaneous removal of hydroxyl and
carbon groups and greater reduction of carbon than hydroxyl group
suggests that the initially removed hydroxyl groups are absorbed
on carbon species. A subsequent 20 min etch in either of these two
solutions resulted in further removal of carbon while the density
of hydroxyl groups began to increase indicating a direct adsorption
of hydroxyl groups on the clean STO surface. Longer etching time
(>40 min) with BHF-HP further removed carbon and increased the



664

Intensity

Internsity

C. Wang et al. / Applied Surface Science 422 (2017) 661-665

Pt 4f5/2

74 72
Binding Energy (eV)

76 68

(d)

—— Experimental data
~——— Pt4f Peak (0)
—— Pt4f Peak (IV)
Envelope
Background

Pt 4f7/2

Pt 4f5/2

T

80 70

75
Binding Energy (eV)

Fig. 4. HRTEM of 5 cycles ALD Pt nanoparticles on (a) as-prepared TEM sample (c) BHF-HP etched sample. XPS Pt 4f peaks of Pt deposited on (b) as prepared sample and (d)

BHF-HP etched sample.

surface hydroxyl coverage while etching in FA-HP saturated after
40 min.

BHF-HP etching of SC-STO is a combination of two processes:
BHF etching of SrO layers [30] and HP oxidative removal of carbon
[32]. As demonstrated by Kawasaki et al. [30], SrO, a basic oxide,
can be easily removed by a pH controlled BHF etch leaving behind a
TiO, rich surface. HP on the other hand is a source of highly reactive
hydroxyl radicals via photolysis process, HOOH + hv — 2*OH [32].
The hydroxyl radical is able to degrade and oxidize carbon con-
tamination which contributes to the carbon removal [33]. With the
increase of TiO, coverage after SrO removal, photon mediated holes
on the TiO, surface can combine with the hydroxyl ion to produce
extra radicals (OH~ +hv — *OH) besides the photolysis process of
HP which can further the carbon removal process [34,35]. However
exhaustion of hydrogen peroxide occurred around 40 min of etch-
ing slows down the removal of carbon as shown in Fig. 2. The surface
hydroxyl density increases during the latter 20 min of BHF-HP etch-
ing is through photon induced hydrophilicity of newly formed TiO,
layer [36] post SrO layer removal by BHF. Carbon removal via wet
chemical etching is a kinetic process which depends on etching
temperature [37]. The results in Fig. 2 from etching in BHF-HP
show higher removal rates at 45 °C than at room temperature. The
removal of carbon can be described by an Arrhenius relation,

Eq
i)

where t is the pre-exponential constant, K is the etch rate, Eg4
is the activation energy, k is the Boltzmann constant and T is the
etching temperature in degrees Kelvin. Based on Fig. 2, the car-
bon removal activation energy was calculated to be approximately
0.38 eV (36.58 k]/mol).

K:texp(

Plan-view TEM and XPS were used to study the morphology
and composition of an as-prepared and a BHF-HP etched (40 min
at 45°C) STO samples before ALD deposition (Fig. 3). The high reso-
lution transmission electron microscopy (HRTEM) image in Fig. 3a
shows lattice damage in the as prepared sample after ion milling,
observable by local changes in the contrast. Similar effects from
the damage are apparent in the bright field and dark field images
in Fig. 3b and c in the extinction contours which indicate strain
contrast from point defects and bulk incorporation of argon. The
HRTEM image in Fig. 3d as well as the bright and dark field images
of Fig. 3e and f shows reduction in lattice damage and the strain
contrast following a BHF-HP etch. XPS spectra of an as-prepared
and a BHF-HP etched STO samples before ALD (Fig. 3g, h) indicates
higher surface hydroxyl and carbon on the as-prepared STO than
the BHF-HP etched sample. In spite of the higher hydroxyl concen-
tration, ALD deposition of Pt on as-prepared substrates is still more
difficult as the adsorption of Pt precursor is sterically hindered by
carbon contamination [38].

Fig. 4a and c shows HRTEM images of Pt deposited on the as-
prepared and the BHF-HP etched STO samples after 5 ALD cycles. In
order to distinguish Pt nanoparticles from the substrate in HRTEM,
the sample was tilted off the low index zone axis. The images clearly
show Pt as discrete nanoparticles with an average size of approx-
imately ~2.0nm on either sample which is consistent with the
reported size of Pt nanoparticle deposited on strontium titanate
nanocuboids in other work [39]. In contrast to the BHF-HP etched
substrate, very few Pt nanoparticles were found on the as-prepared
substrate. The XPS Pt 4f spectra in Fig. 4d show that the Pt deposited
on the BHF-HP etched sample is mostly Pt(0) (~ 88%) with a small
fraction of Pt(IV) (~12%). Sparse Pt loading on the as-prepared sam-
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Table 1
Summary of XPS analysis of 5 cycles Pt deposited on two type of SC-STO sample.

Pt/BHF-HP etch sample Pt/As-prepared sample

Pt 4f/Ti 2p 0.237 0.015
C 1s/Ti 2p 1322 3438
Ti 2p/Sr 3d 1.066 0.900

ple led to a low signal to noise ratio for the Pt 4f peak (Fig. 4b)
making reliable quantification difficult. Quantification of XPS data
(Table 1) was done by comparing signal intensities, taking into
account the corresponding sensitivity factors. These results show
that BHF-HP etching improved the average Pt deposition per cycle
by a factor of ~15. Carbon contamination on the BHF-HP etched
sample was 60% less than on as-prepared samples and BHF etched
sample yield a surface more Ti rich than FA.

4. Conclusion

Using TEM and XPS, we have demonstrated that more Pt is
deposited via ALD on a BHF-HP etched surface than an untreated
surface. BHF-HP etching of STO surfaces efficiently removes car-
bon contamination and increases surface hydroxyl group. A clean
hydroxyl rich surface exhibits enhanced Pt precursor adsorption,
thus yielding higher particle density. The chemical treatment
detailed in this paper can potentially be expanded for surface
preparation of other substrates such as silicon, barium titanate,
titanium dioxide to optimize ALD deposition. However, the ideal
etching solution may vary depending on the surface chemical prop-
erties of the target material.
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